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ORIGINAL
RESEARCH

A.J. Barkovich

MR Imaging, MR Spectroscopy, and Diffusion
Tensor Imaging of Sequential Studies in
Neonates with Encephalopathy

BACKGROUND: Although the imaging, spectroscopic, and diffusion characteristics of brains of infants

S.P. Miller with neonatal encephalopathy have been described, the time course during which these changes

A. Bartha evolve is not clear. The results of sequential MR imaging studies—including anatomic MR imaging,

proton MR spectroscopy, and diffusion tensor imaging (DTI)—of 10 patients enrolled prospectively in

N. Newton a study of neonatal encephalopathy are reported to help to clarify the time course of changes in
S.E.G. Hamrick different brain regions during the first 2 weeks of life.

P. Mukherjee METHODS: Ten neonates were prospectively enrolled in a study of the evolution of MR findings in

O.A. Glenn neonatal encephalopathy and were studied 2 (8 patients) or 3 (2 patients) times within the first 2 weeks

D. Xu of life. The MR examination included spin-echo T1 and T2-weighted images, DTI, and long echo time

J.C. Partridge (288 milliseconds) proton MR spectroscopy. Diffusion parameters (diffusivity [D,,], fractional anisot-

. ropy [FA], and individual eigenvalues) were calculated for 10 1-cm? regions of interest in each

D.M. Ferriero hemisphere that were placed based on anatomic landmarks. D, and FA were then measured manually

D.B. Vigneron in the same areas on a workstation. Metabolite ratios (NAA/Ch, Cr/Ch, Cr/NAA, Lac/Ch, and Lac/NAA)

were calculated in 7 regions of interest. Imaging appearance, diffusion parameters, and metabolite
ratios were then evaluated longitudinally (comparing with other studies on the same patient at different
times) and cross-sectionally (comparing all studies performed on the same postnatal day).

RESULTS: In most of the patients a characteristic evolution of DTl and MR spectroscopy parameters
was seen during the first 2 weeks after birth. Although the anatomic images were normal or nearly
normal on the first 2 days after birth in most patients, abnormalities were detected on DTI (both visually
and by quantitative interrogation of D,, maps) and proton MR spectroscopy (abnormal metabolite
ratios). These parameters tended to worsen until about day 5 and then normalize, though in several
patients abnormal metabolite ratios persisted. Of interest, as areas of abnormal diffusivity pseudonor-
malized within one region of the brain they would develop in other areas. Therefore, the pattern of
injury looked very different when imaging was performed at different times during this evolution.

CONCLUSION: Patterns of injury detected by standard anatomic imaging sequences, DTI sequences,
and proton MR spectroscopy varied considerably during the first 2 weeks after injury. The appearance
of new areas of reduced diffusion simultaneous with the pseudonormalization of areas that had
reduced diffusion at earlier times can result in an entirely different pattern of injury on diffusivity maps
acquired at different time points. Awareness of these evolving patterns is essential if studies are
performed and interpreted during this critical period of time.
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D uring the past 15 years, MR techniques—including MR
imaging, diffusion tensor imaging (DTI), and proton MR
spectroscopy— have become the tools of choice in the study of
brain injury in term neonates.' >’ It has become clear that MR
techniques are the most sensitive imaging techniques for de-
tecting brain injury and that there is good association between
MR findings and neurodevelopmental outcome.**** More-
over, MR imaging can identify encephalopathic neonates at
greatest risk for abnormal outcome.* With the advent of new
techniques for therapy on perinatal and neonatal injury such
as head cooling and pharmacological methods,>** early as-
sessment of the brain by MR techniques may serve as a deci-
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sion point in determining whether intervention is indicated
and, perhaps, what type of intervention. Therefore, it is critical
to understand the evolution of early changes in the injured
brain. As part of a prospective study of MR in perinatal and
neonatal brain injury, 10 patients have been studied sequen-
tially by standard MR imaging, DTI, and proton MR spectros-
copy in the early postnatal period, with the first examination
being performed in the first 48 hours in all cases. Of interest,
the pattern of injury evolved continuously during the first 2
weeks after birth on all techniques. The evolving patterns are
described and discussed in this manuscript.

Patients and Methods

Currently, 6151 consecutive term and near-term babies admitted to
our neonatal intensive care unit have been prospectively screened as
part of an ongoing study investigating the utility of neonatal brain MR
imaging in assessing brain injury of neonates with neonatal encepha-
lopathy. As the imaging characteristics of neonatal injury are well
described in the literature, the protocol has recently been modified to
better appreciate the early features of injury and, in particular, the
changing anatomic MR imaging, DTI, and proton MR spectroscopy
characteristics of the neonatal brain as the injury evolves. For this part
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of the study, 802 babies were screened, 34 had exclusion criteria, 14
met entry criteria, 4 declined participation (via their parents) after
initially enrolling in the study, and 10 (8 boys and 2 girls) were en-
rolled and studied after their parents gave informed consent. Entry
criteria for this study are overt neonatal encephalopathy as assessed by
a neonatologist or (1) umbilical artery pH <7.1; (2) umbilical artery
base deficit >10; or (3) 5-minute Apgar score =5. Babies with sus-
pected or confirmed metabolic disorders, congenital malformations,
or congenital infections and babies born before 36 weeks’ gestational
age were excluded. Normative data were acquired from a cohort of 16
neonates who were recruited from our obstetrics clinic as a part of this
study. All underwent this same MR study during the first week of life.
The protocol was approved by the human research committee at our
institution. Participation in the study was voluntary; the babies were
studied only after informed consent was granted by their parents. Of
the 10 patients reported in this study, 8 babies were studied twice and
2 were studied 3 times. The first studies were performed as soon as the
neonate was judged sufficiently stable by the attending neonatologist.
Subsequent studies were performed at times determined by the clin-
ical condition of the neonate, the availability of MR scanner time, and
the availability of personnel to accompany the neonate to the scanner.
Scans performed within and including the first 24 hours after birth we
considered to be performed on day 1 of life, those performed from
24-48 hours were considered as day 2, those from 4872 hours as day
3, etc.

All patients except one (patient 195) were given final diagnoses of
neonatal encephalopathy secondary to global hypoxic-ischemic inci-
dent. Patient 195 had a normal neonatal course, was delivered vagi-
nally without complications, and was sent to the well-baby nursery,
where he was judged “jittery.” Mild hypoglycemia was noted and
treated. Neonatal arterial blood gases showed a pH of 7.08, which
qualified the baby for admission to this study and the parents con-
sented to participate. The cause for this baby’s signs was not ascer-
tained. The other patients in the study all had complicated deliveries
and early postnatal seizures (Table 1). The late prenatal courses of 2 of
the subjects were complicated by maternal hypotension, one because
of maternal sepsis and the other because of hypotension after epidural
placement. Both infants were subsequently born by emergency cesar-
ean section. One child started to seize in utero 3 days before delivery
and was delivered emergently after a flat fetal heart rate was detected.
The cause of the prenatal seizures was not determined. (Table 1 pro-
vides more details of the clinical courses.)

All studies were performed by using a custom-built MR-compat-
ible neonatal incubator and a high-sensitivity specialized neonatal
head coil to reduce patient motion, increase patient safety and com-
fort, and improve signal intensity-to-noise ratio (SNR) of the MR
images.*® During scanning, neonatologists monitored the infants and
hand-ventilated intubated neonates. Infants were fed before scanning
to avoid sedation whenever possible; sedation was used in 8 of the 22
MR images (36%). By using a 1.5T Signa EchoSpeed scanner (GE
Medical Systems, Milwaukee, Wis), we performed an MR examina-
tion consisting of axial T2-weighted dual spin-echo (TR, 3000 milli-
seconds; TE, 60/120 milliseconds; 4-mm section thickness) and axial
spin-echo (TR, 500 milliseconds; TE, 11 milliseconds; 4-mm section
thickness) with an 18-cm field of view (FOV) and a 192 X 256 acqui-
sition matrix. Each of these scans was evaluated separately by 2 pedi-
atric neuroradiologists with experience in neonatal brain MR imag-
ing, who assessed them for the presence and location of any signal
intensity abnormalities in the thalami, corticospinal tracts, basal gan-
glia, cerebral cortex, cerebral white matter, and brain stem. Consen-
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sus was reached on all findings. Agreement was high between the 2
reviewers, with kappa value of 90%.

We used a multisection spin-echo single-shot echo-planar se-
quence to perform DTI (TR, 7000 milliseconds; TE, 99.5 millisec-
onds; 3-mm section thickness; no gap; 3 repetitions per image; with
18 X 36 cm FOV and 128 X 256 acquisition matrix), acquiring axial
images through the whole brain with an in-plane resolution of 1.4 X
1.4 mm?>>*3% We acquired 7 images per axial section, including a
T2-weighted reference image (b = 0 seconds/mm?) and 6 diffusion-
weighted images (b = 700 seconds/mm?) in noncollinear gradient
directions. The MR data were transferred to off-line workstations for
postprocessing. From the DTI data, we computed the average diffu-
sivity (D,,, also called apparent diffusion coefficient [ADC]), frac-
tional anisotropy (FA), and the 3 eigenvalues of the diffusion tensor
(A}, Ay, and As, in decreasing order of magnitude) bilaterally in the
basal ganglia, ventrolateral thalami, posterior limbs of the internal
capsules, corticospinal tracts in the centrum semiovale, frontal water-
shed white matter, parietal watershed white matter, calcarine cortex,
optic radiations, dorsal visual stream (parietal white matter 1 cm dor-
sal to the optic radiations), and hippocampi by using previously de-
scribed methods.?® These regions of interest were placed in the ana-
tomic locations on the echo-planar T2-weighted images without
knowledge of the locations of injury as determined by the T1-
weighted and T2-weighted images or the D,, maps (Fig 1). In addi-
tion, D,, and FA maps were generated and were manually interro-
gated by the same 2 pediatric neuroradiologists with experience in
neonatal brain imaging for areas of abnormal diffusivity. Average
diffusivity and FA were assessed manually in most patients by placing
a 1-mL circular region of interest over regions that appeared subjec-
tively abnormal while recording the lowest value displayed in the
region. The reason for this extra step was that the regions measured by
standard anatomic voxel placements (discussed above and illustrated
in Fig 1) did not always include sites of maximal abnormality. As with
the spin-echo images, consensus was reached on all findings and
agreement was high, with kappa of 0.9.

The T1-weighted images were used to guide the single-voxel MR
spectroscopy volume selection, which was performed by using the
point-resolved spectroscopic sequence (PRESS) technique to acquire
the MR spectra from approximately 5.5 cm? of tissue for both regions.
The spectrum for each location was acquired by using the GE PROBE
(PROton Brain Examination) sequence in under 5 minutes with a
TR = 25, TE = 288ms, and 128 acquisitions. The MR spectroscopy
timings and voxel localization were chosen to maximize the detection
of lactate and to minimize the spectral contamination from extracra-
nial adipose tissues. The 2 spectra were obtained with the same pa-
rameters and voxel size centered on the deep gray matter and then in
the watershed region of the frontal white matter. Following acquisi-
tion the MR spectroscopy data were transferred off-line and analyzed
on a computer workstation by using software developed in house for
spectral quantification. Both a neuroradiologist and a basic scientist
with extensive experience in MR spectroscopy analyzed all of the
spectra. The MR spectroscopy data were Fourier transformed and
baseline fitted, and the peak areas were integrated for the choline,
creatine, N-acetylaspartate (NAA), and lactate resonances. Peak area
ratios of lactate/choline, lactate/NAA, and NAA/choline were calcu-
lated for each voxel. In 2 patients, data were corrupted and some
ratios could not be calculated. These ratios were marked in the data
tables as missing data (MD).

For the MR spectroscopic imaging (MRSI), the PRESS technique
was used to excite a selected region with further localization by 30
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processing.

chemical shift imaging (CSI) as described elsewhere.>” Optimized
shaped pulses designed by using the Shinnar-Le Roux algorithm al-
lowed improved water suppression and section selection profile in
comparison with conventional pulses.*® The PRESS selected volume
included a region of approximately 60—200 mL, which encompassed
most the neonate brains while excluding the spatial inclusion of sub-
cutaneous lipids. Phase-encoding in the PRESS-CSI sequence was
used to obtain 8 X 8 X 8,12 X 12 X 8, 0r 16 X 8 X 8 3D spectral arrays
with a nominal spatial resolution of 1 mL Following a 2-3-minute
prescan procedure including autoshimming, 3D PRESS MRSI (with
very selective saturation [VSS] pulses to provide improved coverage
and excitation profiles) was acquired in a 17- or 19-minute acquisi-
tion. The MR images and raw MRSI data were transferred off-line to
a Sun UltraSparc workstation (Sun Microsystems, Mountain View,
Calif) for analysis by using software developed at our institution for
3D MRSI processing. Spectral processing included 4D Fourier trans-
formations, automatic frequency and phase adjustments, baseline fit-
ting, and peak integration. This software also provides postprocessing
alignment of the spatial center of the spectral arrays. This was used to
center the MRSI data to the PRESS selected regions and to position
1-cm? spectral voxels in specific anatomic locations as defined from
the MR images by using a custom-designed region of interest tool.
The region of interest tool and MRSI display tool were written in the
Interactive Display Language (IDL; Research Systems, Inc., Boulder,
Colo). To define voxels that were within the selected regions (and not
in the saturation bands surrounding the selected volume) and have
adequate signal intensity-to-noise (SNR peak height/noise height),
the noise and SNR were calculated for each voxel and metabolite. To
avoid spuriously large metabolite ratios, ratios are reported only for
voxels with a choline SNR >5.

To assess the MR spectra in various anatomic locations in the
brain, spectral voxels were retrospectively centered in the following
regions bilaterally: (1) basal ganglia (BG), (2) thalamus (TH), (3)
optic radiations (OR), (4) corticospinal tracts (CS), (5) frontal white
matter (FWM), (6) calcarine gray matter (CGM), and (7) parietal
white matter (PWM). The locations are shown for a representative
case in Fig 1. These 7 voxel locations were chosen for several reasons:
they include both more mature (deep gray matter) and less mature
(frontal white matter) portions of the brain; they involve areas that are
important in motor (corticospinal tracts, basal ganglia), visual (cal-
carine cortex, thalamus), and cognitive (frontal and parietal white
matter) function; and they include the regions commonly injured in
neonatal brain injury (deep gray nuclei, frontal intervascular bound-
ary zones). Three regions (posterior limb of internal capsule, dorsal

Fig 1. Locations of regions of interest for DTI and MRSI measurements are marked by rectangles.

A, Squares showing region of interest locations from which proton spectra ratios were acquired and calculated by automated
processing after each MR study of every patient.

B, Squares and rectangles showing the 18 regions of interest from which D, and FA values were calculated by automated

visual stream, and hippocampi) in which diffusivity data were as-
sessed could not be adequately assessed by MRSI because of the very
small size preventing adequate SNR (posterior limb of internal cap-
sule) or because the regions were outside of the PRESS selected vol-
ume. Several voxels from various scattered regions of interest were
not assessed in many of the patients because of similar difficulties in
SNR or location of the PRESS selected volume.

Statistical Analysis

Graphic and descriptive statistics were used to present the MR data.
The limited sample size and the large number of predictor variables
precluded a meaningful statistical analysis of the imaging character-
istics and the affected children with regard to outcome and time of
study.

Results

The initial study was performed on day 1 (within 24 hours of
birth) in 4 neonates and on day 2 (between 24 and 48 hours
after birth) in 6 neonates. The second scan was performed on
day 3 (61-64 hours after birth) in 2 neonates, on day 4 (83-91
hours after birth) in 3 neonates, on day 6 in 2, on day 7 in 2,
and on day 14 in one. (The patient studied on day 14 was
discharged to home and returned for the follow-up scan as an
outpatient. The long interval between the first and second scan
was caused by scheduling difficulties for both the family and
the hospital). The third scan was performed on day 8 in both
neonates (Table 1). D,, values from the voxels sampled by
automated processing (Fig 1) are shown in Table 2. Metabolite
ratios from the single voxel proton spectroscopy are shown in
Table 3. The metabolite ratios from the voxels sampled by
automated processing of the MRSI are not shown because the
enormous volume of data (8 ratios per voxel times 14 voxels)
was too much to display. Similarly, all of the calculated values
from the diffusion data are too numerous to display; because
analysis of these anisotropy and individual eigenvalues were
not revealing but the D,, values were, only the D, values are
displayed in the Table.

Spin-Echo and Diffusion Studies

Evaluation of Studies by Days after Birth. The visually
apparent MR imaging findings changed considerably as the
time after birth lengthened. Examinations performed on day 1
showed very subtle findings on the T1 and T2-weighted im-
ages (Table 1). One study was completely normal, whereas a
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Table 2. Diffusion data from automated processing

Patient

No. Dav VO Dav V1 Dav V2 Dav V3 Dav V4 Dav V5 Dav V6 Dav V7 Dav V8 Dav V9 Dav V10
153a 1274.24 1278.57 912.551 948.122 1481.61 1407.82 1176.6 1199.73 1344 1303.29 149769
153b N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
154a 1117.53 1111.89 946.773 937.83 1281.96 1350.27 1079.62 1109.05 1065.62 1097.97 1326.35
154h 1237.79 1199.41 1110.94 1077.08 1364.24 1348.91 1140.5 1206.36 1179.75 1300.34 1125.61
155a 1149.22 1183.5 997.95 1056.08 1236.5 1316.49 1154.74 1215.4 1198.18 1109.86 1538.64
155b 8455 824.827 768.009 712.835 956.855 1009.75 849.545 842.436 857.864 866.35 958.491
155¢ 1287.58 1280.5 11571 1118.98 1428.45 1420.55 1222.6 1231.45 1553.6 1337.48 1691.56
162a 1093.49 1117.43 975.102 957.429 1231.08 1279.31 1108.83 1121.71 1032.18 1165.36 1292.57
162b 1210.61 1174.37 1008.33 1021.61 1335.98 1283.27 1207.29 1188.76 1231.41 1256.41 1553.59
163a 1029.65 1013.39 712.633 714.347 1334.59 1210.96 1092.9 1110.41 1302.2 1354.76 1824.82
163b 693.694 674.898 649.816 583 862.429 935.776 841.918 856.878 758.776 914.232 1002.63
167a 1239.98 1251.2 1026.67 977.107 1399.39 1307.88 1209.84 1218.98 1286.93 1329.55 1447.08
167b 1180.67 1166.73 1008.43 989.755 1290.06 1347.55 1197.23 1217.22 1168.47 1196.41 1282.24
170a 1195.67 1196.51 622.429 732.898 1378.24 1398.45 1277.43 1255 962.408 1049.69 1374.71
170b 981.286 9425 601.122 603.959 1400.65 1484.71 1158.33 1112.96 1436.92 1424.49 1346.39
178a 1214.62 1231.98 987.5 906.667 1524.8 1545.3 1160.25 1274.14 1195.75 1249.19 1572.71
178b 1169.94 1149.7 1118.17 1194 1615.1 1515.7 1326.11 1245.22 1308.75 1246.69 1751.57
178¢ 1179.79 1180.63 1129.75 1128.58 1507 15159 1242.98 1199.29 1288.33 1333.08 1492.29
193a 1105.36 1135 582.5 702.583 1439.2 1357.8 1141.46 1126.59 1089.44 1066.25 1423.18
193b 1104.86 1049.86 822.75 783 1200.6 11815 1174.22 1296.2 1088.94 1078.33 1280.31
195a 1329.41 1295.59 1155.67 1217 12475 1369.8 1177.22 1196.14 1148.33 117212 1317.49
195b 1154.51 1192 956 1076.5 1340.7 1335.6 1123.96 1264.31 1094.5 1134.81 1330.12

Note:—Dav V indicates diffusivity in Voxel; N/A, data not available.

second showed only edema (T1 and T2 prolongation) in the
basal ganglia or white matter. The third and fourth showed
slight hyperintensity in the basal ganglia and at the depths of a
few cortical sulci on T1-weighted images; both of these pa-
tients (163 and 178) had possible prenatal injury. (Clinical
summaries are given in Table 1.) Calculated diffusivity images
of these patients showed reduced diffusivity in the watershed
regions of cortex (in one patient) or the ventrolateral deep
gray nuclei or corticospinal tracts (3 patients); one with re-
duced diffusivity in the thalami also had reduced diffusion in a
small cortical infarct. D,, values in the affected regions of these
patients were reduced between 10% (D,, of ~0.85 mm?*/s in
the thalami compared with normal values of about 0.950
mm?/s) and 60% (0.40 mm?/s in the thalami) (Tables 1 and 2);
the one with the most significant reduction (Fig 2) in D,, had
possible prenatal injury (patient 163).

Of the 6 patients studied initially on day 2, 3 studies showed
T1 shortening (T1 hyperintensity) in the basal ganglia and
thalami; one of these had normal T2-weighted images,
whereas the other had diffuse T2 hyperintensity in the brain.
All of these patients had reduced diffusivity in the lateral thal-
ami and posterior limbs of the internal capsules; D, values
ranged from about 0.50 mm®/s to 0.65 mm?/s. One subject
also had reduced diffusivity in the left greater than right frontal
subcortical white matter; D, values were markedly reduced to
about 0.50 mm?/s in the most affected location. The fourth
patient initially studied on day 2 had T2 prolongation and
blurring of the watershed cortex and underlying white matter
(reduced diffusivity was seen in these areas, as well as in the
posterior thalami), while the fifth had T1 and T2 prolongation
(hypointensity on T1-weighted images, hyperintensity on the
T2-weighted images) and reduced diffusivity in the basal gan-
glia, thalami, and dorsal brain stem. The sixth patient had
normal T1 and T2-weighted images and normal brain diffu-
sivity. Normal hyperintensity was seen in the posterior limb of
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the internal capsule in all patients studied on days 1 and 2,
except 2 who were born at 36 and 37 weeks. On the diffusivity
maps, D,, values from anatomic ROIs ranged from 0.60 to
0.90 mm?/s, which is reduced about 10%—40%, in the basal
ganglia and thalami, whereas it was reduced about 15% in the
watershed region of the patient with watershed injury (Tables
1and 2).

The 2 patients studied on day 3 had very different appear-
ances on conventional imaging. Patient 163 (who had a pre-
sumed prenatal injury) had hyperintensity of the globi pallidi,
putamina, caudates, ventrolateral thalami, and dorsal brain
stem on T1-weighted images and a heterogeneous picture on
T2-weighted images, with hypointensity in the dorsal brain
stem, ventrolateral thalami, and posterior putamina but hy-
perintensity in the remainder of the thalami and most of the
cerebral cortex. Extensively reduced diffusion was seen in the
hippocampi, subcortical white matter, basal ganglia, thalami,
and corticospinal tracts (D,, values were reduced 30%-40%
throughout the brain in the standard regions of interest, and
60%-70% by manual interrogation) (Fig 2 and Tables 1 and
2).In patient 170, the conventional images continued to show
T1 and T2 prolongation, whereas the D,, maps showed in-
creasing spatial extent of the regions of reduced diffusivity and
the values themselves decreased another 20% in the deep gray
nuclei and dorsal brain stem compared with the study per-
formed 27 hours earlier (Fig 3). The normal hyperintensity in
the posterior limb of the internal capsule was absent in both;
however, patient 163 was born at 37.5 weeks and the lack of
hyperintensity may well have been the result of immaturity.

Three patients were studied on day 4. Patient 154 had a
normal T1-weighted study and had blurring in the watershed
regions on the T2-weighted images; reduced diffusion was
present in the anterior and posterior watershed regions and in
the posterior thalami. Patient 167 had a normal T1-weighted
study and the T2-weighted images showed only slight hyper-



Table 3: Metabolite ratios from the single voxel proton spectroscopy

Patient Age at Lac/Ch Lac/NAA NAA/Ch Cr/NAA Cr/Ch Lac/Ch Lac/NAA NAA/Ch Cr/NAA
No. Study (BG) (BG) (BG) (BG) (BG) (W/M) (WM) (WM) (WM)
153a 2d 0.58 1.26 0.46 0.88 0.41 MD MD MD MD
153h 6d 0.65 1.89 0.34 0.97 0.33 MD MD MD MD
154a 2d 0.14 0.20 0.72 0.69 0.49 0.47 0.67 0.71 0.51
154b 4d 0.19 0.22 0.83 0.72 0.60 0.30 0.56 0.53 0.78
155a 1d 0.17 0.22 0.79 0.60 0.47 0.39 0.63 0.62 0.62
155h 6d 0.12 0.20 0.62 0.80 0.50 0.23 0.40 0.59 0.61
155¢ 8d 0.07 0.10 0.72 0.80 0.57 0.12 0.25 0.47 0.73
162a 2d 0.09 0.12 0.75 0.72 0.54 0.39 0.63 0.62 0.58
162b 7d 0.04 0.06 0.68 0.55 0.37 0.1 0.19 0.56 0.38
162b 7d 0.04 0.06 0.68 0.55 0.37 0.1 0.19 0.56 0.38
163a 1d 0.99 173 0.57 0.95 0.54 1.1 1.94 0.57 0.86
163b 3d 1.06 2.81 0.38 1.09 0.41 113 2.78 0.41 0.90
167a 1d 0.16 0.17 0.93 0.52 0.49 0.13 0.19 0.69 0.61
167b 4d 0.15 0.21 0.72 0.64 0.46 0.15 0.20 0.74 0.52
170a 2d MD MD MD MD MD MD MD MD MD
170b 3d MD MD MD MD MD MD MD MD MD
178a 1d 0.15 0.25 0.60 0.59 0.35 0.28 0.34 0.80 0.48
178b 44 0.48 0.90 0.54 0.86 0.46 0.34 0.49 0.69 0.60
178¢ 8d 0.23 0.35 0.66 0.85 0.56 0.20 0.37 0.55 0.66
193a 2d 0.38 0.40 0.95 0.60 0.57 0.40 0.51 0.77 0.43
193b 7d 0.43 117 0.37 0.86 0.32 0.49 1.38 0.35 0.69
195a 2d 0.04 0.50 0.75 0.57 0.43 0.01 0.02 0.64 0.62
195h 14d 0.00 0.00 0.91 0.54 0.49 0.01 0.02 0.87 0.37

Note:—Ch indicates choline; NAA, N-acetylaspartate; MD, missing data.

intensity of the cortex at the site of 2 focal infarcts; our stan-
dard regions of interest of the D,, maps showed minimally
reduced diffusivity of the ventrolateral thalami and posterior
limbs of the internal capsules and significantly reduced diffu-
sion at the sites of the infarcts. Manual interrogation of the D,
maps, however, showed more significantly reduced diffusivity,
with values reduced about 30% in the ventrolateral thalamus,
putamina, and dorsal brain stem. Patient 178 had marked dif-
fuse T1 shortening in the lateral thalami, globi pallidi, poste-
rior putamina, and posterior insular cortices, absence of hy-
perintensity of the posterior limb of the internal capsule, and
extensive reduced diffusivity in the lateral thalami, posterior
putamina, and subcortical white matter (Fig 4). D,, values in
patient 178 were 0.50 mm?/s in the ventrolateral thalamus and
dorsal midbrain, 0.55-0.60 mm?/s in the posterior putamen,
0.70—0.75 mm?/s in the corticospinal tracts of the centrum
semiovale, and 1.20—1.30 mm?*/s in the central white matter of
the centrum. No scans were performed on day 5.

Of the scans performed on day 6, patient 155 had only
subtle diffuse edema, blurring of the cortex in the posterior
watershed cortex on T2-weighted images and reduced diffu-
sivity throughout the cerebral hemispheres. In the deep gray
matter, diffusivity values were down 10%-30%, whereas val-
ues in the hemispheric white matter were 30%—-40% below
normal. Patient 153 had T1 and T2 shortening in the dorsal
brain stem, posterolateral putamina, and lateral thalami with
reduced diffusivity (by about 10%—-20%) in the posterior thal-
ami, corpus callosum, and extensively through the white mat-
ter of the cerebral hemispheres.

Both studies performed on day 7 showed extensive diffuse
T1 shortening in the affected areas, in the frontal cortex in
patient 162 and in the basal ganglia, insula, perirolandic cortex
and the calcarine cortex in patient 193. D,, maps showed re-
duced diffusivity only in the ventrolateral thalami in the

former (with D,, values about 20% below normal on the re-
gion of interest and about 30% below normal on the manual
assessments) but showed reduced diffusivity also in the cingu-
lum (50% of normal), corpus callosum (60% of normal), optic
radiations (70% of normal), and fronto-occipital fasciculus
(70% of normal) in the latter (Fig 5). These abnormal D,,
values in the white matter were not detected by our standard
region of interest placements (Tables 1 and 2).

On day 8, patient 155 (with watershed injury) showed T1
shortening and T2 prolongation in the watershed cortex, with
the posterior regions affected more severely than the anterior
regions; D, values had normalized. The scan of patient 178
showed a transformation from diffuse, hazy T1 shortening in
the basal ganglia to multifocal, globular T1 shortening at the
ventrolateral thalami, posterolateral putamina, and the globus
pallidus-putamen junctions, heterogeneity of the basal ganglia
on T2-weighted images, and reduced diffusion largely local-
ized to the posterior putamina (Fig 4). Manual interrogation
of the diffusivity maps revealed that D, values of the thalami,
corpus callosum, and central white matter had returned to
normal, while those of the posterior putamina remained low
by about 25% (Table 1).

On day 14, patient 195 had a small new focus of T1 short-
ening in the right frontal white matter, normal T2-weighted
images, and normal D, values.

Evaluation of Sequential Studies. Looking at the sequen-
tial studies patient by patient, several patterns become clear,
whereas others are suggested. All patients either developed
new areas of T1 shortening or developed more extensive T1
shortening on their second scan as compared with their first
scan. In patients with the watershed pattern of injury, this was
manifested as T1 shortening in the depths of sulci in the wa-
tershed regions, whereas the patients with basal ganglia pat-
tern of injury manifested increasing T1 shortening in the basal
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Fig 2. Patient 163. Increasing abnormality from day 1 to day 3.

Aand B, Axial D,, maps at age 22 hours (day 1) show reduced diffusion in the ventrolateral thalami (arrows) and normal-appearing mesial temporal lobes in the region of the uncus.

C, Proton MR spectroscopy from left thalamus at 22 hours shows elevated lactate peak (Lac) and normal appearing NAA peak. The peak upfield from lactate is propane diol (ethylene glycol),

which is administered as the base for antiseizure medications.

Dand E, Axial D, maps at age 64 hours (day 3) show more extensive reduced diffusivity. The mesial temporal lobes (D, white arrows) show reduced Dav, as do the cingula (£, black arrows)

and the entire basal ganglia-thalami-insular region (£, white arrows).

f, Proton MR spectroscopy from left thalamus at 64 hours shows interval increase in lactate and decrease in NAA and choline (Ch) compared with creatine (Cr).

ganglia, thalami, and perirolandic cortex. By the third study in
patient 178 (on day 8), the character of the T1 shortening
changed from a diffuse hyperintensity to a more focal, globu-
lar hyperintensity that was largely concentrated in the ventro-
lateral thalamus, posterior putamen and at the globus palli-
dus-putamen junction (Fig 4). The third study of patient 155,
who had primarily watershed injury, did not significantly
change from the second study.

The abnormalities seen on T2-weighted images were few
and did not significantly evolve during the sequential studies,
with the exception of the 2 patients who had cortical infarcts
(both of these become more conspicuous on the second scan
compared with the first) and patient 178 with extensive deep
gray matter and cortical injury in whom the third study (178¢)
showed areas of hypointensity developing in the ventrolateral
thalami and posterior putamina, resulting in a heterogeneous
appearance to the brain.

The abnormalities of diffusivity evolved the most. The ini-
tial studies, performed within 48 hours of birth, typically had
very localized diffusion abnormalities, with varying reduction
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of D,, values. In the neonates with the basal ganglia pattern,
reduced diffusivity was most marked in the ventrolateral thal-
ami or the ventrolateral thalami and the posterior limb of the
internal capsule with D, values ranging from 5% to 30% less
than normal in the regional regions of interest and from 10%
to 60% less than normal on the manual assessments of the
structures; in severe cases, the dorsal brain stem was also in-
volved. If the second study was performed on days 3-5, the
area of reduced diffusion in the thalami had grown and re-
duced diffusion almost invariably involved the basal ganglia
and corticospinal tracts; although the D,, values in the thalami
continued to go down (by another 10%-20%) until day 4-5,
the D,, values in the adjacent areas decreased much more (by
20%-30%) (Tables 1 and 2). This increase in area of abnormal
diffusivity was also seen when damage was primarily in the
intervascular boundary zones (Fig 6), in addition to those with
the deep gray matter pattern of injury. In addition, in 3 pa-
tients with the deep gray matter pattern the subcortical white
matter developed reduced diffusion (Figs 5). Patient 193, who
had a follow-up scan at age 7 days, showed normalization of



diffusivity in the ventrolateral thalamus and corticospinal
tracts but was found to have new areas of reduced diffusivity
(on the D,, maps) in the cingulum, corpus callosum, optic
radiations, and fronto-occipital fasciculus (Fig 5). Patient 162,
also followed at age 6 days, showed normalization of reduced
diffusion in the frontal cortex and subcortical white matter. In
patient 178, who had a third scan at age 8 days, the diffusivity
returned to normal in the corticospinal tracts and much of the
thalami and putamina; reduced diffusion was limited to the
posterior putamina, a tiny area in the posterolateral thalami,
the corpus callosum, and the corticospinal tracts (Fig 4). In
patient 195, who had a follow-up scan at 14 days, the D,, map
and D,, values had returned to completely normal.

MR Spectroscopy
Unfortunately, in a number of patients some of the regions of
interest for some of the white matter areas of interest were
located outside of the PRESS selected volume on the 3D acqui-
sitions, and, as a result, no metabolite ratios could be obtained
for those regions. In addition, some white matter voxels had
inadequate SNR (choline SNR peak height/noise height <5)
and were therefore excluded. Nonetheless, good data were ob-
tained for most of the single voxel spectra, for all of the basal
ganglia, thalami, and calcarine regions on the 3D acquisitions,
and for a large most of the white matter regions on the 3D
acquisitions, which allowed a detailed analysis of the evolution
of metabolite ratios. Data from the single voxel spectra are
displayed in Table 3.

NAA/Ch generally went down after injury in the injured

Fig 3. Patient 170. Increasing abnormality from day 2 to
day 3.

A, Axial D,, map at age 34 hours shows extensive
reduced diffusion in the lateral thalami (T) and, to a
lesser extent, in the posterior left putamen (white arrow).

B, Proton MR spectroscopy from the left thalamus at 34
hours is most remarkable for a moderate lactate peak
(arrow).

C, Axial D,, map at age 61 hours shows that extensive
reduced diffusivity has developed within the putamina
(arrows).

D, Proton MR spectroscopy from the left thalamus at 61
hours shows a marked increase in lactate compared with
NAA and choline.

region, from the time of the first scan
until the second scan. It then went back
up again on the third study in the 2 pa-
tients with 3 scans. NAA/Ch also went
up from day 2 to 14 in patient 195, who
had a mild injury. These changes likely
reflect both temporary and permanent
changes in the quantity of NAA, which
is known to decrease after injury,
though we cannot be certain that there
is not a transient rise in choline after
injury (with mobilization of membrane
fragments) contributing to the decreas-
ing ratio. After the acute injury, one
would expect choline to decrease again
and to continue to decrease as part of its
normal developmental incorporation into macromolecules.>

Cr/NAA went up from first to second scan in every patient
except patient 162, who was the patient in whom the ADC
returned to normal by day 6. The ratio minimally decreased on
the third scan in both patients. No recognizable pattern was
discerned in the Cr/Ch ratios.

Lac/NAA in the basal ganglia and thalami always increased
when the first MR spectroscopy was performed on day 1 and
the second on day 2, 3, or 4 (4 patients, Figs 2—4). In patient
193, it increased between day 2 and day 7 (Fig 5). Lac/NAA in
the watershed voxels was more variable, increasing from day 1
to day 3, staying stable or increasing from day 1 to day 4,
decreasing from day 1 to day 5 and day 2 to day 4 (Fig 6), but
increasing from day 2 to day 7 and from day 2 to day 14. Of
interest, Lac/NAA in patient 163 decreased slightly in the
white matter voxels from day 1 to day 3, whereas Lac/NAA was
markedly increasing in the basal ganglia and thalami. In both
patients with a third study, Lac/NAA decreased in the thalami,
basal ganglia, calcarine cortex, and watershed voxels, though
the ratio dropped considerably less in the watershed voxels
than in the deep gray nuclei.

Discussion

Many reports have described the MR imaging findings, me-
tabolite ratios, and diffusion characteristics in encephalo-
pathic neonates.'>* Other than the paper of McKinstry et al,*'
these works have not addressed the evolution of these MR
parameters in individual patients who were studied sequen-
tially. The sequential changes after prenatal, perinatal, or neo-
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Fig 4. Patient 178. Evolution of T1, diffusivity, and metabolites over 3 scans during 8 days. A-C were performed at day 1 (16 hours), D-F were performed at 4 days (84 hours), and G-/
were performed at 8 days (178 hours).

A, Axial T1-weighted image at age 16 hours is normal.
B, Axial D,, map at age 16 hours shows a small amount of reduced diffusivity on the ventrolateral thalami (arrows). Measurements showed a reduction in D,, of about 10%.
C, Proton MR spectroscopy from the right thalamus at age 16 hours shows minimal elevation of lactate (Lac), but is otherwise normal.

D, Axial T1-weighted image at 84 hours shows that the normal hyperintensity in the posterior limb of the internal capsule is no longer seen. Abnormal hyperintensity is seen in the
ventrolateral thalami and posterior putamina.

E, Axial D,, map at 84 hours shows that reduced diffusivity is now present in the posterior putamina (arrows). Measurements of D,, showed significant reduction since day 1, with values
now 50%—60% or normal (40%—-50% reduced) in the thalami and putamina, and dorsal brain stem. Lesser reductions of about 25% were found in the cerebral hemispheric white matter.

F, Proton MR spectroscopy from the right thalamus at 84 hours shows an increase in lactate (Lac) and relative reduction of choline and NAA compared with the first study.

G, Axial T1-weighted image at 8 days shows that the T1 shortening is becoming less diffuse and more globular (arrows), with the globular regions being located in the globi pallidi,
ventrolateral thalami, and at the junction of the anterior globi pallidi and putamina.

H, Axial D,, map at 84 hours shows that reduced diffusivity is now almost exclusively seen in the posterior putamina (arrows) with the thalamic abnormality nearly completely gone.
Measurements showed that the D,,, values of the putamina were still about 30% below normal, but those in the thalami had normalized.

1, Proton MR spectroscopy from the right thalamus at 8 days shows that the lactate peak has gotten significantly smaller. Note that the NAA and choline peaks have continued to decrease
in size compared with the creatine peak.
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Fig 5. Patient 193. New involvement of white matter pathways on second study. Studies performed at day 2 and day 7.

A-C, Axial D,, maps at 34 hours show reduced diffusivity (D, reduced by about 50%, black arrows) in the ventrolateral thalami, posterior limbs of internal capsules, and corticospinal
tracts in centrum semiovale. No other areas of reduced diffusivity are identified.

D, Proton MR spectroscopy from the left basal ganglia at 34 hours shows mild lactate (Lac) elevation.

E-H, Axial D,, maps at 148 hours show that diffusivity in the deep gray nuclei has normalized (values were within 5% of normal); however, new areas of reduced diffusivity are seen
in what are believed to be the optic radiations (£, medium white arrows), corpus callosum (£, small white arrows; G, smaller white arrows), cingulum (H, medium white arrows), and superior
longitudinal fasciculus (G, larger arrows).

I, Proton MR spectroscopy from left basal ganglia at 148 hours shows that lactate (Lac) has increased in comparison with NAA, choline, and creatine. NAA is the most reduced metabolite.

natal injury are of importance in that these studies are typically ~ ability of scanner time. Various parameters, such as T1 and T2
performed at variable times after birth, depending on the se- characteristics,'' ™' metabolite ratios,"*'"** and diffusiv-
verity of the injury, the stability of the neonate, and the avail-  ity'**! seem to vary with the time after injury but the timing of
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Fig 6. Patient 154. Increased volume of injury in vascular boundary zones from 2 to 4 days.

Aand B, Axial D,, maps at 49 hours show reduced diffusivity (D,, reduced by about 20%, black arrows) in the frontal and parietooccipital intervascular boundary zones. Note also some

reduced diffusivity in the posterolateral thalami (white arrows).

C, Proton MR spectroscopy from the left frontal white matter at 49 hours shows mild lactate (Lac) elevation.

Dand E Axial D,, maps at 91 hours show more extensive reduced diffusivity in the frontal and parieto-occipital intervascular boundary zones and new reduced diffusivity along the optic
radiations (black arrows). D,, values were not significantly changed from the prior study at 49 hours.

F, Although the proton MR spectrum does not look significantly changed, measurements showed a 16% decrease in Lac/NAA and a 36% decrease in Lac/Ch in the frontal white matter

compared with the study at 49 hours.

the changes, particularly in individual patients, has not been
clarified. We report additional patients and spectroscopic re-
sults in an attempt to add to the limited knowledge on this
subject in humans.

A number of interesting results emerge from this study.
Probably the most interesting is the observation that both dif-
fusivity and metabolic ratios are abnormal on the first or sec-
ond day of life and then, in most patients, continue to worsen
until the fourth or fifth day, after which they begin to normal-
ize. For example, in patient 178 (who had a basal ganglia pat-
tern of injury), D,, was about 0.85 mm?*/s and Lac/NAA was
about 0.25 in the lateral thalami on day 1. By the second study
on day 4, D,, was about 0.50 mm?*/s and Lac/NAA was about
0.9, but at the third study on day 8 D,, was about 0.95 mm?/s
and Lac/NAA was about 0.35. These patterns of evolution are
similar to those seen in animal models.*'** Studies in infant
pigs and rats have shown reduction in ADC**** and impaired
mitochondrial metabolism, with consequent increase in lac-
tate and decrease in ATP*"*® during ischemia. These values
transiently partially normalize when normal cerebral blood
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flow and normoxia are restored, only to decrease again after
24-48 hours secondary to what is known as secondary energy
failure.*”"** Of interest, the most severely affected brain, that
of patient 163, had very low D,, (about 0.40 mm?*/s) and very
high Lac/NAA (1.7) in the thalami at the end of day 1 (22 hours
after birth), which suggests that the normalization may not
occur in all patients. This observation is consistent with that of
Miyasaka et al,*> who found that rats with the most severe
injury never experienced recovery but progressed directly to
cell necrosis and death. Indeed, the subsequent study of pa-
tient 163 revealed D, of about 0.30 mm?/s and Lac/NAA of 2.8
in the thalami, which shows a clear worsening. Another pos-
sible explanation, however, is that patient 163 suffered prena-
tal injury, as in utero seizures were detected 3 days before birth
and a flat fetal heart rate was detected immediately before
emergent caesarean section was performed. Thus, it is possible
that the transient normalization of D,, and lactate occurred
before delivery and that worst values may have occurred on
day 2-3 after birth (which might have been day 4-5 after in-
jury) instead of day 5 after birth. Unfortunately, a third study



could not be performed on this child because of the severity of
the injury. Another patient in whom the pattern of evolution
was somewhat atypical was patient 155, who had a cortical
intravascular boundary zone injury after a history of oligohy-
dramnios, thick meconium at birth, and neonatal depression.
The pattern of evolution of D,, was typical for this patient,
because the hemispheric voxels showed slight reduction of D,
on the first study (about 1.20 mm?*/s on day 1), more signifi-
cant reduction on the second study (about 0.85 mm?*/s on day
6) and normalization (ranging from 1.20—1.60 mm?/s on day
8) on the third study; however, Lac/NAA decreased from the
first to the second to the third study, and most other ratios
showed a similar unidirectional change from the first to the
third study. This observation suggests that evolution of
changes in metabolism, reflected in metabolite ratios, may
have a different time course than those of microstructure, as
reflected in D, It may also reflect differences in the temporal
evolution of intravascular boundary zone injury as compared
with deep gray matter injury, in addition to the severity of the
hypoxic-ischemic insult. Further studies with larger cohorts
will be necessary to determine the factors involved.

Absence of the normal hyperintensity in the posterior limb
of the internal capsule on T1-weighted images has been de-
scribed as a sensitive early (during the first week of life) sign of
brain injury on MR imaging studies.® Therefore, because all
members of our cohort were studied within 48 hours of birth,
we specifically looked for this sign. Of interest, the normal
hyperintensity was seen in all patients except 2. These 2 pa-
tients (patients 153 and 163) were born at gestational ages of
36 and 37 weeks, ages when myelination is not typically suffi-
cient for this hyperintensity to be seen.”>' Thus, it appears
that the absence of hypointensity in the posterior limb of the
internal capsule, though helpful later in the first week oflife, is
not a sensitive sign for brain injury in the first 2 days after
injury.

One very interesting observation of this study is that the
pattern of reduced diffusion seemed to change over time on
the sequential studies. This was much more dramatic in the
patients with the basal ganglia pattern of injury; the pattern
did not significantly change in the 2 patients with predomi-
nant watershed pattern. In the patients with basal ganglia pat-
tern, the earliest studies showed reduced diffusion in only the
ventrolateral thalami or the ventrolateral thalami and the
more caudal aspects of the corticospinal tracts (Figs 2—5). Sub-
sequent studies on days 3-5 showed reduced diffusion in the
putamina and in the corticospinal tracts all the way to the
perirolandic cortex (Figs 3 and 4). In addition, D,, maps on
days 6 or 7 in several of the subjects showed reduced diffusion
in the subcortical white matter and in white matter pathways
such as the corpus callosum, the cingulum, and what appeared
to be the fronto-occipital fasciculus (Fig 5) and the uncinate
fasciculus. Moreover, the reduced diffusivity seemed to disap-
pear in certain structures as it appeared in others, so that, for
example, as diffusion in the thalami began to normalize, the
white matter tracts and putamina began to show reduced dif-
fusion. Consequently, on day 8, the diffusivity map of patient
178 showed reduced diffusivity of the posterior putamina with
nearly normal ventrolateral thalami (Fig 4). Had this been the
initial study, one might have suggested that the thalami had
been spared; however, the diffusivity map from the initial

study on day 1 had shown normal putamina and reduced dif-
fusivity in the ventrolateral thalami (Fig 4). Awareness of this
phenomenon is critical in the proper interpretation of these
studies. Although McKinstry et al have described changes in
diffusivity over time, noting that in their series D,, was maxi-
mally reduced (by about 35%) between days 2 and 3, and
pseudonormalization of D,, was noted after the seventh day*'
they did not note evolution of the apparent pattern of injury.
The reason for this evolution in the location of abnormal dif-
fusivity may be a different susceptibility of different parts of
the brain to injury, because this selective vulnerability has been
suggested in the past as the reason that specific areas are some-
times injured in neonatal hypoxic-ischemic injury.'®** An-
other interesting possibility is raised by the observation of re-
duced diffusion in multiple white matter fascicles, however,
perhaps this represents a type of excitotoxic injury spreading
along the axons, or a variant of Wallerian degeneration that
results from injury to the neuronal cell soma. Reduced diffu-
sion in white matter tracts secondary to presumed Wallerian
degeneration has been described after acute infarction in ne-
onates and children. It is also important to note that the pro-
longed evolution of brain injury in this cohort is consistent
with rodent models of hypoxic-ischemic injury in the imma-
ture brain, where cell death, particularly in the thalamus,
progresses considerably during the first week after the in-
sult.>**> Again, further studies with larger numbers of patients
and, perhaps study of animal models with sequential MR eval-
uations will be necessary to answer these questions.

It is interesting to note that, though lactate levels in general
increased to a maximum at 5-6 days and then diminished,
Lac/NAA and Lac/Ch continued to be elevated in 2 patients at
7 (patient 193) and 14 days (patient 195), compared with lev-
els on day 2 (see Table 3). Persistent lactate elevation >1
month after birth has been reported elsewhere after perinatal
hypoxia-ischemia®®) and postulated to be the result of persis-
tent abnormal metabolism in the injured regions of brain. The
patients in this study were examined at considerably younger
ages. Therefore, it is not clear whether the relatively high val-
ues on the second scans might be the result of the initial studies
(performed at 34 and 44 hours after birth) having sampled the
brain tissues before or early in the course of secondary energy
failure and, consequently before lactate values had become
elevated. Another factor in patient 193 might be the severity of
the injury, which may have resulted in longer persistence of
lactate elevation. The case of patient 195 is interesting and
deserves further discussion. This patient barely qualified for
entry into our study, with a somewhat low arterial pH of 7.08.
He was admitted to the well-baby nursery, where he was noted
to be “jittery” and to have mild hypoglycemia but was other-
wise judged to be completely healthy. The initial MR study was
normal and the baby was discharged home as a normal neo-
nate; the follow-up MR was scheduled as an outpatient. Be-
cause of various complications in the schedules of the MR
scanner and the parents, the follow-up MR study was not per-
formed until day 14 of life. Results at that time showed a new,
unexpected abnormality in the right frontal white matter and
an interval increase in lactate in the cerebral white matter.
Neurodevelopmental examination at age 3 months found the
infant to be completely normal. These findings raise the inter-
esting possibility that even “normal” neonates can suffer mild
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brain injuries in the perinatal and neonatal periods. The long-
term consequences of such injuries are unknown. Perhaps
more information on such situations will come from the on-
going NIH-supported development of a data base of MR im-
aging parameters of the brains of normal infants.””

One very important question that should be asked in any
study of neonatal encephalopathy is which findings are asso-
ciated with poor outcomes and which are associated with good
outcomes. Unfortunately, the limited number of patients in
this study does not permit any definite conclusions in this
regard. Moreover, several of our patients had very severe brain
injuries and did not survive to undergo follow-up examina-
tions. Many of our subjects had D, values below the threshold
of 0.75 mm?/s suggested by Hunt et al** as an objective prog-
nostic marker for infants with brain injury.

This study is hampered by a number of limitations that are
characteristic of all studies of sick neonates in busy hospitals.
Although attempts were made to study all of the patients at
regular times, this goal was not achieved. Initially, it was the
intention of this project to study all the neonates in the first 24
hours after birth; unfortunately, it is nearly impossible to
transport neonates born at outlying hospitals to our institu-
tion, stabilize them, mobilize them for an MR study, and study
them safely in such a short timeframe. Therefore, fewer than
half of the subjects were studied within 24 hours, with the
remainder being studied between 24 and 48 hours. An attempt
was made to perform the follow-up scans at variable times 3—6
days after birth, to understand the evolution of MR parame-
ters over that time period. This was achieved reasonably well,
though scheduling difficulties resulted in many patients being
scanned at slightly different time intervals than hoped. The
most extreme example of this was the child in our cohort with
the least severe neonatal course (patient 195), whose fol-
low-up MR (as an outpatient) did not occur until 14 postnatal
days. Two patients were imaged 3 times, giving the best pic-
tures of the evolution of the brain injury. It is hoped that as
more neonates are enrolled into the study, the large number of
patients studied will compensate for the varying times and
allow an even clearer picture of evolving injury to emerge. In
an ideal environment, single patients could be studied more
frequently (every other day, for example), but in most institu-
tions the time involved in multiple transports to and from the
scanner and paucity of scanner time make this very difficult, if
not impossible.

Another limitation of this study is common to nearly all
studies of neonatal encephalopathy, that precise time of injury
was not known in most of the patients. Indeed, as discussed
above, one of the patients appeared to develop seizures in
utero, 3 days before delivery, and was presumed to have pre-
natal injury. Another had oligohydramnios and thick meco-
nium present at delivery, which suggest possible prenatal in-
jury. Furthermore, different patterns of injury were seen in the
different patients. Two appeared to have mostly cortical dam-
age, in the intervascular boundary zones (watershed regions),
whereas 5 had predominant deep gray matter injury and 2 had
extensive injury in both cortex and deep gray matter. The tim-
ing of evolution may well be different in different injury pat-
terns. Finally, the evolution may differ in injuries of differing
severity and causality, even if the pattern is the same. This
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underscores the importance of serial studies in an individual
neonate to clarify these issues.

Despite these limitations, this study provides important
information for the MR evaluation of encephalopathic neo-
nates. The extent and pattern of injury vary temporally. Par-
ticularly in the case of proton spectroscopy and DTI, some
areas will appear more severely injured and some less injured,
depending on the timing of the scan with respect to the injury.
Most important, early studies often underestimate the ulti-
mate extent of damage, even if diffusion and spectroscopy are
included. Because it appears from these data that injury is still
evolving, it will be interesting to determine, in future studies,
whether interventions can reduce or prevent such progression
of injury.
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