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The effects of perturbed cerebral blood flow and
cerebrovascular reactivity on structural MRI and
behavioral readouts in mild traumatic brain injury
Justin A Long1,6, Lora T Watts1,2,3,6, Wei Li1, Qiang Shen1, Eric R Muir1, Shiliang Huang1, Robert C Boggs1, Abhinav Suri1 and
Timothy Q Duong1,3,4,5

This study investigated the effects of perturbed cerebral blood flow (CBF) and cerebrovascular reactivity (CR) on relaxation time
constant (T2), apparent diffusion coefficient (ADC), fractional anisotropy (FA), and behavioral scores at 1 and 3 hours, 2, 7, and
14 days after traumatic brain injury (TBI) in rats. Open-skull TBI was induced over the left primary forelimb somatosensory cortex
(N= 8 and 3 sham). We found the abnormal areas of CBF and CR on days 0 and 2 were larger than those of the T2, ADC, and FA
abnormalities. In the impact core, CBF was reduced on day 0, increased to 2.5 times of normal on day 2, and returned toward
normal by day 14, whereas in the tissue surrounding the impact, hypoperfusion was observed on days 0 and 2. CR in the impact
core was negative, most severe on day 2 but gradually returned toward normal. T2, ADC, and FA abnormalities in the impact core
were detected on day 0, peaked on day 2, and pseudonormalized by day 14. Lesion volumes peaked on day 2 and were temporally
correlated with forelimb asymmetry and foot-fault scores. This study quantified the effects of perturbed CBF and CR on structural
magnetic resonance imaging and behavioral readouts.
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INTRODUCTION
Traumatic brain injury (TBI) is a leading cause of death and
disability.1 The initial physical impact causes direct mechanical
damage, and is followed by progressive secondary injuries such as
brain swelling, perturbed cerebral blood flow (CBF), abnormal
cerebrovascular reactivity (CR), metabolic dysfunction, blood–
brain-barrier disruption, inflammation, oxidative stress, and
excitotoxicity, among others.1 Disruptions in CBF and CR could
be the result of either direct mechanical injury to vessels or
indirect reduction of local perfusion pressure by elevated
intracranial pressure. Disruption of CBF and CR per se could lead
to metabolic stress, vascular dysfunction, neuronal dysfunction,
ischemia, and cell death.
Cerebral blood flow measurements in TBI have been reported

using radiolabeled microspheres,2 laser speckle imaging,3 laser
Doppler flowmetry,4 dynamic susceptibility contrast magnetic
resonance imaging (MRI),5 susceptibility-weighted MRI,6 and
arterial spin labeling MRI7 in different TBI models with different
degrees of severity. Hypoperfusion and hyperperfusion after TBI
have been found in some animal models. CR (i.e., CBF response to
5% CO2 inhalation) however has not been widely studied in TBI.
Moreover, the effects of CBF and CR disruptions in TBI on other
MRI parameters and tissue fate have not been systematically

investigated. With advances in modern noninvasive imaging
techniques, CBF, and NC can be readily measured in a noninvasive
and longitudinal manner. The ability to image CBF and NC
dysfunction have the potential to provide early and valuable
information on TBI, and predict tissue fate and functional
outcomes.
The goal of this study was to investigate spatiotemporal

dynamics of CBF and CR in an established TBI model in rats and
to determine how these hemodynamic disruptions affect T2, ADC,
FA, and lesion volume. An open-skull impact was applied over the
left primary forelimb somatosensory cortex (S1FL) using the
controlled cortical impact (CCI) device. Multimodal MRI measure-
ments were made longitudinally from 1 to 3 hours, 2, 7, and
14 days post TBI. Comparisons were also made with behavioral
assessments using foot-fault and forelimb asymmetry tests.

MATERIALS AND METHODS
ARRIVE Guidelines
The following ARRIVE guidelines were followed in the preparation of this
manuscript: Title, Abstract, Background, Objectives, and Ethical statement;
Study Design; Experimental procedures; Experimental animals, Housing
and husbandry; Experimental outcomes; Statistical methods, Numbers
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analyzed; Interpretation, and scientific implications; and Generalizability/
translation and Funding.

Animal Preparations
Animal procedures followed guidelines and regulations consistent with the
Guide for the Care and Use of Laboratory Animals, Public Health Service
Policy on Humane Care and Use of Laboratory Animals, and the Animal
Welfare Act and Animal Welfare Regulations and were approved by the
Institutional Animal Care and Use Committee of the University of Texas
Health Science Center San Antonio (protocol no. 13034). Experimental TBI
was done as previously described.8 Briefly, male Sprague Dawley rats (250–
350 g, 3–6 months of age, n= 3 sham-operated, n=8 CCI; Charles River
Laboratories, O'Fallon, MO, USA) housed two to a cage in a Tecniplast
caging system with autoclaved sani chip bedding. The rats had ad libitum
access to irradiated rodent chow from Harlan laboratories and autoclaved
water. The rats were anesthetized initially with 5% isoflurane mixed with
room air and maintained at 1.5–2.0% isoflurane during surgery and 1.2%
during imaging procedures. The animal was secured in a stereotaxic frame
and a surgical incision was made posterior from the impact site (at the
level of the cerebellum) to prevent artifacts during MRI acquisition and the
periosteum was removed over the impact site. A 0.5 mm craniotomy was
created over the left forelimb primary somatosensory cortex (S1FL:
+0.25mm anterior and 3.5 mm lateral to bregma), exposing the dura
matter. The intact dura matter was impacted using a pneumatic controlled
cortical impactor (Precision Systems and Instrumentation, LLC, Fairfax
Station, VA, USA) fitted with a 0.3 mm tip (5.0 m/s, 250 μs dwell time, 1mm
depth) to mimic a mild focal TBI. After the impact, the cranial opening was
sealed with bone wax, the scalp sutured closed, and antibiotic ointment
applied. Saline was injected under the skin to facilitate the removal of air
pockets between the scalp and the skull to minimize artifacts during MRI
acquisition. Buprenex (0.05mg/kg) was given subcutaneously every
12 hours for 3 days for pain.
Magnetic resonance imaging was acquired at 1 and 3 hours post TBI and

on 2, 7, and 14 days after TBI. Behavioral assessments were made 1 day
before TBI and again 2, 7, and 14 days after TBI before the MRI experiments
in the same animals. Behavioral tests were not performed on the day of TBI
induction because of incomplete recovery from anesthesia. Immunohistol-
ogy was done after MRI 14 days post TBI. The 14-day end point was
selected based on a subset of studies in which no apparent difference in
lesion volumes between 14 and 28 days post TBI were observed.
Blood pressure and blood gases were measured in earlier studies and

they were all within normal physiologic ranges during MRI measure-
ments.9,10 To avoid invasive catheterization of the femoral arteries, these
measurements were not made in all subsequent studies. We are confident
that these parameters were within normal ranges in these animals under
these experimental preparations. This assertion is supported by our
extensive experience on similar stroke studies, which arguably are more
traumatic and yet these physiologic parameters under these experimental
preparations were within normal ranges.

Hypercapnic Challenge
Hypercapnic challenges used a premixed gas of 5% CO2 balanced with
normal air. Each trial consisted of 4 minutes of baseline data acquisition,
3 minutes of data acquisition during hypercapnic challenge, and 3 minutes
of data acquisition during the post-stimulation surveillance period.

MRI
Magnetic resonance imaging was performed on a rodent Bruker 7-Tesla
BioSpec Scanner (Billerica, MA, USA) with 16-cm clear bore diameter. The
animal was secured in a custom built, MRI compatible, rat head stereotaxic
holder with ear and tooth bars.

Basal CBF (6 minutes) and hypercapnic challenge. Perfusion-weighted
images were attained using the continuous arterial spin labeling11

technique with single-shot, gradient-echo, echo-planar imaging (EPI)
sequence with partial Flourier (5/8) acquisition. Continuous arterial spin
labeling used a 2.7-seconds square radiofrequency pulse to the labeling
coil. The other parameters were: seven 1.0-mm coronal images, field of
view (FOV) = 2.56 × 2.56 cm, matrix 96 × 96 and reconstructed to 128× 128,
FOV= 2.56× 2.56 cm, TR = 3 seconds (90° flip angle), and TE = 10.2 milli-
seconds. For basal CBF, 60 repetitions were obtained and averaged. For
hypercapnic challenge, 100 repetitions were obtained.

Diffusion Tensor-weighted MRI (3.5 minutes). Diffusion tensor imaging
were obtained with a single low b-value (10 s/mm2) in 30 directions with a
1200 s/mm2 bmax-value. EPI with partial Fourier (5/8) were also acquired
using the following settings: seven 1.0-mm coronal images, FOV=2.56×
2.56 cm, matrix 96×96 and reconstructed to 128× 128, single shot,
TR = 3 seconds, TE = 32milliseconds, Δ=14 milliseconds, δ=5 millise-
conds, and two transients for signal averaging.9,12,13

T2 map (9.5 minutes). T2-weighted images were acquired using fast spin-
echo sequence with TR= 3 seconds (90° flip angle), effective TE = 18, 54, 90,
and 126 milliseconds, four echo train length. The other parameters were:
seven 1.0-mm coronal images, FOV= 2.56 × 2.56 cm, matrix 96 × 96 and
reconstructed to 128× 128, and 8 transients for signal averaging.

Image Analysis
CBF, T2, ADC, FA, and CO2 reactivity maps were calculated as previously
described.9,12–14 Image maps of individual subjects were co-registered
across time points via the application of a transformation matrix generated
by QuickVol and MRIAnalysisPak software.15 Three regions of interest
(ROIs) were defined along the ipsilesional cortex, along with three ROIs in
homologous regions of the contralesional hemisphere. The same ROIs
were used to tabulate the CBF, T2, ADC, FA, and CR values across all time
points using Stimulate software (University of Minnesota). CBF, T2, ADC,
and FA of the ipsilesional ROI were normalized with respect to those of the
contralesional ROI. Lesion volumes were defined by pixels that had T2
values higher than the mean plus 2 s.d. of the value in the homologous
contralesional region.

Histology
Immunohistology for glial fibrillary acidic protein (GFAP), neurons (NeuN),
and microglia (Iba1) was assessed immediately after MRI experiments on
day 14 post TBI. Briefly, selected rats were perfused 14 days post TBI with
ice-cold 5% sucrose in heparinized phosphate-buffered saline, followed by
ice-cold 4% buffered paraformaldehyde. Brains were removed and post-
fixed for 2–5 hours at 4oC and subsequently cryopreserved in 30% sucrose
for 2 days. Coronal sections (30-μm thick) were mounted on gelatin-coated
slides and stored at − 20 °C. Sections were processed using standard
immunofluoresent staining against glial fibrilary acidic protein, NeuN and
Iba-1 on separate serial sections correlating with MRI sections containing
lesion. Briefly, sections were washed with phosphate-buffered saline followed
by permeabilization using 0.2% Triton X-100 (2 μl Triton X-100:1 mL
phosphate-buffered saline). The sections were blocked with 10% goat
serum followed by incubation with a primary antibodies directed against
GFAP (1:1,000 GenScript Rabbit Anti-GFAP pAb Cat# A01309), NeuN (1:200
Millipore Cat# MAB377), or Iba1 (1:500 abCam Cat# ab5076) diluted in goat
serum overnight at 4 °C. The slides were then washed with phosphate-
buffered saline and incubated with secondary antibody (GFAP secondary
—1:200 dilution Alexa Fluoro 488 rabbit anti rat IgG; NeuN secondary—
1:200 Alexa Fluoro 546 goat anti mouse IgG; or Iba1 secondary—1:500
Santa Cruz donkey anti-goat IgG-FITC) for 1 hour at 37 °C. Slides were
washed and mounted with Vectashield containing DAPI (4',6-diamidino-2-
phenylindole) (Vector Laboratories). Images were acquired on a Nikon C1si
microscope (Melville, NY, USA) using × 10, × 20, and × 60 objectives.

Fluro Jade B Staining
Fluro Jade B is an anionic fluorescein derivative used to stain degenerating
neurons.16 Sections were incubated in a solution of 1%NaOH in 80%
ethanol for 5 minutes followed by hydration in graded ethanols (75, 50,
and 25%) to distilled water for 5 minutes each. The sections were then
incubated for 10 minutes in 0.06% potassium permanganate, rinsed with
distilled water and incubated in 0.004% Fluro Jade B (Hist-Chem, Jefferson,
AR, USA) for 20 minutes. Sections were rinsed with distilled water three
times for 2 minutes each. The slides were then dried on a slide warmer for
10 minutes, cleared with Histoclear and coverslipped with DPX (Fluka,
Sigma-Aldrich, St Louis, MO, USA). Images were acquired on a Nikon C1si
microscope using a × 20 and ×60 water immersion objective.

Functional Assessment
Sensorimotor function was assessed using the asymmetry forelimb
placement (cylinder) test and foot-fault test.8 Previous behavioral studies
have demonstrated that these functional tests have the appropriate
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sensitivity for this injury model.17,18 Testing was conducted 1–3 days
before TBI and again 1, 2, 7, and 14 days post TBI.
The forelimb asymmetry placement test was performed with videotap-

ing to assess the use of forelimbs during exploration of the cylinder. The
rat was placed in a transparent cylinder (20 cm diameter, 30 cm height) for
5 minutes or until 30 placements were made. A mirror was positioned
under the cylinder to enable the video recorder to see directly into the
cylinder. Behavior was scored by counting the number of left or right
individual forelimb placements, and the number of simultaneous right and
left19 forelimb placements onto the wall of the cylinder during rearing. The
forelimb asymmetry index was calculated as (the number of forelimb
placements for each individual limb) +½ (number of both placements)
divided by the total number of placements.
The forelimb foot-fault test was performed with videotaping to assess

forelimb misplacement during locomotion. The rat was placed on an
elevated grid floor (size 18 × 11 inches with grid openings of 1.56 × 1.00
inches) for 5 minutes or until 50 steps were taken with one (nonaffected)
forelimb. The rat was allowed to move freely on the grid and the total
number of steps and the number of times each limb fell below the grid
opening were counted. The percentage of foot faults for each limb was
calculated as the number of right or left forelimb foot faults divided by the
total number of steps taken.

Statistical Analysis
Paired t-tests were used to compare CBF, CR, T2, ADC, and FA abnormality
between the ipsi- and contralesional sides. A one-way analysis of variance
was also performed on each ROI analyzed to determine statistical
significance amongst time points. A one-way analysis of variance was
used to examine statistical significance between time points. Paired t-tests
were used to compare asymmetry scores or foot-fault scores between pre-
TBI and each subsequent time point. Values are presented as mean± s.e.m.
Statistical significance was set at Po0.05.

RESULTS
Figure 1 shows representative CBF, T2, ADC, FA, and CR maps from
a single animal at 1 hour, 3 hours, 2, 7, and 14 days post TBI. At 1
and 3 hours, CBF MRI showed a substantial perfusion deficit in and
around the impact area. The area of initial perfusion deficit was

larger than the T2, ADC, or FA abnormality at these time points.
Within the area of impact (S1FL cortex), hyperperfusion was
evident on day 2 followed by mild hypoperfusion on day 7 with a
return toward normal values by day 14.
The T2 abnormality (S1FL cortex) showed heterogeneous

contrast across different time points, with hyperintensity indicat-
ing vasogenic edema and hypointensity indicating possible
hemorrhage. The ADC maps in the S1FL cortex showed
heterogeneous contrast, with hyperintensity indicating vasogenic
edema and hypointensity indicating the presence of cytotoxic
edema. The profiles of the T2 and ADC abnormality appeared
similar in temporal evolution peaking on day 2. They also
appeared similar spatially, except in the superficial cortices.
Hyperintensity in the corpus callosum was also observed on T2
and ADC maps. FA decreases were also observed in the hyper-
acute phase, suggesting possible microstructural disruptions.
Cerebral blood flow percentage changes in response to CO2

inhalation were negative at 1 and 3 hours in the ipsilesional cortex,
in contrast to the positive response in the contralesional cortex. The
area of negative response was markedly larger and showed larger
negative% changes on day 2. CBF% changes in response to CO2

returned toward positive, near-normal values by days 7 and 14.

CBF Values
Cerebral blood flow values were quantified using three ROIs along
the ipsilesional and contralesional cortex for all time points.
Cerebral blood flow in the contralesional ROIs did not change
across all time points (P40.05, mean: 1.00± 0.15mL/gram/min) and
thus the CBF values in the ipsilesional hemisphere were normalized
to the homologous regions in the contralesional hemisphere
(Figure 2A). In the ipsilesional ROI 1, CBF was markedly reduced
at 1 and 3 hours (10 and 20% of normal), markedly elevated on day
2 (2.5x of normal), slightly reduced on day 7, and returned toward
near-normal values on day 14. In the ipsilesional ROI 2, CBF was
significantly reduced at 1 and 3 hours (50% of normal), remained
reduced on days 2 and 7 (but without hyperperfusion), and

Figure 1. Representative cerebral blood flow, T2, apparent diffusion coefficient, apparent diffusion coefficient, and CO2 reactivity maps at
1 hour, 3 hours, and 2, 7, and 14 days post traumatic brain injury. Gray-scale Bar for cerebral blood flow: − 1 to 2.5 mL/g/min, T2: 30 to 100ms,
apparent diffusion coefficient: 0.0004–0.0013mm2/s, fractional anisotropy: 0.1–0.6; color scale bar for CO2 reactivity: − 100% (blue-purple) to
100% (red-yellow).
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returned toward normal values on day 14. In the ipsilesional ROI 3,
CBF was only slightly reduced at 1 and 3 hours, day 2, and day 7,
and returned toward near-normal values on day 14.

T2 Values
T2 from the contralesional ROIs did not change across time
(P40.05, mean: 55± 2ms). T2 values of the ipsilesional ROIs were
normalized to the contralesional ROIs (Figure 2B). In the ipsilesional
ROI 1, T2 was slightly elevated at 1 hour and further elevated at
3 hours, peaked on day 2, and returned toward (but did not reach)
normal values on days 7 and 14. In the ipsilesional ROIs 2 and 3, by
contrast, T2 values did not change substantially across time.

ADC Values
Apparent diffusion coefficient in the contralesional ROIs did not
change across time (P40.05, mean 0.70 ± 0.02 × 10− 3 mm2/s). All
ADC values reported were normalized to the contralesional
hemisphere (Figure 2C). In the ipsilesional ROI 1, ADC was
elevated at 1 and 3 hours, peaked on day 2, and returned toward
(but did not reach) normal values on day 14. In the contralesional
and ipsilesional ROIs 2 and 3, ADC values were near-normal values
at all time points studied.

FA Values
Fractional anisotropy in the contralesional ROIs did not
change significantly across time (P40.05, mean: 0.23 ± 0.01). The

normalized FA of the ipsilesional hemisphere are shown in
Figure 2D. In the ipsilesional ROI 1, FA was markedly reduced at
1 hour and 3 hours, remained reduced on days 2 and 7 but
returned toward normal values on day 14. In the ipsilesional ROI 2,
FA values were near normal at 1 hour, slightly reduced at 3 hours,
minimal on day 2 (suggesting delayed injury), and increased again
by day 7, with a return toward near-normal values on day 14. In
the ipsilesional ROI 3, T2 MRI values were near-normal values at all
time points studied.

Vascular Reactivity
In contrast to the parameters reported above, the CBF % changes
in response to CO2 were attenuated in the contralesional ROIs 1–3,
and gradually recovered by day 14. In a separate group of sham-
operated animals (n= 3), 5% CO2 vascular CBF response was
79± 3%. In the ipsilesional ROI 1, CO2 response was surprisingly
negative at 1 and 3 hours, remained attenuated, yet positive on
days 2 and 7, and returned toward near-normal values on day 14
(Figures 3A-3C).

Lesion Volumes
Figure 4 depicts the group-averaged temporal progression of
lesion volumes defined by T2 abnormality after TBI. T2 lesion
volumes were present at 1 hour, consistently peaked on day 2,
and were markedly reduced by days 7 and 14.

Figure 2. Normalized (A) cerebral blood flow, (B) T2, (C) apparent diffusion coefficient, and (D) fractional anisotropy from the ipsilesional cortex
at different time points after traumatic brain injury. Values were normalized to homologous region in the contralesional cortex (mean± s.e.m.,
n= 8, * Po0.05, ** Po0.01, *** Po0.001 between ipsilesional and contralesional sides). Cerebral blood flow, T2, apparent diffusion coefficient,
and fractional anisotropy of the homologous region in the contralesional cortex did not change with time and were not statistically different
from sham-operated animals.
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Histology for GFAP, NeuN, and Iba1
Histologic assessment for expression of GFAP for reactive
astrocytes, NeuN for neurons and DAPI for nuclei was performed
14 days post TBI in Sham and TBI animals in region 1 from

Figure 2. Figure 5A shows representative images at × 20 and × 60
for DAPI (blue), GFAP (green), NeuN (red), and a composite image
for each group. In sham animals there was little expression of
GFAP, while in TBI animals there was a clear increase in the
expression of GFAP suggesting the presence of reactive astrocytes
in the area of impact (indicated by the gray arrows). Neurons were
detected using an antibody directed against NeuN. Neuronal
soma morphology was normal in sham animals while in TBI
animals we detected punctate and abnormal morphologic
changes (shown by white arrows) under the area of impact
suggesting neuronal damage.
Histologic assessment for expression of Iba1 for microglia and

DAPI for nuclei was performed 14 days post TBI in Sham and TBI
animals in region 1 from Figure 2. Figure 5B shows representative
images at × 10 and × 20 for DAPI (blue) and Iba1 (green) and a
composite image for each group. In Sham animals there was little
detection of Iba1 positive cells, while in TBI animals there was
increased microglial infiltration in the area surrounding the
impact.

Fluro Jade B staining
Fluro Jade B staining for degenerating neurons was performed
14 days after TBI in sham or TBI animals in region 1 from Figure 2.
Figure 6A demonstrates representative images from the cortex
from sham and TBI animals. In the Sham group, the number of
Fluro Jade B positive cells (white arrows) in the ipsilesional S1
cortex was 20.52 ± 1.95 cells per field (N= 6, Po0.05; Figure 6B).
In the TBI group, the number of Fluro Jade B positive cells in the
ipsilesional S1 cortex was 73.8 ± 4.24 cells per field (N= 6,

Figure 3. Line graphs of the temporal progression of % cerebral blood flow changes responding to 5% CO2 challenge in the contralesional
and ipsilesional cortices for (A) regions of interest 1, (B) regions of interest 2, and (C) regions of interest 3 (mean± s.e.m., n= 8, * Po0.05,
**Po0.01, *** Po0.001 between ipsilesional and contralesional sides).

Figure 4. Bar graph of lesion volumes defined by T2 abnormality at
1 hour, 3 hours, 2, 7, and 14 days post traumatic brain injury
(mean± s.e.m., n= 8, * Po0.05, ** Po0.01, *** Po0.001). Lesion
volumes were determined as pixels that had T2 values higher than
the mean plus 2 s.d. of the value in the homologous contralesional
region.
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Figure 5. (A) Representative images for both Sham and traumatic brain injury animals are shown at × 20 and ×60 for DAPI (blue), glial fibrillary
acidic protein (green), neurons (red) and a composite image. White arrows indicate normal neuronal soma morphology in Sham animals and
abnormal morphology in traumatic brain injury animals. Gray arrows indicate glial fibrillary acidic protein positive cells in both Sham and
traumatic brain injured animals. (B) Representative images for Sham and traumatic brain injury animals are shown at × 10 and ×20 for DAPI
(blue) and Iba1 (green) and a composite image for each group. White arrows indicate Iba1 positive cells in the traumatic brain injury animals.

Perturbed CBF and VR in mild TBI
JA Long et al

1857

© 2015 ISCBFM Journal of Cerebral Blood Flow & Metabolism (2015), 1852 – 1861



Po0.05) (Figure 6B). The numbers of Fluro Jade B positive cells in
the ipsilesional S1 cortex were significantly different between the
Sham and TBI groups (Po0.05). The results from the Fluro Jade B
experiments demonstrate increased neurodegeneration after TBI.

Behavioral Outcomes
The mean scores for the forelimb placement asymmetry and the
foot-fault tests are shown in Figures 7A and 7B, respectively. Pre-
TBI affected forelimb asymmetry was 47 ± 3%, indicating mostly

Figure 6. (A) Representative images for Fluro Jade staining (green) are shown at × 20 and × 60 from the cortex of sham and traumatic brain
injury animals. Positive Fluro Jade cells are indicated by white arrows. (B) Histogram demonstrating the average number of Fluro Jade positive
cells within the cortex in sham and traumatic brain injury animals on day 14 post traumatic brain injury.

Figure 7. Bar graphs of the (A) affected forelimb asymmetry and (B) affected forelimb fault scores at pre-traumatic brain injury, 2, 7, and
14 days post traumatic brain injury (mean± s.e.m., n= 8, * Po0.05, ** Po0.01 between scores of Pre-traumatic brain injury and each
subsequent time point).
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symmetrical use of both forelimbs. The asymmetry score was the
worst on day 2 post TBI (41 ± 4%, respectively), indicating
decreased utilization of the affected forelimb (right). Pre-TBI
foot-fault scores were 3.53 ± 0.42%. After TBI, foot-fault scores
were the worst in the affected forelimb (right) on day 2
(16.4 ± 4.8%), improved slightly on day 7 (14.9 ± 3.1%), and
returned toward the pre-TBI value on day 14 post TBI (9.5 ± 2.5%).

Sham Group
In sham-operated animals (n= 3) T2, ADC, FA, and basal CBF were
not statistically different between the two hemispheres, did not
change across time up to 14 days, and were not statistically
different from those in the contralesional hemisphere of the TBI
group. Additionally, sham-operated animals CBF fMRI response to
5% CO2 was 79 ± 3%, and was not statistically different between
the two hemispheres.

DISCUSSION
This study characterized the effects of perturbed CBF and CR on
T2, ADC, FA and behavioral scores in an open-skull, CCI TBI model
in rats. In addition, we assessed changes in GFAP, NeuN, Iba1, and
Fluro Jade staining in Sham and TBI animals. The major findings
were: (i) in the contralesional cortex, the CBF, T2 ADC, and FA were
not affected at all time points studied, but the CR was reduced
followed by a gradual recovery from days 0 to 14; (ii) in the
ipsilesional cortex, the abnormal areas of the CBF and CR on days
0 and 2 were larger than those of the T2, ADC, and FA which were
localized to the area of impact; (iii) within the area of impact, CBF
was reduced on day 0, increased to 2.5 times of normal on day 2,
and returned toward normal by day 14, whereas in the tissue
surrounding the impact, hypoperfusion was observed only on
days 0 and 2; (iv) CBF response in the ipsilesional hemisphere was
negative in the ipsilesional cortex, most severe on day 2 but
gradually returned toward normal; (v) T2, ADC, and FA abnorm-
alities in the impact core were observed on day 0, peaked on day
2, and gradually returned towards normal by day 14, whereas
these parameters in the tissue surrounding the core were only
mildly affected; (vi) lesion volumes, peaked on day 2 and were
temporally correlated with behavioral scores; (vii) it appears that
T2, ADC, and FA abnormality only occurred in areas where blood
flow was perturbed to the point of being ischemic (~⩽30% of
normal); (viii) CBF and CR were significantly disrupted in the tissue
surrounding the impact site in a time-dependent manner but
most tissue eventually recovered; (ix) on day 14 there was
increased expression of both reactive astrocytes and microglia
surrounding the area of impact, and; and (x) there was increased
neurodegeneration detected by Fluro Jade and by NeuN staining
in TBI animals compared with Sham.

Cortical Blood Flow
In the contralesional cortex, CBF was not affected by TBI across all
time points. In the ipsilesional cortex immediately below the
impact area (ROI 1), we observed hypoperfusion at 1–3 hours and
hyperperfusion on day 2 indicating that there were marked
hemodynamic disturbance after TBI. Hyperperfusion on day 2
coincided with the peak of T2 hyperintensity (vasogenic edema). In
the tissue surrounding the impact core (ROIs 2 and 3), CBF was
mildly reduced 1–3 hours after TBI, further reduced on day 2 and
gradually recovered toward normal by day 14 (but no hyperperfu-
sion). The reduced CBF is likely due to local increases in
intracranial pressure and/or damaged to blood vessels.
CBF disturbances have been reported in the literature ranging

from studies reporting only hypoperfusion after TBI, while others
have observed both hypoperfusion and hyperperfusion after TBI.
Thomale et al.20 found severe hypoperfusion (by laser Doppler
flowmetry) in the area of the impact at 0.5–6.0 hours and

hyperperfusion at 24 and 48 hours in a similar rat model of
moderate CCI. Immonen et al.21 found that cerebral blood volume
dropped 1 hours after injury, pseudonormalized on days 1–3 and
increased on day 4 in a similar CCI model. Other studies found CBF
reduction on day 0 using the Marmarou rat model6 or fluid
percussion model22 but without hyperperfusion on subsequent
days after TBI. The differences in CBF disruptions amongst
different studies are likely because of differences in TBI model
and severity of injury. The novelty of our work is that it used
relatively high spatial resolution, quantitative CBF MRI techniques
which afforded longitudinal measurements. Moreover, we ana-
lyzed data to determine the effects of perturbed CBF had on T2,
ADC, and FA within and surrounding the impact area, providing
valuable insights into tissue fate.
The mechanisms underlying hypoperfusion could be due to

physical damage to the vessels or increased intracranial pressure.
The mechanisms underlying hyperperfusion could arise from
accumulated by-products (such as free radicals) and vasoactive
metabolites (such as lactic acid and adenosine) that could induce
vasodilation through relaxation of vascular smooth muscle.23,24

Some of these metabolites are implicated in modulating blood–
brain-barrier permeability,25 which could potentially enhance
cerebral edema. Others have suggested neurogenic vasodila-
tion26 and passive physiologic coupling.27 Our findings herein
suggest that hyperperfusion on day 2 coincided with the peak of
T2 hyperintensity (vasogenic edema) and was not beneficial
although the tissue was able to recover substantially by day 14, in
marked contrast to the outcome found in ischemic stroke.28

Cerebrovascular Reactivity
In sham-operated animals, CBF fMRI response to 5% CO2 was
79± 3%, consistent with previous reports in normal animals under
essentially identical experimental conditions.13,29 In the contrale-
sional cortex of TBI animals, vascular reactivity was significantly
reduced on days 0 and 2, and gradually returned toward normal
by days 7 and 14, in marked contrast to T2, ADC, FA, and basal CBF
in the contralesional cortex, which was not significantly affected
by TBI. These findings suggest that a systemic cardiovascular dis-
turbance that affects global CBF responses to hypercapnia could
make other brain regions more susceptible to hypoxic injury.
In the ipsilesional cortex, negative CBF responses to hypercap-

nia were observed in the area of impact, and such negative CBF
responses were found to be the worst on day 2 but slowly
returned toward positive and normal values by day 14. The tissue
surrounding the impact core also showed reduced or negative
CBF responses on day 0. The extent of the area and magnitude of
negative CBF responses were most dramatic on day 2, affecting a
large portion of the cortex. The negative CBF response to
hypercapnia, a novel finding in TBI, was likely attributed to a
blood-stealing phenomenon, in which vessels in surrounding
normal tissue vasodilated in response to CO2, whereas vessels in
the injured tissue could not. Such a blood-stealing phenomenon
has been observed in ischemic stroke, and ischemic cerebrovas-
cular disease.30–32

Attenuated CBF responses to vasodilation have been reported
using both the CCI33,34 and fluid percussion injury models.35

However, negative CBF responses to hypercapnia have not been
reported previously. The differences in CR disruption amongst
different studies could be due to differences in TBI model and
severity of injury, as well as possible differences in anesthetics
used.

The Impact of Hemodynamic Disturbances on Cortical T2, ADC,
and FA
Although a few studies have reported hemodynamic disturbances
in TBI, the effects of CR, hypo- and hyperperfusion on T2, ADC, and
FA have not been systematically studied. We found that the area
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of perfusion deficit and CR was generally larger than the T2, ADC,
or FA abnormality on days 0 and 2, while T2, ADC, and FA
abnormality were isolated to the area of impact. The patterns of
T2, ADC, and FA changes after TBI are in general agreement
with those reported from our previous studies8,36 and other
studies.37–39

In the impacted region (R0I-1), average CBF reached ischemic
levels (⩽20% of normal) at 1 and 3 hours, which is expected to
cause ischemia and to manifest in detectable T2 and ADC changes
as observed. Interestingly, at 14 days there were no apparent large
infarcts detected based on MRI and behavioral scores indicating
that outcome measures were returning toward normal, consistent
with our previous study.36 However, histologic analysis 14 days
post TBI of Fluro Jade, which detects neurodegenerating neurons,
in conjunction with NeuN staining revealed substantial neuronal
cell death in the tissue surrounding the impact zone. Furthermore,
we detected substantial infiltration of microglia, the immune cells
of the brain, and increased expression of GFAP, which indicates
the presence of reactive astrocytes. These data suggest that even
when MRI appears normal there are still substantial changes that
can be detected at the cellular level. Previous histologic studies
showed that there was only some detectable cell death in the
same animal model,8,36 suggesting that most tissue showed
normalized T2 and ADC. It is likely that there was substantial
recovery along with some functional compensation.
In tissue surrounding the impact (ROI 2), CBF dropped by 50%;

however, no T2 or ADC abnormalities were observed, except a
mild reduction in FA. In ROI 3, CBF dropped by ~ 20%, with no T2,
ADC, or FA abnormalities observed. Nonetheless, it is possible that
mild hypoperfusion for a few days could have negative
consequences on cellular physiology, resulting in disruption of
cellular function long term (beyond 14 days).
In sum, hemodynamic disturbances in TBI have direct effects on

T2, ADC, and FA. However, T2, ADC, and FA may not be sufficiently
sensitive to detect subtle changes of cell injury and cell death
during the chronic phase. Developing new or improving the
sensitivity of current imaging biomarkers for the chronic TBI phase
is needed. Nonetheless, CBF MRI has the potential to provide
additional and unique insights into TBI that complement other
MRI techniques.

The Impact of Hemodynamic Disturbances on Behavioral
Outcomes
The temporal profiles of neurologic function after TBI are
consistent with those reported previously in the same CCI
model.8,36 Changes in CBF and CR have significant effects on
anatomic MRI and thus it is not surprising that CBF and CR are
correlated with behavioral scores in general. Recovery of function
requires normalization of CBF and CR. It is however worth-
mentioning that we found differences between the forelimb
symmetry and foot-fault scores. Affected forelimb fault scores
were still considerably worse than pre-TBI values on day 7 but
returned closer to normal values on day 14. This is in marked
contrast to affected forelimb asymmetry scores. The differences
between the two behavioral tests suggest that the affected forelimb
fault test is more sensitive to mild TBI than the asymmetry test.
Fundamentally the two tests measure similar deficits in sensor-
imotor function. However, the foot-fault test requires proper limb
placement and sensory feedback, whereas the asymmetry test
assesses the rodent’s voluntary use of the forelimbs during upright
exploration.17 Both behavioral tests provided different, but
complementary, information about TBI injury. Future studies will
used more sensitive tests such as the Vermicelli handling test or
the beam walk test.

Comparison with Stroke
The spatiotemporal characteristics of CBF, CR, T2, ADC, and FA
changes showed some similarities and differences when com-
pared with those of ischemic stroke. In both TBI and ischemic
stroke, heterogeneous hypoperfusion is apparent immediately
after injury and the areas of hypoperfusion are generally larger
than ADC and T2 changes. Hyperperfusion is often observed 1–
2 days after injury. The outcome of tissue exhibiting hyperperfu-
sion in ischemic stroke is usually infarction28 whereas in this TBI
model, there was substantial recovery. After both ischemic
stroke28 and TBI, negative CR has been observed on the ipsile-
sional side indicating possible autoregulatory dysfunction. In
ischemic stroke, CR in the contralesional cortex was mostly normal
whereas in our model of TBI, CR was attenuated.
In ischemic stroke, ADC decreases are apparent within a few

minutes, whereas T2 increases are not apparent for several hours
to a day after stroke in rats. T2 hyperintensity in ischemic stroke
also usually indicates irreversible injury.14,40 In our TBI model, T2
increases were apparent by 1 hour post TBI, peaked on day 2 and
mostly returned toward normal by day 14, suggesting that the
initial presence of vasogenic edema after TBI is mostly reversible.
These differences in CBF, CR, T2, ADC, and FA characteristics
offer important insights into the differences in pathophysiologic
changes occurring in TBI and stroke.

CONCLUSIONS
This study presented a systematic characterization of quantitative
multi-parametric MRI of the spatiotemporal changes in an open-
skull, CCI TBI model in rats. We found significant hemodynamic
disturbances in cerebral blood flow and cerebrovascular reactivity
after TBI and they exerted observable effects on lesion volume, T2
and diffusion parameters. Future studies will investigate impacts
to different brain regions (i.e., the hippocampus) and repeated
closed skull TBI, improve MRI sensitivity to more subtle injury,
and incorporate blood volume MRI, resting-state fMRI, and
additional behavioral measures (i.e., memory function) to further
characterize TBI.
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