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Purpose: To investigate the integrity of the default-mode network 
(DMN) by using independent component analysis (ICA) 
methods in patients shortly after mild traumatic brain in-
jury (MTBI) and healthy control subjects, and to correlate 
DMN connectivity changes with neurocognitive tests and 
clinical symptoms.

Materials and 
Methods:

This study was approved by the institutional review board 
and complied with HIPAA regulations. Twenty-three pa-
tients with MTBI who had posttraumatic symptoms 
shortly after injury (,2 months) and 18 age-matched 
healthy control subjects were included in this study. 
Resting-state functional magnetic resonance imaging was 
performed at 3 T to characterize the DMN by using ICA 
methods, including a single-participant ICA on the basis 
of a comprehensive template from core seeds in the pos-
terior cingulate cortex (PCC) and medial prefrontal cortex 
(MPFC) nodes. ICA z images of DMN components were 
compared between the two groups and correlated with 
neurocognitive tests and clinical performance in patients 
by using Pearson and Spearman rank correlation.

Results: When compared with the control subjects, there was sig-
nificantly reduced connectivity in the PCC and parietal 
regions and increased frontal connectivity around the 
MPFC in patients with MTBI (P , .01). These fronto-
posterior opposing changes within the DMN were sig-
nificantly correlated (r = 20.44, P = .03). The reduced 
posterior connectivity correlated positively with neuro-
cognitive dysfunction (eg, cognitive flexibility), while the 
increased frontal connectivity correlated negatively with 
posttraumatic symptoms (ie, depression, anxiety, fatigue, 
and postconcussion syndrome).

Conclusion: These results showed abnormal DMN connectivity pat-
terns in patients with MTBI, which may provide insight 
into how neuronal communication and information inte-
gration are disrupted among DMN key structures after 
mild head injury.
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to be strongly interconnected (13). Al-
terations in DMN functional connectiv-
ity have been found in several psychiat-
ric disorders (14–17). It is also known 
that several key cognitive functions are 
supported by this network (18). For 
example, the main role of the PCC is 
memory encoding, consolidation, and 
environmental monitoring, while the 
MPFC participates in self-relevance, 
rapid error identification, and social 
functions (19). These higher-order 
cognitive functions are often disrupted 
in patients with MTBI (20).

Several studies of patients with se-
vere forms of traumatic brain injury, 
including vegetative states, have shown 
disrupted DMN connectivity in terms of 
evaluating patients with consciousness 
impairment (21–24). Despite consider-
able interest in the DMN and its rela-
tionship with cognitive function, little is 
known about DMN connectivity chang-
es in MTBI. A recent study by Mayer 
et al (25) showed decreased connectiv-
ity within DMN nodes and increased 

headache, dizziness, fatigue, irritability, 
insomnia, poor concentration, memory 
difficulty, or an intolerance of stress, 
emotion, or alcohol) that have lasted at 
least 3 months (6), as well as evidence 
of deficits in attention and memory (7). 
PCS is frequently overlooked at the time 
of initial injury and can develop and per-
sist for variable periods of time. How-
ever, the underlying pathophysiology of 
PCS is still poorly understood.

In recent years, resting-state func-
tional magnetic resonance (MR) im-
aging has enabled evaluation of crit-
ical brain networks on the basis of 
baseline energy expenditure in awake 
and resting states of the brain. Rest-
ing-state networks are composed of 
brain regions with highly correlated 
time courses of robust low-frequency 
(,0.1 Hz) blood oxygen level–depen-
dent signal fluctuations (8), which are 
believed to represent the maintenance 
of baseline human cognition and met-
abolic equilibrium (ie, oxygen balance) 
(9). These intrinsic, spontaneous neu-
ronal activities have been considered 
to represent important functional ar-
chitecture for understanding the cog-
nitive functions and can be altered in 
various neurologic and psychiatric dis-
orders (10). Among these networks, 
the default-mode network (DMN) is of 
particular interest. The DMN is a well-
established network that is active at 
rest and suppressed during tasks that 
require attention and decision making 
(9,11). The DMN typically comprises 
the posterior cingulate cortex (PCC), 
precuneus, inferior parietal, and me-
dial prefrontal cortex (MPFC) nodes 
(12). Anatomically, the cytoarchitec-
tonic areas of the DMN are suggested 

Mild traumatic brain injury 
(MTBI) is a substantial public 
health problem, representing 

75% of traumatic brain injury cases 
(1). As defined by the World Health 
Organization (2,3), MTBI results from a 
traumatic event that causes a brief loss 
of consciousness, lasting less than 30 
minutes, transient memory dysfunction 
or disorientation that lasts less than 24 
hours, or both. Although conventional 
neuroimaging findings are often normal 
in patients with MTBI, 20%–30% of in-
dividuals develop long-term symptoms, 
including behavioral, cognitive, and neu-
ropsychologic problems (4), ultimately 
preventing some from ever successfully 
reengaging in their normal lives (5). 
These posttraumatic symptoms, re-
ferred to as postconcussion syndrome 
(PCS), manifest as a history of traumatic 
brain injury along with the presence of 
three or more common symptoms (ie, 

Implication for Patient Care

 n Our results of disrupted DMN 
synchrony and connectivity in 
MTBI suggest that resting-state 
functional MR imaging can be 
used as an additional clinical tool 
for detecting subtle brain injury 
that is not apparent with conven-
tional MR imaging and for better 
understanding the underlying 
disease pathophysiology of PCS.

Advances in Knowledge

 n In patients with mild traumatic 
brain injury (MTBI), as com-
pared with healthy control sub-
jects, the integrity of default-
mode network (DMN) functional 
connectivity was disrupted, as 
evidenced by significantly 
reduced connectivity in the pos-
terior cingulate cortex and pari-
etal regions and increased frontal 
connectivity around the medial 
prefrontal cortex (P , .01).

 n These opposed changes were sig-
nificantly correlated with each 
other (r = 20.44, P = .03), sug-
gesting that frontoposterior 
DMN nodes are not only intrinsi-
cally interdependent but also 
highly complementary and dy-
namically equilibratory in their 
functions after mild injury.

 n The reduced posterior connec-
tivity correlated clinically with 
neurocognitive dysfunction (eg, 
cognitive flexibility), while the 
increased frontal connectivity 
correlated with posttraumatic 
symptoms (ie, depression, anx-
iety, fatigue, and postconcussion 
syndrome [PCS]).
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gradient-echo echo-planar resting-state 
functional MR imaging (repetition time 
msec/echo time msec, 2000/30; flip an-
gle, 75°; field of view, 220 3 220 mm; 
matrix, 128 3 128; 153 volumes) was 
performed in the axial plane, parallel to 
a line through the anterior and poste-
rior commissures (section thickness, 5 
mm; section gap, 1 mm) and positioned 
to cover the entire cerebrum (spatial 
resolution, 1.72 3 1.72 3 6.00 mm) 
with an acquisition time of 5 minutes 
6 seconds. Individuals were instructed 
to close their eyes for better relaxation 
but to stay awake during the imaging 
protocol. For coregistration and nor-
malization of resting-state functional 
MR imaging data, three-dimensional 
T1-weighted magnetization-prepared 
rapid gradient-echo imaging (repetition 
time msec/echo time msec/inversion 
time msec, 2300/2.98/900; flip angle, 
9°; resolution, 1 3 1 3 1 mm) was 
performed. In addition, T2-weighted 
fast spin-echo and high-spatial-reso-
lution susceptibility-weighted imaging 
sequences (45/20/900; flip angle, 15°; 
resolution, 0.5 3 0.5 3 2.0 mm; 52 
axial sections) were also implemented 
to help detect hemorrhagic or other 
lesions. The conventional T1- and T2-
weighted images together with suscep-
tibility-weighted images were reviewed 
carefully by two experienced radiolo-
gists (Y.W.L and Y.G.), and lesions, if 
present, were documented.

Neuropsychologic Assessment
Neuropsychologic tests were performed 
within 12 hours of MR imaging for pa-
tients with MTBI. The neuropsychologic 
tests were performed by a psychologist 
(L.M) who had more than 7 years of ex-
perience and was blinded to MR imag-
ing results. Neuropsychologic measures 
to evaluate cognitive functioning in-
cluded (a) the Symbol Digit Modal-
ities Test (33) to measure information 
processing speed; (b) the Digit Span 
subtest of the Wechsler Adult Intelli-
gence Scale III (34) to measure verbal 
attention and concentration, as well as 
working memory; (c) the Trail Making 
Test A to assess speed and visual atten-
tion; (d) the Trail Making Test B (35) to 
assess mental flexibility, specifically the 

control subjects were identified and 
recruited from a large database in our 
center of several ongoing neuroimaging 
projects. All individuals signed a consent 
form before undergoing MR imaging. All 
patients experienced a closed head in-
jury with either posttraumatic amnesia 
of less than 24 hours duration or loss of 
consciousness of approximately 30 mi-
nutes or less, with Glasgow Coma Scale 
scores between 13 and 15 obtained by 
the emergency or ambulatory care staff 
after injury. In this study cohort, all pa-
tients experienced loss of consciousness 
(minimum time of 10 seconds), and all 
had various posttraumatic symptoms 
at the time of MR imaging, including 
headache, insomnia, fatigue, sensitivity 
to light, irritability, and deficits in atten-
tion, memory, and executive function. 
Exclusion criteria included history of 
alcohol or drug abuse, neuropsychologic 
disease before injury, and prior brain 
injury or other neurologic disease, in-
cluding stroke, epilepsy, and somatic 
disorders. On the basis of these criteria, 
three patients were excluded owing to 
previous head injury, presence of other 
neurologic disease, or extensive motion 
artifacts. Thus, 23 patients with clinically 
defined MTBI (32) (17 men, six women; 
mean age, 37.8 years 6 12.9 [standard 
deviation]; educational attainment, 15 
years 6 2.6) were included in this study, 
with a mean interval of 22 days (range, 
3–53 days) between trauma and MR im-
aging. One control subject was excluded 
due to an incidental finding of brain le-
sions at MR imaging, and another two 
control subjects were excluded due to 
excessive movement. Eighteen healthy 
control subjects (mean age, 32.6 years 
6 10.0; educational attainment, 16 years 
6 2.1) were finally included for compari-
son, and they were confirmed to have no 
brain diseases according to patient his-
tory and imaging. The two groups had 
no significant demographic differences 
in age, sex, or education (P . .2).

MR Imaging
MR imaging data were obtained with 
a 3-T whole-body MR imager (Sie-
mens Tim Trio; Siemens Medical 
Systems, Erlangen, Germany) by us-
ing a 12-channel head coil. Standard 

connectivity between DMN nodes and 
the lateral prefrontal cortex in MTBI 
by using seed-based analysis, which 
is a single time-course correlation ap-
proach based on predefined regions 
of interest. To the best of our knowl-
edge, these findings have not been 
replicated by using multiple-regression 
methods, such as independent compo-
nent analysis (ICA), which is a more 
robust technique involving the blind 
source separation method that captures 
the essential components of multivari-
ate resting-state functional MR imaging 
data (26). The ICA model is a powerful 
tool for the extraction of imaging pat-
terns of synchronized neural activity 
from resting-state functional MR imag-
ing time series. ICA can help separate 
the whole-brain signal fluctuations from 
physiologic noise and automatically 
capture the entire DMN as a single ma-
jor component (27). This decreases the 
heterogeneity of DMN patterns when 
using the seed-based method (28). We 
hypothesized that there are abnormal 
neuronal activations of DMN subre-
gions in the resting brain in patients 
with MTBI, which can be detected with 
advanced ICA techniques.

To validate our findings, we used 
three different strategies of ICA, which 
included a template-based ICA method 
(29), a hybrid ICA seed-based method 
(30), and a group ICA method (31) 
in patients with MTBI compared with 
healthy individuals. The purpose of this 
study was to investigate the integrity 
of the DMN by using ICA methods in 
patients shortly after MTBI compared 
with control subjects and to correlate 
DMN connectivity changes with neuro-
cognitive tests and clinical symptoms.

Materials and Methods

Participants
This institutional review board–approved 
study was performed between July 2008 
and April 2011 and was in compliance 
with the Health Insurance Portability 
and Accountability Act. A total of 26 
patients with MTBI (recruited from a 
university-affiliated level 1 trauma center 
and a university hospital) and 21 healthy 
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and converted into a binary image after 
applying a threshold of correction of P 
, .05 for subsequent single-participant 
ICA. The overlap similarity index be-
tween PCC- and MPFC-seeding DMN 
group patterns was calculated as the 
Dice coefficient, defined as twice the in-
tersection over the sum of cardinalities 
(44,45). The total number of voxels (N) 
and average correlational z value were 
computed from the obtained entire, an-
terior, or posterior DMN connectivity 
maps by using a threshold of correction 
of P , .05. The anterior and posterior 
portions of the DMN were defined ac-
cording to MNI coordinates as y  0 
and y , 0, respectively.

Single-participant ICA.—The con-
ventional single-participant ICA was 
implemented by using information max-
imization criteria (46) to decompose 
the data from each individual into 16 
spatially statistically independent and 
intrinsically connected components 
(47) (http://cnl.salk.edu/~tewon/ica_cnl 
.html). Each component was shown by 
a z score map by subtracting the global 
mean from each voxel and dividing by 
the global standard deviation with a 
threshold of 1.96 (equivalent P , .05). 
After excluding very-low-frequency 
(,0.01 Hz) or high-frequency (.0.1 Hz) 
artifacts due to imager drift and car-
diac and respiratory motion by applying 
a band-pass filter, the component that 
had the maximum difference was chosen 
to identify the DMN component (CDMN) 
and generate a z-score map by using the 
following equation:

 { } { }{ }DMN 1max i T i Ti
C C C −= −  (1)

where i represents the ith low-frequen-
cy component, T stands for the place-
ment of voxels within the binarized 
DMN template image generated from 
the previous seed-based method; (1 2 
T) represents the region outside the 
DMN template; and Ci is the average 
z score of the ith component inside or 
outside the template region.

Hybrid ICA.—The DMN detected 
automatically by means of single-
participant ICA was used as a new 
seed to iterate for the next-round ICA 

signal, and signals derived from cere-
brospinal fluid and white matter), and 
transformation to MNI standard space. 
The anatomic and functional data were 
preprocessed by using both the Func-
tional Magnetic Resonance Imaging of 
the Brain, or FMRIB, Software Library 
(FSL) (eg, tissue segmentation, regis-
tration, smoothing, and regression) and 
Analysis of Functional NeuroImages, or 
AFNI, programs (ie, reorientation, skull 
stripping, motion correction, filtering, 
and region of interest time courses ex-
traction) (adapted scripts from http: 
//www.nitrc.org/projects/fcon_1000).

For correction of motion artifacts, 
head movement–constraint headphones 
and a cushion were used to prevent 
movement during imaging, and all in-
dividuals were instructed to keep still 
during the imaging protocol. AFNI mo-
tion-correction algorithms were used to 
perform more realignment steps with 
three angular rotation (roll, pitch, and 
yaw in units of degrees) and three di-
rectional displacement (in millimeters) 
adjustments to further minimize mo-
tion artifacts. After these correction 
steps, no statistical differences were 
observed in (a) the previous six motion 
parameters and (b) frame displacement 
(42) along all temporal frames between 
MTBI and control groups (P . .05). 
Additionally, with the ICA approach, 
movement artifacts can be identified 
easily and removed separately by apply-
ing a band-pass filter.

Seed-based analysis.—After pre-
processing, the Pearson correlation 
coefficient was computed and z trans-
formed between the averaged time 
series of either the PCC- or the MPFC-
centered seed and the time course of 
each voxel in the brain. Two regions 
of interest, including the MPFC seed 
(MNI: 0, 48, 23 mm) and the PCC seed 
(MNI: 26, 248, 39 mm), both with 
896-mm3 volumes, were derived from 
the script seed library and were well 
evaluated previously by Fox and Raichle 
(18). Since the individual seeding ap-
proach with the seed placed within ei-
ther the PCC or the MPFC generates 
different and incomplete DMN connec-
tivity patterns (43), the combined tem-
plate from these two DMNs was used 

ability to shift rapidly between cognitive 
sets; (e) the California Verbal Learning 
Test II to assess verbal learning, as well 
as immediate and delayed verbal mem-
ory (36); and (f) the Rey-Osterreith  
Complex Figure Test to assess visuoper-
ceptual ability and immediate and de-
layed visual memory (37). These test 
results were reported in z scores. Post-
traumatic symptoms, including anxiety, 
depression, and fatigue, were assessed 
by using self-report questionnaires and 
scales, for which higher scores indi-
cate heightened symptoms. The Beck 
Depression Inventory (38) was used 
to assess depressive symptoms, fatigue 
was measured with the Fatigue Sever-
ity Scale (39), and subjective symptoms 
were assessed by using the Postconcus-
sion Symptoms Scale (40). This scale is 
used to assess the severity of 19 symp-
toms, such as dizziness, balance prob-
lems, headache, and sensitivity to light, 
which are associated with PCS, mild 
cognitive impairment, or both. Items 
are rated on a Likert scale, indicating 
severity of the symptom, from 0 (none) 
to 6 (severe). Past research has vali-
dated the use of such inventories in the 
use of assessing individuals after minor 
head injuries (41).

Image Processing and Data Analysis
All data pre- and postprocessing were 
performed by an imaging scientist 
(Y.Z.) with 11 years of experience in 
functional MR imaging data analysis 
and interpretation.

Preprocessing.—The three-dimen-
sional magnetization-prepared rapid 
gradient-echo imaging data were first 
reoriented, skull stripped, and seg-
mented into gray matter, white matter, 
and cerebrospinal fluid regions. There-
after, they were coregistered and nor-
malized to the Montreal Neurologic In-
stitute (MNI) 152-brain template (2 3 2 
3 2 mm). Preprocessing steps for rest-
ing-state functional MR imaging data 
included realignment, spatial Gaussian 
smoothing with full width at half maxi-
mum (6 mm), band-pass temporal filter-
ing of 0.005–0.100 Hz, coregistration to 
magnetization-prepared rapid gradient-
echo imaging and removal of nuisance 
signals (motion parameters, global 
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Neuropsychologic measurements 
were input as covariants for second-
level covariance analysis, and Pearson 
or Spearman rank correlations were 
performed between either the neuro-
cognitive tests or posttraumatic symp-
toms (ie, anxiety, depression, fatigue, 
and PCS) scales and the ICA z images 
of DMN. Bonferroni corrections were 
performed in patients with a total cor-
rection factor of 12 for multiple tests (n 
= 6), and two averaged z values (n = 2) 
were obtained from either decreased or 
increased regions (49).

Results

In the healthy control group, differ-
ent spatial distribution patterns of 
DMN were shown when the seed was 
placed in the standard MPFC versus 
PCC region, which showed anterior-
predominant connectivity with MPFC 
seeding and posterior-predominant 
connectivity with PCC seeding (Fig 1, 
A and B) (one-sample t test with cor-
rected P , .05 and cluster size of K 
 20), suggesting an intrinsic region-
dependent blood oxygen level–depen-
dent signal coherence of resting-state 

Statistical Analysis
For seed-based analysis, a two-sample 
t test for comparing the voxel numbers 
or mean z values was performed be-
tween the patients and control sub-
jects. The FSL FMRIB Local Analysis 
of Mixed Effects with Ordinary Least 
Square option (FLAMEO) command 
was used to analyze the variance  
of DMN maps within each group and 
between two groups with corrected P , 
.05. For single-participant ICA, one- and 
two-sample t tests were implemented 
by applying SPM8 software (Statistical 
Parametric Mapping, http://fsl.fmrib 
.ox.ac.uk/fsl/fslwiki/) to the z image of 
the DMN made up of ICA components 
from the two participant groups to gen-
erate statistical maps. An integrated 
threshold was used at a significance level 
of P , .01 and a cluster size of at least 
20 voxels for small-volume correction to 
the whole brain to remove false-positive 
error and maintain true-positive sensi-
tivity (48). Multiple-comparison cor-
rections at the cluster level were per-
formed on the whole brain on the basis 
of Gaussian random field theory by us-
ing FSL easythresh (minimum, z . 2.3; 
cluster significance, P , .05, corrected).

template, which is termed “hybrid 
ICA seed-based method,” as proposed 
by Kelly et al (30). By deriving seed 
information from single-participant 
ICA, this hybrid algorithm uses the 
exploratory power of single-partici-
pant ICA to increase the confidence 
of automatic detection of spatial rela-
tionships and to reduce possible orig-
inal simple seed-template–matching 
errors. The hybrid ICA is particularly 
useful in cases where seed-based func-
tional connectivity MR imaging maps 
would otherwise be generated from 
seed voxels where multiple compo-
nents overlap, which is often the case 
with DMN.

Group ICA.—To validate the sin-
gle-participant ICA results, group ICA 
with the FSL Multivariate Exploratory 
Linear Optimized Decomposition into 
Independent Components (MELODIC) 
algorithm (http://www.fmrib.ox.ac.uk/
fsl/melodic/index.html) (31) was also 
implemented. The final DMN compo-
nent of each group was identified with 
visual inspection on the basis of per-
iodic temporal fluctuation, spatial pat-
tern, and distinct peak of power spec-
trum at low-frequency (,0.1 Hz) range.

Figure 1

Figure 1: DMN templates created with the seed-based method in healthy control subjects. A, PCC-seed–based template, with 
predominant PCC, bilateral inferior parietal, and MPFC connectivity (corrected, P , .05; cluster size, K  20). B, MPFC-seed–
based template shows predominant MPFC connectivity with PCC nodes detected (corrected, P , .05; cluster size, K  20). C, 
Binarized image of combined-network seeding from the MPFC and PCC show a more inclusive connectivity pattern of the DMN.
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significantly correlated with decreased 
connectivity in the posterior regions (r = 
20.44, P = .03) (Fig 3), suggesting that 
these opposite within-network changes 
are essentially associated.

DMN regions includes the left calcarine 
cortex (V1), the left posterior cingulate 
cortex, and the bilateral cuneus. In pa-
tients with MTBI, such increased con-
nectivity in the frontal (anterior) regions 

networks. The total number of DMN 
voxels in the healthy control group 
with PCC seed (n = 16 877) had only a 
41.2% (DICE coefficient) overlap with 
MPFC seed (n = 20 152). A combined 
DMN (n = 29 397) from both PCC and 
MPFC seeds was shown to represent a 
more comprehensive network (Fig 1, 
C) for selecting ICA components. In 
the control group, this combined DMN 
showed a more inclusive network pat-
tern (74.2% and 45.9% increase from 
a PCC- and MPFC-seed–only resting-
state network, respectively) involving 
PCC, precuneus, MPFC, and bilateral 
parietal regions. By means of visual 
inspection, patients showed decreased 
connectivity in the parietal region 
(PCC seeding), whereas increased 
connectivity was observed in the fron-
tal region (MPFC seeding) when com-
pared with control subjects. However, 
such differences did not reach statis-
tical significance (two-sample t test) 
regarding the voxel numbers of DMN 
or average z values.

No hemorrhagic brain lesions were 
detected with conventional imaging, 
including T2-weighted MR imaging 
and susceptibility-weighted MR imag-
ing in patients with MTBI. By using a 
combined DMN template (a binarized 
image) from both core seeds, single-
participant ICA (one-sample t test, P , 
.01; cluster size, K  20) showed a sim-
ilar spatial connectivity pattern of DMN 
with seed-based analysis in healthy con-
trol subjects (Fig 2, A). In patients with 
MTBI, there was a significantly different 
distribution pattern of DMN connectiv-
ity (Fig 2, B) when compared with that 
of healthy control subjects. Figure 2, C, 
shows comparison results between the 
two groups (two-sample t test, P , .01), 
demonstrating significantly increased 
connectivity primarily in the anterior 
MPFC region (Table 1) and decreased 
connectivity primarily in the posterior 
medial PCC and parietal regions (Table 2)  
within the DMN in patients with MTBI. 
Specifically, the increased connectivity 
in the anterior DMN regions includes 
the left caudate nucleus, the bilateral 
medial prefrontal cortex, and the right 
superior temporal pole, whereas the 
decreased connectivity in the posterior 

Figure 2

Figure 2: Group t test maps of single-subject ICA results and comparison between patients with MTBI and 
control subjects. When compared with DMN patterns in the control group (A), the patient group (B) showed 
significantly decreased connectivity in the posterior portion (arrowheads) and increased connectivity in the 
anterior portion (arrows) of the DMN (P , .01; cluster size, K  20). C, The group-level voxelwise image of 
single-participant DMN pattern comparing MTBI to control groups shows decreased connectivity regions in 
blue and increased connectivity regions in yellow.

Table 1

Group Comparison of Increased DMN with Single-Subject ICA in Patients with MTBI 
versus Healthy Control Subjects

Brain Region
Brodmann  
Area

MNI Coordinates  
(x, y, and z in mm) Cluster Size z Score P Value

Left caudate nucleus .... 22, 12, 2 45 3.19 .001
Left MPFC 10 212, 44, 2 49 3.08 .001*
Right superior temporal pole 38 34, 10, 224 41 3.04 .001
Right medial frontal 10 8, 44, 2 32 2.78 .004*

Note.—Single-subject ICA was based on whole-brain voxelwise analysis, showing regions with increased DMN. P , .01; cluster 

size, K  20.

* Clusters still survived after use of a Gaussian random-field algorithm (eg, FSL easythresh) for multiple-comparison correction 
at the cluster level (minimum z score . 2.3; cluster significance, P , .05).
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Table 2

Group Comparison of Decreased DMN with Single-Subject ICA in Patients with MTBI 
versus Healthy Control Subjects

Brain Region
Brodmann  
Area

MNI x, y, z Coordinates  
(mm) Cluster Size z Score P Value

Left calcarine cortex 
(V1)

17 28, 262, 10 42 3.35 ,.001*

Left PCC 23 24, 238, 28 22 3.18 .001
Right cuneus 19 14, 280, 38 78 2.54 .002
Left cuneus/PCC 23 216, 264, 26 25 2.75 .003*

Note.—Single-subject ICA was based on whole-brain voxelwise analysis, showing regions with decreased DMN. P , .01; 

cluster size, K  20.

* Clusters still survived after use of a Gaussian random-field algorithm (eg, FSL easythresh) for multiple-comparison correction 
at the cluster level (minimum z score . 2.3; cluster significance, P , .05).

Figure 3

Figure 3: Plot of patients 
with MTBI shows that increased 
functional connectivity (z scores) 
in the MPFC region correlates 
negatively (r = 20.44, P = 
.03) with decreased functional 
connectivity (z scores) in the PCC 
and parietal regions, which may 
suggest a highly complementary 
and dynamically equilibratory 
relationship between the two 
key substructures of the DMN 
in terms of function after injury. 
fcMRI = functional connectivity 
MR imaging.

connectivity and depression score in 
patients with MTBI (Spearman corre-
lation coefficient, r = 20.56; corrected, 
P = .01), indicating that patients with 
higher MPFC functional connectivity 
have a lower degree of depression.

Discussion

Our results show significantly decreased 
intrinsic functional connectivity in the 
PCC and parietal regions and increased 
functional connectivity in the MPFC re-
gions at functional MR imaging in pa-
tients shortly after MTBI. We used three 
different algorithms of ICA to covalidate 
our findings, and our results are consis-
tent and independent of data processing 
algorithms, which all suggested poste-
rior hypoconnectivity and anterior hy-
perconnectivity during the resting state 
of the brain after injury in patients with 
MTBI. The observed relationships be-
tween DMN disruption and neurocogni-
tive dysfunction, as well as clinical symp-
toms, provide an additional important 
clue to the pathophysiology underlying 
PCS after injury.

Regarding the normal DMN pat-
tern, previous study findings (43,50), 
together with the current study results 
in which seed-based methods were 
used, demonstrated very different con-
nectivity patterns of the DMN in healthy 
control subjects when the seed was 
placed separately in PCC versus MPFC 
regions. For example, Johnson et al re-
ported a dissociation between MPFC 
and PCC activity by using functional 
MR imaging during cognitive tasks (51). 
They provided evidence with task-relat-
ed functional MR imaging that anterior 
and posterior regions of the DMN may 
subserve different functions with re-
spect to different self-reflection condi-
tions. In the current study, we used a 
comprehensive core-seed–based tem-
plate for single-participant ICA to se-
lect the best fit of coactivation of DMN 
substructures. The template-based 
single-participant ICA is a novel auto-
mated approach in sorting independent 
components without subjective identi-
fication of the DMN (52,53). By using 
template-based ICA analysis, Greicius 
et al also showed improved specificity 

By using the hybrid ICA seed-based 
method, we found a similar but aug-
mented pattern of increased frontal 
connectivity and decreased posterior 
connectivity of the DMN in patients 
compared with control subjects (Fig 4).  
We also performed MELODIC group 
ICA, the results of which are consis-
tent with single-participant ICA, which 
showed 43.4% increases of the voxel 
numbers of the DMN in the anterior 
regions (MNI coordinate, y  0), pri-
marily in the MPFC region, and 24% 
decreases in the posterior regions (MNI 
coordinate, y , 0) in patients with 
MTBI compared with control subjects.

In patients with MTBI, there was a 
significant correlation after Bonferroni 
correction between decreased DMN 

in the posterior regions with the Trail 
Making Test B (Pearson correlation co-
efficient, r = 0.60; corrected, P = .02) 
(Fig 5, A), which is a measure of exec-
utive functioning to assess mental flex-
ibility—specifically, the ability to shift 
rapidly between cognitive sets. There 
was no significant correlation between 
DMN changes and other neurocogni-
tive tests after Bonforroni adjustment. 
By using covariance analysis, a signif-
icant correlation (P , .01) between 
functional connectivity MR imaging 
(z score) of anterior MPFC and clini-
cal symptoms, including anxiety, de-
pression, fatigue, and postconcussive 
symptoms, was also found. Figure 5, 
B, shows a representative example of 
a negative correlation between MPFC 
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the present study experienced a short 
period of loss of consciousness at the 
time of trauma. In addition, the re-
duced posterior functional connectivity 
of the DMN might indicate subtle ax-
onal pathway injury (56,57). We also 
found a highly significant correlation 
between reduced posterior connectiv-
ity and decreased cognitive flexibility, 
as measured with a Trail Making Test 
B in patients with MTBI, due to the 
highly involved cognitive processes of 
this network (20,58,59). Our results of 
increased MPFC functional connectivity 

be vulnerable to injury after traumatic 
brain injury; for example, Yount et al 
found decreased PCC volume (54) and 
Levine et al (55) reported that there 
was gray matter atrophy predominantly 
involved in the PCC and retrosplenial 
regions after traumatic brain injury. 
Relatively recent study findings (24) 
have implicated DMN connectivity as 
being reflective of level of conscious-
ness in patients with brain damage. 
Although the precise role of the DMN 
in conscious processes remains to be 
elucidated, all patients with MTBI in 

of detecting DMN abnormalities in pa-
tients with Alzheimer disease when the 
entire template was used, as compared 
with a PCC-only template (29).

On the basis of single-participant 
analysis, the regions of decreased func-
tional connectivity within the DMN at 
functional MR imaging in the present 
study were found to be predominantly 
located in the posterior part of the 
brain, including the cuneus, left cal-
carine cortex (V1), and PCC. These 
posterior components of the DMN 
(eg, the PCC) have been reported to 

Figure 5

Figure 5: Plots show correlation analyses after Bonferroni correction between neuropsychologic tests and single-subject ICA z images in 
patients with MTBI. A, Pearson correlation analysis shows significant positive correlation (r = 0.60, P = .02) between functional connectivity 
in posterior regions and Trail Making Test B z score. B, Spearman rank correlation shows significant negative correlation (r = 20.56, P = .01) 
between functional connectivity of the anterior MPFC and depression scores in patients with MTBI.

Figure 4

Figure 4: DMN templates obtained with the hybrid ICA seed method in patients and control subjects (corrected, P , .05; K  20). A, Typical 
but enhanced connectivity pattern of the DMN was identified in the healthy control group. B, Disrupted DMN pattern is shown in the patient 
group. C, Group-level voxelwise image of hybrid DMN template differences comparing MTBI to control groups. Red = increased functional con-
nectivity, blue = decreased functional connectivity in patients compared with control subjects. These changes in DMN pattern were consistent 
with the single-subject ICA results by means of visual inspection.
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when compared with our seed (896 
mm3, centered at 26, 248, 39). (c) 
There were differences in the interval 
time between injury and MR imaging, 
with a mean of 11.5 days postinjury in 
their study versus 22 days in our study.

A few potential limitations of the 
current study should be considered. 
First, this study was limited in scope 
to the DMN, a most reliable and ro-
bust network that supports the “default 
mode of brain function” during rest. 
The functional connectivity MR imaging 
abnormalities of other networks have 
not been investigated in the current 
study, and only the thalamic network 
was reported on previously in MTBI 
(69). Second, the difference between 
patients and control subjects with a 
seed-based method did not reach sta-
tistical significance, which raises cau-
tions for the interpretation of our ICA-
based findings, despite the fact that the 
patterns based on the two methods 
are similar by means of visual inspec-
tion. One possibility is that the sample 
size is relatively small in our groups, 
which warrants further investigation in 
a larger population. Third, the results 
of disrupted DMN connectivity can be 
caused by structural connectivity abnor-
malities (eg, axonal injury), which were 
not investigated in the current study. 
Future studies designed to explore the 
relationship between structural and 
functional network deficits within DMN 
nodes will be valuable.

Given the important role of the 
DMN in brain cognitive function, our 
results of significant changes of DMN 
functional connectivity in patients with 
MTBI may provide insights into the un-
derlying mechanisms of the reduced 
performance in neurocognitive testing. 
Longitudinal studies are warranted to 
further evaluate whether the DMN can 
serve as a biomarker to monitor disease 
progression and recovery in MTBI.
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maintained in a dynamic equilibrium 
(65). Thus, the functional connectivity 
and interaction between the MPFC and 
PCC, which was considered a robust, 
converged ventral-dorsal compartment 
model (28), appears to be critical when 
these structures are injured.

When compared with single-partic-
ipant ICA, the results of our hybrid ICA 
seed-based method by using an itera-
tive ICA algorithm showed similar but 
enhanced patterns of DMN changes in 
MTBI, providing more converged infor-
mation about spatial relationships with 
less heterogeneity and reproducibility 
problems. In line with the previous two 
methods, our group ICA, in which we 
used the FSL MELODIC algorithm on 
the basis of temporal concatenations of 
all individuals within each group, also 
showed increased frontal MPFC con-
nectivity and decreased posterior con-
nectivity around the PCC in patients 
with MTBI compared with healthy con-
trol subjects. Although group ICA is a 
robust measure (66), it is limited by 
its inapplicability in individual quanti-
fication and correlation with clinical 
measures. Although our seed-based 
method did not show statistical sig-
nificance between patients with MTBI 
and control subjects when we used 
the significance level of corrected P 
, .05, the direct visual inspection of 
seed-based results indeed revealed a 
similar pattern of differences as when 
ICA approaches were used. Currently, 
the seed-based approach is known to 
have limitations of noise and high de-
pendence on seed location (67,68). By 
using a seed-based method, Mayer et 
al (25) showed decreased anterior and 
posterior functional connectivity within 
the DMN at functional MR imaging. 
This discrepancy in findings is likely 
due to several factors, including the 
following: (a) Their seed-based method 
was based on interregional correlation 
between averaged time courses of two 
specific regions instead of global voxel-
wise correlation between time courses 
of each voxel and template, as used in 
the current study. (b) The PCC seed in 
their study was chosen to be smaller 
(679 mm3) and more anteriorly cen-
tered (at MNI coordinates 0, 247, 33) 

at functional MR imaging in MTBI may, 
on the other hand, reflect a compen-
satory mechanism of increased frontal 
baseline activity. Increased MPFC acti-
vation has been reported previously in 
moderate and severe traumatic brain 
injury (60) and is hypothesized to rep-
resent brain neuroplasticity operating 
in recovery and neural repair after 
injury (61). Our finding of a negative 
correlation between increased MPFC 
connectivity and neuropsychologic 
symptoms also supports the notion of 
increased usage of MPFC neural re-
sources as compensation in response to 
the impaired neurocognitive function. 
Previous studies, outside of traumatic 
brain injury, have also shown MPFC 
connectivity changes in patients with 
anxiety and depression, although the 
pattern of changes in connectivity ap-
pears to be different compared with 
MTBI (17,62,63). The abnormally in-
creased MPFC usage over the long run, 
however, might lead to persistent psy-
chologic symptoms, such as the depres-
sion, anxiety, and fatigue seen in these 
patients.

Our finding of a significant negative 
correlation between increased MPFC 
functional connectivity and decreased 
PCC functional connectivity at func-
tional MR imaging in these patients 
suggests that frontoposterior DMN 
nodes are not only intrinsically interde-
pendent but also highly complementary 
in their functions. The within-network 
discrepant changes have also been iden-
tified in other diseases; for example, 
Zhang et al (53) reported bilaterally 
decreased MPFC and medial temporal 
lobe connectivity and increased PCC 
connectivity in patients with epilepsy, 
suggesting that DMN components can 
have distinct alteration patterns with 
different pathologic circumstances. 
Jones et al also found increased ante-
rior DMN connectivity and decreased 
posterior DMN connectivity in aging 
populations and those with Alzheimer 
disease (64). These studies support 
the notion that DMN cannot be consid-
ered a homogeneous entity but instead 
comprises several nodes that serve dif-
ferent, highly complex cognitive func-
tions that are independent but are 
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