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MR Line-Scan Diffusion-Weighted Imaging of Term
Neonates with Perinatal Brain Ischemia

Richard L. Robertson, Liat Ben-Sira, Patrick D. Barnes, Robert V. Mulkern, Caroline D. Robson, Stephan E. Maier,
Michael J. Rivkin, and Adre J. du Plessis

BACKGROUND AND PURPOSE: MR diffusion-weighted imaging provides early demon-
stration of neonatal brain infarction. The evolution and limitations of diffusion-weighted im-
aging findings in newborns, however, have not been evaluated. Using line-scan diffusion im-
aging (LSDI), we investigated perinatal ischemic brain injury.

METHODS: Nineteen term newborns (age, 9 hours to 8 days; mean age, 2.6 days) with peri-
natal brain ischemia were evaluated using LSDI (1520/62.5/1 [TR/TE/excitations]) (b maximum
5 750 s/mm2) and T1- and T2-weighted spin-echo (conventional) MR imaging. Follow-up ex-
aminations were performed in seven patients and autopsy in one. Apparent diffusion coefficients
(ADCs) were measured in deep gray matter, white matter, the cortex, and focal lesions.

RESULTS: Based on conventional MR imaging or pathologic findings, patients were divided
into two groups. Group 1 (n 5 12) had symmetric/diffuse injury consistent with global hypo-
perfusion. Group 2 (n 5 7) had focal/multifocal injury suggesting cerebrovascular occlusion.
ADCs were abnormal at initial examination in 10 newborns in group 1 and in all newborns in
group 2. The results of LSDI were abnormal before conventional MR imaging was performed
in three newborns in group 1. ADCs were maximally decreased between days 1 and 3 in deep
gray matter, perirolandic white matter, and focal lesions. Delayed decreases in ADCs were
observed in subcortical white matter from days 4 through 10 in three patients in group 1.

CONCLUSION: After global hypoperfusion, LSDI showed deep gray matter and perirolandic
white matter lesions before conventional MR imaging. LSDI may underestimate the extent of
injury, however, possibly because of variations in the compartmentalization of edema, selective
vulnerability, and delayed cell death. Differences in LSDI of symmetric/diffuse and focal/mul-
tifocal lesions may reflect differences in pathophysiology or timing of the injury. These findings
may have implications for acute interventions.

Despite technological improvements in obstetric and
perinatal care, ischemic brain injury remains a major
cause of infant morbidity and mortality (1–3). The
neurologic sequelae of perinatal brain ischemia in-
clude seizures, spasticity, behavioral disturbances,
and developmental delay. Neuroprotective strategies,
including the early use of pharmacologic agents and
induced cerebral hypothermia, may help to decrease
the deleterious effects of brain ischemia (3).

Although clinical outcome is the ultimate crite-
rion by which the efficacy of neuroprotective ther-
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apies will be judged, neuroimaging likely will play
a significant role in documenting the course and
extent of the ischemic injury. The utility of MR
imaging in evaluating the asphyxiated neonate is
well established (4–10). T1- and T2-weighted (con-
ventional) MR sequences, however, are often nor-
mal within the first hours after ischemic insult. This
early period overlaps with the narrow, finite ‘‘ther-
apeutic window’’ during which neuroprotective in-
terventions will most likely be effective. Therefore,
the development and application of neuroimaging
techniques sensitive to the very early changes of
brain ischemia are desirable. Recent studies have
documented that diffusion-weighted imaging can
show areas of infarction in perinatal brain ischemia
before abnormalities are apparent on conventional
MR images (7, 11, 12). This suggests that diffusion
imaging may be useful in the early detection of
perinatal brain ischemia and likely is to become
crucial in the effective and safe use of neuropro-
tective strategies (7, 11, 12). Nevertheless, previous
reports have not addressed changes in the pattern
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of injury occurring during the first few days of life.
In this study, we describe the evolution of diffusion
changes in neonates with suspected perinatal brain
ischemia and some potential limitations of early
diffusion-weighted imaging. To evaluate the diffu-
sion changes occurring in neonatal brain ischemia,
we used a robust quantitative diffusion technique,
line-scan diffusion imaging (LSDI), which has
been shown previously to yield high-quality images
in neonates, children, and adults without the use of
head restraints, cardiac gating, or specialized hard-
ware (13–17).

Methods

Patients

We reviewed the clinical records, laboratory results, and
neuroimaging studies of 19 term neonates (between 38 and 42
weeks postconceptional age) (Table 1) who were referred for
MR imaging within the first 8 days of life to evaluate suspected
perinatal brain ischemia. In these patients, abnormalities were
present on either the initial or follow-up conventional MR im-
ages. The initial studies were performed between 9 hours and
8 days of age (mean age, 2.6 days). In seven patients, LSDI
was performed between 9 hours and 23 hours after birth (mean
5 16 hours). Nine follow-up examinations were performed in
seven patients. Pathologic correlation was available in one pa-
tient who died 5 hours after the imaging study.

MR Protocol

The imaging protocol included sagittal or axial T1-weighted
conventional spin-echo sequences, a T2-weighted fast spin-
echo sequence, and LSDI in all patients. All studies were per-
formed on a 1.5-T imaging system (Signa; General Electric
Medical Systems, Milwaukee, WI) using a quadrature head
coil. The system was equipped with gradient hardware capable
of echo-planar imaging.

Patient Sedation

Eight patients underwent MR imaging without sedation. In
11 patients, sedation was obtained using midazolam hydro-
chloride 0.1 mg/kg, lorazepam 0.1 mg/kg, or chloral hydrate
50 mg/kg p.o. as provided by neonatal intensive care special-
ists. All patients were monitored with electrocardiography and
pulse oximetry. Some patients required assisted ventilation us-
ing magnet-compatible devices. There were no sedation
failures.

Conventional MR Parameters

Conventional MR imaging was performed using conven-
tional spin-echo sagittal or axial T1-weighted images (600/20/
2; field of view, 20 cm; section thickness, 4 mm; gap,1 mm;
acquisition matrix, 256 3 192) and fast spin-echo T2-weighted
axial images (3200/85/1; field of view, 20 cm; section thick-
ness, 4 mm; gap, 1 mm; acquisition matrix, 256 3 192; echo
train length, 8).

LSDI Parameters

The LSDI technique has been described previously (17).
LSDI was performed at 10 axial locations (1520/62.5/1; field
of view, 20 3 15 cm; effective section thickness, 7 mm; gap,
0 mm; acquisition matrix, 128 3 128 interpolated to 256 3
192) at b 5 5 s/mm2 and b 5 750 s/mm2 as the maximum b
value applied along the three orthogonal directions (15, 17).
The total imaging time was 5 minutes 40 seconds. ADC maps

and trace images extrapolated to a b value of 1000 s/mm2 were
generated off-line for each of the 10 locations. The trace im-
ages were calculated as the cubed root of the product of the
three diffusion axes.

Image Review and Analysis

The conventional MR and LSDI images (both trace images
and ADC maps) were reviewed separately by two pediatric
neuroradiologists blinded to clinical history. Individual diffu-
sion axis images were not evaluated. The results of the MR
imaging were classified as normal or abnormal. If abnormal,
the location and extent of lesions were described. In the case
of disagreement between the two observers, a third neurora-
diologist’s interpretation served as a tiebreaker. Interobserver
variability was measured using the kappa (k) statistic (18).

ADC calculations were made according to the Stejskal and
Tanner equation (19) S 5 S0e-bADC, where b is the diffusion-
weighting factor, S is the signal intensity for b 5 maximum,
and S0 is the signal intensity for b 5 5 s/mm2. ADC mea-
surements were made in the ventrolateral thalamus, corona ra-
diata, parietal cortex, frontal cortex, frontal white matter, and
parietal white matter by using an approximate 1 cm2 region of
interest (ROI) selected from the b 5 5 s/mm2 and trace images
in all patients. If a focal abnormality was evident on any of
the images, either the b 5 5 s/mm2 or trace image, the ADC
was measured within the center of the lesion and in a corre-
sponding location in the contralateral hemisphere. The ROI
used for ADC measurements were drawn and positioned such
that the outer margin of the ROI was entirely within the area
of the diffusion abnormality when present and avoided CSF.
ADC values from images obtained during the first 72 hours of
life (n 5 15) were analyzed using Student’s t test. Statistical
significance was considered to be present at the P , .05 level.

Results

Obstetric and Neonatal History

The clinical details of the obstetric histories and
neonatal events are summarized along with the im-
aging findings in Table 1. In seven patients, a clear-
ly defined history of perinatal vascular compromise
was present, including placental abruption (n 5 3),
maternal circulatory arrest (n 5 1), umbilical cord
prolapse with laceration (n 5 1), severe fetal-ma-
ternal hemorrhage (n 5 1), and tight nuchal um-
bilical cord with no spontaneous respirations (n 5
1) (1, 6). Each of three additional patients experi-
enced a prolonged episode of apnea immediately
after birth. In one patient, there was meconium as-
piration below the vocal cords. In the remaining
seven patients, the perinatal history was nonspecific
and included seizures in six patients and postnatal
depression in one. The remainder of the clinical
evaluation in these seven patients failed to show
other causes, such as infection or metabolic dis-
ease, to account for the perinatal encephalopathy,
and all showed focal abnormalities conforming to
a vascular distribution on T2-weighted MR images.
Therefore, we think that the clinical and imaging
findings for these seven patients are explained best
by attributing them to occlusive cerebrovascular
disease.
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Imaging
For the purposes of analysis, we divided the pa-

tients into two groups based on the pattern of injury
shown by the last conventional MR imaging study
available or on the pathologic results (Table 1). In
group 1 (n 5 12), the infants had a symmetric or
diffuse pattern of injury, which did not conform to
a specific arterial territory. Two patients in this
group also had focal lesions in addition to symmetric
deep structural or diffuse injury. In group 2 (n 5
7), the injury was focal or multifocal, asymmetric,
and conformed to a vascular distribution. There
were no cases of periventricular leukomalacia.

Symmetric/Diffuse Injury
Among the patients in group 1, three patterns of

injury were evident. In four patients (patients 1–4),
lesions involved the deep gray matter and the peri-
rolandic white matter (Fig 1). In six patients (pa-
tients 5–10), a diffuse and symmetric pattern of in-
jury was present, involving not only the deep
structures but also the cortex and subcortical white
matter (Fig 2). In two patients (patients 11 and 12),
a mixed pattern of injury was present with focal
lesions in addition to deep gray matter and peri-
rolandic white matter or symmetric cerebral hemi-
spheric injury.

Of the 12 patients in group 1, the initial LSDI
examination was interpreted as abnormal in 10. In
the two neonates with diffuse injury studied within
the first 23 hours of life (patients 5 and 6), LSDI
showed regions of decreased ADCs, whereas con-
ventional MR imaging findings were interpreted as
normal (Fig 3). One infant (patient 4) did not un-
dergo an initial evaluation until day 8 of life, at
which time LSDI findings were interpreted as nor-
mal. Nevertheless, injury to the deep gray matter
structures and periorolandic white matter was evi-
dent on the conventional MR images. In one new-
born (patient 1) who initially was studied at 13
hours, the LSDI and conventional MR imaging
findings were interpreted as normal (Fig 1A–C). In
this patient, ADCs measured in the deep gray mat-
ter and perirolandic white matter were within 3%
of published normal values (20). On follow-up im-
ages obtained at day 5, however, these structures
were abnormal on both LSDI and conventional MR
images (Fig 1D–F). At 6 weeks of life, the con-
ventional MR imaging showed marked T1 short-
ening and mild T2 prolongation in the posterior
putamen and ventrolateral thalamus bilaterally (Fig
1G).

In the three newborns (patients 5, 7, and 8) with
diffuse injury who underwent follow-up MR im-
aging, the initial LSDI findings were interpreted as
showing decreased diffusion only in the deep gray
matter, the perirolandic white matter, and, to a less-
er degree, the cortex (see Fig 2). Nevertheless, in
each of these patients, the ADC values measured
in the cerebral subcortical white matter (Table 2)
were reduced by an average of 24% (range, 14–
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FIG 1. Patient 1. Neonate of estimated 38-week gestational age with placental abruption and bradycardia.
A, Axial T2-weighted fast spin-echo image (3200/85/1), with an echo train length of 8, obtained at 13 hours of life shows no abnormality.
B, Trace LSDI image (1520/62.5/1), with a b max of 750 seconds/mm2, obtained at 13 hours of life shows no abnormality.
C, Corresponding ADC map.
D, Axial T2-weighted fast spin-echo image obtained at 5 days of life shows very subtle hyperintensity in the posterior putamen

bilaterally (arrows).
E, Trace LSDI image obtained at 5 days of life shows decreased diffusion in corresponding areas (arrows).
F, Corresponding ADC map.
G, T1-weighted axial spin-echo image (600/20/2) obtained at 6 weeks of life shows hyperintensity within the posterior putamen and

ventrolateral thalamus bilaterally (arrows).
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FIG 2. Patient 8. Neonate of estimated
39-week gestational age with a lacerat-
ed, prolapsed umbilical cord.

A, Axial T2-weighted fast spin-echo
image (3200/85/1), with an echo train
length of 8, obtained at 3 days of life at
the level of the basal ganglia shows T2
shortening (hypointensity) in the posteri-
or putamen and ventrolateral thalamus
bilaterally (compare with Fig 1A). The
cortical ribbon is indistinct.

B, ADC map (1520/62.5/1), with a b
max of 750 s/mm2, obtained at 3 days of
life at a corresponding level shows de-
creased diffusion (hypointensity) in the
ventrolateral thalami (arrows) and, to a
lesser extent, in the occipital lobe gray
matter (arrowheads). The hyperintensity
of the frontal lobe white matter is due to
the high diffusion that is normally present
in the white matter of neonates.

C, Axial T2-weighted image obtained
at 3 days of life above the lateral ventri-
cles shows loss of the cortical ribbon in
the frontal and parietal lobes and mild
white matter hyperintensity.

D, ADC map obtained at 3 days of life
at the same level shows pathologically
decreased diffusion in the left periroland-
ic white matter (arrows). Decreased dif-
fusion was apparent in the right periro-
landic white matter at other levels (not
shown). Note that the white matter of the
centrum semiovale apart from the peri-
rolandic white matter does not have de-
creased diffusion.

E, Axial T2-weighted image obtained
at 7 days of life shows marked hypoin-
tensity in the posterior putamen/ventro-
lateral thalami, posterior thalamic hyper-
intensity, and diffuse white matter
hyperintensity.

F, ADC map obtained at 7 days of life
at a corresponding location shows het-
erogeneously decreased ADCs (hypoin-
tensity) within the thalami and markedly
decreased ADCs throughout the occipital
lobe white matter.

G, Axial T2-weighted image obtained
at 7 days of life shows marked T2 pro-
longation within the white matter.

H, ADC map obtained at 7 days of life
shows decreased ADCs within the white
matter.
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FIG 3. Patient 6. Neonate of estimated 41-
week gestational age with placental abrup-
tion, no spontaneous respirations, and sei-
zures. Life support was withdrawn at 23
hours of life.

A, Axial T2-weighted fast spin-echo image
(3200/85/1), with an echo train length of 8,
obtained at 18 hours of life shows no brain
abnormality. Small bilateral occipital subdur-
al hematomas are present.

B, Trace LSDI image (1520/62.5/1), with
a b max of 750 seconds/mm2, shows de-
creased diffusion (hyperintensity) bilaterally
in the basal ganglia and thalami. Note that
the frontal and parietal lobe cortex and white
matter appear to have normal diffusion.
Pathologic analysis revealed diffuse infarc-
tion was present throughout the brain.

TABLE 2: ADC measurements (mm2/ms) in three neonates with diffuse injury

Case* Day Thalami
Parietal
Cortex

Frontal
Cortex

Perirolandic
White Matter

Parietal
White Matter

Frontal
White Matter

5 1
4

10

0.72
0.80
1.00

0.89
0.72
1.10

0.96
0.84
1.05

0.82
0.96
1.01

1.15
0.79
1.20

1.22
0.85
1.32

7 2
10

0.69
0.98

1.0
1.1

0.97
0.98

0.67
1.4

1.29
0.48

1.15
0.29

8 3
7

0.49
0.77

0.71
0.81

0.76
0.88

0.53
0.96

0.94
0.49

0.91
0.80

* Refers to the case numbering used in Table 1.

38%) compared with published normal values (20).
In these same patients, ADC measurements in the
deep gray matter and perirolandic white matter av-
eraged an additional 41% (range, 26–53%) lower
than the ADC measurements of the subcortical
white matter. The results of the initial conventional
MR imaging in one of these newborns (patient 5)
studied at 16 hours were normal. In the other two
neonates (patients 7 and 8), studied at 2 and 3 days
of life, respectively, conventional MR imaging
showed diffuse abnormalities. Follow-up MR im-
ages of these three patients obtained 3 to 8 days
later showed diffuse injury to the deep gray matter,
cortex, and subcortical white matter on both the
LSDI and conventional MR imaging. Follow-up of
these three patients revealed a mean increase of
52% in the ADCs measured in the deep gray matter
and perirolandic white matter and a mean decrease
of 43% in the ADCs measured in the subcortical
white matter (Table 2). ADCs of the cortex on fol-
low-up images were decreased in one patient (pa-
tient 5) and increased in the other two (patients 7
and 8). In all three of these patients, no hypoxic-
ischemic episodes were observed after the peripar-
tum period.

A fourth neonate (patient 6) with diffuse injury
died at 23 hours of life. LSDI at 18 hours of life
showed decreased ADCs in the deep gray matter
and perirolandic white matter only (see Fig 3).
Nevertheless, diffuse early infarctions of the deep

gray matter, cortex, and subcortical white matter
were evident at autopsy. Both neuronal and oligo-
dendroglial necrosis were present.

Focal/Multifocal Injury
Of the seven neonates in group 2 (patients 13–

19), all had decreased ADCs and T2 prolongation
involving a vascular territory, as shown by initial
imaging. Single lesions were present in five pa-
tients, and multiple cortical lesions were identified
in two. The injury involved the middle cerebral ar-
tery territory in four patients (Fig 4) and the pos-
terior cerebral artery territory in one. In one patient
who underwent follow-up imaging, the extent of
injury shown on the T2-weighted images was near-
ly identical to that of the area of involvement on
the initial LSDI study.

Image Analysis
Interobserver agreement, as measured by the sta-

tistic kappa (k), was high for both LSDI (k 5 1.0)
and conventional MR imaging (k 5 .74). In the
patients in group 1, measured ADCs were maxi-
mally decreased in the deep gray matter and peri-
rolandic white matter as shown by studies per-
formed between days 1 and 3. Delayed decreases
in ADC values in the frontal and parietal lobes
were observed in three patients with diffuse injury.
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FIG 4. Patient 13. Neonate of estimated 38-week gestational age with decreased fetal movements during the last 48 hours of pregnancy
and left arm and leg seizures at 6 hours of life.

A, Axial T2-weighted fast spin-echo image (3200/85/1), with an echo train length of 8, obtained at 9 hours of life shows focal loss of
the right parietal cortical ribbon.

B, Trace LSDI image (1520/62.5/1), with a b max of 750 seconds/mm2, shows markedly decreased diffusion (hyperintensity) in a
corresponding location.

C, ADC map shows markedly decreased diffusion (hypointensity) within the lesion.

TABLE 3: Mean and standard deviation of ADC measurements
(mm2/ms) in neonates imaged during the first 72 hours with sym-
metric/diffuse injury (Group 1) versus focal/multifocal injury
(Group 2)

Location

Group 1
(symmetric/

diffuse)

Group 2
(focal/

multifocal)
P

Value

Thalami
Parietal Cortex
Frontal Cortex
Perirolandic White Matter
Parietal White Matter
Frontal White Matter

0.77 6 0.20
0.99 6 0.12
1.02 6 0.14
0.83 6 0.20
1.17 6 0.28
1.19 6 0.28

1.05 6 0.04
1.15 6 0.05
1.12 6 0.03
1.16 6 0.16
1.42 6 0.15
1.43 6 0.15

0.005
0.01
0.09
0.005
0.06
0.09

In the patients with focal lesions, ADCs were max-
imally decreased on LSDI performed on day 1 or
2. In all seven patients who underwent follow-up
imaging between 5 days and 6 weeks of life (me-
dian, 7 days), all regions that had decreased dif-
fusion on the initial study had developed signal in-
tensity changes on the conventional MR images.

Statistical analysis was conducted using Stu-
dent’s t test comparing ADC measurements ob-
tained from the nine patients in group 1 and the six
patients in group 2 who underwent imaging within
the first 72 hours of life (Table 3). This analysis
showed significantly lower ADCs in the thalami (P
5 .005), perirolandic white matter (P 5 .005), and
parietal cortex (P 5 .01) and a trend toward lower
ADCs in the parietal white matter (P 5 .06), fron-
tal white matter (P 5 .09), and frontal cortex (P 5
.09) in the neonates with diffuse injury.

Discussion
Diffusion-weighted MR imaging has become an

important technique for the evaluation of acute

brain infarction (7, 11, 12, 15, 21–29). Studies in
both adults and children have focused on the ability
of diffusion-weighted imaging to depict acute in-
farction earlier than T1- and T2-weighted (conven-
tional) MR sequences (7, 11, 12, 21–24). The use
of diffusion-weighted imaging in neonates with
suspected brain ischemia has been reported (7, 11,
12). The details of evolutionary changes in diffu-
sion imaging during the first few days of life, how-
ever, have not been addressed nor have the poten-
tial limitations of diffusion imaging in neonates.

Technique Rationale

The development of brain MR protocols in ne-
onates with hypoxic-ischemic injury must take into
account a variety of factors. These include the po-
tentially unstable condition of the affected new-
born, the small volume and high water content of
the neonatal brain, the relatively high ADCs, and
the pathophysiology of perinatal brain ischemia.
Our neonatal MR protocol was designed to maxi-
mize the information content and reliability of the
data obtained while minimizing the overall imaging
time.

Transportation to the MR suite and sedation of
the infants in our study was provided by neonatal
intensive care specialists and transport team. All
patients were monitored with electrocardiography
and pulse oximetry. Assisted mechanical ventila-
tion using magnet-compatible devices was required
for some patients.

Our use of T2-weighted fast spin-echo imaging
rather than dual-echo conventional spin-echo im-
aging is based on a previously published systematic
comparison of the two imaging techniques in pe-
diatric patients (30). Although proton density–
weighted conventional spin-echo images have been
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reported to have greater sensitivity than T1-weight-
ed or second-echo T2-weighted conventional spin-
echo images (31), our experience has been that the
long imaging times required with conventional
spin-echo imaging result in a greater number of
nondiagnostic examinations because of patient mo-
tion. It also has been our experience that the fast
spin-echo proton density–weighted images do not
show more consistently the early findings of hyp-
oxic-ischemic brain injury compared with the T2-
weighted fast spin-echo or T1-weighted conven-
tional spin-echo sequences. Therefore, proton
density–weighted imaging was not part of our
protocol.

Because diffusion is an inherent tissue property,
the diffusion alterations that are observed in asso-
ciation with perinatal ischemic brain injury should
be independent of the technique used to measure
them. Our choice of LSDI over ‘‘faster’’ echo-pla-
nar diffusion imaging was based on a previously
published comparison of the two techniques (32).
In this investigation, LSDI was found to provide
more robust diffusion imaging with a significantly
higher signal-to-noise ratio and fewer artifacts re-
lated to geometric distortion and magnetic suscep-
tibility effects than echo-planar diffusion imaging
(32).

A maximum b value of 750 s/mm2, which is
lower than that typically used in adults, was used
in our study. The decision to use this maximum b
value was based on our experience that because of
the relatively high ADCs of neonatal brain, the use
of higher b values results in lower quality images
because of a significantly reduced signal-to-noise
ratio. To increase the apparent diffusion weighting
in the ADC maps and trace images without intro-
ducing signal loss, we extrapolated the b value to
1000 s/mm2. This postprocessing algorithm is
based on previous work (33), which has shown dif-
fusion to be linear over the range of these b values.
Therefore, the use of only two b values in ADC
determination is valid. Using additional b values
would have increased the overall imaging time
without significantly improving the precision of the
ADC measurements.

Ideally, perfusion imaging should be obtained in
newborns with suspected brain ischemia. However,
because of the small volume of IV-administered
contrast material that can be used and the difficul-
ties in securing adequate IV access for bolus injec-
tions, perfusion studies requiring rapid IV admin-
istration of contrast material in neonates are
typically very poor. Perfusion imaging techniques
that do not require IV injection of contrast material,
such as the flow-sensitive alternating inversion-re-
covery technique, provide another option for eval-
uating cerebral hemodynamics, but have yet to be
tested in newborns (34).

Pathophysiology and Imaging
Considering that hypoxic-ischemic reperfusion

injury is an evolving and progressive process, tem-

poral and regional differences in the onset of ab-
normal diffusion might be predicted (1–3). In cases
of hypoxic-ischemic reperfusion injury, injury be-
gins with energy failure consequent to acute as-
phyxia and continues after resuscitation as a num-
ber of metabolic derangements are intensified by
the reintroduction of oxygen to the affected tissues
(3, 35). Vascular endothelial damage caused by
hypoxic-ischemic reperfusion injury also promotes
leukocyte platelet-mediated vascular occlusion and
sustained microvascular constriction, exacerbating
the initial ischemic injury (3, 36).

Among the group of infants who sustained glob-
al brain injury, LSDI showed ischemic lesions after
global hypoperfusion earlier than did conventional
T1- and T2-weighted MR imaging (patients 5 and
6). This result is consistent with those of previous
reports of diffusion imaging in perinatal brain
ischemia (7, 11, 12). In one neonate (patient 4) with
suspected perinatal ischemia, LSDI was normal,
but conventional MR imaging showed injury to the
deep gray matter and perirolandic white matter.
This neonate was not studied until 8 days of life,
and the ‘‘normal’’ results of the LSDI examination
may be due to the normalization of ADC values in
subacute infarction that has been described previ-
ously (24).

A potentially important result of our study was
that the initial LSDI performed within the first 72
hours of life (range, 13–72 hours) underestimated
the ultimate extent of symmetric/diffuse ischemic
injury as shown by follow-up imaging or patholog-
ic study in five patients (patients 1 and 5–8) (Figs
1–3). It seems likely that several factors may be
responsible for this underestimation, including
variability in the compartmentalization of water af-
ter brain ischemia, selective vulnerability, regional
delays in the onset of cell death, and timing of the
imaging examination.

One factor contributing to the evolution of diffu-
sion abnormalities in hypoxic-ischemic reperfusion
injury is temporal variation in the compartmental-
ization between intracellular and extracellular brain
water. Acute infarction is characterized by de-
creased diffusion. Intracellular (cytotoxic) edema is
generally regarded as the most likely cause of this
characteristic, although other theories also have
been advanced (21, 23, 37–39). It has been shown
in neonatal rats subjected to hypoxic-ischemic re-
perfusion injury that a decrease in extracellular vol-
ume fraction occurs within minutes of the onset of
ischemia, consistent with cellular swelling (cyto-
toxic edema) (40). In addition, a number of meta-
bolic processes are initiated during the ischemic ep-
isode that predispose the vascular endothelium to
injury with reperfusion (3). Reperfusion is often
hyperemic, and the damage to the endothelium al-
lows extravasation of fluid and cells into the pa-
renchyma (35). Vasogenic edema begins to occur
within the first 24 hours, is maximal at 3 days, and
then declines (35). A standard interpretation of the
measured ADC is that it represents a weighted av-
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erage of the relative volume fractions of intracel-
lular and extracellular water (41). An increase in
extracellular volume occurring with reperfusion,
therefore, may lead to an overall increase in tissue
ADCs even though cellular swelling is ongoing.
Considering the relatively large extracellular water
fraction of the neonatal brain (42), the presence of
vasogenic edema would be expected to have a sig-
nificant impact on the ADCs of a specified volume
of tissue. A decline in ADC values then would be
anticipated as the vasogenic edema subsides. This
reduction in ADCs accompanying early subacute
infarction is followed in late subacute and chronic
infarctions by a normalization or increase in ADC
values that may be due to cellular shrinkage ac-
companying the resolution of intracellular edema.

Neonatal animal models of early hypoxic-ische-
mic reperfusion injury have exhibited a biphasic
pattern of diffusion abnormalities that parallels the
changes in extent and compartmentalization of
brain water (43, 44). In neonatal rats, an initial re-
duction in ADCs occurs within minutes of the onset
of ischemia in the cortical gray matter, white mat-
ter, and basal ganglia (40, 43, 44). The decrease in
ADCs persists for up to 5 hours after the insult (43,
44). ‘‘Normalization’’ of ADCs then occurs during
the next 1 to 2 days, followed by a gradual decline
(43, 44). The delayed decrease in ADCs observed
in the subcortical white matter in patients with dif-
fuse injury in our study therefore may be due in
part to a delayed shift of water from the extracel-
lular space to the intracellular space, resolution of
extracellular edema, alterations in the permeability
of the cell membrane to water, or increased restric-
tion of the diffusion of intracellular water (35, 45,
46).

Recently, the biexponential behavior of water
diffusion in the adult human brain was described
using multiple b factors over a wider range than is
generally sampled clinically (33). One possible ex-
planation for this biexponential behavior is that
there are differences in the diffusion coefficients of
extracellular water versus intracellular water. If this
is the case, then sampling multiple b factors up to
5000 s/mm2 might allow the identification of the
relative contributions of extracellular and intracel-
lular edema, possibly improving the delineation of
the extent of injury during the reperfusion phase.

Another factor influencing early diffusion find-
ings is selective vulnerability (1–3, 6). Areas of the
brain that have high-energy requirements, that are
actively myelinating, or that contain high concen-
trations of excitatory neurotransmitters (eg, gluta-
mate) are known to be especially vulnerable to pro-
found hypoxia-ischemia (1, 6). In term neonates,
these structures include the brain stem, hippocampi,
basal ganglia, thalami, and perirolandic white mat-
ter (1, 6, 47). Other regions of the brain, including
the subcortical white matter and border zone terri-
tories, are more vulnerable to prolonged partial or
prolonged profound hypoxic-ischemic insults (6).
The presence of markedly decreased diffusion in

the deep gray matter structures and perirolandic
white matter in patients with diffuse injury is likely
related to the vulnerability of these structures to
profound hypoxia-ischemia with the rapid devel-
opment of neuronal and oligodendroglial cellular
swelling and cell death.

A final factor contributing to the evolution of
diffusion abnormalities in hypoxic-ischemic reper-
fusion injury is regional variation in the progres-
sion to cell death. Although cellular swelling, ax-
onal injury, and cell death may occur rapidly in
some regions of the brain, these processes may be
delayed in areas that have lower metabolic de-
mands. The existence of delayed neuronal and oli-
godendroglial cell death due to apoptosis after hyp-
oxia-ischemia has been documented in the
frontotemporal cortex and hippocampus of neonatal
rats (48). In another study of hypoxia-ischemia in
neonatal rats, a late decline in ADCs was partially
attributable to the delayed onset of glial swelling
(43). Late glial swelling may account for the strik-
ing reductions in ADCs of the subcortical white
matter observed in patients (eg, patients 5, 7, and
8) with diffuse injury shown on follow-up images
at days 4 to 10 of life. If the delayed decreases in
ADCs shown in these patients are caused by neu-
ronal or oligodendroglial apoptosis, this may pro-
vide an especially important therapeutic window
for the use of neuroprotective agents (49).

Based on the possible contributions of temporal
variation in the compartmentalization of brain wa-
ter, selective vulnerability, and delayed cell death,
it is apparent that the pattern of injury on diffusion-
weighted images is greatly dependent on the timing
of the examination relative to the hypoxic-ischemic
insult (35, 43, 44). Although none of the patients
in our study underwent imaging during the first few
hours after the ischemic event, it is possible that
very early imaging immediately after reperfusion
would more fully show the extent of injury. How-
ever, the reversibility of early post-ischemic diffu-
sion abnormalities has been shown experimentally
in neonatal rats; therefore, even very early imaging
may not reflect the ultimate distribution of injury
(44). Recognition that injury may be obscured on
diffusion images obtained during the reperfusion
phase of hypoxic-ischemic reperfusion injury is ex-
tremely important if this technique is to be used to
assess neuroprotective interventions.

A potential factor influencing the qualitative in-
terpretation of early diffusion imaging is that a gen-
eralized decrease in brain ADCs after global hy-
poperfusion may be overlooked in the face of more
marked decreases in ADCs in the deep gray matter
and perirolandic white matter. This factor may have
played a minor role in the interpretation of diffu-
sion imaging in the first 72 hours in patients of
group 1 in our study. In these patients, there was a
significant reduction in ADCs in the thalami (P 5
.005) and perirolandic white matter (P 5 .005) but
only a trend toward lower ADCs in the parietal
lobe white matter and frontal lobe white matter
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when compared with the corresponding but ‘‘un-
involved’’ brain regions in neonates with focal in-
jury. In neonates undergoing imaging beyond the
first day after insult, this potential pitfall in the in-
terpretation of the diffusion imaging findings may
be obviated by inspection of the conventional MR
sequences, which typically show abnormal results
by 24 to 48 hours (6, 7, 11).

In contrast to the neonates with symmetric/dif-
fuse injury who underwent imaging during the first
24 hours of life, all three infants who had focal
injury manifested decreased diffusion on LSDI im-
ages during the first day of life, with the earliest
examination performed at 9 hours (Fig 4). Differ-
ences in the diffusion imaging features of sym-
metric/diffuse versus focal/multifocal insults have
not been previously reported in neonates (7, 11,
12). Precise dating of ischemic brain injury in ne-
onates is often difficult. Although the neonates in
our study with focal injury are likely to have suf-
fered perinatal injury, it is not possible to exclude
prenatal injury. The presence of T2 prolongation
on images obtained as early as 9 hours after birth
(patient 13) suggests that at least some of these
lesions may have occurred during the prenatal pe-
riod. However, it is also possible that the imaging
differences of focal/multifocal injury and symmet-
rical/diffuse injury result from pathophysiologic
differences.

The pathogenesis of focal or multifocal cerebral
infarction is varied and includes vascular maldevel-
opment, vasospasm, vascular distortion, emboli,
and in situ thrombus formation (1, 2). Emboli may
originate from the placenta, involuting fetal vessels,
indwelling catheters, or within the heart. Thrombus
formation may occur secondarily to meningitis,
parturitional trauma, hypercoagulable states, or
hypoxia-ischemia.

In global hypoperfusion, ischemia is typically in-
complete and transient. With vascular occlusion,
particularly arterial occlusion, ischemia is likely to
be more complete. In addition, reperfusion after ar-
terial occlusion cannot occur until the obstruction
is relieved by distal clot migration, collateral de-
velopment, or vessel recanalization. Postocclusive
reperfusion, therefore, is likely delayed in most in-
stances compared with global hypoperfusion. Con-
sequently, there may be a relative absence of va-
sogenic edema during the early hours after vascular
occlusion contributing to the ability of diffusion-
weighted imaging to show focal, or multifocal, in-
jury at times when the lesions of diffuse injury are
inconspicuous.

Conclusion
Neonates with brain ischemia may develop either

symmetric/diffuse injury or focal/multifocal injury.
LSDI tends to show ischemic lesions of the deep
gray matter and perirolandic white matter earlier
than does conventional MR imaging in term neo-
nates, but LSDI findings obtained during the re-

perfusion phase may be negative or may underes-
timate the extent of injury in global hypoperfusion.
Global hypoperfusion produces an evolving pattern
of abnormal diffusion during the first week of life,
which likely reflects temporal variations in the
compartmentalization of edema, selective vulnera-
bility, and delayed cell death. For our patients with
focal/multifocal ischemic brain injury, abnormali-
ties were present on both the conventional MR and
LSDI images obtained during the initial examina-
tion of all patients, including the patient who un-
derwent imaging at 9 hours of life. Differences in
the timing of injury or pathophysiology may pro-
vide the basis for differences in the early diffusion-
weighted imaging of symmetric/diffuse versus fo-
cal/multifocal ischemic brain injury. The results of
our findings emphasize the need for prospective
studies of very early changes after hypoxia-isch-
emia if diffusion-weighted imaging is to be used as
a means of assessing neuroprotective therapy.
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