Providing Choice & Value | ) fesees

CONTACT REP

AJNR

Thisinformation is current as
of July 20, 2025.

Different from the Beginning: WM Maturity
of Female and Male Extremely Preterm
Neonates——A Quantitative MRI Study

V.U. Schmidbauer, M.S. Yildirim, G.O. Dovjak, K. Goeral,
J. Buchmayer, M. Weber, M.C. Diogo, V. Giordano, G.
Mayr-Geid, F. Prayer, M. Stuempflen, F. Lindenlaub, V.
List, S. Glatter, A. Rauscher, F. Stuhr, C. Lindner, K.
Klebermass-Schrehof, A. Berger, D. Prayer and G. Kasprian

AINR Am J Neuroradiol 2022, 43 (4) 611-619
doi: https://doi.org/10.3174/gjnr. A7472
http://www.gjnr.org/content/43/4/611


http://www.ajnr.org/cgi/adclick/?ad=57967&adclick=true&url=https%3A%2F%2Fmrkt.us-marketing.fresenius-kabi.com%2Fajn1872x240_july2025
https://doi.org/10.3174/ajnr.A7472
http://www.ajnr.org/content/43/4/611

ORIGINAL RESEARCH
PEDIATRICS

Different from the Beginning: WM Maturity of
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ABSTRACT

BACKGROUND AND PURPOSE: Former preterm born males are at higher risk for neurodevelopmental disabilities compared with female
infants born at the same gestational age. This retrospective study investigated sex-related differences in the maturity of early myelinating
brain regions in infants born <28 weeks’ gestational age using diffusion tensor— and relaxometry-based MR imaging.

MATERIALS AND METHODS: Quantitative MR imaging sequence acquisitions were analyzed in a sample of 35 extremely preterm
neonates imaged at term-equivalent ages. Quantitative MR imaging metrics (fractional anisotropy; ADC [10>mm?%/s]; and TI-/T2-
relaxation times [ms]) of the medulla oblongata, pontine tegmentum, midbrain, and the right/left posterior limbs of the internal
capsule were determined on diffusion tensor— and multidynamic, multiecho sequence-based imaging data. ANCOVA and a paired t
test were used to compare female and male infants and to detect hemispheric developmental asymmetries.

RESULTS: Seventeen female (mean gestational age at birth: 26 + 0 [SD, 1+ 4] weeks+days) and 18 male (mean gestational age at
birth: 26 +1 [SD, 1+ 3] weeks+days) infants were enrolled in this study. Significant differences were observed in the T2-relaxation
time (P = .014) of the pontine tegmentum, Tl-relaxation time (P = .011)/T2-relaxation time (P = .024) of the midbrain, and Tl-relaxa-
tion time (P = .032) of the left posterior limb of the internal capsule. In both sexes, fractional anisotropy (P [¢] < .001/P [3] <
.001) and ADC (P [¢] = .017/P [3] = .028) differed significantly between the right and left posterior limbs of the internal capsule.

CONCLUSIONS: The combined use of various quantitative MR imaging metrics detects sex-related and interhemispheric differences
of WM maturity. The brainstem and the left posterior limb of the internal capsule of male preterm neonates are more immature
compared with those of female infants at term-equivalent ages. Sex differences in WM maturation need further attention for the
personalization of neonatal brain imaging.

ABBREVIATIONS: FA = fractional anisotropy; GA = gestational age; ICC = intraclass correlation coefficient; MDME = multidynamic multiecho; PLIC =

posterior limb of the internal capsule; PMA = postmenstrual age; TIR = Tl-relaxation time; T2R = T2-relaxation time

B rain myelination begins prenatally and reaches completion in
the third decade of life." The biochemical composition of the
myelin sheath causes T1- and T2-weighted MR imaging signal
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intensity characteristics, which allow the radiologic evaluation of
the human WM maturation.”™

Preterm delivery interferes with regular brain maturation and
leads to delays in myelin development.” Since prematurity is asso-
ciated with future neurologic and cognitive impairment,®” the
neuroradiologic assessment of brain myelination is paramount to
evaluate the risk of potential disabilities in later life. Despite MR
imaging being the current standard of reference for neonatal
brain imaging, subjective radiologic assessments are limited by
the visually subtle effects of small myelin quantities on T1-/T2-
weighted MR imaging contrasts."*>'® Hence, subtle myelin-
related signal intensity changes may escape conventional, qualita-
tive MR imaging evaluations.’

Diftusion tensor- and relaxometry-based mapping techniques
provide objective, quantitative metrics for cerebral develop-
ment."" Recent multidynamic multiecho (MDME) sequence-
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Table 1: Demographics and characteristics of included neonates

Extremely Preterm Neonates® (n = 35)

Female (n=17) Male (n=18) Unpaired T Test®/Fisher Exact Test
Neonatal characteristics
GA at birth (weeks+days)® 26+0,SD=1+4; 26+1,SD=1+3; p =787
R=23+3-27+6 R=23+4-27+6
Vaginal delivery n=3 n=2 P =.658
Caesarean delivery n=714 n=16 P = .658
Birth weight (g)d 773, SD = 250; 918, SD = 241; P =.091
R = 480-1500 R = 530-1300
Singleton pregnancy n=10 n=12 P =733
Multiple pregnancy n=7 n==6 P =733
Surfactant received n=17 n=18 P>.999
PMA at MR imaging 37+4,SD=2+1, 37+0,SD=1+2; P =.283
(weeks+days) R=34+0-43+4 R =35+ 140 +2
Maternal characteristics
Maternal age at delivery (yr)® 33,SD = 5; R = 22-40 30, SD = 6; R =19-38 P =145
Presence of pre-eclampsia n=>5 n=2 P =.228
Presence of GDM n=1 n=20 P = 486
Presence of 1AI° n=2 n=2 P> .999
Neonatal mortality risk
CRIB Il scored? 11,SD=2;R=7-16 11,SD=3;R=8-17 P =928
Neonatal diagnoses’
Perinatal asphyxia® n=4 n==6 P=.71
Patent ductus arteriosus n=3 n=0 P =104
Necrotizing enterocolitis n=1 n=1 P>.999
Bronchopulmonary dysplasia n=3 n=3 P>.999
Retinopathy of prematurity n=29 n=7 P = 505

Note:—CRIB Il indicates Clinical Risk Index for Babies II; GDM, gestational diabetes mellitus; IAl, intra-amniotic infection (corioamnionitis).
*Born before 28 weeks' gestation (routine MR imaging of the preterm neonatal brain at approximately term-equivalent age).

® Applies to metric data.
© Applies to categoric variables.
“Data presented as mean (SD) and range (R).

€Based on clinical presentation, placental histology, bacterial culture, and blood markers of inflammation.

fNeonates could be represented in multiple rows (>1 condition).

&Based on clinical presentation, Apgar scores, umbilical cord pH, and first blood gas analysis (pH, base excess, and lactate) (absence of asphyxia-induced brain injury).

acquisition strategies provide a variety of MR imaging con-
trasts and quantitative maps based on a single scan of <6
minutes."*'® Therefore, SyMRI-based (SyntheticMR) MDME
postprocessing (postprocessing time, <1 minute) makes tis-
sue-specific T1-/T2-relaxation time (T1R/T2R) metrics avail-
able in a clinically acceptable time.'® The capability to quantify
myelination in the neonatal brain using diffusion tensor pa-
rameters (fractional anisotropy [FA] and ADC) and relaxation
properties (T1R and T2R) has been demonstrated in previous
investigations.'*"”

Sex and gestational age (GA) at birth have an impact on
WM maturation and on the neurodevelopmental outcome of
former preterm neonates.”®'”'® Evidence suggests that male
infants born before 28 weeks’ gestation are at the highest risk of
severe cognitive impairment.>>'®!? This investigation was con-
ducted to prove that prematurity affects brain maturation dif-
ferently in females and males at early developmental stages.
Thus, diffusion tensor- and relaxometry-based mapping
approaches were applied to detect sex-related maturity differen-
ces of early myelinating brain regions in a sample of former
extremely preterm neonates. In addition, quantitative imaging
markers were used to assess hemispheric asymmetries in brain
development in both female and male infants. Relationships
between diffusion tensor parameters and tissue-specific relaxa-
tion time metrics with regard to brain myelination processes
were elucidated.
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MATERIALS AND METHODS

Ethics Approval

The local ethics commission approved the protocol of this retro-
spective study. All parents/guardians provided written, informed
consent for neonatal MR imaging before scanning and agreed to
the scientific use of the data.

Study Sample

Between June 2017 and August 2020, brain MR imaging was per-
formed in 73 extremely preterm infants (GA at birth: <28+ 0
[weeks + days]) at the Department of Neuroradiology of a tertiary
care hospital. All infants were referred for neuroimaging by the
Department of Neonatology of the same hospital. At Vienna General
Hospital, Medical University of Vienna, brain MR imaging (imaging
at approximately term-equivalent age) is performed routinely in for-
mer extremely preterm infants. After a review of the imaging data by
1 neonatal neuroimaging expert with 15 years’ experience, all neo-
nates with brain scans with pathologic findings were excluded from
this study. Thus, only infants without intracranial pathologic brain
imaging findings were included (Table 1). At the time of imaging,
none of the included infants presented with neurologic symptoms.

Neonatal MR Imaging, Quantitative Sequence, and MR
Imaging Data Postprocessing

Before MR imaging, infants were fed or slightly sedated (chloral
hydrate, 30-50 mg/kg, or chloral hydrate, 30 mg/kg, combined



Table 2: Quantitative MR imaging sequences

MDME DTI
TR (ms) 3309 2435
TE (ms) 13;100 88
Acquired voxel 0.89 x 1.04 X 400 241 x 248 x 2.50

size (mm)

FOV (mm) 200 x 165 x 109 164 x 164 x 100
Echo-train®/EPI factor® 10 33
Pixel/Hz 1.366/159.0 5.310/40.9
Sense factor 2 2
Gap (mm) 1 0
Slice number 22 40
b-value (s/mm?) 0/800
Directional resolution 32
Acquisition time (min) 05:24 05:26

Note:—MDME indicates multidynamic multiecho.
® Applies to MDME sequence.
® Applies to diffusion tensor imaging sequence.

with midazolam, 0.1 mg/kg) and bedded in a vacuum mattress.
All neonates were imaged using a standardized neonatal MR
imaging protocol (Online Supplemental Data) on an Ingenia
(Philips Healthcare) 1.5T MR imaging system equipped with a 32-
channel head coil. An axial MDME sequence and an axial diffusion
tensor imaging sequence (flip angle = 90°) (Table 2) were acquired
to obtain quantitative data. By applying 2 repeated acquisition
phases (phase 1: saturation of 1 section by a section-selective satura-
tion pulse [flip angle = 120°]; and phase 2: generation of a series of
spin echoes for another section by section-selective excitation pulses
[flip angle = 90°] and section-selective refocusing pulses [flip
angle = 180°]), the MDME sequence acquires information about
T1R/T2R parameters of the investigated tissue.'®***" The MDME
sequence postprocessing software SyMRI (Version 11.2) was used
to generate quantitative T1R-/T2R-based maps. Diffusion tensor
data were postprocessed using the IntelliSpace Portal (Version 10;
Philips Healthcare).

Determination of Quantitative Parameters

Diffusion tensor parameters (FA; ADC [10™>mm?/s]) and tissue-
specific relaxation time metrics (T1R [ms]; T2R [ms]) were quan-
tified in infratentorial and supratentorial neonatal brain regions,
which are characterized by advanced states of myelination.' ROI
placement was performed manually on diffusion tensor-based
data and SyMRI-generated maps (Fig 1) by 2 different raters
(rater 1, with 3 years’ experience and rater 2, with 2 years’ experi-
ence with neonatal neuroimaging). To ensure maximal overlap
across diffusion tensor and relaxation time measures, we con-
ducted a multisection approach. Therefore, for each brain section
of interest, 2 separate ROIs were drawn at different levels (per-
formed by both raters in a consensus reading): medulla oblongata
(ROI 1: level of the inferior olive; ROI 2: level of the dorsal col-
umn nuclei); pontine tegmentum (ROI 1: level of the locus coeru-
leus; ROI 2: level of the superior olive); midbrain (ROI 1: level of
the superior colliculus/intercollicular area; ROI 2: level of the in-
ferior colliculus); and right/left posterior limbs of the internal
capsule (PLICs) (ROI 1: level of the foramen of Monro; ROI 2:
level of the third ventricle). On the basis of both ROI drawings
for each section, the mean values of FA, ADC, T1R, and T2R
were calculated. If the implementation of a multisection approach

was not possible (ie, multiple contiguous slices were not pro-
vided, poor delineability of ROIs), 2 separate measures were
obtained on 1 appropriate section.

Statistical Analysis

Two groups were defined for statistical analyses: female and male
neonates. SPSS Statistics for Macintosh (Version 25.0; IBM) was
used for statistical analyses at a significance level of a = 5%
(P <.05). Metric data are expressed as means (SD). To summa-
rize the overall agreement of the quantitative parameters deter-
mined by both raters, we calculated an intraclass correlation
coefficient (ICC) for each ROI. ICC values =0.75 were consid-
ered strong agreement.”” In case of strong concordances, the
results of rater 1 were presented. If there were no strong concor-
dances, the results of both raters were reported. To detect differ-
ences in FA, ADC, T1R, and T2R of the medulla oblongata,
pontine tegmentum, midbrain, right PLIC, and left PLIC between
the groups, we performed an ANCOVA. GA at birth; mode of
delivery; birth weight; singleton/multiple pregnancy; receipt of
surfactant; postmenstrual age (PMA) at MR imaging; maternal
age at delivery; presence of pre-eclampsia, gestational diabetes,
and chorioamnionitis; Clinical Risk Index for Babies II score;*
and neonatal diagnoses (Table 1) were defined as covariates to
correct for possible confounding effects. An unpaired ¢ test (met-
ric data) and a Fisher exact test (categoric variables) were used to
detect between-group differences in these variables (Table 1). A
paired t test was used to assess differences in FA, ADC, T1R, and
T2R between the right and left PLICs in both female and male
infants. Within both groups, a Pearson correlation analysis was
performed to detect relationships between FA and T1R, FA and
T2R, ADC and TIR, and ADC and T2R. Multiple-comparison
correction was waived due to the small sample size and the
increased risk of type II error.”*

RESULTS

A total of 35/73 (48%) neonates (female: n = 17; mean GA at
birth: 26 + 0 [SD, 1 + 4] weeks+days; mean PMA at MR imag-
ing: 37 + 4 [SD, 2 + 1] weeks+days; male: n = 18, mean GA at
birth: 26 + 1 [SD, 1 + 3] weeks+days; mean PMA at MR imag-
ing: 37+ 0 [SD, 1 + 2] weeks+days) were included in this study
(Table 1). The remaining 38/73 (52%) infants were not enrolled
due to pathologic brain MR imaging findings (hemorrhage, n =
35; periventricular leukomalacia, n = 2; and arteriovenous mal-
formation, n = 1).

ICC Analysis
For relaxation time metrics, ICC values ranged between 0.831
(95% CI, 0.249-0.948) and 0.986 (95% CI, 0.962-0.995).

For diffusion tensor parameters, ICC values ranged between
0.604 (95% CI, -0.001-0.852) and 0.994 (95% CI, 0.982-0.998).
There were no strong correlations between the ADC values deter-
mined by both raters in the right/left PLICs (0.743; 95% CI,
0.270-0.908; 0.604; 95% CI, —0.001-0.852) of females and in the
medulla oblongata (0.713; 95% CI, 0.068-0.902) and the pontine
tegmentum (0.605; 95% CI, —0.038-0.851) of male preterm neo-
nates (Online Supplemental Data).
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FIG 1. ROI placement is demonstrated on an SyMRI-generated T2-weighted MR imaging contrast (A, B, E, F, I, J, M, N) (TR = 4500 ms; TE = 100 ms;
axial plane) and a diffusion tensor map superimposed on a T2-weighted turbo spin-echo sequence-based image (C, D, G, H, K, L, O, P) (TR=
3000 ms; TE =140 ms; axial plane) of a female infant (GA at birth: 24 + 4 weeks+days; PMA at MR imaging: 39 + 2 weeks+days). For each investi-
gated brain region, 2 separate ROIs were defined at different levels: right/left PLIC (ROI 1: level of the foramen of Monro [A and CJ; ROI 2: level
of the third ventricle [B and D]); midbrain (ROI 1: level of the superior colliculus/intercollicular area [E and G]; ROI 2: level of the inferior colliculus
[F and H]); pontine tegmentum (ROI 1: level of the locus coeruleus [/ and K]; ROI 2: level of the superior olive [J and L]); and medulla oblongata
(ROIT: level of the inferior olive [M and O]; ROI 2: level of the dorsal column nuclei [N and P]).

Differences between Female and Male Neonates

Significant differences between female and male infants were
observed in T2R (P = .014) of the pontine tegmentum, T1R (P =
.011) and T2R (P = .024) of the midbrain, and T1R (P = .032) of
the left PLIC.

Based on FA (P = .529), ADC (rater 1: P = .651; rater 2: P =
.844), TIR (P = .073) or T2R (P = .099) of the medulla oblongata;
FA (P = .464), ADC (rater 1: P = .100; rater 2: P = .581), or TIR
(P = .124) of the pontine tegmentum; FA (P = .200) or ADC (P =

614 Schmidbauer  Apr2022 www.ajnr.org

.828) of the midbrain; FA (P = .167), ADC (rater 1: P = .809; rater
2: P = .675), TIR (P = .073), or T2R (P = .226) of the right PLIC;
and FA (P = .244), ADC (rater 1: P = .511; rater 2: P = .072), or
T2R (P = .443) of the left PLIC, no significant differences were

observed between female and male infants (Figs 2 and 3).

Hemispheric Asymmetries of the PLIC
Female Neonates. There were significant differences in FA
(P<.001) and ADC (rater 1: P = .017; rater 2: P<<.001) of the
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FIG 2. The boxplots show sex-related differences in TI-/T2-relaxation time metrics (ms) (A and B) and diffusion tensor parameters (FA; ADC
[10~>mm?/s]) (C and D) (determined by rater 1at term-equivalent ages) of the neonatal medulla oblongata, pontine tegmentum, and midbrain.
The black bar indicates mean values. Significant differences (arrows) were observed in TIR (P =.011) of the midbrain (A), T2R (P =.014) of the pon-
tine tegmentum, and T2R (P =.024) of the midbrain (B) between female and male neonates.
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IPLIC). The black bar indicates mean values. Significant sex-related differences (arrow) were observed in TIR (P=.032) of the IPLIC (A). In both
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616 Schmidbauer  Apr 2022  www.ajnr.org



left compared with the right PLIC, characterized by higher FA
values and lower ADC values (left PLIC). The TIR (P = .140)
and T2R metrics (P = .563) did not reveal significant differences
between the right and left PLICs.

Male Neonates. There were significant differences in FA
(P<.001) and ADC (P = .028) of the left compared with the
right PLIC, characterized by higher FA values and lower ADC
values (left PLIC). The T1R (P = .162) and T2R metrics (P =
.740) did not reveal significant differences between the right and
left PLICs (Fig 3).

Relationships between Diffusion Tensor and Relaxation
Time Metrics
In female infants, there were significant correlations between the
ADC and T1R values in the medulla oblongata (r = -0.507, P =
.038) and the midbrain (r = -0.516, P = .034).

In male infants, there were significant correlations between
the ADC and T2R values in the right (r = 0.484, P = .042) and
left PLICs (r = 0.492, P = .038) (Online Supplemental Data).

DISCUSSION

This study investigated sex-related brain maturity differences at
an early stage of development using quantitative MR imaging.
Relaxometry-based mapping revealed a more advanced state of
brainstem maturation in female compared with male extremely
preterm infants at term-equivalent ages. Moreover, on the basis
of TIR, myelination appeared more advanced in the left PLIC in
females compared with males. Furthermore, diffusion tensor—
based metrics detected advanced maturational stages of the left-
sided compared with the right-sided internal capsule regions.
However, diffusion tensor and relaxation parameters did not
show consistent relationships, which might indicate that both
modalities respond to different molecular aspects of myelinogen-
esis. Therefore, the combined use of diffusion tensor- and relaxa-
tion property—derived metrics detects subtle characteristics of
WM maturation.

Before 30 weeks’ GA, brainstem structures (brachium con-
junctivum, medial longitudinal fascicle, medial lemniscus, central
tegmental tract, and statoacoustic system) already show remark-
able myelination, whereas the PLIC has maximum quantities of
myelin supratentorially."** The T1R decreases as premyelination
processes occur.”*® These are characterized by interactions
between isolated myelin components and H,O molecules.**>® In
the course of myelinogenesis, the entry of organic compounds
into the myelin sheath results in further T1R shortening." A study
in an animal model proved that female sex hormones stimulate
the anchoring of proteins into the myelin bilayer.”® Thus, estro-
gen and progesterone appear to promote myelin formation.
Based on T2R, there were significant differences between both
sexes at the level of the pontine tegmentum and the midbrain. As
opposed to T1R, T2R shortening occurs as fully developed myelin
sheaths progressively tighten.*>® Because brain myelination pro-
gresses caudally to rostrally, pronounced T2 shortening in the
female brainstem appears credible, while maturity-related effects
on T2R may have remained limited in supratentorial regions.'
Although diffusion-based MR imaging has been proved to

visualize gonadal hormone-related maturity differences in WM
in an animal model, the quantitative approach applied in this
study did not reveal significant results.*® Although ADC values

decrease at the stage of premyelination,’"**

this parameter seems
insensitive to sex-related maturity differences. In contrast to
ADC metrics, the FA responds to advanced states of myelin de-
velopment,”* possibly explaining the limited ability to detect reli-
able maturity differences between female and male preterm
infants.

On the basis of diffusion tensor metrics, myelination appears
more advanced in the left compared with the right PLIC in both
sexes. This finding is in keeping with descriptions in the litera-
ture.”® Using diffusion tensor imaging, Dubois et al**** demon-
strated left-right asymmetries in the infant brain in favor of
left-sided projection tracts. Because somatosensory pathways
develop rapidly, extensive myelination is detectable in the PLIC
at the beginning of the third trimester of pregnancy, while fully
developed myelin sheaths are not detectable before 44 weeks’
postconceptional age.”>*>** This fact could explain the absence
of considerable T2R shortening in the investigated sample.
However, even though sex-related differences were observed in
TIR of left-sided internal capsule regions, relaxometry-based
mapping seems insensitive to hemispheric asynchronies of neo-
natal brain development.

Diffusion tensor and relaxation time metrics appear to charac-
terize various aspects of myelin maturation: The T1R responds
immediately to chemical bonding between H,O molecules and
myelin building blocks; the increase in membrane attenuation
(ADC) and the process of axonal myelin ensheathment (FA) fur-
ther result in the response of diffusion tensor parameters,
whereas tightening of myelin sheaths is required for T2R shorten-
ing to occur.”**"** These assumptions are supported by the pre-
sented data, which show that diffusion tensor and relaxation time
metrics are inconsistently associated.

Preterm delivery accounts for delays in myelin develop-
ment.>” Our data suggest that brain myelination processes are
more severely affected in former extremely preterm males than
their female counterparts. The combined use of different, quan-
titative MR imaging modalities allows sex-related and hemi-
spheric maturity differences to be identified noninvasively at an
early stage of development. Quantitative MR imaging might
enable physicians to identify infants in need of intensified sup-
port and closer follow-up at an early maturational stage and,
therefore, increase their chance of favorable neurodevelopmen-
tal outcomes. However, this possibility was beyond the scope of
the present investigation and needs to be addressed in the
future.

This study has several limitations. Quantitative imaging
markers were determined only in a limited number of brain
regions. However, the investigation of sex-related characteristics
of premyelinating areas was beyond the scope of this investiga-
tion. Diffusion tensor- and MDME-based imaging data differed
in voxel size and section thickness. Therefore, diffusion tensor
and relaxation time metrics were potentially determined on dif-
ferent slices. Thus, a multisection approach was conducted to
ensure maximal overlap across FA/ADC and T1R/T2R measures.
Even though neonates with brain scans with pathologic findings
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were excluded, there were still infants with (extracranial) condi-
tions that might impact neurodevelopment. Thus, statistical
methods were applied that correct for possible confounding
effects of these conditions. This study did not elaborate on the
future outcomes of the preterm infants included. Nonetheless,
further investigations that link developmental asynchronies/sex-
related differences to the lateralization of brain functions are of
highest interest. Although only homogeneous cohorts of former
preterm born females and males were included in this study, the
investigated sample size was small. However, our data revealed
considerable sex-related maturity differences at an early stage of
human brain development. Nonetheless, sex-related neurodeve-
lopmental differences require further investigation in larger
samples.

CONCLUSIONS

The combined use of diffusion tensor- and relaxometry-based
mapping approaches reveals sex-related maturity differences and
hemispheric asynchronies of WM maturation. Quantitative
imaging markers can detect subtle characteristics of the sequen-
tial process of myelination noninvasively at an early stage of cere-
bral development.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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