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The Normal Neonatal Brain: MR Imaging,
Diffusion Tensor Imaging, and 3D MR

ORIGINAL .
researcH | Spectroscopy in Healthy Term Neonates
A.l. Bartha BACKGROUND AND PURPOSE: There is a lack of normative diffusion tensor imaging (DTI) and 3D MR
K.R.L. Yap spectroscopy (MRS) data in the early neonatal period. We report quantitative values from a cohort of
S.P. Miller healthy term neonates to serve as baseline data for studies assessing brain development and injury.
R.J. Jeremy MATERIALS AND METHODS: Sixteen healthy term neonates (median age, 7 days) were studied with
M. Nishimoto spin-echo T1- and T2-weighted MR imaging, DTI, and 3D point-resolved spectroscopy sequence
’ . (PRESS) MRS without sedation on a 1.5T scanner. Average diffusivity (D,,), fractional anisotropy (FA),
D.B. Vigneron eigenvalues (EV), and metabolite ratios (N-acetylaspartate [NAA]/choline, lactate/choline) were calcu-
A.J. Barkovich lated by automated processing in 7 brain regions. Neurodevelopment was assessed by blinded and
D.M. Ferriero validated neuromotor examinations and the Bayley Il test at 3 and 14 months.

RESULTS: Two neonates were excluded from the cohort: one had brain injury on T2-weighted imaging,
and the other, who had normal MR imaging, showed mildly delayed cognition at 14 months. The mean
DTl values of the remaining 14 neonates were between these ranges: D,, = 0.98-1.48 10~2 mm?/s,
FA = 0.14-0.30, EV1 = 1.21-1.88, EV2 = 0.95-1.46, and EV3 = 0.77-1.24 (all X 10~° mm?/s). The
NAA/choline ratio ranged between 0.58 and 0.73, and minimal lactate/choline (<0.15) could be
detected in each neonate. All neonates exhibited clinically normal neuromotor status.

CONCLUSIONS: Our study demonstrates the feasibility of obtaining high-quality quantifiable MR data
in nonsedated healthy term neonates that can be used to study normal early brain development and

Early detection of perinatal brain injury is of paramount
importance in term encephalopathic neonates to identify
them for promising new pharmacologic and head- or body-
cooling therapies, which might aid the maturing brain in its
early self-repair mechanisms, thus salvaging neurons after the
initial perinatal insult."* MR imaging techniques are far more
sensitive in detecting perinatal brain injury during this critical
early window of time than head sonography and CT.>® MR
imaging is also an important tool to help determine the un-
derlying cause, extent, and approximate timing of the injury,
which are associated with subsequent neurodevelopmental
outcome.”® Conventional qualitative MR imaging is limited
to a gross anatomic assessment of the brain, whereas newer
quantitative MR techniques, such as diffusion tensor imaging
(DTI) and proton MR spectroscopy, offer a measure of its
microstructure and in vivo biochemistry.'®"> These newer
techniques may provide additional information in distin-
guishing neonates with mild to moderate impairment, and
detect changes after injury sooner than conventional MR im-
aging alone.'*"”

A major limitation of previous studies has been the lack of
normative DTI and MR spectroscopy data in healthy term
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as control data in studies of perinatal brain injury.

neonates. Past studies have used encephalopathic neonates
with eventual normal outcome as surrogates for the control
group for comparison. To address the need for normative DTI
and MR spectroscopy data, we prospectively recruited a co-
hort of healthy term neonates to serve as a control group for
studies assessing brain injury in term-born neonates. In this
study, we report the findings of the anatomic MR imaging,
DTI, and 3D MR spectroscopy in this control group to serve as
baseline data for future studies.

Materials and Methods
Sixteen healthy term neonates were prospectively enrolled and stud-
ied with MR imaging between July 2004 and October 2005 at our
institution after parental informed written consent had been ob-
tained. Our Institutional Review Board approved the research proto-
col. Fifteen neonates were born at our institution, and all were admit-
ted to the hospital’s Well-Baby Nursery after delivery. Neonates with
any of the following signs of perinatal depression were excluded: um-
bilical artery pH less than 7.1, base deficit greater than —10, a
5-minute Apgar score of 5 or less, and seizures or muscle hypotonia
beyond resuscitation. Neonates younger than 36 gestational weeks
and those with suspected or confirmed metabolic disorder, congenital
infection, or malformation were excluded. All neonates had normal
findings on neonatal examination by the attending pediatrician on
admission and showed no clinical signs of encephalopathy during the
neonatal period. Labor, delivery, and neonatal charts were reviewed
for birth events, and the amount of resuscitation required at birth
scored as: 0, no intervention; 1, blow-by oxygen; 2, endotracheal suc-
tioning only; 3, bag-mask positive pressure ventilation; 4, endotra-
cheal intubation with positive pressure ventilation; and 5, endotra-
cheal intubation with positive pressure ventilation and medication.
All neonates underwent MR imaging without pharmacologic se-
dation in an MR-compatible incubator with a neonatal head coil on
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median day 7 after birth (range, 1-13 days) without adverse events.
During the hospitalization period, the MR studies were performed as
soon as scanner time and personnel to accompany the neonate to the
scanner were available. If neonates were studied after discharge, the
MR imaging was performed when the parents and the scanner time
were available. All studies were performed with a custom-built MR-
compatible neonatal incubator and a high-sensitivity specialized neo-
natal head coil built as prototypes in conjunction with General Elec-
tric Corporate Research & Development (Schenectady, NY) to reduce
patient motion, increase patient safety and comfort, and improve
signal-to-noise ratio (SNR) of the MR images.'® Infants were scanned
without sedation immediately after being fed; neonatologists moni-
tored the infants during scanning. The MR examination was per-
formed on a 1.5T Signa EchoSpeed scanner (GE Healthcare, Milwau-
kee, Wis). The anatomic MR imaging consisted of axial T2-weighted
dual spin-echo (TR, 3000 ms; TE, 60/120 ms; 4-mm section thick-
ness), and axial T1-weighted spin-echo (TR, 500 ms; TE, 11 ms;
4-mm section thickness) with an 18-cm FOV and a 192 X 256 acqui-
sition matrix. Two experienced neonatal neuroradiologists assessed
each scan separately for the presence and location of any signal inten-
sity abnormalities and scored them using a previously validated MR
imaging scoring system.® Consensus was reached on all findings with
an overall k value of 0.9.

We acquired DTI using a multisection spin-echo single-shot
echo-planar sequence with TR, 7000 ms; TE, 99.5 ms; 3-mm sections,
no gap, 3 repetitions per image; FOV, 18 X 36 cm; and 128 X 256
acquisition matrix. Axial images were acquired through the whole
brain with an in-plane resolution of 1.4 X 1.4 mm?."**! We acquired
a T2-weighted reference image (b = 0 s/mm”) and 6 diffusion-
weighted images (b = 700 s/mm?) in noncollinear gradient directions
per axial section. Diffusion-weighted images were transferred off-line
for processing on a Sparc Workstation (Sun Microsystems, Santa
Clara, Calif), and were first aligned with use of a 2D nonlinear spatial
transformation algorithm (AIR 5.1),>** by using the T2-weighted
(b = 0 s/mm?2) echo-planar images as reference for registration of the
corresponding b = 700 s/mm” diffusion-weighted images. Using cus-
tom software developed at our institution, we generated parametric
maps for the 6 rotationally invariant DTI parameters. The direction-
ally averaged diffusion coefficient (D,,); fractional anisotropy (FA);
and the maximum, intermediate, and minimum eigenvalues (EV1,
EV2, and EV3, respectively) were calculated bilaterally in the basal
ganglia, ventrolateral thalami, calcarine cortex, optic radiations, cor-
ticospinal tracts in the centrum semiovale, and parietal and frontal
watershed white matter, with use of previously described
methods.'***

For the 3D MR spectroscopic imaging (MRS), the point-resolved
spectroscopy sequence (PRESS) was used to excite a selected region
with further localization by 3D chemical shift imaging (CSI) as de-
scribed previously.'? The PRESS selected volume included a region of
approximately 100-200 mL, which encompassed most of the neonate
brain but excluded the spatial inclusion of subcutaneous lipids. Phase
encoding in the PRESS-CSI sequence was used to obtain 8 X 8 X 8 3D
spectral arrays with a nominal spatial resolution of 1 mL. After a
2-3-minute prescan procedure, including autoshimming, we ac-
quired 3D PRESS MRSI (with very selective saturation [VSS] pulses to
provide improved coverage and excitation profiles) in a 17-minute
acquisition. A lactate-editing MRS scheme was used to provide the
detection of lactate independent from lipid signals in addition to
NAA, choline, and creatine.?® The MR images and raw MRS data were
transferred off-line to an UltraSparc workstation (Sun Microsystems)
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for analysis with the use of custom software developed at our institu-
tion for 3D MRS processing.

Spectral processing included 4D Fourier transformations, auto-
matic frequency and phase adjustments, baseline fitting, and peak
integration for the choline, creatine, N-acetylaspartate (NAA), lipid,
and lactate resonances. This software also provided postprocessing
alignment of the spatial center of the spectral arrays. This was used to
center the MRS 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 and MRS display tools were written in the
Interactive Display Language (IDL; Research Systems, Boulder,
Colo). To define voxels within the selected regions (and not in the
saturation bands surrounding the selected volume) and with ade-
quate signal intensity-to-noise (SNR peak height/noise height), we
calculated the noise and SNR for each voxel and metabolite. We also
calculated the peak area ratios of lactate/choline and NAA/choline for
each voxel. To avoid spuriously large metabolite ratios, ratios were
reported only for voxels with a choline SNR greater than 5. In 2 pa-
tients (16 and 10), data were corrupted by motion artifact, and the
ratios could not be calculated.

To assess the MR spectra in various anatomic locations in the
brain, spectral voxels were retrospectively centered in the following
regions bilaterally: the basal ganglia, thalami, calcarine gray matter,
optic radiations, corticospinal tracts, and parietal and frontal white
matter (Fig 1). We chose these 7 voxel locations for several reasons: 1)
they include both more mature (deep gray matter) and less mature
(frontal white matter) portions of the brain (Fig 2), 2) they involve
areas that are important in motor (corticospinal tracts, basal ganglia),
visual (calcarine cortex, thalamus), and cognitive (frontal and parietal
white matter) function, and 3) they include the regions commonly
injured in neonatal brain injury (deep gray nuclei, frontal and poste-
rior intervascular boundary zones). Therefore, they are the regions

studied in our analyses of research subjects.”'""!?

Neurodevelopmental Outcome

Neuromotor outcome was assessed for all age-eligible neonates at 3
and 14 months of age by pediatric neurologists blinded to the neona-
tal course and MR imaging findings. A validated neuromotor score
(NMS) was assigned at each standardized neurologic examination: 0,
normal; 1, abnormal tone or reflexes; 2, abnormal tone and reflexes; 3,
functional deficit of power in addition to tone or reflex abnormality;
4, cranial nerve involvement with motor abnormality; 5, spastic
quadriparesis.”* Mental development at 14 months of age was as-
sessed by a developmental psychologist on the Bayley Scales of Infant
Development—2nd Edition, yielding a Mental Development Index
(MDI) without knowledge of the neonatal course and the MR imag-
ing findings.?” The average score for the MDI was set at 100, with an
SD of 15. Scores less than 85 (—1 SD) suggested mildly delayed per-
formance indicative of developmental risk, and scores less than 70
(—2 SD) suggested significantly delayed performance. Neurodevel-
opmental outcome was classified as normal if there were no motor
deficits, the neuromotor score was 0—1, and the MDI was greater than
or equal to 85.

Statistical Analysis

We used descriptive statistics to present the MR, neonatal, and out-
come data. The limited sample size and the large number of predictor
variables precluded a meaningful statistical analysis of the imaging
characteristics and the neonates regarding the outcome of the study.



Fig 1. Locations of regions of interest for MRS and DTI measurements are marked by rectangles as follows:) basal ganglia (7), thalami (2), calcarine cortex (3), optic radiations (4),

corticospinal tracts (5), posterior white matter (6), frontal white matter (7).

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

B, Squares showing the regions of interest from which D,,, FA, and eigenvalues were calculated by automated processing.

Fig 2. 3D MR spectroscopy imaging on a single plane at the level of the basal ganglia
illustrates the variation in maturity of metabolites in different regions of a healthy term
neonate. Note that the thalami have the most mature spectra, with lowest choline and
highest NAA peaks, and the frontal white matter has the least mature spectra.

Results

Cohort Characteristics

The 16 neonates in the cohort included 4 girls; they were born
at a median gestational age of 40 weeks (range, 39.14—41.28
weeks) with a mean birth weight of 3640 g (range, 2890-5560
g). Their mothers had a median age of 34 years (range, 26—40
years) and were gravida 2 (range 1-4), para 2 (range 1-3).

Perinatal Clinical Data

The perinatal course is shown in Table 1. None of the 9 neo-
nates born with meconium-stained amniotic fluid had meco-
nium suctioned from below their vocal cords. Both neonates
(7 and 15) with lower 1-minute Apgar scores (4 and 5) needed
endotracheal intubation with positive pressure ventilation, af-
ter which their 5-minute Apgar scores normalized (9 and 9).
Neonate 1 was included in our study despite the arterial cord
pH of 7.08 (slightly less than our cutoff value of pH = 7.1),

because the neonate had no signs of fetal distress, had good
Apgar scores, and showed no signs of neonatal encephalopa-
thy. All neonates had normal findings on their neurologic ex-
aminations by the admitting attending physician in the Well-
Baby Nursery.

Conventional MR Imaging

Each neonate had one MR study performed on median day 7
after birth (range, 1-13 days). Routine T1- and T2-weighted
spin-echo images were normal for age in all neonates in the
final cohort.

Diffusion Data
The D,,, FA, and eigenvalues from the 7 brain regions sampled
by the automated processing are shown in Tables 2 and 3.

3D MR Spectroscopy Imaging Data

The metabolite ratios from the voxels sampled by automated
processing of the MRSI are shown in Table 4. MRS data of 1
neonate could not be used at all due to patient motion during
data acquisition. In the other neonates, good NAA data were
acquired for the 3 gray matter regions and the optic radiation
regions. Of the gray matter regions, the calcarine cortex had
the highest NAA/choline ratio, whereas the basal ganglia had
the lowest. In several neonates, no NAA/choline or lactate/
choline metabolite ratios could be obtained for the other white
matter regions because they were located outside of the
PRESS-selected volume or had an inadequately small (<5)
choline peak height/noise height ratio and were therefore ex-
cluded. It is noteworthy that minimal lactate could be mea-
sured in each neonate; the mean lactate/choline ratio for each
region was less than 0.15.

Excluded Patient (15 and 16) MR Data

The neonate with mildly delayed cognition (15) at the 14-
month examination had normal anatomic MR imaging on day
12 after birth with increased D, and eigenvalues in the poste-
rior white matter. He had increased NAA/choline ratios in the
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Table 1: Perinatal clinical data

GA at Birth Apgar Score Arterial Cord Gas Resuscitation
Neonate (weeks) (1 min/5 min) (pH/Base Deficit) Perinatal History Score
1 39.3 7/8 7.08/—6 Mother GBS-positive, repeat CS, clear fluid; no fetal distress, 1
heart rate >100, BBO, for 3 minutes
2 399 8/9 7.14/—5 ROM 2 hours, fetal heart rate 80-90 seconds for 5 minutes, 1
vacuum/forceps-assisted vaginal delivery, nuchal cord,
terminal meconium, vigorous baby, BBO,
3 4.1 8/9 NA Outborn, ROM 5 hours, spontaneous vaginal delivery, no 0
meconium
4 40.6 8/9 7.14/—4 Induced labor, ROM 2 hours, fetal distress, failed vacuum 0
delivery, CS for FTP, no meconium, blue baby with good
tone and spontaneous cry
5 39.3 8/9 7.18/=5 Decreased fetal heart rate for 14 minutes, vacuum assisted 0
vaginal delivery, moderate meconium above the vocal cords,
pale baby with good tone and cry
6 39.4 9/10 7.28/+1 Mother GBS-positive, induced labor, ROM 2 hours, no 0
meconium, no distress
7 39.3 4/9 7.3/—2 Nuchal cord, moderate meconium above vocal cords, baby 4
intubated, suctioned, PPV, stable
8 40.3 9/9 7.11/—6 ROM 8 hours, no distress, no meconium 0
9 39.1 7/9 7.24/-3 Mother GBS-positive, took paroxetine for depression/anxiety; 1
ROM 5 hours, no fetal distress, terminal meconium, good
saturations, 0, given
10 413 9/9 7.22/-17 ROM 9 hours, no fetal distress, forceps-assisted vaginal 0
delivery, thick meconium, vigorous baby
1 41 9/10 7.33/-3 Mother GBS-positive, ROM 9 hours, no distress, no meconium 0
12 39.6 7/9 7.3/-2 Mother taking sertraline for depression; ROM 4 hours, no fetal 2
distress, nuchal cord, meconium, suctioned X2
13 40.9 8/9 7.17/0 ROM 1.5 hours, meconium suctioned at perineum, vigorous cry 2
14 404 7/8 7.32/-17 ROM 3.5 hours, no distress, no meconium 0
15 40.7 5/9 7.21/-3 ROM 6 hours, nuchal cord, no fetal distress, light meconium 4
above the vocal cords, suctioned, blue floppy baby with no
initial respiratory effort, heart rate >100, intubated, PPV for
30 seconds, baby cries, with good color
16 39.3 8/9 121/=2 Mother taking albuterol for asthma, CS for LGA and 39.5-cm 1

head (cephalopelvic disproportion), blue baby with good cry,
terminal meconium, no distress, BBO,

Note:—BBO, indicates blow by oxygen; CS, cesarean section; GA, gestational age; FTP, failure to progress; GBS, Group B Streptococcus; LGA, large for gestational age; ROM, rupture

of membranes; PPV, positive pressure ventilation; NA, not available.

calcarine cortex, optic radiations, and frontal white matter,
and increased lactate/choline levels more than 2 SD above the
mean in the optic radiation.

Results for patient 16 were excluded from the normal data
tables because the routine MR done on day 2 after birth
showed injury to the cortex (blurring of the cortex on T2-
weighted images) in the vascular boundary zones (commonly
called the “watershed” zones) along with hyperintensity of the
subcortical white matter. It is noteworthy that this neonate
had consistently increased (ie, 1 SD above the cohort’s mean)
D,, and eigenvalues in all regions. The 3D MRS was unsuc-
cessful in this patient because of excessive motion during data
acquisition.

Neurodevelopmental Outcome

All neonates were assessed first at a median of 90 days after
birth (range, 79-106 days), and 13 were assessed at a median
of 14 months of age (range, 13—15 months). In neonate 1, the
family could not return for the 14-month examination within
the allocated window of time because of logistic reasons, and
neonates 13 and 14 had not yet reached 14 months of age.
Summary of the findings on follow-up examination is shown
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in Table 5. To maximize the sensitivity of the follow-up exam-
inations, the pediatric neurologists assigned an NMS of 1 for
any, even slight, changes in reflex or muscle tone. All neonates
in the cohort had overall clinically normal findings on neuro-
motor examinations (NMS = 0-1) at both follow-up time
points. Three neonates (3, 4, and the excluded 16) had subtle
hypertonic or hypotonic changes at 3 months of age but had
completely normal muscle tone by the 14-month examina-
tion. Neonate 15 was excluded from the normal cohort be-
cause of his mild delay in cognitive development at the 14-
month examination. He had hyper-reflexia at 3 months and
still had the remnants of primitive reflexes at the 14-month
assessment.

Discussion

In this prospective cohort study, we have established a data
base of DTI and 3D MRS data in healthy term neonates, which
can be used as a normal standard of reference for neonates
with neurologic abnormalities. Others have established simi-
lar normative data bases of diffusion tensor and spectroscopic
images but mainly for older neonates and for the pediatric
population, not for the early neonatal age, when information



Table 2: Average diffusivity data (D,,; 10~3mm?s) and fractional anisotropy (FA) from automated processing

Gray Matter White Matter

Age After . . . _ Postgrior Froqtal

Birth at GA at Basa_l _ Calcarine Optlr_: Corticospinal White White

MRI MRI Ganglia Thalami Cortex Radiation Tracts Matter Matter
Neonate (days) (weeks) D, FA D,, FA D., FA D,, FA D,, FA D,, FA D,, FA
1 2 39.57 129 016 102 015 126 015 146 032 124 019 152 014 155 014
2 1 40 1.20 0.19 0.92 0.27 1.25 0.12 1.53 0.18 1.43 0.23 1.58 0.17 1.56 0.17
3 3 41.57 114 018 09 022 1.2 016 137 032 113 031 135 017 128 021
4 3 41 119 019 097 021 119 016 149 021 110 021 147 026 144 025
5 8 40.43 1.29 0.13 1.05 0.17 1.19 0.14 1.40 0.27 1.26 0.28 1.44 0.16 1.51 0.14
6 5 40.14 117 020 099 028 128 014 144 022 125 025 152 015 148 021
7 7 40.29 116 020 094 029 126 012 15 026 119 021 150 018 142 020
8 7 41.29 1.20 0.15 1.02 0.19 1.23 0.14 1.45 0.33 1.24 0.22 1.62 0.21 1.53 0.18
9 10 40.57 1.20 0.14 1.02 0.19 1.20 0.12 1.41 0.31 1.10 0.18 1.51 0.18 1.59 0.13
10 9 42.57 114 018 107 020 126 017 133 037 116 034 121 020 148 019
M 13 42.86 1.13 0.15 0.95 0.20 1.21 0.12 1.23 0.37 1.10 0.26 1.36 0.18 1.26 0.20
12 8 40.71 122 013 092 034 1.2 0.11 139 031 126 026 143 016 144 015
13 6 4.7 113 019 094 024 117 013 150 033 119 033 150 012 163 019
14 10 41.86 1.17 0.18 0.90 0.29 122 0.18 1.25 0.39 1.18 0.35 1.47 0.16 1.51 0.15
15 12 4243 1.15 0.20 0.97 0.27 1.25 0.14 1.46 0.24 1.24 0.24 1.77 0.14 1.58 0.16
16 2 39.57 137 014 114 032 136 019 161 019 168 016 184 021 172 025
Mean* 6.8 40.5 1.19 0.17 0.98 0.23 122 0.14 1.41 0.30 1.20 0.26 1.46 0.17 1.48 0.18
SD* 35 0.8 005 003 005 005 003 002 010 006 009 006 010 003 011 0.04

Note:—GA indicates gestational age.

* The mean and SD calculations do not include values for neonate 16 with abnormal findings on conventional MRI and for neonate 15 with mild developmental delay at the 14-month

exam.

Table 3: Diffusion eigenvalues (EV1, EV2, EV3; 10—3mm?s) from automated processing

Gray Matter White Matter
Corticospinal Posterior White Frontal White
Basal Ganglia Thalami Calcarine Cortex  Optic Radiation Tracts Matter Matter
Neonate EV1 EV2 EV3 EV1 EV2 EV3 EV1 EV2 EV3 EV1 EV2 EV3 EV1 EV2 EV3 EV1 EV2 EV3 EV1 EV2 EV3
1 151 124 111 118 101 087 145 125 107 200 130 1.09 147 125 101 174 153 130 175 155 135
2 145 114 101 117 092 068 139 124 110 182 148 127 174 146 110 18 153 134 182 153 131
3 135 114 094 116 094 075 141 120 1.03 184 129 097 146 117 076 157 137 110 152 131 1.00
4 143 117 097 118 097 078 137 119 101 181 145 120 133 110 08 188 140 114 181 140 109
5 146 126 113 124 104 083 136 117 1.03 182 131 107 163 124 091 167 144 123 171 150 131
6 143 111 096 126 099 071 145 128 1.09 178 140 114 155 127 093 174 151 131 181 141 121
7 142 112 094 123 091 067 141 125 111 195 151 115 142 124 092 179 147 125 169 145 114
8 137 119 103 121 100 083 139 125 104 199 131 105 149 128 096 201 154 133 179 152 128
9 137 118 105 122 099 084 135 119 106 189 130 1.05 128 112 091 178 149 125 180 159 140
10 136 110 095 129 105 088 148 123 105 188 121 091 158 111 079 144 124 096 176 147 122
1 131 109 098 115 092 077 135 120 1.07 174 111 083 138 1.10 080 161 135 113 152 125 101
12 138 119 107 128 086 063 134 121 108 189 123 104 155 135 089 178 152 129 164 146 121
13 137 107 09 118 089 075 132 117 103 206 134 109 163 111 08 183 163 144 180 145 126
14 138 115 097 119 084 066 145 120 1.00 18 112 081 163 112 078 171 145 125 173 148 131
15 139 112 094 127 091 074 143 124 108 182 142 113 152 124 09 203 173 155 184 154 136
16 157 137 118 153 110 079 162 136 1.09 193 157 133 197 165 143 223 181 148 215 172 129
Mean* 140 115 101 121 095 077 140 122 106 18 131 105 151 121 089 174 146 124 173 146 122
SD* 005 006 006 005 007 009 005 003 003 0039 012 013 013 011 009 014 010 012 010 009 012

* The mean and SD calculations do not include diffusion values for neonate 16 with abnormal findings on conventional MRI and for neonate 15 with mild developmental delay at the

14-month exam.

gained from advanced MR techniques could be used to iden-
tify those who need early intervention the most.*®* Our study
is enhanced by the fact that all neonates were studied as vol-
unteers and were not referred for the MR imaging for clinical
reasons. However, because of this method of ascertainment,
the neonates were not sedated for these research MR studies
because of ethical considerations. Consequently, in some ne-
onates, motion artifact reduced the amount of data that was
successfully acquired and processed. The rigorous review of
the labor, delivery, and neonatal charts; the anatomic MR im-

ages; and the standardized, validated, and blinded neurodevel-
opmental examinations at 2 time points ensure that only clin-
ically normal control data are presented as normative for
future studies.

A surprising finding of our study was that 1 neonate (16)
with a completely normal neonatal course had brain injury
discovered on conventional MR imaging 2 days after birth.
This injury would have remained unrecognized as part of stan-
dard clinical care, because an MR image would not have been
indicated because of the lack of abnormal clinical signs in the
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Table 4: Metabolite ratios from 3D MR spectroscopy automated processing

Gray Matter White Matter

Calcarine Optic Corticospinal Posterior Frontal White

Basal Ganglia Thalami Cortex Radiation Tracts White Matter Matter
NAA/ Lac/ NAA/ Lac/ NAA/ Lac/ NAA/ Lac/ NAA/ Lac/ NAA/ Lac/ NAA/ Lac/
Neonate Cho Cho Cho Cho Cho Cho Cho Cho Cho Cho Cho Cho Cho Cho
1 0.51 0.09 0.53 0.04 0.72 0.16 0.70 0.12 NA NA 0.69 0.18 0.81 0.17
2 0.53 0.12 0.64 0.05 0.65 0.15 0.83 0.01 0.60 0.15 0.46 0.09 NA NA
3 0.67 0.14 0.64 0.1 0.66 0.13 0.53 0.03 0.66 0.04 0.65 0.07 NA NA
4 0.61 0.07 0.73 0.09 0.88 0.17 0.91 0.10 NA NA 0.76 0.19 0.84 0.04
5 0.61 0.09 0.71 0.06 0.66 0.12 0.57 0.04 0.85 0.20 0.69 0.14 0.71 012
6 0.50 0.12 0.66 0.07 0.56 0.10 0.70 0.07 NA NA 0.79 0.08 0.55 0.18
7 0.61 NA 0.79 NA 0.87 NA 0.83 NA 0.75 NA 0.93 NA 0.46 NA
8 0.58 NA 0.67 NA 0.64 NA 0.56 NA 0.73 NA NA NA NA NA
9 0.47 0.13 0.65 0.12 0.67 0.14 0.47 0.15 0.65 0.1 0.56 0.13 0.63 0.28
10 NA NA NA NA NA NA NA NA NA NA NA NA NA NA
1 0.74 0.09 0.84 0.05 0.68 0.15 0.67 0.06 0.70 0.03 0.81 0.09 0.79 0.10
12 0.54 0.07 0.61 0.04 0.62 0.10 0.43 0.15 NA NA 0.90 0.13 NA NA
13 0.57 0.07 0.68 0.02 0.65 0.20 0.33 0.00 0.95 0.1 0.57 0.02 0.67 0.07
14 0.61 0.13 0.88 0.09 0.76 0.15 0.74 0.05 NA NA 0.68 012 NA NA
15 0.63 0.03 0.72 0.06 1.30 NA 1.25 0.38 NA NA NA NA 0.88 0.07
16 NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Mean 0.58 0.10 0.69 0.07 0.69 0.14 0.63 0.07 0.73 0.10 0.70 0.11 0.68 0.14
SD 0.07 0.03 0.09 0.03 0.09 0.03 0.17 0.05 0.1 0.06 0.14 0.05 0.13 0.08

Note:—The mean and SD calculations do not include metabolite values for neonate #15 with mild developmental delay. NA indicates data not available; NAA, N-acetylaspartate; Lac,

lactate; Cho, choline.

Table 5: Neurodevelopmental exam summary at 3 and 14 months of
age

Exam at Exam at
3 Months 14 Months
Neuromotor Neuromotor Bayley
Neonate Score Score MDI
1 0 NA
2 0 0 89
3 1 (slight active hypertonia) 0 101
4 1 (active hypertonia, legs 0 109
passive hypertonia)
5 0 0 93
6 0 0 103
7 0 0 102
8 0 0 97
9 0 0 97
10 0 0 103
1 0 0 86
12 0 0 103
13 0 NA
14 0 NA
15 1 (brisk reflexes) 1 (mild palmar thumbing) 75
16 1 (hypotonia in torso) 1 (plantar grasp reflex) 80

Note:—MDI indicates Mental Development Index; NA, data not available.

neonatal period. We are left with the question of how clinically
meaningful this incidental finding is long term, and we cer-
tainly do not propose that all neonates with normal clinical
presentation undergo brain MR scanning for screening pur-
poses. This neonate showed injury in the watershed zone,
which is a common MR pattern of injury in term neonates
after hypoxia-ischemia, and is associated with a less severe
clinical course compared with an injury that predominantly
affects the basal ganglia.’® This neonate showed increased
mean diffusivity in all brain regions, including those impor-
tant in cognitive functions (frontal and parietal white matter)
and in motor functions (such as the basal ganglia and the
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corticospinal tracts). This increased diffusivity, combined
with the pattern of abnormality, suggests subacute to chronic
injury as the cause.””' This neonate showed truncal muscle
hypotonia with poor head control at the 3-month examina-
tion, and normal tone, but mildly impaired cognition at the
14-month examination, supporting the imaging findings of
injury. Likewise, in a pilot study, children with developmental
delay demonstrated increased mean diffusivity in the white
matter compared with controls.’®> Neonates with watershed
pattern of injury may need longer follow-up to reveal learning
and behavior abnormalities, as these may emerge later in life.

Furthermore, we found that even healthy neonates with
normal conventional neonatal MR imaging studies might
manifest subtle neuromotor findings at 3 months of age, most
of which normalize by 14 months. Thus, neuromotor assess-
ment at a very early age might not be a good surrogate marker
of later neuromotor outcome.

Two neonates (15 and 16) were excluded from our norma-
tive calculations because they showed mild cognitive delay
with persisting subtle reflex changes on the 14-month exami-
nation. Neonate 15 had normal conventional MR imaging 12
days after birth. Although no metabolite ratios could be ac-
quired in the corticospinal tract and posterior white matter
(WM) regions, his NAA/choline ratios were increased in the
frontal WM, calcarine cortex, and optic radiations, and his
lactate/choline levels were more than 2 SD above the mean in
the optic radiation region. His diffusivity values were in-
creased in the posterior WM and were normal in all other
regions. Our findings of persistent “soft” neurologic signs in
healthy children are not surprising in view of recent large pop-
ulation-based reports, which revealed “questionable, not ab-
normal” findings on neuromotor examination in 29% of ran-
domly selected healthy children at 5 years of age.*>>*

We emphasize that all children in our study have normal
cognitive and motor function in their everyday lives. The sub-



tle changes in muscle tone and reflexes that we detected as part
of the standardized examinations would have been considered
within the normal spectrum during a routine visit. Moreover,
the Bayley Mental Development Index at this early age is re-
portedly not yet a strong predictor of later cognitive out-
come.”®?® Three children in this cohort are raised in non-
English-speaking homes: the 2 excluded children (15 and 16)
with mildly impaired MDI, and one (13) who has yet to be
assessed. As the Bayley test was administered in English for all
neonates in the study, a child raised in a language environment
other than English might have had a more difficult time fol-
lowing instructions even with a translator present.

Our study had several limitations. Neonates enrolled in the
study might differ from nonparticipating neonates due to re-
cruitment bias. The children in our study might be more likely
to exhibit subtle motor and/or cognitive delay than would the
general population if other family members had developmen-
tal problems, as the parents would be more likely to enroll
them in the study due to concerns about their child’s future
development. We also lacked the full perinatal information on
1 neonate (3), who was born in another hospital before being
transferred to our facility. However, he showed normal gross
and fine motor and cognitive development on the 14-month
examination and, therefore, was included. To increase our
sample size, we plan to continue enrolling and following new
subjects.

Conclusion

Despite these limitations, this study provides heretofore un-
available information on sophisticated MR imaging values in
neonates with so-called normal early brain development, and
these data will prove useful as control data for future studies of
neonatal brain disorders. Equally important, it demonstrates
that brain injury may remain unrecognized in clinically
healthy neonates, and that healthy term neonates can later
present with subtle cognitive findings, even in the absence of
detectable brain injury on MR imaging. Long-term neurode-
velopmental follow-up is needed to determine the clinical rel-
evance of these findings.
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