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 Purpose: To explore the neural correlates of the thalamus by using 
resting-state functional magnetic resonance (MR) imag-
ing and to investigate whether thalamic resting-state net-
works (RSNs) are disrupted in patients with mild trau-
matic brain injury (MTBI).

 Materials and 

Methods: 

This HIPAA-compliant study was approved by the institu-
tional review board, and written informed consent was ob-
tained from 24 patients with MTBI and 17 healthy control 
subjects. The patients had varying degrees of symptoms, 
with a mean disease duration of 22 days. The resting-
state functional MR imaging data were analyzed by using 
a standard seed-based whole-brain correlation method to 
characterize thalamic RSNs. Student  t  tests were used to 
perform comparisons. The association between thalamic 
RSNs and performance on neuropsychologic and neurobe-
havioral measures was also investigated in patients with 
MTBI by using Spearman rank correlation.

 Results: A normal pattern of thalamic RSNs was demonstrated in 
healthy subjects. This pattern was characterized as rep-
resenting relatively symmetric and restrictive functional 
thalamocortical connectivity, suggesting an inhibitory 
property of the thalamic neurons during the resting state. 
This pattern was disrupted, with signifi cantly increased thal-
amic RSNs ( P   �  .005) and decreased symmetry ( P  = .03) 
in patients with MTBI compared with healthy control sub-
jects. Increased functional thalamocortical redistributive 
connectivity was correlated with diminished neurocog-
nitive functions and clinical symptoms in patients with 
MTBI.

 Conclusion: These fi ndings of abnormal thalamic RSNs lend further 
support to the presumed subtle thalamic injury in patients 
with MTBI. Resting-state functional MR imaging can be 
used as an additional imaging modality for detection of 
thalamocortical connectivity abnormalities and for better 
understanding of the complex persistent postconcussive 
syndrome.

 ©  RSNA, 2011
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gray matter regions and default mode 
networks have been well described in 
previous studies ( 3 ); however, the rest-
ing functional networks of deep gray 
matter structures, such as the thalamus, 
have been poorly studied with resting-
state functional MR imaging. Moreover, 
there have been only a few reports of 
functional connectivity in patients with 
severe traumatic brain injuries ( 20,21 ), 
and, to our knowledge, no resting-state 
functional MR imaging studies have been 
performed in MTBI. The analysis of in-
trinsic functional architectural changes 
by using resting-state functional MR im-
aging in MTBI may have great potential 
to improve the understanding of disease 
pathophysiology, aid accurate diagnosis, 
and monitor the effective treatment. 

 Our purpose was to explore the neu-
ral correlates of the thalamus by using 
resting-state functional MR imaging and 
to investigate whether thalamic RSNs 
are disrupted in patients with MTBI. We 
also investigated the association between 
thalamic connectivity changes and the 
performance on neuropsychologic and neu-
robehavioral tests in these patients. We 
hypothesized that there is subtle injury 
involving the thalamic neurons in pa-
tients with MTBI that may reconfi gure 

there is typically an absence of obvious 
structural lesions, which has made it 
diffi cult to understand the pathophysi-
ology of MTBI. Traditionally, the defi -
cits associated with PCS have been as-
sumed to be caused by diffuse axonal 
injury, particularly in moderate and 
severe traumatic brain injury; however, 
accumulating evidence is pointing to-
ward thalamic injury as an important 
factor ( 12–16 ). 

 The thalamus, a centrally located 
relay station for transmitting informa-
tion throughout the brain, participates 
in communication with many associa-
tive brain regions and involves global 
multifunctional pathways. It also con-
tributes to the normal brain rhythms 
that are responsible for basic inhibitory 
control and coordination ( 17 ). Hence, 
the thalamocortical system is critical 
for integrating information across func-
tional circuits. The thalamus is a complex 
deep gray matter mass that consists of 
many groups of nuclei and white matter 
bundles; it is vulnerable to damage dur-
ing sudden acceleration or deceleration 
movements during head trauma. Injury 
involving thalamic neurons may alter the 
electroresponsiveness of the thalamo-
cortical functional networks and cause 
a persistent state of abnormal excitation 
( 15,18 ), leading to a constellation of neu-
ropsychiatric and behavioral symptoms 
or dysrhythmia. Despite the evidence in 
these studies that used electrorespon-
siveness as marker, imaging markers for 
thalamic injury are still missing, and 
little imaging evidence exists for the phys-
iologic or structural origin of postconcus-
sive disorders. 

 Brain functional RSNs represent a 
consistent set of highly correlated brain 
regions with respect to low-frequency 
BOLD activities during resting state 
( 19 ). These resting activity correlations 
with classic motor or sensory cortical 

             F
unctional magnetic resonance (MR) 
imaging studies of the neural func-
tional network during the resting 

state have demonstrated highly corre-
lated, slow fl uctuations in blood oxygen 
level–dependent (BOLD) signal across 
discrete brain regions. Test-retest stud-
ies in healthy individuals have shown 
high reproducibility of these spatially 
coherent signal changes, which are more 
than simply random noise. In fact, they 
represent spontaneous and consistent 
fl uctuations ( 1,2 ). This intrinsically con-
nected functional architecture, which is 
referred to as the resting-state network 
(RSN) ( 3 ), probably plays a role in 
maintaining baseline human cognition 
and metabolic equilibrium in the rest-
ing state. To date, resting-state func-
tional MR imaging has been applied 
to several neuropsychiatric diseases, in-
cluding attention defi cit/hyperactivity 
disorder ( 4 ), depression ( 5 ), nicotine 
deactivation ( 6 ), schizophrenia ( 7 ), and 
Alzheimer disease ( 8 ), to help charac-
terize the disturbances of the functional 
connectivity or networks ( 9 ). 

 Mild traumatic brain injury (MTBI) 
accounts for at least 75% of all traumatic 
brain injuries and is an important public 
health care problem ( 10 ). Patients with 
MTBI may initially experience a transient 
loss of consciousness ( , 30 minutes) 
and/or a brief amnestic period ( , 24 
hours) with disabling physical (head-
ache, dizziness), cognitive (memory loss, 
attention defi cit), and emotional and be-
havioral (depression, anxiety) sequelae 
that can persist for months or years ( 11 ). 
Despite such a disabling array of symp-
toms, which defi ne postconcussive syn-
drome (PCS), in patients with MTBI 

 Implication for Patient Care 

 The observed disruption in thal- n

amic functional RSNs in MTBI can 
be used for detecting subtle injury 
and to better understand the com-
plex persistent postconcussive syn-
drome in these patients. 

 Advances in Knowledge 

 Thalamic resting-state networks  n

(RSNs) are disrupted in patients 
with mild traumatic brain injury 
(MTBI), suggesting that there 
may be reactive upregulation of 
thalamocortical connectivity 
associated with subtle thalamic 
injury. 

 Injury to thalamic RSNs corre- n

lates with reduced performance 
in neurocognitive testing. 

  Published online before print  

 10.1148/radiol.11110014  Content code:   

Radiology 2011; 260:831–840

 Abbreviations: 

 BOLD = blood oxygen level–dependent 

 MTBI = mild traumatic brain injury 

 PCS = postconcussive syndrome 

 RSN = resting-state network 

 Author contributions: 

 Guarantors of integrity of entire study, L.T., Y.G.; study 

concepts/study design or data acquisition or data analysis/

interpretation, all authors; manuscript drafting or manu-

script revision for important intellectual content, all authors; 

manuscript fi nal version approval, all authors; literature 

research, L.T., Y.G., L.M., Y.Z., R.I.G.; clinical studies, L.T., 

Y.G., L.M., R.I.G.; statistical analysis, L.T., Y.G., Y.Z.; and 

manuscript editing, L.T., Y.G., D.K.S., L.M., Y.Z. 

 Funding: 

 This research was supported by the National Institutes 

of Health (grants R01NS039135, R01NS039135-08S1, 

R01NS029029, and R01HL069023). 

 Potential confl icts of interest are listed at the end 

of this article. 



Radiology: Volume 260: Number 3—September 2011 n radiology.rsna.org 833

 NEURORADIOLOGY:  Thalamic Resting-State Functional Network Disruption in Mild Traumatic Brain Injury Tang et al

 All patients and healthy subjects 
were instructed to close their eyes but 
stay awake during the resting-state func-
tional MR imaging examination, which 
was the same for patients and control 
subjects. So that we could test repeat-
ability, two resting-state MR imaging ses-
sions, separated by 15 minutes of ana-
tomic imaging, were performed in only 
healthy subjects. Each functional MR im-
aging session obtained 153 volumes and 
lasted 5 minutes and 6 seconds. Repeat 
resting-state functional MR imaging was 
also performed in healthy volunteers on 
different days separated by a minimum 
of 4 weeks so that we could check intra-
subject reliability over time. 

 Neuropsychologic Assessment 

 Neuropsychologic tests were adminis-
tered within 12 hours of functional MR 
imaging in patients with MTBI by a psy-
chologist (L.M.) in the Department of 
Psychology at the Rusk Institute of Re-
habilitation Medicine at the New York 
University School of Medicine. The psy-
chologist had more than 7 years of ex-
perience in neuropsychologic test design 
and measurement and was blinded to 
the functional MR imaging results and 
study subject allocation (patients vs 
healthy control subjects). Neuropsycho-
logic measures assessed areas of cogni-
tive functioning found to be impaired 
in patients with MTBI. Test results were 
reported in terms of standardized  z  
scores (mean score, 0    6  1 [standard 
deviation]). The Digit Span subtest of 
the Wechsler Adult Intelligence Scale III 
( 22 ) was used to measure verbal atten-
tion and concentration, as well as work-
ing memory. Trail-making test A ( 23 ) 
was used to assess speed and visual at-
tention, and trail-making test B ( 23 ) was 
used to assess mental fl exibility, specifi -
cally the ability to shift rapidly between 
cognitive sets, a measure of executive 
functioning. The Paced Auditory Serial 
Addition Test ( 24 ) was used to assess sus-
tained attention and concentration, as well 
as working memory. The Symbol Digit 
Modalities Test ( 25 ) measured infor-
mation processing speed. Verbal learn-
ing and immediate and delayed verbal 
memory were assessed by using the 
California Verbal Learning Test II ( 26 ). 

age, 37.3 years; range, 22–62 years). 
There were 17 male patients (mean 
age, 35.3 years; range, 22–56 years) and 
seven female patients (mean age, 43.6 
years; range, 25–62 years). A total of 17 
healthy control subjects were ultimately 
included (mean age, 35.2 years; range, 
23–49 years) for comparison. 

 MR Imaging 

 Functional MR imaging was performed 
by using a 3.0-T whole-body imaging 
unit (Siemens Magnetom Trio; Siemens 
Medical Solutions, Erlangen, Germany) 
and a gradient-echo echo-planar imag-
ing sequence with the following param-
eters; repetition time sec/echo time 
msec, 2/30; fl ip angle, 75°; fi eld of view, 
220  3  220 mm 2 ; and acquisition matrix, 
128  3  128. Twenty 5-mm-thick sections 
were acquired parallel to a line passing 
through the anterior-posterior commis-
sure with a 1-mm gap and were posi-
tioned to cover nearly the entire cere-
brum, resulting in a spatial resolution of 
1.72  3  1.72  3  6 mm 3  for functional MR 
imaging. After the functional MR imag-
ing acquisition, to achieve better regis-
tration, a high-spatial-resolution whole-
brain three-dimensional T1-weighted 
sagittal magnetization-prepared rapid 
acquisition gradient-echo sequence 
(repetition time msec/echo time msec, 
2300/2.98; inversion time, 900 msec; 
fl ip angle, 9°; spatial resolution, 1  3  1  3  
1 mm 3 ), as well as a two-dimensional 
T1-weighted acquisition at the identical 
section positions, were performed. In ad-
dition, a high-spatial-resolution suscep-
tibility-weighted imaging sequence and 
a T2-weighted fast spin-echo sequence 
were also performed to supplement the 
studies and to help detect if any hem-
orrhagic or other lesions were present. 
The imaging parameters of the sus-
ceptibility-weighted imaging sequence 
were as follows: repetition time msec/
echo time msec, 45/20; fl ip angle, 15°; 
matrix, 448  3  320; fi eld of view, 220  3  
220 mm 2 ; and section thickness, 2 mm. 
The imaging parameters of the T2-
weighted fast spin-echo sequence were 
as follows: repetition time msec/echo 
time msec, 5000/88; fl ip angle, 120°; 
matrix, 448  3  364; fi eld of view, 220  3  
220 mm 2 ; and section thickness, 3 mm. 

the operations of intrinsic thalamocor-
tical networks, as indicated at resting-
state functional MR imaging. 

 Materials and Methods 

 Subjects 

 This study was approved by our insti-
tutional review board and was in com-
pliance with the Health Insurance Por-
tability and Accountability Act. After 
receiving an explanation of the study 
procedure, all of the participants pro-
vided written informed consent. From 
March 2008 to December 2009, a total of 
27 patients and 20 age-matched healthy 
subjects were recruited for this pro-
spective study in a university-affi liated 
level I trauma center and hospital (Belle-
vue Hospital and New York University 
Langone Medical Center, New York, 
NY). All patients with MTBI experi-
enced a closed head injury with either 
posttraumatic amnesia of less than 
24 hours or loss of consciousness of ap-
proximately 30 minutes or less. Their 
Glasgow Coma Scores were between 13 
and 15. All patients, with a mean interval 
between MR imaging and trauma of 
22 days (range, 3–53 days), reported 
various neurocognitive and neurobe-
havioral symptoms, including headache; 
dizziness; insomnia; fatigue; light sensi-
tivity; irritability; and defi cits in attention, 
concentration, memory, and executive 
function. Patients were recruited only 
after meeting the following inclusion 
criteria: no history of alcohol or drug 
abuse; no history of neuropsychologic 
diseases before injury; and no history 
of other neurologic diseases, including 
stroke, epilepsy, and somatic disorders. 
On the basis of these criteria, three pa-
tients were excluded because we later 
discovered that one had experienced 
previous head injuries, one had a drug 
habit, and one could not fi nish the neu-
ropsychologic testing within 12 hours of 
MR imaging. In addition, three control 
subjects were excluded because of sub-
stantial motion during the MR imaging 
examination in two subjects and white 
matter lesions at MR imaging in one 
subject. Therefore, data in a total of 24 
patients were used in this study (mean 
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and neurobehavioral measures to eval-
uate our method of using resting-state 
functional networks of thalamocortical 
connectivity to detect the brain func-
tional abnormalities behind the clini cal 
symptoms. 

 In addition to the seed-based anal-
ysis, we performed multiple subject 
group independent component analysis 
by using multisession temporal concate-
nation with identifi cation of group-wise 
thalamocortical default-mode connec-
tivity by using FSL (FMRIB Software Li-
brary,  http://www.fmrib.ox.ac.uk/fsl/ ) 
MELODIC (Multivariate Exploratory 
Linear Optimized Decomposition into 
Independent Components) on the basis 
of the component’s power spectrum, 
low-frequency fl uctuation, and overall 
spatial pattern. The thalamus, based on 
the FSL Juelich template, was then corre-
lated with each decomposed MELODIC 
component. Each correlation between 
the associated time course and average 
time course of the thalamus was com-
puted, and a component was identifi ed 
for the thalamus on the basis of the highest 
correlation among all the components. 

 Statistical Analysis 

 In group analysis, the Fisher  z’  trans-
formation was introduced to compute 
Fisher  z’  maps for each study subject 
because the correlation coeffi cient  R  
is not normally distributed. One-sample 
 t  tests within the groups were then 
performed to generate group RSN maps 
showing all areas with cluster sizes 
larger than 100 voxels that were signifi -
cantly correlated with the seed regions 
of interest ( P   ,  .001) for both healthy 
control subjects and patients ( 37 ). Two-
sample  t  tests were then performed 
to quantitatively demonstrate the dif-
ference between the RSNs of patients 
with MTBI and those of healthy control 
subjects, and the results were displayed 
as comparison maps. The statistical 
signifi cance levels were determined by 
 P  values, and the comparison signifi cance 
level was set at uncorrected  P   ,  .01 and 
cluster size  k   .  100 voxels. 

 To evaluate our method of using 
resting-state functional networks of thal-
amocortical connectivity to detect the 
brain functional abnormalities behind 

normalization, the real brain can be seen 
as an alias volume with each voxel sized 
at 2  3  2  3  2 mm 3  and standard coordi-
nates based on the Talaraich Daemon, 
with corresponding brain functional ar-
eas as defi ned. Subsequently, the data 
sets were spatially smoothed with an 
isotropic Gaussian kernel with a full width 
at half maximum of 6 mm to compen-
sate for intersubject gyral variability 
and to attenuate high-frequency noise, 
thus increasing the signal-to-noise ratio. 
SPM2 estimated a resulting smoothness 
of 8.2  3  8.4  3  8.7 mm 3 . The fi rst three 
volumes of each functional time series 
were discarded. 

 In individual resting-state functional 
MR imaging data analysis, we used bi-
lateral thalami as seed regions. These 
regions were selected with the help of 
the WFU PickAtlas tool  (http://fmri
.wfubmc.edu/downloads/WFU_Pick
Atlas_User_Manual.pdf) . The seed re-
gions were used to defi ne the reference 
time course; then the cross-correlation 
coeffi cient ( R  score) between each ref-
erence time course and the signal time 
series in each voxel within the acquired 
whole-brain image set was computed. 
Functional connectivity maps for each 
study subject were then generated by 
displaying all those voxels whose sig-
nal time series were signifi cantly corre-
lated with the seed regions ( P   ,  .001, 
corresponding to  R   .  0.25). The total 
number of voxels from connectivity maps 
for each study subject’s left, right, and 
bilateral thalamic RSNs were then cal-
culated. We used the percentage of the 
overlap of the two thalamic RSNs to study 
the conjugate symmetry property be-
tween the left and right thalamic RSNs—
that is, the percentage of the total voxel 
number of bilateral thalamic RSNs that 
correlated with not only the left but 
also the right thalamus. Hence, a higher 
overlapping percentage represents higher 
symmetry between the left and right 
thalamic RSNs. Finally, we performed a 
Z-transform of the voxel numbers of 
thalamic RSNs in patients with MTBI 
by using the mean and standard devia-
tion in the healthy control subjects to 
standardize the statistical analysis. The 
calculated Z scores in patients with MTBI 
were correlated with their neurocognitive 

Visuoperceptual ability and immediate 
and delayed visual memory were assessed 
with the Rey Complex Figure Test ( 27 ). 

 Postconcussive symptoms, depres-
sion, and fatigue were assessed by using 
self-report questionnaires, for which 
higher scores indicate greater symptoms. 
The Beck Depression Inventory ( 28 ) was 
used to assess depressive symptoms, 
fatigue was measured by using the Fa-
tigue Severity Scale ( 29 ), and subjective 
symptoms associated with MTBI were 
assessed with the Postconcussive Symp-
toms Scale (PSS) ( 30 ). The PSS as-
sesses the severity of 19 symptoms (eg, 
dizziness, balance problems, headache, 
sensitivity to light) associated with PCS 
and/or mild cognitive impairment. Items 
are rated on a Likert scale indicating 
the severity of the symptom, from 0 
(none) to 6 (severe). Scores range from 
0 to 114 and are calculated by adding 
the endorsed item ratings, with higher 
scores indicating more symptoms as-
sociated with PCS. Past research has 
validated the use of such inventories in 
assessing individuals after minor head 
injuries ( 31 ). Additionally, many studies 
have identifi ed the relationship between 
scores in such inventories and cogni-
tive impairment after minor head in-
jury ( 32–35 ). 

 Image Processing and Data Analysis 

 All functional MR imaging data were an-
alyzed by using software (SPM2, Statis-
tical Parametric Mapping,  http://www
.fi l.ion.ucl.ac.uk/ ; and MRIcro,  http:
//www.mricro.com/ ) and additional in-
house programs running in MATLAB 
(Mathworks, Natick, Mass). Prepro-
cessing of functional MR imaging data 
was performed by using SPM2 and in-
cluded motion correction (any data set 
with maximum head motion  .  2 mm or 
0.5° was discarded), realignment, and 
coregistration with the T1-weighted im-
ages collected by using identical section 
prescriptions as well as with the mag-
netization-prepared rapid acquisition 
gradient-echo whole-brain structural 
images. Then, all brain image volumes 
were spatially normalized ( 36 ) into a 
standard space defi ned by the Montreal 
Neurologic Institute template in stan-
dard Talaraich coordinates. Hence, after 
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criterion of 0.6, we found that the RSNs 
in all control subjects were restricted to 
only the thalami bilaterally, but patients 
still showed a widespread pattern, with 
similar cortical regions involved. This 
indicates that, in patients with MTBI, both 
the extent and the correlation strength 
of the thalamocortical functional connec-
tivity are increased. At MELODIC inde-
pendent component analysis, patients 

increased functional connectivities in 
the patient group or the difference ( P   ,  
.01) between the two groups involved 
regions of the cingulate gyrus, tempo-
ral gyrus, and frontal gyrus ( Fig 2,  E  
and  F  ). For individual thalamic func-
tional RSNs, when the threshold of the 
correlation coeffi cient  R  was increased 
from 0.25, which corresponds to a cri-
terion of  P   ,  .001, to a much stricter 

clinical symptoms, we evaluated the rela-
tionship between the quantitative thal-
amic RSNs in the patients with MTBI and 
their neurocognitive and neurobehavioral 
measures by using Spearman and Pear-
son correlations to calculate the corre-
lation coeffi cient in the patient group. In 
addition, we performed Bonferroni ad-
justment for multiple comparisons for 
these correlations ( t   .  3.12,  P   ,  .005). 

 Results 

 No lesions were seen in the thalamic re-
gions on either conventional T2-weighted 
or susceptibility-weighted structural im-
ages in any subject. In healthy control 
subjects at rest, a normal pattern of thal-
amic RSNs was observed that primarily 
included areas of the bilateral thalamus, 
the superior frontal gyrus, the middle 
frontal gyrus, the basal ganglia nuclei, the 
insula, and the cingulate gyrus ( Fig 1  ). 
This pattern was consistent when the 
seed region was selected in either the 
right or left side of the thalamus, show-
ing no signifi cant difference in clusters 
of voxels between the ipsilateral and the 
contralateral hemisphere (two-tailed  P  = 
.98, paired  t  test). In addition, when 
the test-retest reliability was evaluated 
in healthy subjects, the thalamic RSNs 
showed a reliable pattern of functional 
connectivity in the left and right hemi-
spheres and bilaterally (two-tailed  P   .  
.8) across different sessions, including 
resting-state functional MR imaging data 
sets acquired on the same day separated 
by 15 minutes and data sets acquired 
on different days. 

 Compared with control subjects, 
patients with MTBI demonstrated more 
widely distributed functional connectiv-
ity between thalamic and cortical re-
gions during the resting state ( Table 1  ), 
despite the fact that no lesions were 
found in thalamic regions at conven-
tional imaging. Specifi cally, the thalamic 
RSNs ( P   ,  .001, corresponding to  R   .  
0.25) in patients with MTBI extended 
to the bilateral middle temporal gyrus, 
the middle frontal gyrus, the precuneus, 
the inferior parietal gyrus, and the post-
central gyrus ( Fig 2,  A  and  B   ), compared 
with the thalamic RSNs in the healthy 
control subjects ( Fig 2,  B  and  C  ). The 

 Figure 1 

  
  Figure 1:  Multiple-section axial views of MR imaging data show the normal pattern of thalamic 

RSNs in the healthy control group when the seed (arrows) was placed in,  A,  the left and,  B,  the right 

thalamus. The regions highlighted in the thalamic RSNs primarily involved the thalami bilaterally 

(with the highest correlation coefficient), the inferior frontal gyrus, the superior temporal gyrus, 

the basal ganglia nuclei, the insula, the cingulate gyrus, and the supramarginal gyrus.  L  = left,  

R  = right.   
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 Quantitative analysis of the total 
number of voxels involved in thalamic 
RSNs showed signifi cantly higher voxel 

regions compared with healthy control 
subjects ( P   ,  .05), which is consistent 
with the results of seed-based analysis. 

with MTBI also showed signifi cantly in-
creased thalamocortical connectivities 
in the posterior cingulate and frontal 

 Table 1 

 Brain Areas Involved in Left Thalamic RSNs in Healthy Control Subjects and Patients with MTBI 

Brain Area Brodmann Area

Healthy Control Subjects Patients with MTBI

 x, y, z  (mm)  k  Value  t  Value  x, y, z  (mm)  k  Value  t  Value

Left thalamus … 6,  2 16, 8 4780 33.86 12,  2 16, 8 4198* 33.41

Right thalamus …  2 10,  2 14, 4 4053 29.71  2 10,  2 14, 4 4198* 27.27

Left basal ganglia, insula, superior 

 temporal gyrus

13/22 28,  2 12, 10 2057 17.64 36,  2 20, 4 4198* 7.64

Right basal ganglia, insula, superior 

 temporal gyrus

13/22  2 28,  2 18, 8 3027 18.23  2 38,  2 22, 12 4198* 10.64

Anterior cingulate gyrus 8 6, 14, 26 259 6.92  2 2, 32, 58 1007 5.17

Precuneus, posterior cingulate gyrus 7/31  2 6,  2 34, 24 430 6.64 6,  2 78, 38 959 6.38

Cingulate gyrus 24 0,  2 22, 38 1677 5.65

Middle temporal gyrus 21  2 54,  2 48,  2 2 106 4.47

Superior frontal gyrus, middle frontal gyrus 9/10 42, 44, 38 105 8.39

Inferior parietal gyrus 40  2 58,  2 40, 30 120 5.35

Postcentral gyrus 3 24,  2 35, 54 146 4.42

Note.— k  Value = cluster size (number of voxels);  t  value = that of local maximum;  x, y, z  = Montreal Neurological Institute coordinates. The  t  values;  x, y, z  coordinates; and Brodmann areas are listed 

for the local maxima reaching the highest  t  values. Absent values for areas in healthy control subjects indicate no thalamic functional connectivity in these regions.

* When clusters grow too large or come too close to each other to be separated, a specifi c or minimal number (ie,  k  = 4198) is provided by the software, indicating that the cluster is larger than that 

number.

 Figure 2 

  
  Figure 2:  Images show group thalamic RSNs in 3D views obtained by using the one-sample  t  test ( P   ,  .001,  k   .  100) in,  A, B,  patients 

with MTBI and,  C, D,  control subjects.  E, F,  The difference maps between the two groups (patient − control) were compared by using the two-sample 

 t  test ( P   ,  .01,  k   .  100). Arrows = seed placement locations; the patterns of the left  (L)  and right  (R)  thalamic functional networks during the 

resting state are shown in the fi rst and second rows, respectively. Compared with healthy control subjects, patients with MTBI showed more widely 

distributed thalamic functional connectivity during the resting state, with increases in regions involving the cingulate, temporal, and frontal gyri.   
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the literature, the observations of this 
study suggest that resting-state functional 
MR imaging may have the potential to 
provide objective measures in patients 
with MTBI and posttraumatic symptoms 
that are otherwise diffi cult to explain with 
conventional MR imaging fi ndings. 

 Using experimental and estab lished 
neuropsychologic tests, previous investi-
gators ( 38,39 ) have demonstrated that 
the thalamus plays a crucial role in mem-
ory, executive functioning, and attention. 
Owing to the complicated nature of trau-
matic brain injury and the uneven den-
sities of the internal nuclei, the thala-
mus, a large, central gray matter mass, 
is particularly vulnerable during head 
injury. It has been confi rmed by several 

patient group. No correlations were found 
between abnormal thalamic RSNs and 
other neurocognitive scores in these 
patients. 

 Discussion 

 There is growing interest in examining 
patients with MTBI to elucidate the 
pathophysiologic mechanisms underly-
ing a variety of posttraumatic symptoms. 
Our current study results indicate that 
patients with MTBI suffere from disrup-
tion in their thalamic RSNs, manifest 
as reactive upregulation of thalamocor-
tical functional connectivity; furthermore, 
these abnormal thalamic RSNs are as-
sociated with decreased neurocognitive 
performance. Because these fi ndings have 
not previously been well established in 

numbers in patients with MTBI than in 
healthy control subjects when the seed 
was placed in either side of the thalamus 
or in both thalami ( P   �  .005) ( Table 2  , 
 Fig 3  ). The thalamic RSNs during the 
resting state in patients with MTBI were 
made up principally of positive correla-
tions, indicating that these regions tend 
to be correlated in their spontaneous 
BOLD signal with similar functionality. 
In the group analysis, thalamic functional 
RSNs were generally inhomogeneous 
and were more widely spread in patients 
than in control subjects ( Fig 3 ). In con-
trast to a fair degree of symmetry be-
tween left and right thalamic RSNs pat-
terns in healthy control subjects ( Fig 1 ), 
in patients with MTBI, there was signifi -
cantly decreased symmetry of the left 
and right thalamic RSNs ( P  = .03), de-
fi ned as the percentage of overlaid vox-
els among the total number of voxels 
from both sides ( Fig 4  ). 

 In patients with MTBI, a signifi cant 
negative correlation ( P   ,  .05) between 
results on the Rey Complex Figure Test, 
a neurocognitive test associated with 
working memory, and the total involved 
voxel numbers of both left and right 
thalamic RSNs was found by using the 
Spearman rank correlation coeffi cient 
( r  =  2 0.55, one-tailed  P  = .003) ( Fig 5a  ), 
indicating that patients with worse visu-
ospatial ability and memory showed in-
creased voxel numbers of thalamic RSNs. 
There was a negative correlation be-
tween the symmetry of thalamic RSNs 
(percentage overlap) and the degree of 
symptoms in patients with MTBI. Spe-
cifi cally, patients who reported higher 
levels of depression ( r  =  2 0.52,  P  = .005) 
or postconcussive symptoms ( r  =  2 0.45, 
 P  = .014) ( Fig 5b ) and older patients ( r  = 
 2 0.57,  P  = .002) showed a lower degree 
of symmetry of the thalamic RSNs. After 
Bonferroni adjustment, older patients 
and patients with higher levels of de-
pression still showed signifi cantly lower 
symmetry of the thalamic RSNs. These 
results suggest a relationship between 
the degrees of compensation for res-
toration (ie, increased thalamic RSNs) 
associated with subtle brain damage in 
thalamocortical connectivity and neu-
rocognitive ability, particularly that as-
sociated with working memory, in our 

 Table 2 

 Voxel Numbers of Thalamic RSNs in Patients with MTBI ( n  = 24) and Healthy Control 

Subjects ( n  = 17) 

Seed Location for Thalamic RSNs Control Subjects Patients with MTBI  P  Value * 

Left thalamus 71 234  6  27 399 102 480  6  33 489 .001

Right thalamus 78 126  6  29 063 103 060  6  28 865 .005

Both 89 180  6  32 505 130 776  6  34 905 .0002

Note.—Data are means  6  standard deviations.

*Calculated with two-sample  t  test.

 Figure 3 

  
  Figure 3:  Graph of comparison of total voxel num-

bers shows signifi cant difference ( P  = .0002) in the 

bilateral thalamic RSNs between healthy volunteers 

and patients with MTBI.   

 Figure 4 

  
  Figure 4:  Graph of comparison of symmetry 

between patients with MTBI and healthy control 

subjects shows signifi cantly lower symmetry in pa-

tients ( P  = .03). The symmetric property is defi ned 

as the degree of overlay between the left thalamic 

RSN and the right thalamic RSN and is expressed as 

a percentage.   
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lation threshold was raised from  R  = 0.25 
to  R  = 0.6. These experimental fi ndings 
may have several implications about thal-
amocortical functional networks in pa-
tients with MTBI. First, the low frequency 
BOLD fl uctuations of resting-state func-
tional MR imaging in the cortex are typ-
ically in the range of 0.01–0.10 Hz and 
were shown to refl ect functional con-
nectivity. The increment of the thalamo-
cortical correlation of the BOLD fl uctu-
ations in patients with MTBI can arise 
from the aberrant frequency distribu-
tion of low-frequency fl uctuations in the 
thalamus. Second, the rich GABAergic 
neurons of the thalamic reticular nu-
cleus act as inhibitory intermediaries, 
not only acting within thalamic nuclei 
but also between thalamic nuclei and 
thalamocortical neurons ( 46,47 ), with 
the consequence that the thalamocorti-
cal functional networks are only loosely 
connected in the normal resting condi-
tion. In MTBI, a reactive upregulation 
can occur when GABAergic neurons are 
damaged, leading to an increased syn-
chronization with other brain regions. 
In previous study of choreic Huntington 
disease ( 46 ), this disinhibited pathway 
in the caudate nucleus and thalamus was 
also considered to be responsible for 
the overexcited thalamocortical output 
in the disease. Finally, the greater scat-
tering of thalamic functional connectivity 
in patients with MTBI, who have a rela-
tively short disease duration ( , 60 days) 
among patients with traumatic brain 

 Our results demonstrated a normal 
pattern of thalamic functional RSNs in 
healthy volunteers that primarily involves 
the thalami bilaterally with the highest 
homogeneity and strength, as well as 
other cortical and subcortical regions, 
including the superior frontal gyrus, the 
middle frontal gyrus, the basal ganglia 
nuclei, the insula, and the cingulate gyrus, 
which showed a relatively higher sym-
metric pattern. The test-retest analysis 
showed a high repeatability and results 
consistent with the fi ndings of a previ-
ous study ( 44 ). Our results for thalamic 
RSNs were based on the resting-state 
functional MR imaging voxels meeting 
a criterion of correlation signifi cance 
of  P   ,  .001, in contrast to the  P   ,  .05 
used in a previous study ( 45 ), in which 
more cortical regions were identifi ed. A 
relatively higher or stricter signifi cance 
level was selected for the current study 
to obtain higher specifi city with increased 
correlation strength for better compari-
son of the thalamic RSNs between pa-
tients and control subjects. When an 
even stricter criterion was applied in 
healthy control subjects, only bilateral 
thalami were shown, indicating that the 
strength of functional connectivity within 
the bilateral thalamic nuclei is much 
higher than within the thalamocortical 
networks. 

 The increased thalamocortical con-
nectivity or thalamic RSNs in patients 
as compared with control subjects re-
mained signifi cant even after the corre-

histopathologic studies ( 12,13,16 ) that 
there is thalamic injury and neuronal 
loss in the thalamic nuclei during trau-
matic brain injury. However, these pre-
vious studies examined only patients 
with moderate to severe disabilities, un-
like the mild disabilities in our current 
study. Conventional imaging modalities 
typically fail to depict abnormalities in 
MTBI. Using advanced quantitative tech-
niques such as diffusion-tensor imag-
ing, Little et al ( 40 ) showed reductions 
in fractional anisotropy in several white 
matter regions when fi ber tracking seeds 
were placed in the thalamic nuclei in a 
mixed group of patients with mild and 
moderate to severe injury. Other stud-
ies involving diffusion-tensor imaging 
and proton MR spectroscopy ( 41,42 ) 
revealed only minimal detectable dif-
ferences in the thalamus between the 
MTBI and control groups. Ge et al ( 43 ) 
recently reported decreased cerebral 
fl ow in the thalamus in MTBI, suggest-
ing blood fl ow compromise in these pa-
tients. Owing to the thalamus’s critical 
role in brain function and an increased 
awareness of the cognitive sequelae in 
patients with MTBI, it is vital to develop 
a sensitive and objective imaging tool 
that allows researchers to better detect 
thalamic injury, which is considered 
to be subtle and largely underestimated 
in MTBI. This may be also useful for 
distinguishing between symptoms from 
an injury and factitious or malingering 
symptoms. 

 Figure 5 

  
  Figure 5:  Graph shows Spearman rank correlations between patients’ neurocognitive tests or symptoms and quantitative thalamic RSNs for 

 (a)  correlation between total voxel number of both thalamic RSNs and Rey Complex Figure Test  (RCFT)  scores ( r  =  2 0.55,  P  = .003) and 

 (b)  correlation between symmetry of thalamic RSNs and level of PCS ( r  =  2 0.45,  P  = .014).   
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