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ABSTRACT: We hypothesized that a combination of quantitative
magnetic resonance imaging (MRI) sequences would detect a differ-
ential evolution of hypoxic-ischemic changes in white matter com-
pared with gray matter in a recently developed model of unilateral
mild cerebral hypoxia-ischemia in the 7-d-old rat. Using this model,
which involved unilateral carotid artery occlusion and exposure to
hypoxia for 45–50 min, maps of apparent diffusion coefficients of
water (ADC), T1, T2, and cerebral blood flow (CBF) were acquired
either before hypoxia-ischemia or at 1, 24, or 48 h and at 7 d
post–hypoxia-ischemia followed by brain processing for histology.
At 1 h post–hypoxia-ischemia, MRI changes in white matter ipsilat-
eral to the hypoxia-ischemia were not as pronounced as those in gray
matter. However, increases in T1, T2 and ADC and decreases in CBF
within white matter enhanced over time, with changes being maximal
at 48 h post–hypoxia-ischemia, whereas changes in the cortical gray
matter normalized over this time. By 7 d post–hypoxia-ischemia,
there were no differences in ADC, T1, T2, or CBF between hemi-
spheres despite there being histologic changes in white matter within
the hypoxic-ischemic hemisphere including increased glial prolifer-
ation and reactivity, reduced myelin basic protein, and increased cell
death. The results demonstrate that increases in ADC and T2 ob-
served subacutely in the days following hypoxia-ischemia are asso-
ciated with rather selective white matter damage and suggest that
diffuse white matter hyperintensities and increased ADC reported in
infants are transient MRI changes post– hypoxia-ischemia. (Pediatr
Res 59: 554–559, 2006)

Improvements in neonatal medicine have been accompanied
by an increase in the survival of small premature infants,

with substantial numbers having adverse neurologic sequelae
related to cerebral white matter injury (1–3). Although the
pathogenesis may be uncertain, such brain injury can be a
result of hypoxic-ischemic damage to the white matter con-
sisting of focal cystic lesions deep in the periventricular white
matter or a more diffuse noncystic white matter injury. Diag-
nosis of such white matter injury at an early acute stage is

necessary for developing optimal clinical management and
treatment strategies.

Despite MRI techniques gaining acceptance for their eval-
uation of cerebral hypoxic-ischemic injury in neonates, infor-
mation on the acute hypoxic-ischemic MRI changes and their
evolution in immature white matter compared with gray mat-
ter remains limited (3–8). In general, MRI studies have shown
that diffusion weighted imaging (DWI) is able to detect acute
changes in the cerebral white matter of preterm infants where
these changes are often not demonstrated on conventional
MRI, i.e. T1 or T2 (5,9). In addition, more recent studies in
term infants with hypoxic-ischemic encephalopathy show that
the ADC of water is decreased in severely damaged white
matter within the first week after birth and then tends to
increase after the first week (7,8,10).

Our recent study in neonatal rats has demonstrated that
selective white matter injury can be induced by a mild hy-
poxic-ischemic insult and this rather selective white matter
injury could be detected with T1 and T2 weighted imaging at
24 h following a hypoxic-ischemic insult (11). The onset,
progression, and permanence of the hypoxic-ischemic white
matter injury and how well it can be detected using MRI at
time points other than 24 h following the insult are unknown.
Different MRI sequences can provide different information
concerning the underlying tissue proton changes, including
whether there is increased tissue water (e.g. increased T1), cell
swelling (e.g. increased ADC of water), or edema with blood-
brain barrier dysfunction and extravasation of proteins (e.g.
increased T2). Thus, it is possible that a combination of
imaging sequences including T1, T2, ADC, and cerebral per-
fusion imaging would provide additional diagnostic or patho-
physiological information relevant to the evolution of the
insult. We hypothesized that there would be a distinctive
progression of tissue changes in white matter in the hours and
days following a rather mild hypoxic-ischemic insult where
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some combination of rather standard quantitative MRI meth-
ods would be optimal for their noninvasive detection. Thus, in
the present study, changes in ADC, T1, T2, and CBF were
measured in cerebral white and gray matter at several different
time points following a mild hypoxic-ischemic insult in 7-d-
old rats.

MATERIALS AND METHODS

Model of cerebral hypoxic-ischemic white matter injury. Experiments
were performed according to Canadian Council on Animal Care guidelines
using protocols approved by the NRC and local Animal Care Committees.
Pregnant Wistar rats (Charles River Laboratories, Montreal, Quebec, Canada)
gave birth and their litters were culled to nine to 10 pups. Twenty-nine rats at
the age of 7 d were subjected to a sham procedure (n � 10) or a cerebral
hypoxic-ischemic insult (n � 19) expected to produce a relatively selective
white matter injury as described previously (11). Briefly, the right carotid
artery was ligated and severed under 2.0–2.5% isoflurane anesthesia. The
incision site was infiltrated with bupivacaine and closed. After 1–2 h of
recovery, rats were exposed to hypoxia (humidified 8% oxygen in nitrogen)
for 45–50 min. Chamber temperature was maintained at 34.5 � 0.1°C (body
temperature of 36–37°C) during hypoxia using a neonatal incubator and
heating lamp. In the sham control group, the right carotid artery was simply
isolated and there was no exposure to hypoxia.

MRI. Rats were imaged at either 1 (n � 6), 24 (n � 7) or 48 (n � 6) h after
hypoxia-ischemia to follow changes that are known to be maximal in the first
few days following stroke in the rat (12,13). To examine more subacute
changes, all animals were imaged again at 7 d after hypoxia-ischemia except
for two with poor recovery that were lost to further study (n � 17). Control
animals were imaged at either 8 d (n � 5) or 2 wk (n � 5) of age. All images
were acquired using a quadrature volume coil in a temperature-controlled
chamber and an MRI system equipped with a 9.4-T/21-cm horizontal bore
magnet (Magnex) and an Avance console (Bruker, Germany). The head was
restrained with foam while the electrocardiogram and/or respiration were
monitored. Images were acquired with a field of view of 2.5 cm2 and a data
matrix of 256 � 128 for five slices 1.25 mm thick through the cerebrum. An
ADC map was calculated from sets of diffusion weighted spin-echo images
acquired using a repetition time (TR) of 1200 ms, an echo time (TE) of 40 ms,
and b values of 57 and 1195 s/mm2 that were acquired in 8 min. T2 maps were
generated using a monoexponential fit and 21 echoes collected using a
spin-echo multislice imaging sequence acquired in 5 min (TR � 2500 ms,
TE � 10 ms). T1 maps were calculated within a single posterior coronal slice
from a series of eight inversion-recovery T1-weighted Snapshot-FLASH
images acquired in 5 min (TR � 3.55 ms, TE � 2.1 ms, increasing time of
inversion delays of 234, 503, 831, 1233, 1751, 2480, 3728, 9226 ms).
Perfusion imaging was performed in the same slice using an arterial spin
labeling technique (14) (TR/TE � 3.55/2.1 ms, flip angle � 12 degrees,
average of 32) with an adiabatic inversion pulse in a 1.5-G/cm field gradient
followed by a TurboFLASH imaging sequence requiring the acquisition of a
set of four images (two control and two inversion labeled) in 8 min. CBF (in
mL/g/s) was calculated as CBF � �(1/T1 � �)(Mbcon � Mbinv)/2�Mbcon,
using �, the blood-brain barrier partition coefficient, as 0.9, � as 0.039 s�1,
and � as 0.75. Measured values included T1 of brain; Mbcon, the intensity
within control images; Mbinv, the intensity within images after arterial
inversion of blood in the common carotid artery. After the final scan, animals
were anesthetized with pentobarbital and then perfused transcardially with 4%
paraformaldehyde. The brains were removed and cut into two parts at
approximately 2 mm posterior to the bregma. They were further fixed in 4%
paraformaldehyde and subsequently embedded in paraffin. Coronal sections
(7 �m) were cut at levels corresponding to posterior and anterior MRI slices.

MRI parameters were measured ipsilaterally and contralaterally within
anterior or posterior slices located at approximately 0 and 5 mm from the
bregma, respectively. Regions of interest consisted of white matter within the
external capsule and the gray matter of parietal cortex and thalamus (posterior
slice) or striatum (anterior slice). Images with movement artifacts were
excluded. Data are presented as mean � SD. Comparison of differences in
means at different time points was performed using analysis of variance
(ANOVA) and a post hoc Bonferroni t test. Because of developmental
changes over time, left-right differences between hemispheres at each time
point were also compared using a paired t test. Differences were considered
significant at p � 0.05.

Histologic staining. At least two adjacent slides were stained for anterior
and posterior blocks for each staining method that included either standard
staining with hematoxylin and eosin or immunohistochemically for myelin

basic protein (MBP) or glial fibrillary acidic protein (GFAP). For immuno-
histochemistry, the slides were processed to remove paraffin, immersed in 3%
hydrogen peroxide in methanol for 10 min followed by blocking with 10%
normal goat serum (Jackson ImmunoResearch, West Grove, PA). The slides
were then incubated with primary antibody to MBP (rabbit polyclonal anti-
MBP, Chemicon Int., Temecula, CA; 1:2000) or GFAP (rabbit polyclonal
anti-GFAP, Chemicon Int.; 1:2500) overnight at 4°C. This was followed by
incubation with Bio-SP-conjugated affinity purified goat anti-rabbit IgG
(Jackson ImmunoResearch; 1:200) for 1 h and streptavidin-horseradish per-
oxidase (Dako, Mississauga, Ontario, Canada; 1:400) for 30 min at room
temperature and subsequent visualization using diaminobenzidine (Sigma
Chemical Co., Oakville, Ontario, Canada) as a chromogen. Control slides
incubated with blocking serum and without primary antibodies stained neg-
ative.

Terminal deoxynucleotidyl transferase-mediated biotinylated dUTP nick
end labeling (TUNEL) was performed with an ApopTagR Red In Situ
Apoptosis Detection Kit (Chemicon Int.) according to manufacturer’s direc-
tions in anterior blocks. Negative controls were performed without active
terminal deoxynucleotidyl transferase but including proteinase K digestion to
control for nonspecific incorporation of nucleotides or for nonspecific binding
of enzyme conjugate.

Changes in staining were analyzed semiquantitatively within regions
corresponding to those in which quantitative MRI measures were made. Three
fields in each region were assessed per section using light microscopy under
�40 objective. GFAP staining was graded as mild, moderate, or severe for
�30, 30–50, or �50 positive reactive astrocytes per field, respectively, and
TUNEL labeling was graded as normal, mild, moderate, or severe for 0–1,
1–5, 5–10, or 10–20 positive cells per field, respectively. The intensity of
MBP immunoreactivity was estimated by measuring the relative optical
density (OD) within the external capsule using an image analysis system and
results were expressed as a ratio of ipsilateral/contralateral values.

RESULTS

To identify MRI changes with relatively selective white
matter injury, we excluded animals that had substantial corti-
cal and subcortical damage. Thus, of the 17 animals imaged
and processed for histology, three were excluded from further
analysis because of the appearance of cortical infarcts in
hematoxylin and eosin–stained sections similar to that ob-
served with a more severe 1.5-h hypoxic-ischemic insult
previously (11).

MRI. MRI changes compared between groups over time
demonstrated differences influenced to a large extent by on-
togenic changes in T1, T2, and ADC. Thus, when inspecting
images (Fig. 1) and assessing quantitatively the effects of
hypoxia-ischemia (Fig. 2), we focused on hypoxic-ischemic
effects producing differences in ipsilateral and contralateral
hemispheres rather than the differences observed between
animals imaged at 7–9 d of age after hypoxia-ischemia and
those at 2 wk of age.

Differences between hemispheres at an early time (1 h) after
hypoxia-ischemia, resulted in modest ipsilateral increases in
T1 and T2 and decreases in ADC and perfusion within gray
matter of the posterior parietal cortex. The thalamus had
similar changes in T1 and perfusion, whereas at this time, the
only significant left-right difference within the white matter
(external capsule) was an increase in T1. At 24 and 48 h after
hypoxia-ischemia, there were no significant ipsilateral-
contralateral differences in parietal cortex, whereas white
matter ipsilaterally tended to have increases in T1, T2, and
ADC and decreases in CBF, which attained statistical signif-
icance at the 48 h time point. By 7 d after hypoxia-ischemia,
when the animals were 2 wk of age, there were no detectable
left-right differences in the MRI maps for either gray or white

555MRI OF ISCHEMIC WHITE MATTER INJURY



matter regions. Within anterior slices of the cerebrum, gener-
ally similar ADC and T2 changes were observed within the
external capsule and parietal cortex and changes in the stria-
tum were similar to those in the thalamus.
Histologic changes. Hematoxylin and eosin–stained sec-

tions from 14 animals without cortical infarcts revealed hy-
poxic-ischemic changes in white matter different from those in
gray matter. Changes in the external capsule within the hy-
poxic-ischemic hemisphere ranged from tissue being spongi-
form and/or rarefied with pyknosis to small cystlike lesions
with gliosis and/or atrophy in eight of 14 brains (Fig. 3A and
B). Within the gray matter of the ipsilateral hemisphere in the
parietal cortex, there was evidence of mild gliosis and neuro-
nal vacuolar changes in three of 14 rats, with no apparent
pyknosis or atrophy in these regions.

In sham brains of 2-wk-old rats, there was a mild level of
GFAP immunoreactivity within the white matter of the exter-
nal capsule, whereas GFAP immunoreactivity was essentially
negative in the cortex, striatum, and thalamus (Fig. 3C and D).
In the hypoxic-ischemic brains of rats 1 wk after hypoxia-
ischemia, the number of GFAP-positive immunoreactive as-
trocytes was increased to moderate or severe levels of staining
in the ipsilateral external capsule in eight of 14 rats and
staining was also mildly elevated in the ipsilateral parietal
cortex, thalamus, or striatum of several (three to six) rats.
Generally, GFAP staining in the contralateral hemisphere was
comparable with that of sham controls.

In sections from sham animals at 2-wk of age, MBP im-
munoreactivity was observed in white matter tracts throughout
the cerebrum. This immunoreactivity was intense in the ex-
ternal capsule (Fig. 3E–G) extending into the adjacent cortex
without major left-right hemispheric differences in the sham
brains. A relative decrease of MBP immunoreactivity was
often observed ipsilaterally (e.g. in 10 of 14 animals) resulting
in modest reductions in the ipsilateral/contralateral ratios of
relative OD (e.g. 0.95 � 0.06 and 0.99 � 0.09 in posterior

external capsule of hypoxia-ischemia or sham animals, respec-
tively; p � 0.05).

In sham brains of 2-wk-old rats, there was normal or scant
TUNEL labeling within the white matter of the external
capsule, cortex, and striatum (Fig. 4). In the brains of hypoxic-
ischemic rats, a moderate to severe grade of TUNEL-positive
labeling was observed within the ipsilateral external capsule.
There was also mild TUNEL labeling in the contralateral
external capsule in the hypoxia-ischemia animals, but positive
labeling was greater ipsilaterally in eight of 14 animals. In the
parietal cortex and striatum, TUNEL labeling contralaterally
was normal and ipsilaterally a mild to moderate increase was
observed in only two to five hypoxic-ischemic brains.

Overall, the majority (eight of 14) of animals with substan-
tial left-right differences in their MRI (e.g. T2) had one or
more ipsilateral changes in their histologic staining. Three

Figure 1. Representative MRI maps of T2, T1, the ADC of water and CBF
from posterior cerebrum scans in a sham rat at 8 d of age (S1) or rats at
different times following a rather mild hypoxic-ischemic insult. Selective
changes within white matter (closed arrows) compared with cortical gray
matter (open arrows). Younger brains are magnified slightly more than older
brains, resulting in the 5-mm scale bars varying between young and older rats
as shown.

Figure 2. Quantitative changes in T2 (A), ADC of water (B), T1 (C), and CBF
(D) in brain regions from posterior cerebrum following a mild cerebral
hypoxic-ischemic insult in neonatal rats. Regions of interest included white
matter (external capsule) and gray matter (parietal cortex and thalamus)
ipsilateral (solid columns) or contralateral (shaded columns) to the carotid
artery occlusion. Mean values are shown for 8-d-old (S1) or 2-wk-old (S2)
sham animals and for times following hypoxia-ischemia of 1, 24, and 48 h and
1 wk after hypoxia-ischemia (HI). The number of artifact-free scans per group
was four to six, with the exception of 14 in 1Wk groups (A, C, and D) and two
in S2 groups (B). *p � 0.05; **p � 0.01 different from contralateral
hemisphere (paired t test). †p � 0.05, different from 1Wk HI and S2 groups;
‡p � 0.05, different from 1Wk HI group; #p � 0.05, different from 48h HI
group (ANOVA and Bonferroni t test).
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animals (one in the 1-h hypoxia-ischemia group) had histo-
logic changes without MRI changes, whereas another three
animals had neither MRI changes nor appreciable ipsilateral
increases in GFAP or TUNEL labeling.

DISCUSSION

White matter injury with a hypoxic-ischemic pathogenesis
is detected fairly frequently in human infants; however, the
evolution of acute and subacute MRI changes are difficult to
establish in these sick infants. The present study uses a rather
mild model of hypoxic-ischemic injury to investigate the
evolution of MRI changes following a relatively selective
white matter injury in neonatal rats. The results demonstrate
that a relatively mild cerebral hypoxic-ischemic insult (shorter
hypoxia in duration and at a slightly lower temperature than
that normally producing infarcts) produces in the majority of
animals early MRI changes that initially are less pronounced
in white than gray matter, but these changes enhance in white
matter at 24–48 h after hypoxia-ischemia. Unusual was the
delayed increase in ADC along with increases in T1 and T2

within white matter in the first 2 d following hypoxia-
ischemia, at which time MRI changes in gray matter had
generally recovered. By 7 d after hypoxia-ischemia, there
were no left-right hemispheric differences of ADC, T1 or T2 in
either white or gray matter, although histologic examination
demonstrated a tissue injury in white matter at this time. The
results also demonstrate a correspondence between the stan-
dard MRI changes and regional reductions in CBF at acute
times following the insult.

Previous MRI studies of hypoxic-ischemic changes in im-
mature animal models have focused predominantly on the
evolution of MRI changes in gray matter following a moder-
ately severe episode of hypoxia-ischemia (e.g. duration of
hypoxia-ischemia of 1.5 h) (12,15,16), resulting in cortical
and subcortical infarction and similar gray/white matter MRI
changes over the first 24 h (16). Studies in human infants have
also usually investigated MRI changes following relatively
severe brain injury, and there has been a focus on ADC
because of the early changes in ADC known to occur with
ischemia. Without distinguishing gray or white matter local-
ization, McKinstry et al. (10) observed acute reductions in
ADC within the first few days and pseudonormalization by 1
wk after birth. However, the severity of the insult likely affects
the region affected, with white matter being more affected than
gray following relatively mild cerebral hypoxia-ischemia or
partial asphyxia (11,17). A study of neonatal hypoxic-
ischemic encephalopathy demonstrated that with more se-
verely injured white matter, there were early reductions in
ADC in the first few days following birth, a pseudonormal-
ization at the end of 1 wk, whereas with moderate white matter
lesions, ADC was within the normal range on early scans and
tended to be increased after 7 d (8). The latter findings are
consistent with the results of the current study, considering
that hypoxic-ischemic tissue changes and their MRI correlates
appear to evolve faster in animal models than those observed
clinically (10,18,19). Together these studies indicate that the
evolution of MRI changes appears to depend on the severity of

Figure 4. Representative micrographs of TUNEL-stained sections containing
white matter within the cingulum (A–C) and external capsule (D–F) 1 wk after
a mild hypoxic-ischemic insult in 1-wk-old rats. TUNEL-positive cells (ar-
rows) were increased in the hemisphere ipsilateral (C, F) to the hypoxia-
ischemia compared with that in sham animals (A, D) or contralaterally (B, E)
(scale bar � 50 �m).

Figure 3. Representative micrographs containing white matter (closed ar-
rows) and gray matter (open arrows) in sections stained with hematoxylin and
eosin (A, B), GFAP (C, D) or MBP (E–G). Sections are from the hemisphere
either contralateral (A, C, F) or ipsilateral (B, D, G) to a mild hypoxic-
ischemic episode 1 wk after the insult. Staining in sham animals was similar
to that in the contralateral hemisphere. Shown in the insets at higher magni-
fication (A, B) are signs of hypoxic-ischemic injury including spongiform or
rarefaction changes of the white matter and the presence of some pyknotic
cells. GFAP immunostaining shows hypertrophy and an increased number of
reactive astrocytes ipsilateral to the injury (D) compared with that contralat-
erally (C). A decrease in MBP immunostaining was observed in the ipsilateral
external capsule (e.g. boxes in E) and are shown magnified in G and F. Scale
bars indicate 250 �m for A and B; 100 �m for C, D, F, G; and 1 mm for E.
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the hypoxic-ischemic insult and the region affected (e.g. white
versus gray matter).

Early reductions in ADC, either during or after a moder-
ately severe hypoxic-ischemic insult, have been reported in
gray and white matter (5–7,9,10) and are generally considered
to correspond to cell swelling and reductions in extracellular
space (18). ADC increases in white matter potentially associ-
ated with hypoxia-ischemia are reported less frequently and
are not as well understood (6,11,20). It is known there are
developmental reductions in ADC (e.g. between 28 and 40
wk) believed to be related to developmental changes in pre-
oligodendroglia and myelination contributing to decreases in
extracellular space and water content in cerebral white matter
(4). Thus, relative ADC increases observed in premature
infants with a diffuse white matter abnormality were proposed
to be related to poor white matter development following
injury (6). However, it is also possible that vacuolation and
fiber rarefaction within the white matter, as has been observed
in our model of cerebral hypoxia-ischemia at 24 h after
hypoxia-ischemia, can be a cause of the ADC increases pres-
ently (11). This would be similar to the increase in ADC
observed following permanent middle cerebral artery occlu-
sion in the rat being associated with edema and an enlarge-
ment of extracellular space between white matter fibers (21).
It is also believed that the ADC increase may be associated
with reduced cell volumes and increased extracellular space
associated with apoptotic cell death (8,22), and there is sup-
port for such cell death following hypoxia-ischemia in white
matter (16,23,24). Determination of the extent to which white
matter edema and cell death or other tissue changes contribute
to the ADC increases will require further study.

Unavailable routinely in the clinic are perfusion maps that
were also acquired in the present study providing information
on the potential contribution of blood flow changes to the
injury. Previously, we measured CBF changes in cortex within
24 h following a moderately severe hypoxic-ischemic insult in
neonatal rats and demonstrated a return of CBF in parietal
cortex toward normal by 24 h after hypoxia-ischemia (25). In
contrast, in the present study, CBF in the ipsilateral white
matter tended to be reduced at 1 h after hypoxia-ischemia,
decreasing further at 24 and 48 h after hypoxia-ischemia.
However, because flow levels were only moderately reduced,
they likely reflect a secondary energy failure or injury rather
than contributing to the injury itself.

Despite evidence of relatively selective injury in white
matter such as gliosis, cell death, reduced myelination, and
some edematous changes present at 1 wk after hypoxia-
ischemia, the MRI changes in all regions had normalized. This
possibly could be explained by tissue injury being obscured by
a reduced contrast between white and gray matter at 2 wk of
age associated with developmental changes in T1, T2, and
ADC (4,26). Whether this is the case would need long-term
MRI in this model, but one or more standard MRI sequences
are unlikely to assess definitively the onset or existence of
permanent damage. Indeed, the use of MRI for accurately
determining white matter injury still needs a better under-
standing of the regional evolution of MRI changes for differ-
ent severities of injury and possibly the addition of other

sequences. Promising MRI methods that measure other as-
pects of the tissue such as altered metabolism or delayed
myelination include methods such as proton spectroscopy,
diffusion tensor imaging, and measures of fractional anisot-
ropy or magnetization transfer (7,27,28). However, such
methods require lengthy acquisition times or are technically
difficult in these small animals and were beyond the scope of
the present study.

In conclusion, our present results indicate that when using
standard imaging techniques such as T2 and ADC to diagnose
a mild hypoxic-ischemic white matter insult, the optimal time
for detecting ischemic injury will be in the first few days
rather than hours after the insult, and this period may be
extended in some patients. Increases in ADC at 24–48 h after
hypoxia-ischemia provide relatively early signs of mild white
matter injury likely reflecting at least in part a white matter
increase in water content and extracellular space. At subacute
times, these MRI sequences do not necessarily detect tissue
changes that can include reduced myelination, cell death, or
astrocytic proliferation.
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