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Perinatal hypoxia affects normal neurological develop-
ment and can lead to motor, behavioral and cognitive
deficits. A common acute treatment for perinatal
hypoxia is oxygen resuscitation (hyperoximia), a contro-
versial treatment. Magnetic resonance imaging (MRI),
including diffusion tensor imaging (DTI), was performed
in a P7 rat model of perinatal hypoxia to determine the
effect of hyperoximia. These studies were performed
on two groups of animals: 1) animals which were sub-
jected to ischemia followed by hypoxia (HI), and 2) HI
followed by hyperoximic treatment (HHI). Lesion vol-
umes on high resolution MRI and DTI derived meas-
ures, fractional anisotropy (FA), mean diffusivity (MD),
and axial and radial diffusivities (kl and kt, respectively)
were measured in vivo one day, one week, and three
weeks after injury. Most significant differences in the
MRI and DTI measures were found at three weeks after
injury. Specifically, three weeks after HHI injury resulted
in significantly larger hyperintense lesion volumes
(95.26 6 50.42 mm3) compared to HI (22.25 6 17.62
mm3). The radial diffusivity kt of the genu of corpus cal-
losum was significantly larger in HHI (681 6 330 3
1026 mm2/sec) than in HI (486 6 96 3 1026 mm2/sec).
Over all, most significant differences in all the DTI met-
rics (FA, MD, kt, kl) at all time points were found in the
corpus callosum. Our results suggest that treatment of
perinatal hypoxia with normobaric oxygen does not
ameliorate, but exacerbates damage. VVC 2009 Wiley-Liss,
Inc.
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Perinatal hypoxia affects brain development and
can have an adverse effect on motor, behavioral, and
cognitive functions (Saikumar et al., 1998; Krageloh-
Mann et al., 1999; Delivoria-Papadopoulos and Mishra,
2000; Levison et al., 2001; Vexler and Ferriero, 2001;
Nagy et al., 2005). According to Dilenge et al. (2001)
30–50% of infants who experience perinatal hypoxia de-
velop neurologic deficits such as epilepsy (Arpino et al.,

2001; Toet et al., 2005) or cerebral palsy (Kuban and
Leviton, 1994). A guideline for the treatment of acute
perinatal hypoxia is resuscitation with 100% oxygen
(hyperoximia) (Niermeyer et al., 2000). It has been
reported that in experimental perinatal hypoxia, acute
hyperoximic treatment exacerbates the initial injury
(Munkeby et al., 2004; Shimabuku et al., 2005). Hu
et al. (2003) reported that hyperoximia in rats triggers an
additional apoptotic signaling pathway when compared
to hypoxia alone. Also, elevated blood oxygen levels, as
they occur during hyperoximia, decrease cerebral blood
flow (Kety and Schmidt, 1946; Leahy et al., 1980;
Lundstrom et al., 1995), which in turn exacerbates
hypoxia-induced ischemic injury. Also, superoxide radi-
cals can cause further tissue damage (Ditelberg et al.,
1996). In summary, there are concerns whether hyper-
oximia is a suitable therapy for the hypoxic brain
(Diringer, 2008).

The efficacy of hyperoximic treatment can be
assessed in animals using the modified Rice Vannucci
model (Vannucci et al., 1988; Grafe, 1994). Perinatal
seven day old rat pups (P7) were subjected to ischemia
followed by hypoxia (HI) only or hypoxia immediately
followed by hyperoxia (HHI) (Rice et al., 1981; Barks
et al., 1991; Vannucci et al., 1999; Hagberg et al.,
2002). The development of rat brain at P7 is comparable
to that of premature or full term infants (Vannucci et al.,
1999; Hagberg et al., 2002). Therefore, HI at P7 in rats
is a useful model for perinatal hypoxia in infants (Qiao
et al., 2004; Olivier et al., 2005).
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Magnetic resonance imaging (MRI) is an excellent
modality for noninvasively following changes in magni-
tude of lesion volumes with and without hyperoximic
treatment. In addition, it is possible to assess tissue
microstructural changes with diffusion tensor imaging
(DTI) (Mori and Zhang, 2006). DTI has been frequently
used to follow human (Neil et al., 2002; Gupta et al.,
2005; Huang et al., 2006; Huppi and Dubois, 2006;
Nakata et al., 2009; Berman et al., 2009; Wahl et al.,
2009) and rodent brain development (Mori et al., 2001;
Zhang et al., 2003, 2005; Verma et al., 2005; Sizonenko
et al., 2007; Larvaron et al., 2007; Chahboune et al.,
2007; Bockhorst et al., 2008; Huang et al., 2008). In a
previous study, we described in detail the development
of gray and white matter structures in rat brain between
P0 and P56 using DTI (Bockhorst et al., 2008). In these
current studies, we measured in vivo the DTI metrics,
the mean diffusivity (MD), fractional anisotropy (FA),
and radial (kt) and axial (kl) diffusivity of various gray
and white matter structures in Wistar rat brains one day
(P8), one week (P14), and three weeks (P28) after
hypoxic (HI) or hypoxic and hyperoximic (HHI) treat-
ment. We also measured lesion volumes at three weeks
after injury (three weeks PI) on diffusion-weighted
images and high resolution structural MRI.

MATERIALS AND METHODS

Animals and Injury Model

Pregnant Wistar rats were acquired one week prior to
the expected delivery and litters culled to 10 pups to ensure
that all pups had food access without competition resulting in
a close gram weight for the entire litter. Pups in small litters
tend to receive better care from their mother than those in
larger litters. Pups raised in larger litters might therefore be
more susceptible to injury than those raised in small litters.
This could bias the observations made in this study. To avoid
this possible bias all litters were culled to ten pups. The pups
(n 5 43, unsexed) were divided into three groups: naive
(n 5 13), HI (n 5 14), and HHI (n 5 16). At the age of
seven days (P7) the animals of the HI and HHI group were
anesthetized with isoflurane (initiation at 4%, maintenance at
2%). The left common carotid artery was ligated twice. The
artery was transected between the ligatures to prevent the
re-establishment of blood flow. The animals were allowed to
recover for two hours and then subjected to hypoxia (90 min,
8% O2, rest N2) in a humidified incubation chamber (378C).
The animals of the HHI group were subsequently subjected
to 100% oxygen for 120 min. A more detailed description of
this procedure can be found elsewhere (Rice et al., 1981;
Grafe, 1994, 2008; Hu et al., 2003, 2005, 2006).

MRI Protocol

MRI scans were performed on a 7T Bruker Biospec 30
cm (inner diameter) horizontal bore scanner (USR70/30,
Bruker, Karlsruhe, Germany) equipped with a gradient insert
(maximum gradient amplitude of 400 mT/m, settling time
less than 80 ls). A 72-mm inner diameter volume coil was
used for transmission of radio frequency (RF) power (Bruker,

Karlsruhe, Germany). For improved signal-to-noise ratio
(SNR), a custom-designed 22-mm outer diameter circular
surface coil was used for signal reception. This coil consists of
two split rings placed on two sides of a dielectric substrate
(RT/Duroid 5870, Rogers Co., Chandler, AZ) to minimize
the stray electric fields. The rings were rotated 1808 with
respect to each other. This design minimized dielectric losses
due to coupling between the electric field and tissue (Kamel
et al., 2007).

Animals were initially anesthetized with 4% isoflurane
with an air/oxygen mixture (7:3). The isoflurane level was
lowered to 1.5 6 0.5% during the MRI scans. The animals’
heads were placed in a custom built mask, connected to a
mechanical ventilator (Inspira asv, Harvard Apparatus, Hollis-
ton, MA) and a Vaporizer (VMS Anesthesia Machine, MDS
Matrix, Orchard Park, NY). The pups’ body temperature was
maintained at 36 6 18C with a feedback controlled warm air
system (SA Instruments, Stony Brook, NY). The respiration
rate and surface body temperature were continuously moni-
tored (SA Instruments, Stony Brook, NY). Blood oxygen
saturation and heart rate were measured with a pulse oximeter
(NONIN, Plymouth, MN). The survival rate in these longi-
tudinal studies was approximately 95%. MRI scans were per-
formed one day, one week, and three weeks post-injury (PI).

All animal procedures were performed in accordance
with the guidelines published in NIH ‘Guide for the Care and
Use of Laboratory Animals’ and the principles presented in
the Guidelines for the Use of Animals in Neuroscience Research
(Society of Neuroscience). The procedures were approved by
our institutional Animal Welfare Committee.

Anatomical Images

A ‘tripilot’ scan, which acquires simultaneously three sli-
ces in coronal, sagittal, and axial orientations, was used for
positioning and prescribing the subsequent scans. ‘Fastmap’
(ParaVision, Bruker, Karlsruhe, Germany), an automatic pro-
cedure, was applied for shimming the magnetic field. Multi-
slice, contiguous coronal images were acquired with dual
echo RARE (Rapid Acquisition and Relaxation Enhance-
ment) sequence with the following parameters: first echo time
(TE1)/second echo time (TE2)/repetition time (TR) 5 22
msec/66 msec/5 sec; RARE factor 5 4; slice thickness 5 0.5
mm; square field-of-view (FOV) 5 35 mm; acquisition ma-
trix 5 256 3 192, which was zero filled to 256 3 256, num-
ber of averages 5 2. The number of contiguous slices was
between 20 and 40, depending on the size of the brain. The
spatial resolution was 0.137 mm 3 0.137 mm 3 0.5 mm.
The acquisition time was 8 min.

Diffusion Tensor Imaging

Diffusion-weighted images (DWI) were acquired with a
four-shot spin-echo EPI sequence. The geometry and location
of the scan was imported from the RARE scan. A rotation-
ally-invariant icosahedral encoding scheme with 21 alternating
polarity encoding directions (total number of encoding direc-
tions 5 42) (Madi et al., 2005) was used. The acquisition
parameters were: TE/TR 5 38 ms/4000 msec; diffusion gra-
dient pulse duration, d 5 2.3 msec; gradient separation,
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D 5 22 msec, sweep width 5 200 kHz; acquisition matrix 5
128 3 128, spatial resolution of 0.27 mm 3 0.27 mm 3 0.5
mm, number of repetitions 5 9 with b 5 0 (reference or b0
images), number of repetitions 5 4 with diffusion-weighting
per encoding direction. The average acquisition time for the
DTI data was 35 min.

MRI Data Processing

All data processing was performed on a PC (Dell, Pen-
tium 4, 3 GHz, 2 GB RAM) operating under Windows XP.
Diffusion-weighted images generally suffer from ghosting that
needs to be minimized. Ghosts in MRI are signals which are
spatially misplaced during the image reconstruction. One type
of ghosting in segmented (‘multi shot’) EPI occurs because of
the interaction between eddy currents and time delay in fo-
cusing of the even and odd echoes. The second type of ghost-
ing occurs because of subject motion (breathing, movement),
or physiological motion (perfusion, blood flow). Digital tun-
ing is a method to correct both types of ghosts (Ye and
Xiang, 2007). For inter-segment tuning, it is assumed that the
phase in the first segment is correct while the phase in other
segments needs correction. Phase correction was performed in
the time domain, involving two tuning parameters for each
segment. For even-odd echo tuning, kx lines in the k space
were first sorted into even and odd echo groups, then Fourier
transformed along the x-direction. Zero and first order phase
corrections were applied along the x-direction in the k space.
After both, inter-echo and inter-segment phase corrections, a
magnitude image was reconstructed. Across this image, total
variation (TV) was computed as the L1 norm of its gradient.
Minimization of total variation provided the optimal tuning
parameter set which was then used to reconstruct the final
image. The digital tuning program was provided by Ye and
Xiang (Ye and Xiang, 2007) and it was embedded into batch
jobs written in IDL language (ITT Visual Information Solu-
tions, Boulder CO). A library routine was used for multidi-
mensional minimization with the downhill simplex method.
The corrected FIDs (Free Induction Decay, MRI raw data)
were reconstructed using the ParaVision (Bruker, Karlsruhe,
Germany) macro ‘FRECO’. Remaining ghosts were auto-
matically identified in the magnitude images using SNR meas-
urements at the center of mass (‘signal’) and at the edges of
the image in xy direction (‘noise’). Ghosted images were
replaced by unghosted images. The images were magnitude-
averaged and automatically cropped to a 71 3 71 matrix to
shorten the data processing time. The data were smoothed
and denoised, assuming a Rician distribution for noise. The
code for denoising was provided by Hahn et al., (Hahn et al.,
2009) and embedded into batch jobs written in IDL language
(ITT Visual Information Solutions, Boulder, CO). Extrame-
ningeal tissues were manually cropped on b0 images using
ImageJ (NIH, Bethesda, MA). The resulting images were
transformed into a mask, which was applied to the complete
diffusion-weighted image data set. The diffusion-weighted
images were warped (second order nonlinear 30 parameter 3D
model) to the corresponding b0 images using AIR (Woods
et al., 1998a, 1998b). All processing steps (except the manual
stripping of extrameningeal tissue) were fully automatic and

processed as batch jobs, which reduced user bias and process-
ing errors.

DTI Measures

The maps of the DTI metrics MD, kl, kt, and FA were
generated from the preprocessed DWI data sets using DtiStu-
dio (Johns Hopkins University, Baltimore, MD). The infor-
mation derived from the spatially encoded diffusivities was
used to calculate the three eigenvalues. The largest eigenvalue
represents the longitudinal diffusivity, kl. The eigenvalues
along the x and y direction were averaged to calculate the
radial diffusivity, kt. The FA (fractional anisotropy) reflects the
overall diffusion anisotropy. The MD (mean diffusivity)
reflects the diffusion coefficient averaged over all directions.
The DTI metrics of various structures were measured using
the ‘ROI Manager’ (ImageJ). This allowed the measurements
of identical ROIs in different parametric maps. The results
were imported into Excel spreadsheets.

The measurements were focused on four gray matter
structures (hippocampus (hi), caudate putamen (cpu), cortical
plate (cp), cortical mantle (cm) and seven white matter struc-
tures: body (bcc), genu (gcc), and splenium (scc) of corpus
callosum, external (ec) and internal capsule (ic), fimbria (fi),
and cingulum (cg).

DTI measures were performed on three slices, which
included either scc (�bregma 25 mm), or fi, ic, and bcc
(�bregma 21 mm), or gcc (�bregma 12 mm). All structures
were identified by comparing both anatomical images and FA
maps with the Paxinos and Watson atlas (Paxinos and Watson,
2005). Measurements were performed exclusively in the con-
tralateral hemisphere because of the severe damage in the ipsi-
lateral hemisphere especially after HHI. Measurements of the
cortical mantle (close to the external capsule) and the cortical
plate (close to the dura) were performed at a superior
(�somatosensory cortex S1) and an inferior position
(�somatosensory cortex S2) in the slice containing the bcc.
The DTI metrics were performed on 15 ROIs per animal.

Lesion Volume

Two types of lesions were included in the analysis: 1)
hyperintense lesions on MD maps and 2) hypointense on T2-,
Proton-density, and DWI images. In animals with injured
brain tissue, edema and cysts are present and show elevated
MD values. The volumes with elevated MD values were
detected automatically by setting the threshold to 1.0 3 1023

mm2/sec, consistent with reported literature values (Koinig
et al., 2000). The number of pixels exceeding this threshold
was counted using a global histogram function (ImageJ). This
procedure worked consistently on all the animals and elimi-
nated any operator bias. The same procedure for segmenting
lesions appearing hypointense on MR images did not work
consistently. Therefore, volumes of these lesions were meas-
ured manually by two operators independently by defining
regions of interest (ROI) and stripping them of surrounding
pixels. The number of pixels inside the ROIs was counted
using a global histogram function (ImageJ).
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Histology

The rat pups were deeply anesthetized with 150 mg/kg
intraperitoneal nembutal (Ovation Pharmaceuticals, Deerfield,
Il) and perfused transcardially with 0.9% saline flush followed
by 4% buffered paraformaldehyde in PO4 buffer. The brains
were removed and incubated in paraformaldehyde overnight
at 48C. The midbrain was blocked, dehydrated with EtOH
and then embedded in paraffin. Coronal blocks were sec-
tioned at 8 lm.

Myelin and Phospholipids

Following deparaffinizing and hydration, brain sections
were stained using 0.1% Luxol fast blue stain (Sigma-Aldrich,
St. Louis, MO cat # S3382). Slides were incubated in Luxol
blue for 30 min at 808C then cooled at room temperature for
another 30 min. Excess stain was rinsed with 95% EtOH for
5 min followed by tap water wash. Slides were differentiated
30 sec in 0.05% lithium carbonate solution and rinsed in 70%
EtOH. The slides were washed with distilled water and then
counterstained for 40 sec with 0.1% Cresyl violet neuronal
stain (Sigma-Aldrich). Slides were washed, dehydrated with
EtOH, xylene and coverslipped.

Iron

Tissue sections were deparaffinized and rehydrated with
decreasing concentrations of ethanol, then washed in distilled
water. To detect iron-positive cells, slides were incubated in
Perl’s Prussian Blue Stain (2% aqueous potassium ferrocya-
nide-hydrochloric acid, 15 min), followed by neutral red stain
for visualization of cell bodies (1 min). Following staining,
slides were washed in distilled water, dehydrated, cleared with
Hemo-De solvent (Fisher Scientific, Pittsburgh, PA), and cov-
erslipped with mounting media.

Fluorescent Immunolabeling

Tissue sections were washed and rehydrated in TBS,
blocked in 5% normal goat serum, and incubated with anti-
GFAP (anti-glial fibrillary acidic protein, 1:1000, Dako, Car-
pinteria, CA) overnight at 48C. Next day, tissue was washed,
incubated in AlexaFluor-conjugated goat anti-rabbit antibody
(1:500, Molecular Probes, Eugene, OR), and washed again
with TBS. Sections were coverslipped with Fluoromount
mounting media (Electron Microscopy Sciences, Hatfield,
PA).

Statistical Analysis

The significance of the differences between hypointense
lesions was calculated with an unpaired t-test (p < 0.05). The
significance of the differences between hyperintense lesions
was calculated with a one-way ANOVA test (p < 0.05). The
significance of the difference of DTI metrics was calculated
with a two-way ANOVA test (p < 0.05). Bonferroni post-
tests were applied to determine the groups which showed
significant differences. All calculations were performed with
Prism software (GraphPad, La Jolla, CA). The values are
reported as means 6 standard deviation (Mean 6 S.D.)

Results

Figure 1 displays a naive (left), HI (middle), and HHI ani-
mal (right) at three weeks PI (P28). We observed most signifi-
cant differences in the DTI measures in white matter structures
(see below). Therefore, we chose the section shown in Figure 1
that corresponds to location one millimeter posterior to the
bregma and shows a large number of white matter structures.
The top row presents anatomical RARE images and the bottom
row shows color coded FA maps calculated from the DTI data.
In the color coded FA maps, red corresponds to the principal
axis along the right-left, blue along the rostral-caudal, and green
along the dorsal-ventral directions. The brains of three-week
old pups have almost the size of those of adult rats and therefore
show the typical intensity gradient that is inherent to surface
coils. Visually it is apparent that the brain volumes of HI and
HHI animals are smaller than those of controls. The corre-
sponding FA maps show severe damage to several brain struc-
tures in the ipsilateral hemisphere in HI and even more severe
in HHI animals. After HHI (bottom right) almost no aniso-
tropic structures were seen in the ipsilateral hemisphere. Also,
the structures in the contralateral hemisphere appear diffuse in
HI and HHI animals, in contrast to naı̈ve brains (bottom left).
The HHI animals (top right) exhibit hypointense lesions in the
neocortex and thalamus. The edema in the HHI animals
appeared much brighter than in the HI case (middle of top
row). Its brightness was comparable to that of the CSF, indicat-
ing the cystic nature of the lesions.

Lesion Volumes

Two out of five HI animals and all four HHI animals
(three weeks PI) displayed large volumes with elevated MD

Fig. 1. Displayed are naive (left), HI (middle), and HHI animals
(right) three weeks PI (P28). The top row presents anatomical
RARE images, the bottom row color coded FA maps. Red corre-
sponds to structures with high anisotropy in the left-right, blue in the
rostral-caudal, and green in the dorsal-ventral orientation. The FA
maps show severe damages of most structures in the ipsilateral hemi-
sphere in HI and even more severe in HHI animals. Also, the struc-
tures of the contralateral hemisphere appear diffuse in HI and HHI
animals in contrast to the naive brain (bottom left). The HHI case
(top right) exhibits hypointense lesions at the border between edema
and naive tissue.
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(>1.0 3 10-3mm2/sec; Koinig et al., 2000) in the ipsilateral
hemisphere at three weeks PI. The difference among the aver-
age volumes was significant between naives and HHI, but not
between naives and HI animals (ANOVA, Bonferroni post
test; Fig. 2). Volumes with elevated MD in naive animals are
the ventricles (3.30 6 0.22 mm3). The average volumes of
hyperintense appearing lesions were 25.53 6 17.62 mm3 in
HI and 98.56 6 50.42 mm3 in HHI animals. Animals with
large volumes of elevated MD also showed hypointense areas
on T2-, DWI-, and proton density-weighted images, mostly
in the ipsilateral superior and lateral cortex and the lateral thal-
amus. These areas were quantified by manually drawing
regions of interest (ROIs) and calculating the volume using
ImageJ (NIH, Bethesda, MA). There is a high degree of con-
cordance between the hypointense volumes determined by
both the operators (intraclass correlation 5 0.96). The average
volumes of the hypointense lesions were 16.8 6 23.1 mm3

(HI) and 41.3 6 17.9 mm3 (HHI). The volume of the hypo-
intense lesion was higher in HHI compared to HI, but this
difference did not reach statistical significance (unpaired t-test,
p 5 0.07). The lesions occur mainly in gray matter structures,
which are underrepresented at the slice location shown in Fig-
ure 1 and therefore appear smaller than expected from the
results presented above.

DTI Metrics

The FA of gcc was significantly different between HI
and naive animals. The FA of scc, ec, and gcc was signifi-
cantly different between naive and HHI animals (Fig. 3,
Table I). The differences in FA between HI and HHI were
not significant in any structure.

Figure 4 displays the radial diffusivities kt for naive, HI,
and HHI animals three weeks after injury. The differences in

Fig. 2. HI (middle, 25.53 6 17.62 mm3) and HHI (right, 98.56 6
50.42 mm3) produced significantly different sizes of volumes with
elevated MD values (one-way ANOVA with Bonferroni post test,
p < 0.05). These volumes need to be corrected for ventricles with
the corresponding volume measured in naive animals (left, 3.30 6
0.22 mm3) to be considered as pure lesions. A threshold of 1.0 3
1023 mm2/sec was chosen to discriminate between naive tissue (MD
�0.8 3 1023 mm2/sec) and edematous lesions.

Fig. 3. Displayed is the fractional anisotropy FA for naive, HI, and
HHI animals in several brain structures. Gcc was significantly differ-
ent between naive and HI animals three weeks post-HI. Significant
differences were also found between naive and HHI animals in scc,
ec, and gcc (p < 0.05, two-way ANOVA, Bonferroni post test).

TABLE I. Significantly different DTI metrics in cerebral

structures three weeks post injury

DTI Metrics

Structures kt FA MD kl

gcc b a,b c a

bcc b,c – b,c b

scc b b – –

ec b b – –

cpu – – c –

Table I summarizes the significant differences of all DTI metrics found in

cerebral structures three weeks post hypoxic insult (HI) or hypoxic insult

followed by hyperoximia (HHI). Most significant differences were found

in the structures of the corpus callosum (two-way ANOVA with Bonfer-

roni post test, p < 0.05; a, HI vs naive; b, HHI vs naive; c, HI vs HHI).

Additionally to the corpus callosum, ec and cpu had significant differen-

ces.

Fig. 4. Radial diffusivities kt in naive, HI, and HHI animals three
weeks after injury: Significant differences were found in scc, bcc, ec,
and gcc between naive and HHI animals. Additionally, bcc was sig-
nificantly different between HI and HHI animals (p < 0.05, two-
way ANOVA, Bonferroni post test). The differences between naive
and HI animals were never significant in any structures observed.
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kt between naive and HI animals were not significant in any
gray or white matter structures. In contrast, the differences
between naive and HHI animals were significant for scc, bcc,
ec, and gcc. The difference of kt between HI and HHI ani-
mals was significant for bcc (Fig. 4, Table I).

The MD values of bcc were significantly different
between naive and HHI, or HI and HHI animals (Table I).
Also, the MD of the cpu and gcc were significantly different
between HI and HHI rats.

The axial diffusivity kl was significantly different in bcc
(HHI vs naive) and gcc (HI vs. naive, Table I).

Temporal Evolution

We assessed the serial changes in the DTI measures in
different brain structures on day one (P8), one week (P14),
and three weeks (P28) PI. Few significant differences in the
DTI metrics were observed during the first week after injury.
The FA and kt of gcc were significantly different on day one
(naive vs HI). The FA of scc was significantly different at one
week (naive versus HHI). All significant differences during the
first week occurred in the corpus callosum. Most significant
differences were found three weeks PI: gcc, ec, bcc, scc, and
cpu (Table I).

Evolution of Radial Diffusivity in gcc

Figure 5 displays the temporal trajectory of kt in gcc of
naive, HI, and HHI animals. The kt of naive animals showed
a linear decreasing trend over the selected time frame. HI ani-
mals also showed a trend of decreasing kt that almost parallels
the trend observed in naives although larger kt values were
observed in HI animals compared to naives. This positive off-
set of kt in HI animals indicates less hindered diffusion normal
to the fiber orientation, that could result from a smaller degree
of myelination (Song et al., 2002). In contrast to naive or HI
animals, the kt of gcc in HHI animals showed an increasing
trend over time. The differences between naive and HHI ani-
mals displayed at P28 were significant (Figs. 3, 4).

Histology and DTI

Figure 6 shows myelin staining of the ec of a naive (A),
HI (B) and HHI animal (C, three weeks PI). The HI animal
did not show significant differences compared to a naive ani-
mal. The corresponding kt value of the HI group was not sig-
nificantly different compared to the naive group (two way
ANOVA, Bonferroni post test, Fig. 4). The contralateral ec of
the HHI animals clearly showed dead cells and tissue loss (C).
The corresponding kt value of the HHI group was signifi-
cantly different from that of the naive group (Fig. 4).

Fig. 5. Displayed is the development of kt in the genu of naive, HI,
and HHI animals. The kt of naive animals (O) shows a linear
decreasing trend over the selected time frame. HI animals (h) show
also a trend to decreasing values over the time but at slightly larger
values indicating demyelination. In contrast to naive and HI, HHI
animals (D) showed an increasing trend indicating a poor prognosis.

Fig. 6. Histological sections (myelin Luxol Fast Blue stain) of the ec
of a representative naive (A), HI (B), and HHI animal (C) three
weeks after injury (P28). The sections of the naive and HI animals
did not show differences. The cells of the HI animal appeared naive
(B). In agreement, the corresponding kt values of the naive and HI

groups were not significantly different. The ec of the HHI pup
appeared clearly damaged exhibiting dead cells and tissue loss (C).
The corresponding kt value of the HHI group was significantly
different from the naive value (p < 0.05, two-way ANOVA,
Bonferroni post test).
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To determine the pathological nature of regions display-
ing localized MR hypointensities, we performed histological
staining on coronal brain sections (3 weeks post-HHI). We
first examined the region of cortical tissue appearing hypoin-
tense on the MRI (Fig. 7A, Ctx). Staining for neuronal cell
bodies revealed extensive loss of tissue from cortex (Fig. 7B)
closely corresponding with hypointensities on proton density,
T2-weighted, DWI images. Tissue loss was not apparent in
the ipsi- or contralateral medial geniculate body (MGB) of the
thalamus (Fig. 7C,F). We hypothesized that high tissue iron
content associated with hemorrhage could have resulted in
hypointense signals in the ipsilateral MGB. To test this, we
stained tissue sections for presence of iron. The ipsilateral
MGB showed increased levels of iron reactivity. Specifically,

we observed that cell bodies contained more intracellular iron
particles (Fig. 7D, white arrows) than those of the contralat-
eral MGB. Morphologically, we observed that cells in the
ipsilateral tissue were more densely localized in the MGB than
surrounding regions. This uneven distribution of cells com-
pared to the contralateral MGB is consistent with an injury-
induced disruption in local cytoarchitecture. Additionally, the
ipsilateral thalamus displays greater vascularization (Fig. 7C,
black arrows). It has been well documented that hypervascu-
larity coincides with astroglial scar formation following CNS
injury (Blight, 1991; Stichel and Muller, 1998). We hypothe-
sized that such gliosis could therefore be implicated in the
hypointense MR signal of the ipsilateral thalamus. We per-
formed fluorescent immunolabeling with an antibody to glial

Fig. 7. Hypointense MR regions correspond to localized astrogliosis
in a 3 weeks post-HHI subject. MR image of axial HHI brain,
approx. bregma 25.5 mm (A). Box marked ‘‘I’’ corresponds to ipsi-
lateral medial geniculate body (MGB) of thalamus (C-E); box marked
‘‘C’’ corresponds to contralateral MGB (F-G); box marked ‘‘Ctx’’
corresponds to cortex (B). B: 103 magnification of iron-stained cort-
ical tissue, showing extensive tissue loss. C-H: Immunohistochemical

staining of axial HHI brain sections. C, F: Cell bodies (gray) stained
for iron (black), 103 magnification. D, G: 603 magnification. C:
Holes in tissue indicate vascularization (black arrows). D: Iron par-
ticles are marked by white arrows. E, H: GFAP1 astrocytes (gray)
clustering in the ipsilateral MGB but not seen in the contralateral.
Scale bars: 150 lm (C, E, F, H); 20 lm (D, G).
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fibrillary acidic protein (GFAP), an intermediate filament pro-
tein expressed in astrocytes. We observed a clear clustering of
GFAP1 cells in the ipsilateral MGB and cortex (not shown),
but not in the contralateral (Fig. 7E,H). These observations
taken together provide a strong evidence of astroglial scar for-
mation in the ipsilateral thalamus and cortex.

DISCUSSION

Injury after HI

There was a significantly decreased FA only in the
genu (0.44 6 0.11) three weeks post-HI (naive: 0.73 6
0.20, Fig. 5). Also, the kl of the genu was significantly
smaller at three weeks post-HI (not shown). Decrease in
axial diffusivity kl is considered as an indicator of axonal
damage (Song et al., 2003). In humans perinatal hypoxia
has significant effects on corpus callosum size, especially
the genu (Maneru et al., 2003). Nagy et al reported a
decreased anisotropy of the corpus callosum and other
white matter structures (Nagy et al., 2005). A correlation
between anisotropy and myelination was confirmed by
Sakuma and Rutherford (Rutherford et al., 1991;
Sakuma et al., 1991).

Wang et al. (2008) measured DTI metrics in the ec
one day and one week post-HI in rats. They reported
FA of 0.38 6 0.06 (one week post-HI, contralateral,
‘non-cystic group’) compared to 0.46 6 0.10 (one week
post-HI). The corresponding kt was 630 6 60 3
1026mm2/sec (Wang et al.) compared to 620 6 211 3
1026mm2/sec (one week post-HI). These results are in
good agreement with each other. Wang et al. (2008) did
not report DTI metrics for naive animals or any struc-
tures other than the ec and did not report absolute lesion
values.

Sizonenko et al. (2007) reported cortical DTI data
on naive pups at P6, with FA values of 0.36 6 0.07 for
cortical plate and 0.21 6 0.02 for cortical mantle. We
found at P8 an FA of 0.25 6 0.04 in the cortical plate
and 0.11 6 0.02 in the cortical mantle. Sizonenko et al.
(2007) also found an FA in P6 rat cortex, three days
post-HI, of 0.27 6 0.01 to our FA of 0.19 6 0.07 (one
day post-HI), both averaged over cortical mantle and
plate, contralateral hemisphere. The strong decline in
cortical FA during the first week after birth may explain
these differences (Bockhorst et al., 2008; Huang et al.,
2008).

Injury after HHI

These are the first in vivo DTI reports on the
effect of hyperoximia on hypoxia ischemia. The most
significant differences in DTI metrics were at 3 weeks
post-HHI (Figs. 3 and 4, Table I), particularly in the
genu (FA 5 0.73 6 0.20 in naive vs, 0.44 6 0.18 in
HHI, p < 0.05). Also, the ec showed significantly lower
FA (0.65 6 0.09 in naive vs 0.40 6 0.06 in HHI,
p < 0.05) and increased kt values (370 6 60 3
1026mm2/sec in naive vs 640 6 90 3 1026 mm2/sec in
HHI, p < 0.05; Table I). HI alone affected the FA and
kl only in the gcc. HHI clearly increased the number of

structures in which significant differences in kl were
observed compared to naives. The volume of the hyper-
intense lesions after HHI was significantly larger com-
pared to HI alone (3 weeks PI, Fig. 2) similarly to results
reported elsewhere for one day post-injury (Gill et al.,
2008) that showed larger cortical damage than previous
reports (Shimabuku et al., 2005) where there was brain
damage in 42% of rats treated with HHI and 13% of
those treated with HI. We report that HI caused lesions
in 60% of rats and HHI caused lesions in 100% of all
rats. The differences between the two studies may reflect
differences in the carotid artery ligation protocols. We
used double ligation and additional dissection to prevent
re-establishment of blood flow and kept rats at a differ-
ent temperature compared to Shimabuku et al. (2005),
since lower temperatures have been shown to be neuro-
protective in ischemic events (Lyden et al., 2006).

A rationale for the worsening outcome after the
hyperoximic treatment was suggested by Hu et al.
(2003), who followed three apoptotic markers (cyto-
plasmic histone/DNA, caspase 3 activities, and Klenow
fragments) after HI and HHI and found that hyperoxi-
mia induced an additional apoptotic pathway to the one
induced by HI. Also, hyperoximia decreased CBF by
10–30% (Kety and Schmidt 1946; Rostrup et al., 1995;
Watson et al., 2000; Nishimura et al., 2007; Zaharchuk
et al., 2008), perhaps due to vasoconstriction (Nakajima
et al., 1983; Watson et al., 2000). Such reductions in
CBF are not likely to be harmful except to poorly per-
fused ischemic tissue (Watson et al., 2000; Fumagalli
et al., 2004).

Normobaric hyperoximia is reported to be neuro-
protective in experimental cerebral ischemia in healthy
adult animals, which may be less susceptible to HI or
HHI than pups (Branston et al., 1976; Kaminogo 1989;
Shin et al., 2007). The perinatal development of the brain
is especially vulnerable to hypoxic ischemic injury (Rice
and Barone, 2000), which might explain the noxious
effect of hyperoximia to neonates in contrast to adults.

Calvert and Zhang (2007) reported that oxygen
treatment improved energy restoration (ATP-, phospho-
creatine-, and glucose-levels) after HI in neonatal rats
within 72 hr after HI. However, there are HI-induced
transient changes in brain that usually disappear within
two weeks (Mader et al., 2002; Kuker et al., 2004; Bar-
kovich et al., 2006; Meng et al., 2006). Therefore the
reported improvements in energy restoration may only
be a transient effect.

A more recent study on the effects of HI and HHI
on gray matter structures in the P7 rat model concluded
that while 100% oxygen vs. room air (21% oxygen) does
not significantly improve outcome, 40% oxygen versus
21% or 100 % oxygen was beneficial (Grafe et al.,
2008). Grafe’s study focused on neocortex, caudate puta-
men, hippocampus, and thalamus at six weeks post-
injury but did not include white matter. We did not
detect significant differences in gray matter although
these might have been significant beyond our observa-
tion period.
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DTI

The DTI acquisition and processing techniques
employed in our study are both robust and sophisticated.
The applied encoding scheme with 42 directions is rota-
tionally invariant, which reduces estimation bias of the
results (Madi et al., 2005). Ghosted data was corrected
in the k-space using digital tuning (Ye and Xiang,
2007), in which the phase of the first EPI segment is
used to correct the remaining segments. Further
deghosting was performed on magnitude images calculat-
ing SNR ratios. Also, the magnitude images were
smoothed and denoised assuming a Rician distribution
for the noise (Hahn et al., 2009). We acquired four
averages for each encoding direction and nine averages
for b0 references. Weighted images were warped to the
unweighted images using AIR (Woods et al., 1998a,
1998b) to reduce artifacts induced by eddy currents.
Finally, as described by Madi et al. (2005), the rigorous
quality control program that is implemented on our
scanner assures high temporal stability that is critical for
the DTI studies. Since DTI is a modality with relatively
poor signal-to-noise ratio, voxel sizes were limited to
0.27 3 0.27 3 0.5 mm. Partial volume effects were
unavoidable, especially in thin structures such as the
external capsule. Partial volume effects would result in
decreased fractional anisotropy of white matter struc-
tures. However, the FA values we observed were at the
higher end of that reported in the literature, suggesting
that our results are not significantly affected by partial
volume effects.

Histology

Lesions appearing hyperintense on T2-weighted
MRIs are generally attributed to edema. We used mean
diffusivity to quantify the volume of hyperintense
lesions. Hypointense lesions, despite their relatively large
sizes could not be quantified in a similar manner because
of the low contrast in DTI measures (Schroeter et al.,
2001). We therefore correlated hypointense regions of
MRI with histological imaging, to better describe HHI
effects on the developing CNS, an approach used in
models of ischemia and hypoxia (Schroeter et al., 2001).
However, we did not find studies that compared MRI
with pathological changes in a postnatal HHI model
extending beyond two weeks post-injury. Our observa-
tions provide evidence for localized tissue loss and astro-
glial scarring after HHI in postnatal rat pups. Increased
vascularization, disruption of the cytoarchitecture, and
localized GFAP expression indicate gliosis in the MGB
of the ipsilateral HHI thalamus. However, the contribu-
tion of gliosis to regions of hypointense MRI signal is
unclear. We propose that at 3 weeks post-HHI, areas of
increased iron due to hemorrhage may account for the
marked hypointensities observed in specific CNS
regions. Iron staining results support this hypothesis;
however, tissue iron immunoreactivity was lower
than that of hemorrhagic tissue. This discrepancy is
likely be attributed to the vascular saline flush during

tissue processing. Alternatively, astrocytes have been
shown to upregulate production of ferritin, an iron-
sequestering protein, in response to increased extracellu-
lar iron levels coincident with oxidative injury (Regan
et al., 2002). It is then possible that the decreased MRI
signal intensity is due in part to increased intracellular
iron-bound ferritin within the astroglial population.

CONCLUSIONS

We have shown in these in vivo DTI studies that
there is significant injury to the corpus callosum genu,
three weeks post-HI. Hyperoximia, followed by HI, sig-
nificantly increased the severity of this white matter
damage by extending it to adjacent structures as bcc, scc,
and ec. Also, hypointense appearing lesions on T2-, pro-
ton-density-, and diffusion-weighted MRIs were signifi-
cantly larger after HHI than after HI alone. Volumes
with elevated MD were also significantly larger after
HHI than after HI alone. The radial diffusivity, fractional
anisotropy, and the lesion volumes indicate a significant
worsening of outcome if HI is treated with hyperoximia
(100% O2). The extrapolation of the temporal develop-
ment over the period studied here predicts a further
increase of the injury at later time points. The increase
of the radial diffusivity indicates demyelination, which is
considered as a severe pathologic event concerning neu-
rological functions. Thus, we conclude that hyperoximic
treatment of HI does significantly worsen the prognosis
in perinatal animals.
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