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Abstract

Non-invasive measurement of resting state cerebral blood flow (CBF) may reflect alterations of brain structure
and function after traumatic brain injury (TBI). However, previous imaging studies of resting state brain in
chronic TBI have been limited by several factors, including measurement in relative rather than absolute units,
use of crude spatial registration methods, exclusion of subjects with substantial focal lesions, and exposure to
ionizing radiation, which limits repeated assessments. This study aimed to overcome those obstacles by mea-
suring absolute CBF with an arterial spin labeling perfusion fMRI technique, and using an image preprocessing
protocol that is optimized for brains with mixed diffuse and focal injuries characteristic of moderate and severe
TBI. Resting state CBF was quantified in 27 individuals with moderate to severe TBI in the chronic stage, and 22
demographically matched healthy controls. In addition to global CBF reductions in the TBI subjects, more
prominent regional hypoperfusion was found in the posterior cingulate cortices, the thalami, and multiple
locations in the frontal cortices. Diffuse injury, as assessed by tensor-based morphometry, was mainly associated
with reduced CBF in the posterior cingulate cortices and the thalami, where the greatest volume losses were
detected. Hypoperfusion in superior and middle frontal cortices, in contrast, was associated with focal lesions.
These results suggest that structural lesions, both focal and diffuse, are the main contributors to the absolute CBF
alterations seen in chronic TBI, and that CBF may serve as a tool to assess functioning neuronal volume. We also
speculate that resting reductions in posterior cingulate perfusion may reflect alterations in the default-mode
network, and may contribute to the attentional deficits common in TBI.
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Introduction

Each year, approximately 1.5 million people sustain

traumatic brain injury (TBI) in the United States alone
(Rutland-Brown et al., 2006). Among these survivors, 80,000–
90,000 individuals are left with significant long-term cognitive
and motor disabilities (Thurman et al., 1999). Despite the
gravity of these impairments, it is well established that many
TBI survivors demonstrate significant improvements over
months and even years post-injury (Himanen et al., 2006;
Lannoo et al., 2001; Millis et al., 2001). Accurately measuring
the brain’s structural and functional damage, and tracking
these changes over time in chronic TBI, are of great impor-
tance as potential guides to rehabilitative efforts to influence

these biological recovery processes. Recent advances in neu-
roimaging may greatly contribute to this endeavor by pro-
viding an in vivo tool to measure and monitor brain structure
and function (Strangman et al., 2005).

Despite the promise of in vivo neuroimaging, the complex
nature of the injury (i.e., diffuse injury with varying amounts
of superimposed focal lesions), and its complicated conse-
quences for the structure and function of the brain, have made
accurate assessment of the true extent of structural damage
after TBI very difficult. In particular, diffuse axonal injury and
atrophy have frequently been underestimated by the typical
structural imaging methods used clinically. In addition,
dysfunction of structurally preserved neural systems, as may
occur for example in diaschisis, can contribute to cognitive
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and motor impairment after TBI, and may, as it resolves,
underlie some of the behavioral recovery seen.

Many neuroimaging indices have been proposed for
measuring neural damage caused by TBI (for a review, see
Anderson et al., 2005). For example, 1H magnetic resonance
spectroscopy quantifies N-acetylaspartate and choline that
can indicate local cell damage or loss. Positron emission
tomography (PET) with 55Co tracer provides indications of
areas of cell death by measuring calcium. Cerebral blood flow
(CBF), typically measured by 15O PET, or more recently by
perfusion functional magnetic resonance imaging (fMRI), al-
though not a direct indicator of neural damage, might serve as
an indirect index of structural and/or functional alterations of
the brain. For example, decreased CBF in grossly preserved
areas may indicate reduced neural activity or decreased
neuronal volume in such regions. Evidence for this notion
comes from the experiments establishing the relationship
between local neural activity and CBF (Ances et al., 2000; Ngai
et al., 1988), and also the studies illustrating reduced CBF at or
near the damaged region (Hattori et al., 2003; Kochanek et al.,
2002). However, the interpretation of hyper- or hypoperfu-
sion should be done cautiously in relation to cerebral oxy-
gen consumption to confirm a pathological condition in an
individual (Werner and Engelhard, 2007).

Resting CBF may also serve as an indicator for the mech-
anism underlying cognitive impairment, and for under-
standing corresponding recovery. Resting perfusion, which is
less confounded by differences in behavioral performance
between individuals or over time (the ‘‘performance con-
found’’), is likely to be a less noisy measure of pathology and
biological recovery than task-related relative changes in blood
flow, such as those assessed in task-evoked fMRI paradigms.
Moreover, measurement of absolute regional blood flow at
rest allows direct assessment of the magnitude of blood flow
changes occurring with drug treatment or other interventions.
It also helps researchers to properly interpret TBI survivors’
altered hemodynamic modulations in task-evoked paradigms
(Perlstein et al., 2004; Ricker et al., 2001; Sanchez-Carrion et al.,
2008), by providing the absolute baseline as reference. In fact,
a growing number of studies measuring CBF or functional
connectivity suggest that brain activity in the resting state is
clinically informative in various neurological populations
(Greicius et al., 2004; Kim et al., 2009; Kogure et al., 2000;
Rombouts et al., 2005; Vanhaudenhuyse et al., 2010).

The existing literature suggests that measures of cerebral
blood flow and metabolism in chronic TBI may provide ad-
ditional information to that obtained with conventional MRI in
terms of both structure and function. Earlier SPECT studies in
chronic TBI have reported significantly lowered CBF, mainly
in the frontal and temporal areas, and related these alterations
to concurrent cognitive dysfunction (Goldenberg et al., 1992;
Ichise et al., 1994; Oder et al., 1992; Prayer et al., 1993). More
recently, Stamatakis and colleagues (2002), largely confirming
these findings in a whole-brain statistical parametric mapping
study, provided a comprehensive spatial distribution of CBF
abnormalities associated with focal and diffuse TBI. It was
reported that the frontal, temporal, and cingulate areas were
associated with focal lesions, and that these same areas and the
thalamus were related to diffuse injury.

Despite the progress the previous research has achieved,
there are many issues that need to be resolved before mea-
sures of resting CBF can be widely utilized. These issues

include lack of measurement in absolute units, crude spatial
registration methods (spatial registration is the alignment of
one image with another image), and exposure to ionizing ra-
diation (for detailed accounts of these issues, see the discussion
section). In the current study we attempted to overcome these
obstacles in several ways. First, we aimed to quantify the ab-
solute regional CBF alterations seen in chronic TBI utilizing a
continuous arterial spin labeling (ASL) perfusion fMRI tech-
nique we validated in our previous research (Kim et al., 2006;
Rao et al., 2007; Troiani et al., 2008; Wang et al., 2005). Using
labeled water as an endogenous marker, this method allows us
to provide highly reliable measures of absolute CBF without
exposure to radiation (Detre and Wang, 2002; Wolf and Detre,
2007). Second, in conducting a whole-brain analysis, we aimed
to assess the effects of focal and diffuse lesions on regional CBF
by employing an image analysis protocol optimized for han-
dling focal and diffuse injuries. For example, taking advantage
of a large transformation image registration technique (Avants
et al., 2008), we studied the CBF alterations, even in brains
with a substantial degree of atrophy. Our tensor-based mor-
phometry protocol (morphometry is the evaluation of the
variation and change in the size and shape of parts of the brain;
Kim et al., 2008) enabled us to examine the relationship
between local atrophy and CBF level. For brains with focal
lesions, we used a variation of cost-function masking (cost
function is a mathematical measure of mismatch between two
images; Brett et al., 2001) to minimize distortion of lesion lo-
cations during the high-dimensional spatial normalization
processes. The extent of focal lesions was also delineated
thoroughly to examine the local relationship between focal
lesions and CBF alterations. Using these methods, the current
study aimed to provide a more reliable picture of resting CBF
alterations in chronic TBI, and to better differentiate the con-
tributions of focal and diffuse lesions to hypoperfusion.

Methods

Participants

The data were collected as part of a larger study investi-
gating the neural correlates of attention deficits and treatment
responses to various psychoactive drugs in the survivors of
TBI (principal investigator: J. Whyte). TBI participants were
recruited from a variety of clinical services at the Moss Re-
habilitation Research Institute, and through a consent-based
registry (Schwartz et al., 2005) of individuals with TBI who are
interested in participating in rehabilitation research. To be
included, participants had to be between the ages of 16 and 60
years, and had to have a history of non-penetrating TBI of at
least moderate severity at least 3 months prior to enroll-
ment. Severity level was defined by significant and well-
documented loss or alteration of consciousness following
injury (i.e., lowest Glasgow Coma Scale [GCS] score of < 12,
or prospectively documented post-traumatic amnesia [PTA]
of > 1 h), or focal abnormality on a neuroimaging study that
was attributable to traumatic injury. Because these data were
collected as part of a larger project on the treatment of atten-
tion deficits, self- or clinician-reported attention complaints
were also required. Potential participants were excluded
if they had a history of pre-morbid neurological disease,
psychosis, major affective disorder, developmental disability,
or attention deficit-hyperactivity disorder, or if they were
currently abusing alcohol or recreational drugs. Persons who
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were taking psychoactive medications other than anticon-
vulsants were also excluded. Participants and/or their in-
volved caregivers (depending on the participant’s cognitive
capacity) provided informed consent. The study protocol was
approved by the Albert Einstein Healthcare Network and the
University of Pennsylvania institutional research boards.
Twenty-two healthy volunteers, matched to patients for age,
gender, handedness, years of education, and ethnicity, were
recruited based on the same inclusion/exclusion criteria as
the patients, with the exception that they never had a TBI
resulting in loss or alteration of consciousness, or suffered
attention complaints. Control participants were recruited
through the family and friendship networks of the partici-
pants with TBI, and through public advertising.

Among the 32 TBI survivors recruited, one was excluded
due to a large (filling the entire right hemisphere) lesion. Two
individuals with TBI were excluded due to excessive move-
ments during scanning (defined in the image analysis section),
and another two due to limited brain coverage after spa-
tial normalization. Twenty-three healthy control participants
were initially recruited, and one of them was excluded due to
excessive motion. As a result, data from 27 individuals with
TBI and 22 healthy volunteers were included in the final
analysis of the current study. Structural MRI scans from a
subset of these individuals, who were recruited earlier, were
used in our previous morphometry study (Kim et al., 2008).
Tables 1 and 2 show selected demographic and clinical char-
acteristics of the participants included in the final analysis of
the current study. Overall, the patients did not differ signifi-
cantly from healthy controls in terms of age, gender, ethnicity,
handedness, or years of education. In addition, the two pa-
tient subgroups (focal and diffuse; see the subgroup analysis
in the results section) did not differ from controls or from each
other on any measures (as tested with t-test or Fisher’s exact
test, as appropriate; all p values > 0.1), except total lesion
volume ( p< 0.001). Measures of the functional status of each
participant at the time of testing were not obtained pro-
spectively. However, patients were retrospectively assigned
Glasgow Outcome Scores (GOS; Jennett et al., 1981), based on
a review of referral records and observation of the partici-
pants at testing. Because we lacked information about current
employment status in many cases, these ratings remain
somewhat imprecise, indicating the lowest possible level of
function compatible with the available data at the time of
testing. Out of 27 patients, 11 were rated as level 3 (severely
disabled) or better; 11 were rated as level 4 or better (moderate
disability); and 5 were rated as level 5 (good recovery).

Imaging data acquisition

The structural and functional imaging was conducted on a
Siemens 3.0 T Trio whole-body scanner (Siemens AG, Erlangen,
Germany), using a standard transmit/receive head coil. The
resting perfusion scan reported in this study was obtained in
the middle of four (or five) cognitive task scans, the results of
which will be reported in separate articles. Before the functional
scans were done, high-resolution T1-weighted anatomic im-
ages were obtained using a 3D MPRAGE sequence (1 mm3

resolution). For perfusion fMRI scans, an amplitude-modulated
continuous ASL (CASL) technique was implemented (Wang
et al., 2005). Interleaved images with and without labeling were
acquired using a gradient echo echo-planar imaging sequence
with the following acquisition parameters: FOV¼ 22 cm;
matrix¼ 64�64; TR¼ 4 sec; TE¼ 17 msec; flip angle¼ 908).
Fourteen slices (6 mm thick with a 1.5 mm gap) were acquired
to cover the whole brain. For detailed imaging parameters, refer
to our previous publication (Kim et al., 2006). During a 6-min
scan (92 acquisitions), the participants were asked to close their
eyes but stay awake.

Image analysis

Delineation of focal lesions. The precise location and ex-
tent of focal lesions was assessed for better interpretation of the
CBF results in the presence of such lesions. Focal lesions in-
cluded any cystic cavities and other focal regions of abnormal
signal in the white or gray matter. Fourteen out of 27 TBI sur-
vivors showed detectable focal lesions (Tables 1 and 2). For
more technical details, see our previous study (Kim et al., 2008).

Spatial normalization and tensor-based morphometry. A
custom template representing the average of the brain images
of both controls and TBI patients was built. Symmetrical
normalization (SyN; Avants and Gee, 2004; Avants et al.,
2008) was used to register brains to the template. For the
brains with focal lesions (defined as those with a total lesion
volume > 1 cm3), a variation of the cost-function masking
method (Brett et al., 2001) was used in combination with SyN.
In essence, this method allows transformation in the lesioned
area to be ‘‘constrained,’’ while intact areas go through a large
degree of transformation. As a result of spatial transforma-
tions, we were able to obtain Jacobian values that indicate
volume expansion and contraction at each location of the
brain. For a detailed description of the procedure of tensor-
based morphometry, refer to our previous publication (Kim
et al., 2008).

Table 1. Selected Demographic and Clinical Characteristics of Healthy Controls and TBI Survivors

Controls TBI (all patients) TBI (focal subgroup) TBI (diffuse subgroup)

Number 22 27 12 15
Male/female 19/3 21/6 10/2 11/4
Age (y) 32.7� 9.9 36.7� 12.3 39.0� 14.4 35.6� 10.6
Ethnicity (C/AA/H/A) 11/7/0/3 13/9/4/1 6/4/2/0 7/5/2/1
Handedness (right/left) 19/3 23/4 10/2 13/2
Education (years) 13.2� 1.9 13.2� 2.7 12.8� 2.4 13.7� 2.8
Months post-injury NA 65.7� 82.2 77.5� 94.5 57.1� 72.9
Total lesion volume (cm3) NA 26.1� 46.9 58.5� 55.9 0.1� 0.3

Numbers after� are standard deviations
C, Caucasian; AA, African-American; H, Hispanic; A, Asian; TBI, traumatic brain injury.

RESTING CBF ALTERATIONS IN CHRONIC TBI 1401



Functional image processing. A perfusion-weighted im-
age series was generated by the procedures described in our
previous publications (Kim et al., 2006; Wang et al., 2005).
Movement parameters were extracted using the SPM2 realign
algorithm. If the average of maximal translational displace-
ments along three axes (x, y, and z) during a session exceeded
the average of voxel dimensions along three axes, it was re-
garded as excessive motion. On this basis, the data from two
patients were discarded.

In our map-wise analysis, we report only clusters satisfying
a combinatory criterion of a peak height threshold of p< 0.001,
and a cluster size threshold of k> 50. For the group compar-
isons involving all subjects (i.e., 27 TBI survivors and 22 con-
trols), this threshold yields a whole-brain false-discovery rate
(FDR) of less than 5% after correction for multiple compari-
sons. However, due to reduced statistical power, no voxels
survived the FDR 5% threshold in some subgroup analyses. In

any case, we provide FDR-corrected p values for the identified
voxel clusters reported in the tables. The anatomical labels of
the peaks in the custom template were manually obtained
using a human atlas of neuroanatomy (Mai et al., 2004). To
calculate the mean CBF differences (DCBF) between two
groups (or subgroups) reported in the tables, the CBF time
series for each voxel from each subject was averaged across all
the voxels in each significant voxel cluster, and then averaged
across subjects. For the analysis of relative CBF, a proportional
scaling method implemented in SPM5 was used to globally
normalize each subject’s absolute CBF images.

Biological parametric mapping (BPM)

The BPM analysis was developed to combine information
from multiple imaging modalities (Casanova et al., 2007). This
allows one to build a unique statistical model at each location

Table 2. Selected Clinical Characteristics of TBI Survivors

Patient ID Age Gender
Months

post-injury
Cause
of TBI Lesion location at the time of testing

Total lesion
volume (cm3)

Focal subgroup
3 47.9 M 67.1 MVA L temporal pole; R occipital 43.8
4 46.0 M 330.2 MVA R temporal and orbitofrontal 32.4
7 48.7 M 121.9 Assault L superior temporal and orbitofrontal;

L superior frontal
9.9

9 23.3 M 78.0 MVA L frontal pole and orbitofrontal lesion
extending to superior frontal

64.5

10 18.8 M 16.5 Fall R temporal pole; R orbitofrontal;
L orbitofrontal

87.7

12 22.9 M 16.2 Car/ped R temporal pole; L superior frontal 23.7
19 30.0 M 160.3 MVA L subcortical lesion involving thalamus, basal

ganglia, and internal/external capsule
extending into centrum semiovale

17.1

22 56.2 M 15.0 Fall Bilateral orbitofrontal extending into frontal
pole superiorly

113.3

27 47.2 M 95.5 Assault L frontal lesion extending into anterior
temporal; L superior temporal; R temporal,
occipital, and parietal cortices

203.3

28 53.4 F 7.4 Fall L superior frontal; L temporal; R internal
capsule; R putamen; L thalamus

2.3

31 21.6 F 8.2 MVA L temporal and bilateral superior frontal;
R putamen

43.6

33 52.3 M 13.6 MVA Bilateral prefrontal 60.2
Diffuse subgroup
1 25.7 M 31.6 NK
5 31.3 M 72.1 MVA R superior frontal 0.7
8 42.4 F 224.6 MVA
11 38.4 M 184.4 MVA
14 42.7 M 18.6 MVA
15 23.1 M 47.1 MVA R thalamus 0.2
16 58.4 F 160.8 MVA
17 42.5 M 8.1 Assault
18 23.9 F 6.4 NK R superior frontal; posterior body of CC 0.9
21 24.7 M 4.1 Car/ped
23 43.9 M 4.8 MVA
24 24.6 M 25.3 MVA
26 33.1 F 4.5 MVA
29 43.0 M 7.2 Car/bike
34 24.3 M 44.7 MVA

M, male; F, female; MVA, motor vehicle accident; Car/ped, car/pedestrian accident; Car/bike, Car/bike accident; NK, not known; R, right;
L, left; TBI, traumatic brain injury; CC, corpus callosum.
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of the brain. The current study used this technique to inves-
tigate: (1) the relationship between CBF and gross volume
change as quantified by tensor-based morphometry, and (2)
group differences in CBF after accounting for gross volume
change (i.e., atrophy).

Results

Group differences in global absolute CBF

Figure 1 illustrates a patient’s raw CBF image. Before con-
ducting local-level map-wise analyses, global absolute CBF in

FIG. 1. Mean raw cerebral blood flow images in an individual with traumatic brain injury. Total acquisition time was
approximately 6 min. The patient had bilateral orbitofrontal lesions extending into the frontal pole superiorly (white arrows).
(Color image is available online at www.liebertonline.com/neu)

FIG. 2. Top panels: Absolute mean cerebral blood flow (CBF) difference map between control (n¼ 22) and TBI (n¼ 27)
groups (left), and the corresponding voxel-wise statistical map, thresholded with a whole-brain false-discovery rate of less
than 5% (right). Bottom panels: Relative mean CBF difference map from the same groups (left), and the corresponding
statistical map (right). Radiological convention is used. (Color image is available online at www.liebertonline.com/neu)
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each group was calculated to confirm that CBF reduction in
chronic TBI is detectable at the whole-brain level. As expected,
there was a significant difference between the two groups in
the segmented whole-brain gray matter (control mean¼
56.3 mL/100 g/min; SD¼ 11.6; patient mean¼ 48.0 mL/
100 g/min; SD¼ 9.2; independent sample t-test without equal
variance assumption, t¼ 2.7, df¼ 39.7, p< 0.01), and white
matter (control mean¼ 42.3 mL/100 g/min; SD¼ 8.9; patient
mean¼ 35.9 mL/100 g/min; SD¼ 7.1; t¼ 2.8, df¼ 39.7,
p< 0.01). The average CBF value within the focally lesioned
areas (n¼ 12; see subgroup analysis section below) was
30.4 mL/100 g/min (SD¼ 9.8). However, these values should
be interpreted with a great deal of caution because the crude
gray versus white matter segmentation by SPM5, and smooth-
ing as a step of preprocessing, may confound the values from
different tissue types.

Group differences in regional absolute CBF

A whole-brain map resulting from an independent two-
sample t-test between 27 TBI survivors and 22 healthy con-
trols is shown in the upper panels of Figure 2. Statistically
significant hypoperfusion was found in bilateral posterior

cingulate cortices, the left inferior frontal cortex, bilateral
thalami, bilateral superior and middle frontal cortices, the
left pre- and post-central cortices, the left transverse temporal
cortex, the right precuneus, and bilateral anterior cingulate
cortices. The top panel of Table 3 shows statistics for the
clusters identified as significant. There were no voxels in
which patients showed significantly greater CBF than con-
trols.

Group differences in regional relative CBF

Although we believe using absolute CBF is more appro-
priate in TBI because chronic TBI patients are characterized
by widespread hypoperfusion, relative CBF was calculated to
compare our data with previous research. Compared to
healthy controls, TBI patients showed relative hypoperfusion
in bilateral thalami and bilateral posterior cingulate gyri (the
middle panel of Table 3 and the upper panels of Fig. 2).
However, unlike the results from the absolute CBF data, TBI
patients showed a relative increase in CBF compared to con-
trols in a few areas, including the right temporal gyri and the
right insula (the bottom panel of Table 3 and the lower panels
of Fig. 2).

Table 3. Regions of Significant Group Difference in Absolute (Upper Panel) and Relative (Lower Panel)

CBF between 22 Healthy Control Subjects and 27 TBI Survivors

Size
(voxels) Anatomical label BA

p
(FDR-corrected)

D CBF
(mL/100 g/min)

% CBF
reduction

Absolute
CBF

Control - patient

879 R Posterior cingulate gyrus 23/26 0.017 15.2 26.7
R Thalamus NA 0.017
R Thalamus NA 0.017

959 L Inferior frontal gyrus 47 0.017 14.6 24.9
L Superior frontal gyrus 8 0.017
L Middle frontal gyrus 8 0.017

70 L Middle temporal gyrus 37 0.017 16.0 24.4
61 R Middle frontal gyrus 9 0.017 12.3 25.8

216 L Precentral gyrus 4 0.017 11.7 20.9
L Postcentral gyrus 3 0.017
L Postcentral gyrus 3 0.017

72 L Transverse temporal gyrus 41 0.017 11.7 18.0
62 R Precuneus 7 0.017 13.4 25.3

R Precuneus 31 0.017
51 R Anterior cingulate gyrus 32 0.017 17.0 25.9

L Anterior cingulate gyrus 32 0.018

Relative CBF Control - patient

156 R Thalamus NA 0.09 NA NA
NA NA 0.09 NA NA

78 R Posterior cingulate gyrus 23 0.09 NA NA

Patient - Control

59 R Middle temporal gyrus 21 0.15 NA NA
R Superior temporal gyrus 22 0.15 NA NA
R Middle temporal gyrus 21 0.157 NA NA

176 R Insula 38/48 0.15 NA NA
R Parahippocampal gyrus 34 0.15 NA NA
R Inferior frontal gyrus 44 0.15 NA NA

Coordinates of local maxima at least 8 mm apart are reported for each cluster (maximum 3 maxima).
R, right; L, left; BA, Brodmann area; NA, not applicable; CBF, cerebral blood flow; FDR, false-discovery rate; TBI, traumatic brain injury.
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Subgroup analysis

In an attempt to differentiate the effects of focal and dif-
fuse lesions on resting CBF, a subgroup analysis was con-
ducted in which 12 TBI survivors with focal lesions (i.e., a
total focal lesion volume > 1 cm3) formed the ‘‘focal’’ sub-
group, and the remaining 15 subjects formed the ‘‘diffuse’’
subgroup. (This grouping should not be interpreted as a
strict dichotomy, because many patients in the focal sub-
group demonstrated diffuse lesion characteristics such as
atrophy, and three patients in the diffuse subgroup also had
small (<1 cm3) focal lesions.) The main results of subgroup
analysis can be summarized as follows. First, as shown in the
mean perfusion difference maps (Fig. 3, upper panels), and
confirmed by a whole-brain map-wise statistical comparison
(Table 4, top and middle panels), both subgroups displayed
areas of hypoperfusion compared to controls in bilateral
posterior cingulate gyri. Second, as the direct comparison of
the focal and diffuse groups shows (Fig. 3, lower left panel),
the focal group demonstrated more prominent CBF reduc-
tions in frontal areas, particularly in the superior and middle

frontal cortices (Table 4, bottom panel). Third, these areas of
mean CBF difference between the diffuse and focal sub-
groups fell within the areas of focal structural lesions, as
represented by the lesion frequency map (Fig. 3, lower right
panel).

Local relationship between atrophy (diffuse lesion)
and CBF

Before conducting a local-level analysis, we first plotted the
relationship between the mean global CBF (defined by the
average of CBF within gray and white matter combined), and
gross brain volume (excluding the ventricles; normalized by
each individual’s within-skull volume; Fig. 4). A significant
correlation between the two measures was observed (Spear-
man’s rho¼ .34, n¼ 49, p< 0.05). However, no significant
correlations were found within each group, indicating that the
observed correlation was largely driven by group differences.
Again, these results must be interpreted with caution due to
the limited resolution of the CBF images and the crude
segmentation.

FIG. 3. Top left: Mean cerebral blood flow (CBF) difference map between controls (n¼ 22) and traumatic brain injury (TBI)
survivors with focal lesions (n¼ 12). Top right: Difference between controls and TBI survivors without focal lesions (diffuse
subgroup, n¼ 15). Bottom left: Mean CBF difference between the diffuse and focal subgroups. Bottom right: Lesion frequency
map displaying the 12 TBI survivors with focal lesions. Radiological convention is used. (Color image is available online at
www.liebertonline.com/neu)
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In order to examine whether there is a local relationship
between structural atrophy and cerebral perfusion, the vol-
ume loss information quantified by our tensor-based mor-
phometry protocol was correlated with regional perfusion.
Specifically, a correlation between the Jacobian determinant

value and absolute CBF level was obtained for each voxel
using the BPM software. In reporting the results, the areas
where more than one patient showed a focal lesion were ex-
cluded because the focus of the analysis was the relationship
between CBF and diffuse injury. Table 5 (upper panel) shows

Table 4. Regions of Significant Group Difference in Absolute CBF Among the Control and the TBI Subgroups

Size (voxels) Anatomical Label BA
p

(FDR-corrected)
D CBF

(mL/100 g/min)
% CBF

reduction

Control - focal

1985 L Middle frontal gyrus 11 0.009 13.7 24.2
L Inferior frontal gyrus 47 0.009
L Inferior frontal gyrus 11/47 0.009

169 R Inferior frontal gyrus 47 0.009 13.2 24.9
161 R Middle frontal gyrus 46 0.009 11.3 23.5

R Middle frontal gyrus 6/9 0.011
R Middle frontal gyrus 6 0.012

86 L Inferior temporal gyrus 37 0.009 16.0 24.2
368 R Posterior cingulate gyrus 23/26 0.009 16.3 31.1

R Thalamus NA 0.009
R Thalamus NA 0.009

235 L Middle temporal gyrus 48 0.009 10.9 18.3
L Inferior temporal gyrus 20 0.009
L Superior temporal gyrus 22/48 0.012

51 L Postcentral gyrus 3 0.009 9.3 15.9
54 L Precentral gyrus 6 0.009 12.0 21.4

L Precentral gyrus 6 0.012

Control - diffuse

58 R Posterior cingulate gyrus 31 0.142 18.8 28.4

Diffuse - focal

127 L Middle frontal gyrus 11 0.254 16.2 27.2
L Superior frontal gyrus 10 0.254

Coordinates of local maxima at least 8 mm apart are reported for each cluster (maximum 3 maxima).
R, right; L, left; BA, Brodmann area; NA, not applicable; CBF, cerebral blood flow; TBI, traumatic brain injury; FDR, false-discovery rate.

FIG. 4. Relationship between gross volume and cerebral blood flow. Each symbol represents one participant. Individuals
with traumatic brain injury (TBI) were divided into two subgroups.
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map-wise statistics for the correlation analysis. As shown in
the table, the only significant correlations between volume
loss and CBF were found in the thalamus.

Encouraged by the relationship between the thalamic
atrophy and CBF, we asked the more general question of
whether any group differences in absolute CBF (reported in
Table 3) would remain after accounting for atrophy. To
answer this question, we ran a whole-brain map-wise AN-
COVA using the BPM software with CBF value as the de-
pendent variable, and volume change ( Jacobian determinant)
as a covariate. As shown in the lower panel of Table 5, the
thalamus was still identified as a significant cluster after
structural adjustment, even though the extent of the cluster
was reduced substantially (see Table 3 for comparison).

Discussion

Accurate assessment of true brain damage after TBI must
reflect both the structural and functional consequences of the
injury. In this regard, it has often been claimed that functional
imaging indices such as cerebral perfusion and metabo-
lism may detect brain damage induced by TBI better than
conventional CT or MRI scans (Anderson et al., 2005). How-
ever, previous studies attempting to map alterations of these
functional indices in TBI have suffered from several important
limitations. First, most attempts to assess the resting brain
state in chronic TBI have used imaging modalities requiring
radiation exposure such as PET or SPECT, which are costly
and difficult to use in longitudinal research requiring repeated
assessments. Thus a validated imaging protocol that does not
require radiation exposure would have great utility. Second, a

number of early studies of resting brain activity in TBI used
only a region-of-interest (ROI) approach, in which cerebral
parameters from a priori global and/or regional ROIs were
calculated and compared with those of healthy control par-
ticipants (for a review, see Azouvi, 2000). However, this
approach has been criticized by many authors (Kato et al.,
2007; Nakashima et al., 2007; Stamatakis et al., 2002), because
of limited spatial resolution, labor intensiveness, poor objec-
tivity, and low reproducibility. Thus, whole-brain mapping
studies that can provide a more comprehensive picture of CBF
alterations in TBI were warranted.

Third, even the few published whole-brain mapping studies
of the resting brain state in TBI (Kato et al., 2007; Nakashima
et al., 2007; Stamatakis et al., 2002) without exception em-
ployed a ‘‘global normalization’’ procedure (i.e., proportion-
ally scaling the data to the global mean CBF value), thus
providing only relative blood flow or metabolism. Recent
research suggests that results obtained by analyzing only
relative CBF are harder to interpret, and can lead to artifactual
findings, especially when there are between-group differences
in global mean perfusion (Borghammer et al., 2009a, 2009b;
Grunder, 2009). Given the fact that patients with chronic TBI
have been reported to demonstrate absolute CBF reductions at
a global level (Inoue et al., 2005), delineating the pattern of
absolute CBF levels in TBI must be done first to properly in-
terpret relative CBF.

Fourth, a careful analysis of the relationship between pat-
terns of perfusion and patterns of structural damage (both
focal and diffuse) has not been done, despite its importance in
considering how CBF may inform an understanding of neu-
ropathology and recovery in TBI. This is largely because the
brains distorted by diffuse and focal types of pathology have
posed a great methodological challenge to whole-brain
mapping studies requiring group analysis. For example,
spatial registration methods used in previous studies have
been either linear or small deformation (‘‘deformation’’
meaning image transformation), non-linear algorithms that
are not adequate for warping brains with a large degree of
atrophy, forcing researchers to exclude patients with signifi-
cant diffuse injury from their analysis. This limitation may
have also resulted in poorly aligned functional images across
subjects who were included, reducing statistical sensitivity
and increasing false-negative findings. As for brains with
focal lesions, spatial registration algorithms are required that
introduce minimal distortion of lesioned areas, because most
spatial normalization processes can be influenced by areas of
signal alteration (i.e., encephalomalacia or contusion), that are
not present in the standard template. It is also desirable that
the extent of such lesions be delineated in detail and com-
pared to the topography of CBF. Many recent whole-brain
mapping studies in TBI either did not quantitatively describe
the extent of focal lesions, or employed rather loose thresholds
(10 or even 25 cm3) of total lesion volume for excluding focally
lesioned brains, consequently including significant numbers
of focal lesions in their ‘‘diffuse’’ TBI group (Chiu Wong et al.,
2006; Kato et al., 2007; Nakashima et al., 2007; Stamatakis et al.,
2002). Reflecting these issues, previous mapping studies of the
resting state in TBI have yielded inconsistent patterns. One
noticeable inconsistency is between the results from the FDG-
PET (Kato et al., 2007; Nakashima et al., 2007) and SPECT
studies (Shin et al., 2006; Stamatakis et al., 2002). While both
types of studies reported hypo-metabolism or hypo-perfusion

Table 5. Relationship between Atrophy and CBF

Size (voxels) Anatomical label BA
p

(FDR-corrected)

Correlation (all subjects)

149 L Thalamus NA 0.053
L Thalamus NA 0.053

ANCOVA (control - patient)

129 R Thalamus NA 0.024
R Thalamus NA 0.024
R Posterior cingulate

gyrus
23 0.024

116 R Precuneus 7 0.024
R Precuneus 7 0.024

51 L Posterior cingulate
gyrus

31 0.024

75 L Precuneus 7 0.024
L Precuneus 7 0.024

Regions of significant correlation between diffuse volume changes
and CBF (upper panel).

Significant group difference between 22 controls and 27 TBI
survivors in absolute CBF after accounting for such volume changes
(lower panel).

Coordinates of local maxima at least 8 mm apart are reported for
each cluster (maximum 3 maxima).

R, right; L, left; BA, Brodmann area; NA, not applicable; CBF,
cerebral blood flow; ANCOVA, analysis of covariance; TBI, trau-
matic brain injury.
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in the anterior cingulate, hypo-metabolism in posterior cin-
gulate areas was reported only in the PET studies.

We used noninvasive perfusion fMRI to provide a more
definite picture of resting CBF alterations in individuals with
chronic TBI. Utilizing an image analysis protocol optimized for
handling brains with focal and diffuse lesions, we also exam-
ined the relationship between these alterations and focal/
diffuse structural lesions. Our main findings are discussed
below.

First, global hypoperfusion was detectable in the brains of
participants with TBI, with disproportionate CBF reductions
seen in the posterior cingulate cortices, the thalami, and many
locations in the frontal cortices. These results suggest wide-
spread but non-uniform hypoperfusion. Whether there are
any brain regions with completely normal perfusion is diffi-
cult to determine in this relatively small sample.

Second, results from relative CBF data were largely in
agreement with the absolute CBF results, except that the TBI
patients showed a relative increase of CBF in a few areas,
including the right anterior temporal and inferior frontal
cortices, compared to controls. Given the fact that there were
no actual increases in absolute perfusion in patients compared
to controls in the same regions (Fig. 2, upper left panel), this
result is likely to be an artifactual finding, in which areas with
relatively preserved perfusion in patients turned into ‘‘hy-
perperfused’’ regions after adjusting for the overall hypo-
perfusion seen in the patients (Borghammer et al., 2009a,
2009b; Grunder, 2009). More broadly, this suggests that
standardizing perfusion measures to individuals’ whole-
brain perfusion is an unwise practice in TBI research, as it may
lead to spurious findings.

Third, focal and diffuse lesion types affected cerebral per-
fusion in different ways and in different locations. The diffuse
subgroup showed areas of hypoperfusion in the bilateral
posterior cingulate gyri, indicating that CBF alterations in
these areas are related to diffuse pathology. In fact, however,
the focal group also showed hypoperfusion in the same areas,
indicating that the ‘‘focal’’ group is more accurately described
as a diffusely-injured group with superimposed focal lesions.
These interpretations were further supported by a direct
comparison between the two groups. There were no signifi-
cant differences between the two groups in the posterior
cingulate cortex (Table 4; also see the lower left panel of Fig. 3).
Our results are more in agreement with previous PET studies
(Kato et al., 2007; Nakashima et al., 2007) than SPECT studies
(Shin et al., 2006; Stamatakis et al., 2002), in that we found
resting-state alterations in the posterior cingulate cortices and
the thalami. It is difficult to explain the discrepant findings
across studies with certainty, because there are numerous
methodological differences among them. Nevertheless, we
speculate that the lack of hypoperfusion in the posterior
cingulate cortex in the previous SPECT studies might be ex-
plained by their using the low-dimensional spatial normali-
zation (e.g., affine-only), because the effects of misalignment
of normalized individual images tend to be greater around the
ventricles, due to spatial smoothing and partial volume ef-
fects. If hypoperfusion in the posterior cingulate cortices is
replicated in future studies, this may mean that the diffuse
pathology of TBI involves alterations of the ‘‘default-mode’’
network, in which the posterior cingulate areas play a central
role (Fransson and Marrelec, 2008). Given the recent evidence

suggesting that failure to appropriately modulate the default-
mode network can lead to attention deficits (Kelly et al., 2008;
Weissman et al., 2006), we speculate that the hypoperfusion in
the posterior cingulate cortex may be implicated in cognitive
deficits in TBI survivors.

Fourth, the degree of diffuse volume loss in the thalamus
showed a relationship with CBF in the same region. In other
words, atrophied thalami had more reduced blood flow, even
on a per-volume basis. This local effect of diffuse structural
pathology seems to contradict the findings of Nakashima and
colleagues (2007). They speculated that the decreased cerebral
metabolism observed in the cingulate, lingual, and cuneus
cortices of TBI patients in their study was a remote result of
deafferentation, rather than the consequence of local neuronal
loss or damage, because they did not find significant atrophy
in those areas. It is quite possible that more sensitive mea-
surement of tissue loss would have revealed an association
that might have explained, at least in part, the hypoperfusion
seen in those areas. We propose that CBF measured by per-
fusion fMRI may serve as a tool to assess functioning neuronal
volume in a given structure. In agreement with the notion that
actual tissue loss or damage is present in the thalamus, recent
evidence from animal studies identified atrophy in thalamic
neurons (Lifshitz et al., 2007).

Diffuse and focal injuries may be associated with regional
CBF changes through various physiological mechanisms. To
date, the lack of validated tools has prevented researchers
from differentiating those mechanisms using neuroimaging.
With the development of new imaging modalities such as
DTI, and better analysis protocols in lesion delineation and
spatial registration, we may now be able to better investigate
the mechanisms of neural dysfunction and recovery. In order
to understand the significance of the hypoperfusion observed
after TBI, it is helpful to return to the question of the rela-
tionship between structural pathology and perfusion. To do
so, one must consider the effects of both focal and diffuse
structural pathology on both local and remote perfusion. As
mentioned previously, it is not surprising that hypoperfusion
in areas of focal cortical injury was seen, representing the local
effects of focal loss of tissue and its associated perfusion. But
no additional areas of hypoperfusion outside focally-lesioned
areas were seen in the focal injury group that were not also
present in the diffuse group, as demonstrated by the direct
comparison of the two subgroups. Does this mean that focal
lesions in chronic TBI do not have distal effects on the neural
function (and associated perfusion demand) of remote areas?
One possibility is that the distal effects of focal lesions on
perfusion (i.e., diaschisis) are only present in the relatively
acute phase, and have largely resolved by the time these
participants were studied, a mean of more than 5 years post-
injury. Alternatively, individuals may vary in the topography
of the distal effects on CBF, or these effects may simply be
smaller in magnitude, such that the current study lacked suf-
ficient power to detect them. Thus, future studies that attempt
to quantify the individualized effects of focal structural lesions
on cortical areas with known interconnections to those areas are
warranted, along with studies conducted earlier after injury.

Several limitations of the current study should be noted.
First, we only had partial coverage of the cerebellum. Thus,
the lack of significant CBF reductions seen in cerebellum in
our results should be interpreted with caution. This is espe-
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cially true given the fact that the cerebellum is known to be
vulnerable to diaschisis due to its connection to the frontal
cortices (Sasaki et al., 1979; Schmahmann and Pandya, 1997).
Second, the requirement of a complaint of attention difficul-
ties may limit the generalizability of the results; however,
attention deficits are exceedingly common after TBI (Ponsford
and Kinsella, 1992), so this is by no means a highly se-
lected sample. Third, since the overall sample size was rela-
tively small, and the sizes used for the subgroup analyses
were smaller still, the areas of significant hypoperfusion likely
represent simply the most seriously affected regions, and
additional areas would likely be identified in larger studies. In
particular, the subgroup analysis is certainly under-powered,
and appropriate caution should be applied in interpreting the
results. To the extent that neural depression caused by
structural pathology elsewhere may produce milder hypo-
perfusion than frank loss of tissue, this study may have been
less sensitive to these remote effects. Fourth, this study was
cross-sectional in nature, and conducted for the most part
long after injury, which may account for the fact that little
evidence of functional depression remote from areas of
structural pathology was found. It is likely that longitudinal
studies that begin sooner after injury might enhance the un-
derstanding of the relationship between structural pathology
and functional depression, since these phenomena likely play
out over different time courses. Finally, these data were col-
lected from individuals with moderate to severe injuries, and
cannot be generalized to those with milder injuries, who
typically lack focal pathology. One might speculate that their
pattern of diffuse damage would be similar to that of the
diffuse subgroup in this study but smaller in magnitude, but
this remains to be assessed.
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