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Premature Infants

PURPOSE: \We evaluated the impact of premature extrauterine life on brain maturation.

PATIENTS AND METHODS: Twelve neonates underwent MR imaging at 40 (39.64 + 0.98) weeks (full
term). Fifteen premature infants underwent 2 MR imaging examinations, after birth (preterm at birth)
and at 40 weeks (41.03 = 1.33) (preterm at term). A 3D MR imaging technique was used to measure
brain volumes compared with intracranial volume: total brain volume, cortical gray matter, myelinated
white matter, unmyelinated white matter, basal ganglia (BG), and CSF.

RESULTS: The average absolute volume of intracranial volume (269.8 mL *+ 36.5), total brain volume
(246.5 = 32.3), cortical gray matter (85.53 mL = 22.23), unmyelinated white matter (142.4 mL
+14.98), and myelinated white matter (6.099 mL *1.82) for preterm at birth was significantly lower
compared with that for the preterm at term: the average global volume of intracranial volume (431.7 =
69.98), total brain volume (391 = 66,1), cortical gray matter (179 mL = 41.54), unmyelinated white
matter (185.3 mL = 30.8), and myelinated white matter (10.66 mL = 3.05). It was also lower compared
with that of full-term infants: intracranial volume (427.4 mL = 53.84), total brain volume (394 *+ 49.22),
cortical gray matter (181.4 = 29.27), unmyelinated white matter (183.4 = 27.37), and myelinated white
matter (10.72 = 4.63). The relative volume of cortical gray matter (30.62 = 5.13) and of unmyelinated
white matter (563.15 = 4.8) for preterm at birth was significantly different compared with the relative
volume of cortical gray matter (41.05 + 5.44) and of unmyelinated white matter (43.22 + 5.11) for the
preterm at term. Premature infants had similar brain tissue volumes at 40 weeks to full-term infants.

CONCLUSION: MR segmentation techniques demonstrate that cortical neonatal maturation in moder-
ately premature infants at term and term-born infants was similar.

B rain maturation can be ideally studied with MR imaging;
indeed, because of its capacity to detect water and fat in
vivo,'” MR imaging allows reliable assessment of myelina-
tion®® and the establishment of a timetable for maturation
and myelination of the developing brain in vivo.®

Different approaches for quantitation of human brain
maturation with qualitative MR images have been previously
chosen. These studies have used staging systems based on
gray-scale contrast differences,” relaxation time measure-
ments,>’ and specific myelination patterns in relation to age,5
as well as with spectroscopy.'® For the objective assessment of
brain development, it is necessary to perform accurate mea-
surement of specific cerebral tissue volumes. Volumetric anal-
ysis of MR imaging data sets is achieved by segmentation of the
imaged volume into tissue types, followed by 3D reconstruc-
tions. Segmentation is the process wherein contours are con-
structed that divide the brain into representative structures of
interest depending on their signal intensity (eg, gray matter,

Received July 14, 2005; accepted after revision October 18.

From the Neuroradiology Unit (A.Z., S.Z., K.0.L.), Radiology Department, Geneva University,
Switzerland; Institut fiir Neuroradiologie (K.0.L., C.0., G.S.), DRNN, Inselspital CH-3010
Bern, Switzerland; Computational Radiology Laboratory (S.W.), Department of Radiology,
Brigham and Women's Hospital, Harvard Medical School, Boston, Mass; the Department of
Radiology (H.T.), Bern University Hospital, Bern, Switzerland;. Neonatologie (E.B.), Kinder-
spital, Inselspital, CH-3010 Bern, Switzerland; MR Spectroscopy and Methodology Unit
(RK. C.B.), the Department of Clinical Research, University of Bern, Bern, Switzerland; and
the Child Development Unit (P.S.H.), Children’s Hospital, Geneva, Switzerland.

This work was supported by a grant from the Swiss National Science Foundation to E. Bossi
(SNF Project no. 43426 Postnatal Brain Development: The Neonatal Period).

Presented in part at the annual meeting of the ESNR, Istanbul, Turkey, September 2003.

Address correspondence to: Karl-Olof Lovblad, MD, Neuroradiology SRRI, Geneva Univer-
sity Hospital, Rue Micheli-du-Crest 24, CH-1211 Geneva 14, Switzerland.

972 Zacharia | AJNR 27 | May 2006 | www.ajnr.org

myelinated white matter, CSF) by using mathematic
algorithms.

In contrast to the existence of numerous volumetric studies
of the brain in both children and adult subjects,''™* there are
few data available concerning assessment of the neonatal brain
by quantitative volumetric analysis of MR imaging. In prior
studies, we have established an MR image segmentation tech-
nique that provides a quantitative assessment of neonatal
brain tissue volumes'>'* and not simply qualitative informa-
tion. The aim of the current study was to assess quantitative
brain development in neonates, comparing moderately pre-
maturely born infants and term-born infants with complete
intrauterine development and to determine if after a period of
extrauterine life, the intracranial volumes of both groups are
similar.

Subjects and Methods

Subjects
Two groups of neonates were studied by MR imaging. The first group
included 12 neonates born at term (full-term) (gestational age [GA],
38—41 weeks) who underwent 1 MR imaging examination. The sec-
ond group included 15 prematurely born (preterm at birth) neonates
(GA, 32.4 = 1.34 weeks) who underwent MR imaging soon after birth
with a follow-up examination at 40 weeks. We performed prospec-
tively 36 MR examinations in a total of 27 children: 18 had only 1
examination (12 controls, 2 premature, and 4 premature infants at
term) and 9 (premature neonates) had 2 MR imaging examinations.
The neonates were recruited from the Neonatology Unit of Chil-
dren’s Hospital of the University Hospital in Bern. Infants included
in the analysis had a normal standard neurologic examination by a



specialized neonatologist and were free of cerebral pathology, such as
intraventricular hemorrhage, ventriculomegaly, or white matter in-
jury assessed by early sonography and the early MR imaging used in
this study. All infants were started on enteral feeding, breast milk,
and/or formula on the first or second day of life. The study was ap-
proved by the Human Subjects Research Committee of our hospital,
and the parents provided written consent for the study.

No sedation was necessary for the MR imaging studies. The in-
fants were positioned in the MR magnet in a vacuum fixation pillow
and monitored by electrocardiography and pulse oximetry (Maglife,
Bruker-Odam, Wissembourg, France). A neonatologist remained
with the infant in the scanner room for the entire MR study.

MR Image Acquisition

MR imaging was performed with a 1.5T Signa System (GE Healthcare,
Milwaukee, Wis). For the acquisition of the primary MR imaging
data, we applied 2 different imaging techniques: a 3D Fourier trans-
form spoiled gradient-recalled (SPGR) image (1.5-mm coronal sec-
tions; flip angle, 45° TR/TE, 35/5 msec; field of view, 18 cm; matrix,
256 X 256) and a double-echo (proton attenuation and T2-weighted;
proton attenuation images are important because they extract the
intracranial contents from the whole image) spin-echo image (3-mm
axial sections; TR/TEs, 3000/36, 162 msec; field of view, 18 cm; ma-
trix, 256 X 2565 interleaved acquisition). The voxel (volume of the
pixel) dimensions for the SPGR acquisition were 0.7 X 0.7 X 1.5 mm,
and for the spin-echo acquisition, 0.7 X 0.7 X 3.0 mm.

MR Image Processing

Postacquisition processing was performed on workstations (Sun Mi-
crosystems, Mountain View, Calif) with newly developed soft-
ware.'>2%2! A sequence of image processing algorithms was used to
segment each of the MR imaging sections into separate tissue classes:
cortical gray matter, basal ganglia (BG)/thalamus, unmyelinated
white matter, myelinated white matter, and CSF. The algorithm rec-
ognizes signal intensity characteristics of myelinated and nonmyeli-
nated white matter on the basis of signal intensities on T1- and T2-
weighted images; to recognize the intensities, an expert initially
determined areas for the program. These algorithms were designed to
reduce imaging system noise. They identify a linear transformation to
align the double-echo spin-echo images with the SPGR images to
form a 3-channel dataset. Afterward, there is a resampling of the dou-
ble-echo spin-echo images according to this transformation. Finally
tissue types are classified on the basis of the MR intensity in the 3
channels, by using a template-moderated classification, which adds to
the statistical classification algorithm (K-Nearest Neighbor classifica-
tion) an anatomic template registered to the initial classification. This
approach allows classification of tissue not only according to signal
intensity behavior but also according to anatomic localization. With
this technique, anatomically different structures with similar image
acquisition characteristics (pixel intensity) can be classified correctly
(ie, subcortical gray matter and cortical gray matter). Quality control
was performed both by 3 authors (A.Z., P.S.H., K.O.L.) indepen-
dently and by using Slicer software (Massachusetts Institute of Tech-
nology Cambridge, Mass), in which simultaneous display of the T1-,
T2-weighted MR imaging had to match the segmented image (Fig 1).

Statistical Analysis

Statistical analysis was performed to compare the volume of cerebral
tissues between the groups by using analysis of variance (ANOVA,
1-way). A first ANOVA compared the 3 groups together; a second

Fig 1. Segmentation. Reconstructed coronal T2-weighted image on the left compared with
the segmented image (on the right) by using the Slicer software. On the segmented image,
gray matter is gray, CSF is blue, the BG are yellow, unmyelinated white matter is red, and
myelinated white matter is white.

ANOVA compared preterm at birth and preterm at term infants.
Finally a third ANOVA compared full-term infants and the preterm at
term. Linear regression analysis was performed for testing volumetric
changes in cerebral tissues during maturation between the 9 infants
having 2 examinations. Statistical analysis was performed by using
SPSS for Windows (SPSS Inc., Chicago, IlI).

Results

Quantitative volumetric analysis was performed at birth in 11
preterm infants, at term in 13 premature infants, and in 12
healthy term infants. Determination of individual volumes of
total brain tissue, gray matter (cortical, BG, thalamus), white
matter (unmyelinated and myelinated), and CSF was
performed.

Total Intracranial Volume

Total intracranial volume, comprising total brain volume and
CSF, was significantly smaller in preterm at birth than in pre-
term at term and full-term infants. (ANOVA, F = 30.96; P <
.001) (Table 1 and Fig 2). The linear regression analysis shows
an increase of the total intracranial volume of 24.05 mL/week
of gestational age from birth to term in preterm infants (P <
.001) with an r = 0.88.

Total Brain Volume

Total brain volume was significantly different after the
ANOVA test between the preterm at birth population and
preterm at term and full-term (F = 30.18; P <.001) (Table 1).
The global increase of the total brain volume was 21.62 mL/
week (P < .001; r = 0.87).

Cortical Gray Matter

The absolute and relative cortical gray matter volume was sig-
nificantly different (F = 46.60; P <.001) (F = 23.07; P <.001)
between birth and term, respectively (Table 1 and Fig 3). The
increase of absolute cortical gray matter volume was 14.17
mL/week of gestational age, which represents an average in-
crease of 34%. We also found an increase in relative cortical
gray matter volume of 1.5%/week (P < .001).

Unmyelinated White Matter

Unmyelinated white matter represented 53% of the whole vol-
ume at birth and 43% at term (Table 1). The absolute volume
of unmyelinated white matter was significantly lower at birth
than at term (F = 17.65; P < .001) (Table 1 and Fig 4). Abso-
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Results in newborns and premature babies

PT (n=11) PTT (n = 13) FT (n = 12) P (ANOVA, PT vs PTT vs FT) P (ANQVA, PT vs PTT)
Absolute Absolute Absolute P P P
Units Relative Units Relative Units Relative Absolute P Relative Absolute Relative
(cm®) to ICV (%) (cm®) to ICV (%) (em®) to ICV (%) Units to ICV Units to ICV
ICV 269.8 = 36.5 4317 =70.0 4274 + 538 F=2310 F=476
P < .001 P < .001
Total brain  246.5 * 32.3 391 + 66.1 395 +49.2 F=1302 F=435
volume P < .001 P < .001
CGM 835+222 30651 179415 410=54 1814+293 424 +41 F=336 F=231 F= 466 F=231
P < 001 P < .001 P < .001 P < 001
UMWM 1424 =150 531 +48 1853+308 432*+51 1834274 430=*44 F=101 F=168 F=176 F=237
P < .001 P < .001 P < .001 P < 001
MWM 6118 22+05 107=x30 25+08 1072463 25=*1.0 F=170 F=104 F=188 F=10
P = 003 P> 1 P < .001 P> 1
BG 142 +42 54+17 15757 3711 1714 +x439 40=+09 F=10 F=158 F=105 F=286
P> 1 P = 007 P> 1 P = .008
CSF 233+96 86+30 407+212 95*+43 324+110 75=*23 F=38 F=10 F=162 F=104
P= 03 P> 1 P= 02 P> 1

Note:—Fifteen premature babies had 2 MRIs, one after birth (PT) and one at 40 wks (PTT); 12 newborns had an MRI at 40 wks (FT). ICV indicates intracranial volume; CGM, cortical gray
matter; UMWM, ummyelinated white matter; MWM, myelinated white matter; BG, basal ganglia; CSF, cerebrospinal fluid.
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Fig 2. Total intracranial volume. The preterm newborns at birth had a lower intracranial
volume, but at term, they had a volume similar to that of the term neonates.
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Fig 3. Volume of cortical gray matter. The preterm infants at birth had a lower volume of

cortical gray matter, but at term, they had a volume similar to that of the term neonates.

lute unmyelinated white matter volume increased at a rate of
0.66 mL/week (P < .001), but a decrease of the relative volume
of unmyelinated white matter (—1.43%/week; P < .001) oc-
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Comparison of the three population according to the relative UMW
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Fig 4. Volume of unmyelinated white matter. The preterm neonates at birth had a lower
volume of unmyelinated white matter, but at term, they had a volume similar to that of the
term neonates.

curred as a result of a greater increase of the other intracranial
structures in the time period we observed.

Myelinated White Matter

Myelinated white matter represented the smallest percent-
age of brain tissue volume in both populations. For the
preterm population at birth, it represented 6.099 mL = 1.8
and at theoretic term, 10.66 mL * 3.05. The absolute vol-
ume of myelinated white matter was lower at birth than at
term (F = 18.81; P < .001) (Table 1). Relative to the total
brain tissue volume, the percentages at birth (2.25% = 0.5)
and at term (2.52% = 0.8) were not significantly different
(F = 1.03; P = .321) (Table 1 and Fig. 5). The absolute
volume of myelinated white matter increased by 0.7 mL/
week (P < .001), but no significant increase in relative my-
elinated white matter volume was observed.

CSF

The absolute volume of CSF was largest in the preterm infants
at term (23.33 mL * 9.6 for preterm at birth; 40.66 mL *
21.23 for preterm at term, and 32.4 mL * 11.1 in full-term
infants). The relative volumes of CSF were not significantly
different (Table 1).
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Fig 5. The relative volume of myelinated white matter showed no difference between
preterms, preterms at term, and full-term infants
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Fig 6. The relative volume of BG was highest in preterms. Preterm infants at term and
full-term infants had similar relative volumes of basal ganglia.

BG

The absolute volumes of BG were not significantly different
between the groups (F = 1.03; P = .37), whereas the relative
BG volume was highest at birth (F = 5.77; P = .007) (Table 1
and Fig 6).

Comparison Between Term-Born Infants and Preterm
Infants at Term

Term-born infants and preterm infants at term showed simi-
lar absolute and relative volumes of cortical gray matter, un-
myelinated white matter, myelinated white matter, and CSF
(P > .241) with F values between 0.00 and 1.45. We did not
find any statistical difference comparing the relative volumes
of cortical gray matter, unmyelinated white matter, myelin-
ated white matter, and CSF between the term-born population
and the term population (P > .18). F values were between 0.00
and 1.94.

When assessing effects of gestational age at birth on brain
tissue volumes at term, we did not find any significant associ-
ation. This relationship was tested with linear regression anal-
ysis. The correlation coefficient (r) varied between —0.50 and
0.18; the probability (t) of a relationship between gestational
age at birth and term volume varied between —0.40 and 0.55
(P> .1197).

Discussion

This study demonstrates similar brain tissue volumes of mod-
erately preterm infants assessed at term and term-born control
infants by using quantitative MR image segmentation. In this
early sequential MR imaging study, we were further able to
determine brain growth in preterm infants from 32 to 40
weeks gestation.

Total intracranial volume, which represents both brain
growth and growth of the intracranial cavity, increased by 24
mL/week, comparing the first and second examination in pre-
term infants. The total brain volume also increased by 22 mL/
week. This is similar to the growth values determined by
Hiippi etal'® in a cross-sectional study from preterm and term
infants, born between 28 and 40 weeks’ gestation, who were
studied at birth.

In their study of preterm infants at term and full-term con-
trol infants (intracranial volume), Inder et al'® reported a sig-
nificant difference in brain volume when comparing very and
extremely low—birth weight neonates with full-term control
infants. In the current study of moderately preterm infants,
the intracranial volume at term and total brain volume at term
were not different from the intracranial volume and the total
brain volume of full-term control infants. Inder et al studied
preterm infants with a mean gestational age at birth of 27
weeks, whereas the gestational age of the current study popu-
lation was 32 weeks. These findings indicate that the extrauter-
ine growth of the intracranial cavity for moderately preterm
infants is similar to the intrauterine growth.

Tolsa et al'® showed that in a population with a gestational
age similar to the current study population, a significant de-
crease of the overall intracranial volume and cortical gray mat-
ter volume occurred in preterm infants born with intrauterine
growth retardation. With normal intrauterine growth, a mod-
erately preterm population had similar brain tissue volumes at
term, compared with full-term controls.

Regarding the cortical gray matter, we found an increase of
the global and the relative cortical volume from the first to the
second examination at term, without any significant differ-
ence between the preterm population at term and the control
full-term infants. Prior studies had shown reduced cortical
gray matter volume at term in preterm infants with white mat-
ter injury'® and after perinatal corticosteroid treatment.'” In a
more recent large cohort study of very low- and extremely
low—Dbirth weight infants, a reduction in cortical gray matter
volume at term in the overall group of premature infants, in-
cluding infants with cerebral pathology, was confirmed.'® The
results of the current study clearly indicate that moderate pre-
mature birth (mean GA, 32 weeks) itself is not associated with
any difference in cortical gray matter volume at term. In an
earlier cross-sectional study, Hiippi et al'> showed a fourfold
increase of cortical gray matter volume between 30 and 40
weeks of postconceptional age. In the current study, we show a
twofold increase from the first to the second examination at
term. These changes are probably influenced by the increase of
the synaptic attenuation as well as the increase of the cortical
foldings.** Studies using diffusion-weighted imaging have
shown a decrease of apparent diffusion coefficient in the cor-
tical gray matter with age, indicating the decreased water con-
tent and the increase of cellular attenuation.>>** The current
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results indicate that cortical cerebral maturation seems to be
preserved after moderate prematurity.

The subcortical gray matter volume, comprising the BG
(caudate, putamen, globus pallidus) and thalamus was similar
between preterm infants at term and full-term control infants.
This is in accordance with data by Inder et al,"*who showed a
reduction of subcortical gray matter volume at term correlat-
ing with early gestational age at birth. This effect was most
pronounced for preterm infants with a gestational age at birth
of less than 28 weeks and was aggravated by the presence of
white matter injury. This finding was further correlated to the
severity of respiratory illness and duration of ventilatory sup-
port. In the current study, none of the infants had significant
respiratory illness or required ventilatory support. Again,
moderate prematurity itself does not seem to alter subcortical
gray matter volume at term.

Cerebral white matter during early human brain develop-
ment undergoes important steps of maturation, including ini-
tiation of myelination, which alters MR imaging signal inten-
sity. In the current study, quantification of cerebral white
matter differentiates unmyelinated and myelinated white
matter, as described in earlier studies.'>'®'®'* Unmyelinated
white matter is the largest brain tissue volume at birth (53%)
in premature infants, whereas at term and in full-term infants,
cortical gray matter volume represents the largest brain tissue
volume. In absolute value, unmyelinated white matter still in-
creases from the first to the second examination, but its rela-
tive volume will decrease, representing the normal matura-
tional process of myelination and increased cortical
development. No differences were noted in our study between
the volume of unmyelinated white matter at term in preterm
infants and in full-term infants, again indicating that moder-
ate prematurity itself does not affect normal white matter mat-
uration. The integrity of the white matter is of critical impor-
tance for the long-term neurologic or cognitive outcome in
preterm infants.?> Inder et al'® showed that very premature
infants (27 +/ 2.4 weeks) have a high incidence of white matter
injury at term-equivalent age, which correlates with later neu-
rodevelopmental problems. For example, neurodevelopmen-
tal delay and cerebral palsy are associated with a delay in my-
elination of the cerebral white matter.>*°

MR imaging is the only in vivo technique that can differ-
entiate myelinated and unmyelinated white matter in the de-
veloping brain. Active myelination starts in the third trimester
of pregnancy’™'and continues throughout the first years of
life. Because of quantitative MR imaging with image analysis
tools, quantitative assessment of myelination has become pos-
sible."” In the current study, we demonstrate significant in-
crease in volume of myelinated white matter from the first to
the second examination in preterm infants, with no difference
in the absolute amount of myelinated white matter at term in
preterm infants compared with full-term infants. In earlier
studies assessing preterm infants with white matter injury,
myelinated white matter was decreased at term age; this de-
crease indicates a reduction in myelination in preterm infants
with prior brain injury.'® Prematurity itself was not associated
with significant reduction in myelinated white matter; this
finding is also in accordance with a larger recent study'® in
which immaturity alone did not affect myelinated white mat-
ter volume at term.
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In a cross-sectional study of brain development,'> CSF has
been shown to decrease with gestational age. In the presence of
brain injury and reduction of cerebral tissue, CSF is increased,
both with enlargement of the ventricles as well as with enlarge-
ment of the subarachnoid spaces.'®** As shown by Nosarti et
al,” these changes in CSF volume, which reflect a certain ce-
rebral atrophy, can persist until adolescence. In our popula-
tion, there was no difference in the relative CSF volumes be-
tween term and preterm neonates. Absolute volume of CSF
was highest in preterm infants at term, which might be related
to increased CSF in extracerebral spaces

The data reported here indicate that moderate prematurity
itself, in the absence of intrauterine growth restriction and
perinatal brain injury, does not alter cerebral tissue volumes at
term, compared with full-term neonates. Overall structural
cerebral maturation assessed by quantitative MR imaging with
advanced image analysis is not affected by moderate prematu-
rity alone. Further studies will be required to determine the
effects of prematurity on specific brain regions and their pre-
dictive effect on later development.

Conclusion

Sequential MR imaging—based segmentation techniques
demonstrate a similitude in cortical neonatal maturation in
moderately premature infants at term and term-born infants.
Therefore, there is no retardation in structural brain matura-
tion for preterm infants without focal brain lesions born be-
tween 29-34 weeks GA.
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