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«Analyse longitudinale du développement cérébral par techniques non-invasives chez 
l’enfant prématuré extrême et impact potentiel sur le pronostic développemental»  
Rapport de synthèse  
 

 
Enjeu : Evaluer de façon longitudinale le développement et la maturation cérébrale du 
prématuré à l’aide de différentes mesures quantitatives obtenues grâce à l’imagerie par 
résonance magnétique (IRM). 
Contexte de la recherche : Anciennement caractérisée par des lésions cérébrales sévères, 
telles que la leucomalacie périventriculaire kystique et l’hémorragie parenchymateuse, 
l’atteinte cérébrale liée à la prématurité se présente actuellement plus fréquemment sous 
forme d’une atteinte diffuse comprenant une atrophie de la substance blanche, une 
ventriculomégalie, un retard de développement de la gyration et un élargissement des 
espaces péri-cérébraux, entité connue sous le nom d’encéphalopathie de la prématurité. 
Ces anomalies qui touchent la maturation cérébrale contribuent aux difficultés 
neurodéveloppementales apparaissant dans l’enfance. Les techniques d’IRM récemment 
développées permettent de mieux les étudier et ce particulièrement par une approche 
longitudinale. 
Description de l’article : L’objectif de l’étude consistait à évaluer au moyen d’IRM sérielles 
la maturation cérébrale du prématuré en réalisant des mesures quantitatives dans 12 
régions d’intérêt de la substance blanche et grise. Les 2 séquences IRM spécifiques 
utilisées («diffusion-tensor imaging» et «magnetization-prepared dual rapid gradient echo – 
MP2RAGE») ont permis la mesure du coefficient de diffusion (ADC), de l’anisotropie 
fractionnée (FA) et du temps de relaxation T1. Ces paramètres reflètent la microstructure du 
tissu en renseignant sur le contenu en eau et en macromolécules, sur l’organisation des 
axones et sur la myélinisation. Les imageries sérielles ont été réalisées peu après la 
naissance pour la première IRM, à terme corrigé pour la 3e IRM et à un temps intermédiaire 
pour la 2e IRM. 
Sur les 51 patients recrutés, 39 ont été gardés pour l’analyse finale, puisqu’ils représentaient 
un sous-groupe de patients sans lésion cérébrale sévère. Les mesures quantitatives 
provenaient de 107 IRM (35 précoces, 33 intermédiaires et 39 à terme corrigé). Les valeurs 
du temps de relaxation T1 ont montré une diminution significative au cours du temps d’une 
façon spécifique par région d’intérêt et par hémisphère. Les mesures d’ADC évoluaient de 
manière similaire dans le temps, mais avec une plus grande variabilité que le temps de 
relaxation T1. Les régions d’intérêt délimitant des tractus cérébraux étaient représentées par 
une valeur de FA en augmentation jusqu’à terme corrigé, tandis que ces mêmes valeurs 
diminuaient dans les régions corticales. Ces analyses ont permis de fournir des valeurs de 
référence pour ces 3 types de marqueurs cérébraux à des âges gestationnels donnés.  
Conclusions : L’évolution des marqueurs de maturation issus de l’IRM (ADC, FA et temps 
de relaxation T1) au cours du temps dessine les trajectoires développementales des régions 
cérébrales étudiées entre 25 et 40 semaines de gestation et montre les changements 
spécifiques et séquentiels qui interviennent au sein de la microstructure cérébrale mesurés 
chez une population de prématurés à bas risque neurologique.  
Perspectives : La corrélation des mesures quantitatives d’imagerie avec le développement 
neurologique des patients à moyen et long terme permettra d’en étudier la valeur 
pronostique et de mieux évaluer la validité de ces outils précoces pour caractériser le 
développement cérébral et les lésions des substances blanche et grise chez cette 
population vulnérable. Ces outils pourraient également faciliter l’évaluation de la réponse à 
d’éventuels traitements neuro-protecteurs dans le futur.  
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ORIGINAL RESEARCH
PEDIATRICS

Evolution of T1 Relaxation, ADC, and Fractional Anisotropy
during Early Brain Maturation: A Serial Imaging Study on

Preterm Infants
X J. Schneider, T. Kober, M. Bickle Graz, X R. Meuli, P.S. Hüppi, P. Hagmann, and A.C. Truttmann

ABSTRACT

BACKGROUND AND PURPOSE: The alteration of brain maturation in preterm infants contributes to neurodevelopmental disabilities
during childhood. Serial imaging allows understanding of the mechanisms leading to dysmaturation in the preterm brain. The purpose of
the present study was to provide reference quantitative MR imaging measures across time in preterm infants, by using ADC, fractional
anisotropy, and T1 maps obtained by using the magnetization-prepared dual rapid acquisition of gradient echo technique.

MATERIALS AND METHODS: We included preterm neonates born at �30 weeks of gestational age without major brain lesions on early
cranial sonography and performed 3 MRIs (3T) from birth to term-equivalent age. Multiple measurements (ADC, fractional anisotropy, and
T1 relaxation) were performed on each examination in 12 defined white and gray matter ROIs.

RESULTS: We acquired 107 MRIs (35 early, 33 intermediary, and 39 at term-equivalent age) in 39 cerebral low-risk preterm infants. Measures
of T1 relaxation time showed a gradual and significant decrease with time in a region- and hemispheric-specific manner. ADC values showed
a similar decline with time, but with more variability than T1 relaxation. An increase of fractional anisotropy values was observed in WM
regions and inversely a decrease in the cortex.

CONCLUSIONS: The gradual change with time reflects the progressive maturation of the cerebral microstructure in white and gray
matter. Our study provides reference trajectories from 25 to 40 weeks of gestation of T1 relaxation, ADC, and fractional anisotropy values
in low-risk preterm infants. We speculate that deviation thereof might reflect disturbed cerebral maturation; the correlation of this
disturbed maturation with neurodevelopmental outcome remains to be addressed.

ABBREVIATIONS: FA � fractional anisotropy; GA � gestational age; MP2RAGE � magnetization-prepared dual rapid acquisition of gradient echo; PLIC � posterior
limb of the internal capsule; Radj

2 � correlation coefficient adjusted for the degree of freedom; TEA � term-equivalent age; GRAPPA � generalized autocalibrating
partially parallel acquisition

Offering a prognosis for the neurodevelopment of very pre-

term infants remains a challenge, as has recently been

shown.1 Yet, prematurity still carries a high burden of impairment

in survivors, affecting motor, cognitive, and socioemotional de-

velopment.2,3 While the motor deficits are frequently linked to

moderate or severe WM lesions such as cystic periventricular leu-

komalacia or large intraparenchymal hemorrhage, the cognitive

abnormalities are probably more related to the mixed picture of

brain injury and alteration of cerebral development,4 coined by

Volpe as diffuse encephalopathy of prematurity.5 A large body of

work in the past decades has been devoted to new techniques of
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MR imaging, specifically addressing the question of the matura-

tion of the preterm brain.

Longitudinal imaging of the growing brain between 25 and 40

weeks of gestation allows assessing neuronal differentiation, gyral

maturation, connecting fiber development, and early myelina-

tion.6 To analyze these features of normal/abnormal maturation,

efficient tools and reference values are still lacking. Several au-

thors have described serial quantitative measures by using appar-

ent diffusion coefficients and fractional anisotropy (FA) in vari-

ous cohorts.7-11 These sequences probe tissue microstructure and

are used as markers of maturation, especially for axonal and den-

dritic organization and myelination. Recently, magnetization-

prepared dual rapid acquisition of gradient echo (MP2RAGE)

emerged as a new technique, which, by obtaining a purely T1-

weighted image, allows the extraction of whole-brain T1 tissue

relaxation time maps to provide quantitative tissue characteriza-

tion.12 The descriptive properties of T1 relaxometry are of particular

interest in the preterm population because they give structural infor-

mation about tissue, such as water content and lipid and macromol-

ecule composition, and draw a picture of the chronologic maturation

of myelin. Moreover, there is a lack of quantitative T1 values for the

assessment of brain development.11,13-15

In this serial imaging study in very preterm infants with cere-

bral low risk, we aimed to provide, for the first time, reference

values for T1 relaxation time, and we hypothesized that their evo-

lution is comparable with that of ADC and FA values, conferring

greater and more precise information about tissue structure.

MATERIALS AND METHODS
Patients
Neonates born before 30 weeks of gestation between February

2011 and May 2013 in our level III neonatology unit were consid-

ered for inclusion during the first days of life. Noninclusion

criteria were the following: severe cardiorespiratory instability,

intraventricular hemorrhage grade III and/or parenchymal hemor-

rhagic infarction on early sonography, severe congenital malforma-

tions, and genetic abnormalities. Patients who subsequently devel-

oped severe lesions on MR imaging, who died during the study, or

who had abnormal neurologic assessment at term equivalent age

(TEA) according to the Hammersmith Neonatal Neurologic Exam-

ination16 were excluded from the final analysis. We thus defined the

remaining patients as “cerebral low-risk.” Neonatal variables were

registered prospectively from the medical records.

Ethics approval was provided by the local committee, and

written informed consent was obtained. Specific risks arising

from imaging children younger than 2 years of age were assessed

by the medical team and the institutional review board before the

MR imaging examination.

MR Imaging
We planned 3 sequential MRIs: The first was during the first 2–3

weeks of life, the third at TEA, and the second in-between (from

10 to 20 days of life for the first part of the cohort and at 34 –35

weeks of gestational age for the second part). All MRIs were per-

formed on a 3T Magnetom Trio system (Siemens, Erlangen, Ger-

many). A neonatal MR imaging– compatible incubator (Nomag;

LMT Medical Systems, Luebeck, Germany) equipped with a ded-

icated 8-channel neonatal head coil was used. Monitoring was

provided during scanning (temperature, heart rate, oxygen satu-

ration), and respiratory support was applied when necessary. Pa-

tients received no sedation and wore protective earmuffs

(MiniMuffs; Natus Medical, San Carlos, California). A neonatol-

ogist and a neonatal nurse were present throughout the examina-

tion. The cerebral MR imaging protocol included the following:

1) inversion recovery T1-weighted TSE axial (in-plane resolution,

0.6 mm; section thickness, 3 mm with 10% gap; 35 sections; TR,

8000 ms; TE, 17 ms; FOV, 160 mm; acceleration factor general-

ized autocalibrating partially parallel acquisition (GRAPPA) � 2;

measurement time, 3 minutes 14 seconds); 2) T2-weighted TSE

axial (in-plane resolution, 0.2 mm; section thickness, 2.5 mm with

a 10% gap; 35 sections; TR, 4520 ms; TE, 143 ms; FOV, 160 mm;

acceleration factor GRAPPA � 2; measurement time, 4 minutes

15 seconds); 3) T2-weighted TSE coronal (in-plane resolution, 0.4

mm; section thickness, 1.2 mm with a 10% gap; 100 sections; TR,

5410 ms; TE, 159 ms; FOV, 200 mm; acceleration factor

GRAPPA � 2; measurement time, 4 minutes 59 seconds); 4) 3D

MP2RAGE (in-plane resolution, 0.7 mm; section thickness, 1.2 mm;

TR, 4000 ms; TE, 3.17 ms; FOV, 190 mm; TI 1, 900 ms; TI 2, 2200 ms;

acceleration factor GRAPPA � 2; measurement time, 4 minutes 58

seconds); 5) DTI (in-plane resolution, 2 mm; section thickness, 2

mm with no gap; 43 sections; TR, 5200 ms; TE, 84 ms; FOV, 192 mm;

b-value 1, 0 s/mm2; b-value 2, 1000 s/mm2; diffusion encoding direc-

tions, 82 and 5 B0 images; acceleration factor GRAPPA � 3; mea-

surement time, 7 minutes 29 seconds). The standard ADC and FA

maps generated by the scanner software were used in this study. No

additional motion and eddy current corrections were performed.

The vendor computes ADC and FA maps according to Basser et al17

by using a least square estimation of the tensor.

Using T2, inversion recovery T1, and MP2RAGE, we calcu-

lated scores for severity at TEA according to Kidokoro et al,18

including 6 items in the WM and 7 items in the GM and cerebel-

lum. A global score (WM � GM and cerebellum score) was cal-

culated and classified as normal (0 –3), mild (4 –7), moderate (8 –

11), and severe (�12). Two neonatologists experienced in reading

MR imaging calculated the score. Intraventricular hemorrhages

were graded according to Papile,19 and WM and cerebellar lesions

were also described.

Twelve ROIs were identified with anatomic landmarks on 5

different sections for the WM (frontal, central, parietal, posterior

limb of internal capsule [PLIC]; corpus callosum genu and sp-

lenium; and optic radiations) and the GM (frontal, perirolandic,

and parietal cortices; thalamus; and lentiform nucleus). Freehand

ROIs were drawn to maximize the size and avoid the risk of

GM/WM contamination, as shown in On-line Fig 1. Each ROI

was placed on the DTI sequence to measure ADC and FA and on

the T1 map obtained from the MP2RAGE sequence to calculate

the effective T1 relaxation time.12

Neurodevelopmental Outcome
The patients were offered neurodevelopmental follow-up at 6 and

18 months of corrected age. A developmental pediatrician blinded

to the neuroimaging findings performed a developmental assess-

ment by using the Bayley Scales of Infant Development II, which

entails a mental developmental index and a psychomotor devel-
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opmental index. The test mean is 100 � 15; a score �2 SDs means

a severe delay.

Statistical Analyses
Statistical analyses were performed by using Matlab R2014b

(MathWorks, Natick, Massachusetts) and STATA 13.0 (Stata-

Corp, College Station, Texas). The different associations were an-

alyzed with linear and quadratic regression. The correlation coef-

ficient adjusted for the df (Radj
2) was used to identify the model

with the best explanatory power. The Pearson linear correlation

(R) was used to compare T1 relaxation time and ADC or FA

values. The dispersion of ADC and T1 values was compared with

a 1-sided t test applied on the normalized root mean square error

of each marker. Demographic and neonatal variables were com-

pared with the Student t test (continuous variables) and with the

Fisher exact test (categoric variables). Statistical significance was

defined as P � .05.

RESULTS
Description of the Population
Among 126 eligible patients, 51 preterm neonates were recruited.

Reasons for not being included were parental refusal (n � 26),

early death (n � 9), cardiorespiratory instability (n � 13), early

transfer to peripheral hospital (n � 11), or absent recruiting per-

son (n � 16). Twelve patients were excluded from the final anal-

ysis because of severe lesions on brain MR imaging (MR imaging

scores �8 or parenchymal hemorrhagic infarction), death, with-

drawal of consent, or abnormal neurologic examination findings

at TEA. We thus show the characteristics of the population based

on 39 cerebral low-risk preterm neonates (Table).

Conventional MR Imaging and Scoring System
One hundred seven MR imaging examinations were performed;

35 early, 33 intermediary, and 39 at TEA. Thirty patients under-

went 3 serial MRIs, 8 patients had 2, and 1 patient had only 1. The

assessment of the image quality allowed considering 86% of the

scans as good or with minimal motion artifacts.

Several mild cerebral lesions were diagnosed on the conven-

tional sequences, including intraventricular hemorrhages grade I

(n � 5) and grade II (n � 2), punctuate WM lesions (n � 3), and

punctuate cerebellar hemorrhages (n � 4). Two patients had 2

types of lesions (intraventricular hemorrhage grade I and punc-

tuate WM lesions).

The scoring system could be applied on 37 MRIs at TEA: The

global score was within the normal range for 16 and mildly ab-

normal for 21 patients, and no patient had a moderate or severe

score. The MR images and scoring system, including brain met-

rics, are detailed in On-line Table 1.

Quantitative Measures

T1 Relaxation. In Fig 1A, T1 relaxation values (milliseconds)

measured in the 12 ROIs of the right and left hemispheres on the

serial images of the 39 patients are presented. Maturation in the

different cerebral regions was reflected by a gradual decrease of T1

with time. The PLIC matured the fastest (Radj
2 � 0.8242, P �

8.09 � 10�81). The values in the WM of the corona radiata showed

a fast and continuous decrease until TEA (Radj
2 � 0.663, P � 1.61 �

10�51). The parietal (Radj
2 � 0.2833, P � 2.00 � 10�17) and frontal

WM (Radj
2 � 0.0803, P � 5.65 � 10�6) matured along a shouldered

curve, which peaks around 30 weeks of gestational age (GA). The

deep GM matured simultaneous to WM, especially the thalamus

(Radj
2 � 0.6814, P � 5.66 � 10�49) and the lentiform nucleus (Radj

2

� 0.3747, P � 1.06 � 10�24). The cortex showed little change with

time. The maturation in the different areas of the cortex at TEA was

gradual: first in the perirolandic, then in the parietal, and finally in the

frontal cortex (see On-line Table 2 for T1 values).

ADC values are represented in Fig 1B, and strengths of the

correlations were less strong in almost all the regions (PLIC:

Radj
2 � 0.4816, P � 8.31 � 10�32; central WM: Radj

2 � 0.566, P �

Clinical variables describing the total population, the low-risk cohort, and the excluded patientsa

Total Cohort Low-Risk Cohort Excluded P Valueb

No. of patients (%) 51 39 (76.5) 12 (23.5)
GA (weeks, days) (median) (range) 27 4/7 (25 0/7–31 4/7) 27 4/7 (25 5/7–30) 28 1/7 (25 0/7–31 4/7) NS
Female (No.) (%) 29 (56.9) 19 (48.7) 10 (83) �.05
Weight (g) (median) (range) 889 (517–1590) 900 (560–1485) 727.5 (517–1590) NS
Small for GA (weight �10th percentile) (No.) (%) 12 (23.5) 8 (20.5) 4 (33.3) NS
Multiple births (No.) (%) 12 (23.5) 6 (15.4) 6 (50) �.05
Chorioamnionitis (No.) (%) 21 (41.2) 16 (41.0) 5 (41.7) NS
Antenatal steroids (No.) (%) 45 (88.2) 34 (87.2) 11 (91.7) NS
All BPD/severe BPD (No.) (%) 26 (51.0)/9 (17.6) 17 (43.6)/5 (12.8) 9 (75.0)/4 (33.3) NS
Postnatal steroids (No.) (%) 7 (13.7) 2 (5.1) 5 (41.7) �.05
Treated patent ductus arteriosus (No.) (%) 25 (49.0) 17 (43.6) 8 (66.7) NS
Early-onset sepsis (No.) (%) 13 (25.5) 11 (28.2) 2 (16.7) NS
Late-onset sepsis (No.) (%) 17 (33.3) 13 (33.3) 4 (33.3) NS
Necrotizing enterocolitis (No.) (%) 2 (3.9) 0 (0) 2 (16.7) NS
Treated retinopathy of prematurity (No.) (%) 3 (5.9) 1 (2.6) 2 (16.7) NS
Death (No.) (%) 2 (3.9) 0 (0) 2 (16.7) NS
6-Mo MDI (median) (range) 98 (74–118) 98 (86–118) 93 (74–102) �.05
6-Mo PDI (median) (range) 88 (49–111) 88 (62–111) 78.5 (49–88) �.05
18-Mo MDI (median) (range) 93 (65–127) 93 (65–127) 87 (79–101) NS
18-Mo PDI (median) (range) 83 (49–103) 84 (55–103) 71 (49–95) �.05

Note:—MDI indicates mental developmental index; PDI, psychomotor developmental index; BPD, bronchopulmonary dysplasia; NS, nonsignificant.
a Bronchopulmonary dysplasia: O2 supplementation for 28 days. Severe BPD: respiratory support at 36 weeks of GA. Necrotizing enterocolitis: Bell stage �2.
b Between low-risk cohort and excluded patients.

AJNR Am J Neuroradiol 37:155– 62 Jan 2016 www.ajnr.org 157
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2.54 � 10�40; thalamus: Radj
2 � 0.4855, P � 9.42 � 10�32),

except for parietal WM (Radj
2 � 0.3048, P � 1.20 � 10�18), fron-

tal WM (Radj
2 � 0.312, P � 4.05 � 10�19), and the lentiform

nucleus (Radj
2 � 0.6718, P � 3.20 � 10�52).

The evolution of FA with time is shown in Fig 1C. The matu-

ration was most visible in the PLIC (Radj
2 � 0.5386, P � 5.19 �

10�37), the optic radiation (Radj
2 � 0.3465, P � 3.05 � 10�21),

and the corpus callosum (splenium: Radj
2 � 0.2159, P � 5.24 �

10�7; genu: Radj
2 � 0.1126, P � 9.27 � 10�5), with a gradual

increase in these regions. At the same time, FA decreased in the

cortical GM (parietal: Radj
2 � 0.4535, P � 1.70 � 10�31; frontal:

Radj
2 � 0.199, P � 3.67 � 10�12; perirolandic: Radj

2 � 0.4889,

P � 7.50 � 10�32).

For each ROI, we produced reference values stratified by ges-

tational weeks, expressed as mean � SD for T1, ADC, and FA

(On-line Table 2).

There was a significant and strong correlation between the T1

relaxation time and ADC values for all the ROIs and all MR im-

ages at different gestational ages (Pearson correlation R2 � 0.616,

P � .001). Furthermore, T1 values exhibited a significantly lower

dispersion than ADC values (P � 1.06 � 10�4). The correlation

between T1 relaxation and FA (Pearson correlation R2 � �0.128)

was negative and less significant.

DISCUSSION
The present study provides quantitative reference values for cerebral

development, based on 107 MRIs acquired between 25 and 40 weeks

in 39 very preterm infants. We used a newly developed sequence,

MP2RAGE, which gives the T1 relaxation time, and compared it with

MR imaging markers, ADC and FA. The selected cohort can be con-

sidered cerebral-low-risk, according to the exclusion criteria. Our

findings were comparable with existing data (On-line Tables 3 and 4)

issued from fetuses and preterm infants, detailed below.

Given fetal diffusion values and maturation curves obtained

between 22 and 36 weeks, our findings of ADC and FA values were

comparable with the ones presented by different groups,20-22

FIG 1. MR imaging values measured in the right and left hemispheres between 25 and 40 weeks of gestational age in 12 ROIs for the low-risk
cohort of 39 patients. Dotted lines indicate 95% confidence interval. CC indicates corpus callosum. T1 values (A), ADC values (B), FA values (C).
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though subtle differences between fetuses at 37 weeks of gestation

and preterm infants at TEA were reported.23 No fetal data of T1

values are available.

While a multitude of data exist for preterm infants at TEA,24,25

only a few studies have described the longitudinal evolution of

quantitative brain MR imaging markers. In the late 1990s, Hüppi

et al9 reported changes of ADC and FA in the WM of preterm

infants between early life and TEA. Their group showed differ-

ences in WM fiber organization and delay of development at TEA

compared with term. Miller et al,7 by using DTI, also showed

serial differences in maturation in 23 infants with and without

WM injury. Later, Nossin-Manor et al11 assessed tissue organiza-

tion longitudinally and were able to show a difference in matura-

tion according to the different ROIs and the different techniques

used, such as magnetization transfer, DTI, and T1 imaging. Re-

cently Kersbergen et al8 provided reference diffusivity values from

scans obtained between 30 weeks and TEA. Compared with these

studies, our ADC and FA values were similar to those in Nossin-

Manor11 and Partridge et al,26 and FA values were slightly higher

than those reported by other groups.8,24 The relatively large het-

erogeneity of FA values in the literature is difficult to explain with

certainty. However, it may involve several potential confounders:

1) b-value ranges from 600 to 1000 s/mm2,27 2) slightly different

tensor reconstruction strategies, 3) drawing and selection of the

ROIs (this may actually be the main causative agent), and 4) some

unsuspected systematic differences between the cohorts.

Concerning T1 relaxometry, only a few studies relate T1 values in

infancy,13 neonates15 and premature infants,11,14 albeit it provides

reliable quantitative measures and high contrast images. We were

able not only to measure T1 relaxometry serially in premature brains

but also to show a strong correlation between ADC and T1 values,

enhancing its validity toward clinical use. Moreover, we described a

closer distribution of T1 values compared with ADC, in particular at

TEA. Compared with existing data,11,14 our findings were similar.

When performing serial imaging of preterm brain by using spe-

cific MR imaging markers, it is important to understand the different

FIG 1. Continued. ADC values.
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processes involved in brain maturation during the last trimester of

gestation, such as neuronal differentiation, premyelination with wa-

ter-content reduction, increase of lipid concentration, maturation of

preoligodendrocytes, and finally the beginning of axonal myelina-

tion and development of connecting fibers.5,28

Diffusion and T1 relaxation time are sensitive to changes in tissue

water content and compartmentalization. Mean diffusivity reflects

intra- and extracellular water mobility and provides information

about cellular and axonal density and myelination. Moreover, T1

relaxation time also provides information about lipid concentration

associated with myelin production, cholesterol, and macromolecules

(galactocerebrosides)11,13 and can, therefore, be considered as an op-

timal marker of brain maturation. FA represents a measure of tissue

directionality sensitive to the degree of axonal alignment, fiber di-

ameter, and consecutive early processes of premyelination.9

To draw brain maturational trajectories in very preterm in-

fants, we used the above-mentioned 3 imaging biomarkers. In the

WM fiber tracts (PLIC, optic radiation, and corona radiata), the

linear decline of ADC and T1 reflects reduction in water content,

fiber packaging, and early processes of myelination, especially for

the PLIC from 36 weeks onward. In these structures, the steep

slope of FA represents the progressive development of unidirec-

tional (PLIC) or multidirectional (corona radiata) fibers. The sp-

lenium and genu of the corpus callosum consist of tightly packed

fibers with a high degree of coherent parallel organization, which

myelinate only at 3 and 5 months after term, respectively.11,29

This feature accounts for little change with time for ADC and T1

values and high absolute FA values. In the frontal and parietal

WM, we observed a shouldered curve on ADC and T1 maps that

could be explained by the inclusion of the subplate zone that

peaks between 29 to 32 gestational weeks and then gradually dis-

appears. The subplate has a high water content,5,30,31 is particu-

larly voluminous in the frontal WM,21,32 and accounts for ele-

vated ADC and T1 values.

In the basal ganglia and thalamus, the ADC and T1 values

showed a gradual decrease due to fast neuronal densification with

FIG 1. Continued. FA values.
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ongoing myelination, as described starting around 26 weeks.29 In

FA, these subcortical GM structures exhibited little change with

time because of the low directionality of neuronal and glial con-

tent. In the frontal and parietal cortex, the evolution of ADC and

T1 values showed a shouldered curve with maximum values

around 35 weeks, possibly related to programmed cell death and

additional neuropil before 35 weeks33,34 and higher neuronal at-

tenuation afterward. The perirolandic cortex seemed to mature

faster than other cortical regions, and this accelerated maturation

has been described in areas with primary function, such as the

sensorimotor cortex.34,35 The observed decline of the FA is attrib-

uted to the preferential reduction in the radial component of wa-

ter diffusivity, reflecting the loss of the radial glial cells and the

extension of dendrites of pyramidal cells.32-35

The present study has a number of limitations. We assumed

that our cohort was at cerebral low-risk, given their clinical evo-

lution and the absence of major cerebral lesions. Neurodevelop-

mental outcome at 6 and 18 months showed that no patient had

cerebral palsy, blindness, or hearing loss, and the distribution of

developmental scores was typical for this population of preterm

infants. Furthermore, because patients with moderate or severe

brain lesions were scarce, we could not compare their values with

those obtained from the selected low-risk patients. Finally, com-

parison with healthy control fetuses and term neonates was not

available.

In this study, we propose reference values of T1 relaxometry,

which could represent a precise and complementary tool to inves-

tigate brain development with time. We speculate that deviation

of the described trajectories might reflect disturbed maturation,

and this could add valuable information for the diagnosis of en-

cephalopathy of prematurity.4,5 Kinney and Volpe28 described

“altered developmental trajectories, combined with acquired in-

sults and reparative phenomena” to characterize this entity, in

which all the structures detailed above are affected. Oligodendro-

cyte differentiation, axonal growth, subplate organization, and

maturation of the subcortical structures represent features that

are likely to be affected by prematurity.

CONCLUSIONS
Our study evaluated, longitudinally and serially, the cerebral de-

velopmental trajectories of a cohort of cerebral low-risk preterm

infants born at fewer than 30 weeks of gestation. On the successive

MP2RAGE and DTI sequences, we observed a gradual decline

with time of ADC and T1 relaxation time and changes of FA in the

described 12 ROIs, reflecting the specific and sequential matura-

tional changes occurring during development in the WM and GM

microstructures. T1 maps confer high contrast, are easy to analyze,

and thus appear as a promising complementary biomarker of cere-

bral maturation. We provide reference values for T1 relaxation,

ADC, and FA, and we speculate that deviation thereof might reflect

disturbed cerebral maturation; the correlation of this disturbed mat-

uration with neurodevelopmental outcome remains to be addressed.
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ON-LINE FIGURE. The T1 map issued from MP2RAGE (ie, a map of the T1 relaxation time, which is long in the CSF and short in the GM), on which
12 ROIs were manually drawn on the right and left hemispheres: optic radiation (A), PLIC, thalamus (asterisk), lentiform nucleus (number sign),
frontal WM and cortex (B), genu and splenium of corpus callosum (C), parietal WM and cortex (D), and perirolandic cortex and central WM (E).
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On-line Table 1: MRI data showing cerebral lesions on conventional sequences, MRI score details, and brain metrics
Total Cohort (n = 51) Low-Risk Cohort (n = 39) Excluded (n = 12) P Valuea

IVH all (No.) (%) 14 (27.5) 7 (17.9) 7 (58.3) �.05
IVH I (No.) (%) 10 (19.6) 5 (9.8) 5 (41.7) NS
IVH II (No.) (%) 2 (4.0) 2 (5.2) 0 (0) NS
Unilateral intraparenchymal hemorrhage (No.) (%) 2 (3.9) 0 (0) 2 (16.7) NS
Punctuate WM lesions (No.) (%) 3 (5.9) 3 (7.7) 0 (0) NS
Cerebellar hemorrhage (No.) (%) 10 (19.6) 4 (10.3) 6 (50.0) �.05
Global score of Kidokoro et al18 44 TEA 37 TEA 7 TEA

Median (range): 4 (0–12) 4 (0–7) 8 (6–12) �.001
Normal (0–3) (No.) (%) 16 (36.4) 16 (43.2) 0 (0)
Mild (4–7) (No.) (%) 23 (52.3) 21 (56.8) 2 (28.6)
Moderate (8–11) (No.) (%) 4 (9.1) 0 (0) 4 (57.1)
Severe (�12) (No.) (%) 1 (2.3) 0 (0) 1 (14.3)

WM score median (range) 3(0–8) 3 (0–5) 4 (2–8) �.01
GM and cerebellar score (median) (range) 1 (0–6) 1 (0–4) 4 (3–6) �.001
Brain metrics (mm) (median) (range):

Biparietal diameter 78.1 (65–93.2) 78.5 (65–93.2) 73.1 (66.2–82.1) �.05
Bifrontal diameter 65.3 (53.5–76.3) 65.4 (53.5–76.3) 60.8 (55–68.9) �.05
Cerebellar diameter 53.3 (42.5–61.6) 53.8 (42.5–61.6) 48.5 (45.3–54.2) �.01
Interhemispheric distance 3.9 (1.2–6.9) 3.9 (1.2–6.9) 4.2 (1.7–6.8) NS

Note:—IVH indicates intraventricular hemorrhage, NS, nonsignificant.
a Between low-risk and excluded.

E2 Schneider ● 2016 www.ajnr.org
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On-line Table 3: FA and ADC values published in the literature in comparison with values obtained from the low-risk cohort in the
present study (Schneider et al)a

Gestational Age
at MRI (wk)
(Mean) (SD)

Genu
of CC

Splenium
of CC PLIC Thalamus

Putamen/
Basal

Ganglia
Parietal

WM
Frontal

WM

Central WM/
Corona
Radiata

Parietal
Cortex

Frontal
Cortex

FA
Schneider et al (present study) 30 0.42 0.48 0.34 0.14 0.12 0.11 0.09 0.21 0.25 0.21

40 0.52 0.58 0.47 0.19 0.17 0.17 0.14 0.27 0.12 0.19
Kersbergen et al, 20148 30 0.25 0.25 0.28 0.17 0.13 0.13

40 0.29 0.29 0.40 0.21 0.15 0.23
Rose et al, 201424,a 36.5 (1.3) 0.27 0.31 0.38 0.2 0.19 0.22
Rose et al, 200936 37.7 (2.1)

Male
0.45 0.42 0.39

37.2 (1.7)
Female

0.46 0.46 0.40

Oishi et al, 201125 40 0.36 0.36 0.41 0.20 0.16 0.31
Nossin-Manor et al, 201311,a 30.4 (2) 0.42 0.53 0.41 0.17 0.14 0.15

41.5 (2) 0.55 0.57 0.56 0.18 0.15 0.24
Miller et al, 20027,a 30 0.50 0.55

40 0.65 0.85
Dudink et al, 201032,a 30 0.09
Partridge et al, 200426 Median, 33

(range, 28–39)
0.43 0.47 0.41 0.2

Hüppi et al, 19989,a 30 0.15 0.1
40 0.35 0.22

Cheong et al, 200937 40.2 (1.3) 0.51 0.15 0.14
Ball et al, 201334,a 30 0.18 0.3

40 0.12 0.13
Trivedi et al, 200922,a (fetal) 30 0.22 0.28

ADC (mm2/s)
Schneider et al (present study) 30 111 141 106 110 124 179 168 144 118 131

40 106 135 97 91 105 157 147 116 118 127
Kersbergen et al, 20148 30 167 167 131 147 140 165

40 147 147 104 114 110 131
Rose et al, 201424,a 36.5 (1.3) 152 156 116 125 125 146
Rose et al, 200936 37.7 (2.1)

Male
135 131 110

37.2 (1.7)
Female

131 125 108

Oishi et al, 201125,a 40 138 138 106 110 112 133
Nossin-Manor et al, 201311,a 30.4 (2) 170 130 120 130 140 160

41.5 (2) 150 140 95 110 110 145
Miller et al, 20027,a 30 140 150 200 180

40 120 140 185 150
Dudink et al, 201032,a 30 151
Partridge et al, 200426 Median, 33

(range, 28–39)
140 133 117 157

Hüppi et al, 19989,a 30 120 180
40 110 140

Cheong et al, 200937 40.2 (1.3) 110 170 142
Ball et al, 201334 30 125 130

40 118 123
Schneider et al, 2007a (fetal) 30 130 130 175 175 170

Note:—CC indicates corpus callosum.
a Estimated by taking the values directly from the graphs published.

On-line Table 4: T1 values published in literature in comparison with values obtained from the low-risk cohort in the present study
(Schneider et al)a

T1 (ms)
GA at MRI (wk)

(Mean) (SD)
Genu
of CC

Splenium
of CC PLIC Thalamus

Putamen/Basal
Ganglia

Parietal
WM

Frontal
WM

Central WM/
Corona Radiata

Schneider et al (present study) 30 2442 2416 2352 2334 2287 3116 2970 2717
40 2409 2325 1925 2076 2097 2900 2847 2265

Nossin-Manor et al, 201311,a 30.4 (2) 2450 2300 2300 2050 2150 3050
Williams et al, 200514,a Median, 34 2320 2320 3030 2860

40 2220 2270 3125 2940
Jones et al, 200438 40 1116 1095 1771 1726

Note:—CC indicates corpus callosum.
a Estimated by taking the values directly from the graphs published.

E4 Schneider ● 2016 www.ajnr.org
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