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ORIGINAL RESEARCH
PEDIATRICS

Impact of Prematurity on the Tissue Properties of the
Neonatal Brain Stem: A Quantitative MR Approach

V. Schmidbauer, G. Dovjak, G. Geisl, M. Weber, M.C. Diogo, M.S. Yildirim, K. Goeral, K. Klebermass-Schrehof,
A. Berger, D. Prayer, and G. Kasprian

ABSTRACT

BACKGROUND AND PURPOSE: Preterm birth interferes with regular brain development. The aim of this study was to investigate
the impact of prematurity on the physical tissue properties of the neonatal brain stem using a quantitative MR imaging approach.

MATERIALS AND METHODS: A total of 55 neonates (extremely preterm [n¼ 30]: ,281 0weeks gestational age; preterm [n¼ 10]:
281 0–361 6 weeks gestational age; term [n¼ 15]: $371 0 weeks gestational age) were included in this retrospective study. In
most cases, imaging was performed at approximately term-equivalent age using a standard MR protocol. MR data postprocessing
software SyMRI was used to perform multidynamic multiecho sequence (acquisition time: 5minutes, 24 seconds)–based MR post-
processing to determine T1 relaxation time, T2 relaxation time, and proton density. Mixed-model ANCOVA (covariate: gestational
age at MR imaging) and the post hoc Bonferroni test were used to compare the groups.

RESULTS: There were significant differences between premature and term infants for T1 relaxation time (midbrain: P, .001; pons:
P, .001; basis pontis: P¼ .005; tegmentum pontis: P, .001; medulla oblongata: P, .001), T2 relaxation time (midbrain: P, .001; teg-
mentum pontis: P, .001), and proton density (tegmentum pontis: P¼ .004). The post hoc Bonferroni test revealed that T1 relaxation
time/T2 relaxation time in the midbrain differed significantly between extremely preterm and preterm (T1 relaxation time: P, .001/
T2 relaxation time: P¼ .02), extremely preterm and term (T1 relaxation time/T2 relaxation time: P, .001), and preterm and term
infants (T1 relaxation time: P, .001/T2 relaxation time: P¼ .006).

CONCLUSIONS:Quantitative MR parameters allow preterm and term neonates to be differentiated. T1 and T2 relaxation time met-
rics of the midbrain allow differentiation between the different stages of prematurity. SyMRI allows for a quantitative assessment
of incomplete brain maturation by providing tissue-specific properties while not exceeding a clinically acceptable imaging time.

ABBREVIATIONS: GA ¼ gestational age; PD ¼ proton density; T1R ¼ T1 relaxation time; T2R ¼ T2 relaxation time; MDME ¼ multidynamic multiecho; ICC ¼
intraclass correlation coefficient

The myelination process begins in the fetal period and pro-
ceeds in a stepwise manner.1,2 Brain maturation progresses

caudally to rostrally following a characteristic pattern.3 Hence,
histologically, the maximum myelin deposition is detectable in
the spinal cord and the brain stem at the time of birth.1,3

Based on the biochecture of the myelin sheath, neonatal brain
development can be evaluated by MR imaging.4,5 Thus,

myelination visualized on conventional T1-weighted and T2-
weighted MR contrasts serves as an imaging biomarker for the
assessment of brain maturation in neonates.6

Prematurity is associated with delayed myelination, which is
considered a risk factor for impaired neurologic and cognitive de-
velopment.7,8 Furthermore, there is a correlation between gesta-
tional age (GA) at birth and developmental outcome, with lower
GA associated with a higher risk for more severe cognitive impair-
ment.9,10 Therefore, the assessment of myelination is paramount,
primarily in preterm born neonates, to predict potential mental and
neurologic impairment. Despite being a highly sensitive tool for the
detection of subtle cerebral pathologies in premature infants, the
evaluation of myelination by brain MR imaging in this group of
patients remains challenging in pediatric neuroimaging.11-13

Quantitative MR techniques enable the characterization of
cerebral development and brain maturation based on tissue-
specific relaxation parameters and proton density (PD).14-16
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Quantitative T1 and T2 mapping have proved beneficial when
assessing neonatal brain myelination qualitatively.6,17 However,
quantitative MR data acquisition is a highly time-consuming pro-
cess, even with modern methods and therefore is not applicable
in the clinical routine.15,17

By acquiring a single multidynamic multiecho (MDME)
sequence (acquisition time: 5minutes, 24 seconds), the MR data
postprocessing software SyMRI (Synthetic MR; version 11.1.5)
generates a variety of conventional MR contrasts and quantitative
MR maps.18-20 Based on a single sequence, intrinsic physical pa-
rameters of the examined tissue, such as T1 relaxation time
(T1R), T2 relaxation time (T2R), and PD, can be determined.20

The software allows definition of TR, TE, and TI after data acqui-
sition to generate and to modulate the preferred MR contrasts.
Because the image postprocessing is performed in less than 1 mi-
nute, SyMRI provides qualitative as well as quantitative MR data
in a clinically acceptable time.21-23

In neonates, the process of myelination leads to subtle MR sig-
nal changes because of alterations in relaxation parameters and
spin density, detectable by quantitative MR techniques. The aim
of this study was to investigate the impact of different stages of
prematurity on the maturational characteristics of the neonatal
brain stem, as measured by SyMRI-based T1, T2, and PD map-
ping. The study was designed to prove that certain stages of pre-
maturity are linked to specific quantitative MR metrics.

MATERIALS AND METHODS
Ethical Approval
The protocol of this study was approved by the local ethics com-
mission and performed in accordance with the Declaration of
Helsinki.

Study Cohort
Between June 2017 and August 2019, a total of 90 preterm and
term-born neonates were examined at the neuroradiology depart-
ment of a tertiary care hospital. All participants included in this
study were referred for neonatal brain MR imaging by the
Departments of Pediatrics and Adolescent Medicine, Neonatology,
Pediatric Intensive Care, and Neuropediatrics. Indications for MR
imaging included extremely preterm birth (GA: ,281 0 weeks),
clinical diagnosis of hypoxic-ischemic encephalopathy, intraven-
tricular hemorrhage, and suspicion of cerebral infarction. Whereas
premature infants were studied at approximately term-equivalent
age in most cases, term-born neonates were examined between 2
and 48days postpartum. Table 1 gives an overview of the clinical
characteristics and demographic information of included neonates.
All infants with proved or suspected pathology of the brain stem
were excluded from the study.

Data Acquisition, MDME Sequence, and Postprocessing
To prevent motion artifacts, neonates were either fed or
slightly sedated (chloral hydrate [30–50mg/kg] or chloral
hydrate [30mg/kg] combined with midazolam [0.1mg/kg])
30minutes before MR imaging and positioned on a vacuum
mattress. All neonates included in this study were subjected to
a standard neonatal MR protocol (T1 spin-echo sequence
[axial plane], T2 TSE sequence [3 orthogonal planes], DWI
sequence, SWI sequence, T1 3D sequence) on an Ingenia 1.5 T
MR system (Philips Healthcare). To obtain quantitative MR
data, an MDME sequence (axial plane) was acquired using 2
repeated acquisition phases.21,24 One slice was saturated by
the application of a slice-selective saturation pulse (flip angle:
120°) (first phase). A series of spin echoes was generated for
another slice by the application of slice-selective excitation

Table 1: Clinical characteristics and demographics

Neonates: n= 55
Extremely Preterm Birth
(<28+ 0 weeks GA):

n= 30

Preterm Birth
(28+ 0–36+ 6 weeks GA):

n= 10

Term Born
(‡37+ 0 weeks GA):

n= 15
Clinical characteristics

Male/female 10/20 5/5 6/9
GA at birtha M¼ 251 5, SD¼ 11 4;

R¼ 231 0–271 6
M¼ 321 4, SD¼ 31 1;
R¼ 281 0–361 3

M¼ 391 5, SD¼ 01 6;
R¼ 371 6–401 5

GA at MR imaginga M¼ 381 2, SD¼ 21 0;
R¼ 351 1–431 4

M¼ 391 0, SD¼ 61 1;
R¼ 331 4–541 5

M¼ 411 5, SD¼ 21 1;
R¼ 391 0–451 3

Clinical diagnosis
Without pathologic findingsb n¼ 15 n¼ 4 n¼ 5
Hemorrhageb,c n¼ 10d n¼ 3e n¼ 3f

Cystic PVLb n¼ 2
Expired infarctionb n¼ 1 n¼ 1 n¼ 1
Blake pouchb n¼ 1
Venous vessel malformationb n¼ 1 n¼ 1
Intraventricular arachnoid cystb n¼ 1
HIEb n¼ 4
Cephalohematomab n¼ 1
Hygromab n¼ 1

Note:—HIE indicates hypoxic-ischemic encephalopathy; PVL, periventricular leukomalacia.
a Data represented as mean (M), standard deviation (SD), and range (R).
b Data represented as total number.
c Including hyperacute, acute, subacute, and chronic intraventricular, cortical, subcortical, parenchymal, subarachnoid, and subdural hemorrhage.
d Grade III/IV intracranial hemorrhage (according to Deeg et al43) in 1 of 10.
e Grade III/IV intracranial hemorrhage (according to Deeg et al43) in 2 of 3.
f Grade III/IV intracranial hemorrhage (according to Deeg et al43) in 1 of 3.
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pulses (flip angle: 90°) and slice-selective refocusing pulses (flip
angle: 180°) (second phase).20,21,24 A matrix with a variety of
effects of T1 and T2 relaxation rates was acquired based on the
mismatch between the image slice and the saturated slice.21,24

Transverse and longitudinal relaxation parameters were estimated
using echo trains, characterized by different saturation
delays.20,21,24 The local radiofrequency field (B1) was calculated
based on the ascertained T1 relaxation constants.21 T1 and T2
relaxation parameters, as well as B1, allowed the PD to be esti-
mated.20 SyMRI was used to perform MDME sequence-based
image data postprocessing to generate quantitative MR maps
(axial plane). Technical features of the individual sequences are
shown in the Online Supplementary Data.

Determination of Physical Properties
Five ROIs were defined to quantify T1R (ms), T2R (ms), and PD
(%) of the neonatal brain stem: midbrain, pons (basis pontis and teg-
mentum pontis included), basis pontis (tegmentum pontis
excluded), tegmentum pontis (basis pontis excluded), and medulla
oblongata. Details regarding ROI placement are shown in Fig 1. The
software calculates the average values of all relevant physical pa-
rameters based on relaxation time and PD detected in each
voxel within the corresponding ROI. ROI placement was per-
formed manually by 2 independent raters with at least 2 years
of experience with neonatal MR imaging. Both investigators
were blinded to GA at birth and age at MR imaging. During
ROI placement, rater 1 performed a visual review of the MR
image data. Participants were excluded from the study if
incorrect measurements of the physical parameters had to be
assumed on the basis of the visual assessment, for instance,
because of the presence of distinct motion artifacts. Thus,
data exclusion was performed before ROI placement in all
excluded cases.

Statistical Analyses
Participants were divided into 3 groups for comparison: extremely
preterm (GA: ,281 0 weeks), preterm (GA: 281 0–361 6
weeks), and term infants (GA:$371 0 weeks).9 Statistical analyses
were performed using SPSS Statistics for Macintosh, version 25.0
(IBM, 2017) at a significance level of a ¼ 5% (P, .05). Graphs
were created using the statistics software R, version 3.6.3 (https://
www.r-project.org). An intraclass correlation coefficient (ICC) was
calculated for each ROI to detect concordances of the measurements
of both raters. ICC values $0.75 were considered to represent a
strong correlation.25 A Pearson correlation analysis was performed
to assess correlations between GA at birth and the physical parame-
ters determined in each ROI. ANCOVA (covariate: GA at MR
imaging) and the post hoc Bonferroni test were applied to detect sta-
tistical differences in T1R, T2R, and PD between the groups. The
reported results are based on data determined by rater 1.

RESULTS
Applicability of SyMRI for the Determination of the
Physical Tissue Properties
A total of 55/90 (61.1%) neonates were enrolled in this retrospec-
tive study, including 30 extremely preterm (mean GA at birth:
251 5 weeks [SD¼ 11 4]), 10 preterm (mean GA at birth:

321 4 weeks [SD¼ 31 1]), and 15 term infants (mean GA at
birth: 391 5 weeks [SD¼ 01 6]). In 35/90 (38.9%) cases, the
applicability of SyMRI for the determination of T1R, T2R, and
PD was not possible. In 23/35 participants, image quality was
highly degraded because of motion artifacts; 6/35 neonates were
excluded because of abnormal findings of the brain stem (superfi-
cial siderosis [n¼ 1], hypoxic tissue alterations of the pons
[n¼ 1], dysplasia of the brain stem [n¼ 2], suspected AVM of
the midbrain [n¼ 1], aqueductal stenosis [n¼ 1]); 1/35 partici-
pants was excluded because of neonatal hyperbilirubinemia,
which is thought to interfere with brain stem functions and cog-
nitive development26,27; and 5/35 infants were excluded because
of lack of clinical information.

FIG 1. ROI placement is shown on an SyMRI-generated T1-weighted
MR image (TR/TE¼ 650/10ms) of a term-born neonate (GA: 401 1
weeks). A, Midbrain. B.i, Pons (basis pontis and tegmentum pontis
included). B.ii, Basis pontis (tegmentum pontis excluded). B.iii,
Tegmentum pontis (basis pontis excluded). C,Medulla oblongata.
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Interrater Statistics
The ICC analysis revealed a high degree of concordance between
the T1R, T2R, and PD determined by both raters. For T1R: mid-
brain, 0.954 (CI: 0.921–0.973, P, .001); pons, 0.909 (CI: 0.585–
0.966, P, .001); basis pontis, 0.965 (CI: 0.936–0.980, P, .001);
tegmentum pontis, 0.895 (CI: 0.761–0.947, P, .001); and me-
dulla oblongata, 0.975 (CI: 0.740–0.992, P, .001).

For T2R: midbrain, 0.925 (CI: 0.871–0.956, P, .001); pons,
0.848 (CI: 0.389–0.941, P, .001); basis pontis, 0.883 (CI: 0.743–
0.940, P, .001); tegmentum pontis, 0.836 (CI: 0.666–0.913,
P, .001); and medulla oblongata, 0.954 (CI: 0.760–0.983,
P, .001).

For PD: midbrain, 0.832 (CI: 0.712–0.902, P, .001); pons,
0.908 (CI: 0.839–0.947, P, .001); basis pontis, 0.847 (CI: 0.563–
0.931, P, .001); tegmentum pontis, 0.817 (CI: 0.686–0.893,
P, .001); and medulla oblongata, 0.850 (CI: 0.743–0.912,
P, .001).

Pearson Correlation Analysis
Negative correlations were observed between GA at birth and the
T1R (determined in the midbrain [r¼�0.852, P, .001], pons
[r¼�0.669, P, .001], basis pontis [r¼�0.550, P, .001], teg-
mentum pontis [r¼�0.790, P, .001], and medulla oblongata
[r¼�0.742, P, .001]), T2R (determined in the midbrain [r ¼
�0.718, P, .001], pons [r¼�0.366, P¼ .006], basis pontis
[r¼�0.277, P¼ .041], tegmentum pontis [r¼�0.568, P, .001],
and medulla oblongata [r¼�0.414, P¼ .002]), and PD (deter-
mined in the pons [r¼�0.275, P¼ .042] and the tegmentum
pontis [r¼�0.457, P, .001]) (Fig 2).

No correlations were found between GA at birth and the PD
determined in the midbrain (r¼ 0.062, P¼ .651), basis pontis
(r¼�0.255, P¼ .06), and medulla oblongata (r¼�0.163,
P¼ .233) (Fig 2).

Differences in the Physical Tissue Properties Between the
Groups
ANCOVA revealed significant differences in T1R/T2R for the
midbrain (T1R/T2R: P, .001), pons (T1R: P, .001), basis pontis
(T1R: P¼ .005), tegmentum pontis (T1R/T2R: P, .001), and
medulla oblongata (T1R: P, .001) between the groups. There
were also significant differences in PD for the tegmentum pontis
(P¼ .004) between the groups (Fig 3).

Although ANCOVA revealed significant results (P¼ .044),
the post-hoc Bonferroni test did not detect significant differences
in T2R for the medulla oblongata between the groups (P . .05).
Based on T2R of the pons (P¼ .293) and basis pontis (P¼ .584),
according to the corrections above and PD of the midbrain
(P¼ .431), pons (P¼ .442), basis pontis (P¼ .472), and medulla
oblongata (P¼ .384), no significant differences were found
between the groups (Fig 3). Post hoc results are shown in Table 2.

DISCUSSION
In this study, the impact of prematurity on the tissue properties
of the neonatal brain stem, determined at term-equivalent age,
was investigated using the MR data postprocessing software
SyMRI. Considerable correlations were observed between GA at
birth and T1R/T2R, characterized by lower GA, which was

associated with longer T1R/T2R and vice versa. In most cases, the
physical properties of premature (GA: ,371 0 weeks) and term
infants differed significantly. Moreover, T1R/T2R determined in
the midbrain enabled a reliable differentiation between extremely
preterm, preterm, and term neonates. Overall, PD values showed
the lowest correlations with GA at birth. Based on the data pre-
sented here, SyMRI, using quantitative MR parameters, can ena-
ble the characterization of cerebral development in different
stages of prematurity and in term-born infants.

According to descriptions in the literature, myelination proc-
esses primarily lead to changes in T1R, T2R, and PD.14,15 These
alterations affect the appearance of white matter on MR contrasts
and allow brain maturation to be assessed qualitatively.1,5

However, based on the visual evaluation of conventional sequen-
ces, myelin-induced MR signal differences in preterm and term
infants may be subtle and remain undetected in many cases.6 In
addition, currently, techniques for the quantification of incom-
plete myelination are scarce. As described by Yakovlev and
Lecours,28 the human brain stem already contains a multitude of
myelinated fibers at the time of birth compared with other brain
areas. Hence, the physical properties of this region best reflect the
current stage of brain maturity.

In this study, the strongest correlations were observed between
T1R and GA at birth. It is hypothesized that T1 shortening already
occurs at stages of “premyelination” due to interactions between
water molecules and isolated myelin components, such as choles-
terol and glycolipids.29-31 This might explain the fact that T1R of
the midbrain enabled a reliable discrimination between different
stages of prematurity. Nonetheless, T1 shortening of other areas of
the brain stem did not reveal similar results, though significant dif-
ferences between premature and term infants were observed. As
described in previous studies, iron deposition also affects the T1R
and leads to specific MR signal changes during cerebral develop-
ment.32,33 Thus, more pronounced T1 shortening in the mesen-
cephalon, caused by the initial accumulation of iron components
in the red nucleus, seems credible and could explain these find-
ings.32 In addition, melanin shows biochemical interactions with
ferric iron.32,33 However, it has been suggested that iron bound to
the substantia nigra and other brain stem nuclei that contain mela-
nin do not affect relaxation parameters before the 10th month of
life.33

Furthermore, T2R of the midbrain revealed significant differ-
ences between extremely preterm, preterm, and term neonates.
T2 shortening is initiated by tightening of fully developed myelin
sheaths, which becomes most evident in advanced states of brain
maturation.29-31 In extremely preterm infants, myelination is al-
ready detectable in the midbrain.1 Predominantly, the superior
cerebellar peduncles and their decussation show an advanced
maturation at this stage.1,28 Between 301 0–361 0 weeks GA,
the myelin amount increases, which is detectable histologically.1

However, myelin-related changes are hardly detected during this
period using a qualitative MR imaging approach.1 Our data indi-
cate that quantitative MR metrics allow for the discrimination
between different stages of prematurity on the basis of T2 short-
ening, whereas these subtle changes may not be detected visu-
ally.1 Based on T2R of the pontine tegmentum, differences
between preterm and term neonates were observed. In contrast
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to other regions of the developing brain, myelin deposition is not
detectable before 32weeks GA in this part of the brain stem.1,28

Myelination progresses rapidly in this region and corroborates

that T2 shortening is related to advanced states of brain matu-
rity.1,29-31 However, no significant differences were found on the
basis of T2R of the medulla oblongata. This region shows

FIG 2. Pearson correlation between GA (weeks) at birth (x-axis) and physical MR parameters (y-axis) determined at term-equivalent age by rater
1. Left column: T1R (A–E). Middle column: T2R (F–J). Right column: PD (K–O).
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FIG 3. The boxplots show descriptive data for quantitative MR parameters (y-axis) of (1) neonates born ,281 0 weeks GA, (2) neonates born
between 281 0–361 6 weeks GA, and (3) neonates born$371 0weeks GA (x-axis) determined at term-equivalent age by rater 1. Left column:
T1R (A–E). Middle column: T2R (F–J). Right column: PD (K–O).
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considerable myelination even before 30weeks GA.1 Hence, the
effect of T2 shortening on the differences between the groups
may be limited. Compared with T2R, T1R indicated maturation
differences more clearly. These results are consistent with the lit-
erature and may be attributed to the immediate response of T1
parameters to subtle maturation processes.4,29-31

Compared with T1R and T2R, PD indicated neonatal brain
maturity less clearly. PD values refer to the concentration of water
protons and may indicate the content of water in the investigated
tissue.34 There is evidence that immature or demyelinated brain
tissue contains higher proportions of water, which leads to
increased PD values.14,21,35 As demonstrated by Lee et al,14 PD
decreases in most brain areas during regular development.
However, as opposed to T1 and T2 shortening, changes in PD
occur considerably later and more slowly.14 This could explain
the fact that no correlations between PD and GA at birth were
observed in most areas of the neonatal brain stem. Nonetheless,
significant results were found in the pons, particularly in the pon-
tine tegmentum. PD determined in the tegmentum pontis
revealed significant differences between preterm and term neo-
nates. These data might confirm that maturity-related PD
changes appear in a similar manner as T1R/T2R but more
slowly.14 Interestingly, compared with preterm neonates, higher
PD values were detected in the midbrains of term infants. These
nonsignificant observations may be attributed to the impact of
the cerebral aqueduct on PD determined in the mesencephalon.
There is evidence that the size of the aquaeductus mesence-
phali increases in the course of development, which might
lead to higher PD values because of higher H2O compo-
nents.36 However, descriptions are rare with regard to the

proportions of the ventricular system in mature and former
premature infants.

As demonstrated in a previous study, delayed myelination is
detectable in preterm neonates at the regular, expected due date.6

The data presented in this study are in line with descriptions in
the literature.6 The specific novelty presented in this study is the
fact that distinct maturational differences between different stages
of prematurity can be identified noninvasively by novel MR ac-
quisition strategies.

Prematurity leads to structural alterations of infratentorial
regions.37 Furthermore, extremely preterm delivery is associated
with disturbances in brain stem functions.38 As described by
Antinmaa et al,39 impairment of the auditory pathway is highly
associated with poor future verbal abilities in former preterm
infants. Thus, preterm birth interferes with regular brain stem de-
velopment and plays an important role in the pathogenesis of
neurologic and psychiatric disorders.37,39,40 SyMRI enables brain
maturation to be quantified and therefore allows for a more pre-
cise assessment of the neonatal brain stem at early stages of devel-
opment. Quantitative MR metrics represent novel, clinically
feasible diagnostic tools, enabling a more differentiated assess-
ment of functionally important maturational stages in neonatal
brain development. This opens further perspectives in pediatric
brain imaging and may help physicians to predict neurodevelop-
mental disabilities in later life. However, this was outside the
scope of the present study and should be the subject of future
investigations.

This study has several limitations. The sample size was small
and included pathologic cases that made the data provided inap-
propriate as reference data. Nonetheless, this technique bears the

Table 2: Bonferroni post hoc test results

ROI Group vs Group Significance

Differences: Mean vs Meana

Absoluteb Relative (%)c

Midbrain T1 relaxation time (ms) Extremely preterm Preterm P, .001 84.4 6.3
Term born P, .001 182.1 13.7

Preterm Term born P, .001 97.7 7.8
Pons T1 relaxation time (ms) Extremely preterm Preterm P¼ .241 43.7 3

Term born P, .001 124.1 8.7
Preterm Term born P¼ .02 80.4 5.8

Basis pontis T1 relaxation time (ms) Extremely preterm Preterm P¼ 1 27.9 1.8
Term born P¼ .004 97.9 6.5

Preterm Term born P¼ .147 70 4.7
Tegmentum pontis T1 relaxation time (ms) Extremely preterm Preterm P¼ .051 54.7 4.2

Term born P, .001 181.4 13.8
Preterm Term born P, .001 126.7 10.1

Medulla oblongata T1 relaxation time (ms) Extremely preterm Preterm P¼ .334 24.5 2
Term born P, .001 130.9 10.6

Preterm Term born P, .001 106.4 8.8
Midbrain T2 relaxation time (ms) Extremely preterm Preterm P¼ .02 4.3 3.1

Term born P, .001 10.2 7.3
Preterm Term born P¼ .006 5.9 4.4

Tegmentum pontis T2 relaxation time (ms) Extremely preterm Preterm P¼ 1 1.1 0.8
Term born P, .001 8.4 6.3

Preterm Term born P¼ .009 7.3 5.5
Tegmentum pontis PD (%) Extremely preterm Preterm P¼ 1 0.1 0.1

Term born P¼ .004 1 1.2
Preterm Term born P¼ .026 0.9 1

a Difference in means between the compared groups.
b Absolute difference in means.
c Relative difference in means.
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potential to make quantitative MR baseline data available for the
assessment of brain maturity in preterm and term neonates. At
the date of the MR imaging examination, term-born infants were
relatively older than those born prematurely. Hence, statistical
methods were used that allow for correction of the effect of GA at
MR imaging on the data presented. The physical properties of su-
pratentorial regions, such as the posterior limb of the internal
capsule, which is considered highly myelinated by the regular due
date, were not determined.28 This is attributed to the possibility
of incorrect determination of T1R, T2R, and PD in participants
with telencephalic brain damage. To determine brain maturity–
related physical tissue properties unadulterated, participants
without abnormal supratentorial findings should be investigated,
which was not the case in the presented study cohort. However,
the quantifiability of supratentorial brain maturity is an impor-
tant topic and should be investigated in future studies. Finally,
DWI and DTI have been demonstrated to be MR techniques that
are sensitive enough to quantify the process of “premyelina-
tion.”41,42 An assessment of the relationship between DTI metrics
and the mapping technique presented here was outside the scope
of this work and should be further addressed in the future.

CONCLUSIONS
In summary, our data indicate that quantitative MR parameters
determined at term-equivalent age enable the differentiation of
preterm and term neonates. In addition, the method enables the
distinction of different stages of prematurity. It can be concluded
that SyMRI allows for a quantitative assessment of neonatal brain
maturation by providing tissue-specific properties while not
exceeding a clinically acceptable imaging time.

Disclosures: Gregor Dovjak—UNRELATED: Employment: Medical University of
Vienna, Comments: The medical university, where this work originated, is my
employer, so I get paid by them. Mariana Diogo—RELATED: Grant: Austrian
Science Fund*; UNRELATED: Employment: Neuroradiology consultant,
Comments: ITM; work as a neuroradiologist. Katrin Klebermass-Schrehof—
UNRELATED: Payment for Lectures, Including Service on Speakers Bureaus:
Chiesi Pharmaceuticals, Natus Medical Incorporated, Comments: Payment for
lectures and workshops. Angelika Berger—UNRELATED: Grants/Grants Pending:
Unrestricted and restricted research grants from Chiesi, Abbvie, Roche, Nestle, and
Schülke. Payment for Lectures, Including Service on Speakers Bureaus: Lecture hono-
raria from Abbvie, Chiesi, and Schülke. Gregor Kasprian—UNRELATED: Consultancy:
Bellaria Diagnostics, Comments: Consultant for fetal MRI at Bellaria Diagnostics;
Employment: Medical University of Vienna; Grants/Grants Pending: FWF Austrian
Science Fund, Comments: Grant outside submitted work. *Money paid to institution.

REFERENCES
1. van der Knaap MS, Valk J. Magnetic Resonance of Myelination and

Myelin Disorders. 3rd ed. Springer-Verlag; 2005
2. Flechsig P. Developmental (myelogenetic) localisation of the cere-

bral cortex in the human subject. Lancet 1901;158:1027–30
3. Kinney HC. Human myelination and perinatal white matter disor-

ders. J Neurol Sci 2005;228:190–92 CrossRef Medline
4. Barkovich AJ, Kjos BO, Jackson DE, et al. Normal maturation of the

neonatal and infant brain: MR imaging at 1.5 T. Radiology
1988;166:173–80 CrossRef Medline

5. van der Knaap MS, Valk J.MR imaging of the various stages of nor-
mal myelination during the first year of life. Neuroradiology
1990;31:459–70 CrossRef Medline

6. Schmidbauer V, Geisl G, Diogo M, et al. SyMRI detects delayed
myelination in preterm neonates. Eur Radiol 2019;29:7063–72
CrossRef Medline

7. Ibrahim J, Mir I, Chalak L. Brain imaging in preterm infants <32
weeks gestation: a clinical review and algorithm for the use of cra-
nial ultrasound and qualitative brain MRI. Pediatr Res 2018;84:799–
806 CrossRef Medline

8. Parikh NA. Advanced neuroimaging and its role in predicting neu-
rodevelopmental outcomes in very preterm infants. Semin
Perinatol 2016;40:530–41 CrossRef Medline

9. Glass HC, Costarino AT, Stayer SA, et al. Outcomes for extremely
premature infants. Anesth Analg 2015;120:1337–51 CrossRef
Medline

10. Marlow N, Wolke D, Bracewell MA, et al. Neurologic and develop-
mental disability at six years of age after extremely preterm birth.
N Engl J Med 2005;352:9–19 CrossRef Medline

11. Rutherford M, Pennock J, Schwieso J, et al.Hypoxic-ischaemic ence-
phalopathy: early and late magnetic resonance imaging findings in
relation to outcome. Arch Dis Child Fetal Neonatal Ed 1996;75:
F145–51 CrossRef Medline

12. Benders MJ, Kersbergen KJ, de Vries LS. Neuroimaging of white
matter injury, intraventricular and cerebellar hemorrhage. Clin
Perinatol 2014;41:69–82 CrossRef Medline

13. de Vries LS, Benders MJ, Groenendaal F. Progress in neonatal neu-
rology with a focus on neuroimaging in the preterm infant.
Neuropediatrics 2015;46:234–41 CrossRef Medline

14. Lee SM, Choi YH, You SK, et al. Age-related changes in tissue value
properties in children: simultaneous quantification of relaxation
times and proton density using synthetic magnetic resonance
imaging. Invest Radiol 2018;53:236–45 CrossRef Medline

15. Ding XQ, Kucinski T, Wittkugel O, et al. Normal brain maturation
characterized with age-related T2 relaxation times: an attempt to
develop a quantitative imaging measure for clinical use. Invest
Radiol 2004;39:740–46 CrossRef Medline

16. Ferrie JC, Barantin L, Saliba E, et al. MR assessment of the brain
maturation during the perinatal period: quantitative T2 MR study
in premature newborns. Magn Reson Imaging 1999;17:1275–88
CrossRef Medline

17. Deoni SC, Mercure E, Blasi A, et al. Mapping infant brain myelina-
tion with magnetic resonance imaging. J Neurosci 2011;31:784–91
CrossRef Medline

18. McAllister A, Leach J, West H, et al. Quantitative synthetic MRI in
children: normative intracranial tissue segmentation values during
development. AJNR Am J Neuroradiol 2017;38:2364–72 CrossRef
Medline

19. Tanenbaum LN, Tsiouris AJ, Johnson AN, et al. Synthetic MRI for
clinical neuroimaging: results of the magnetic resonance image
compilation (MAGiC) prospective, multicenter, multireader trial.
AJNR Am J Neuroradiol 2017;38:1103–10 CrossRef Medline

20. Warntjes JB, Leinhard OD, West J, et al. Rapid magnetic resonance
quantification on the brain: optimization for clinical usage. Magn
Reson Med 2008;60:320–29 CrossRef Medline

21. Hagiwara A, Warntjes M, Hori M, et al. SyMRI of the brain: rapid
quantification of relaxation rates and proton density, with syn-
thetic MRI, automatic brain segmentation, and myelin measure-
ment. Invest Radiol 2017;52:647–57 CrossRef Medline

22. Schmidbauer V, Geisl G, Cardoso Diogo M, et al. Validity of SyMRI
for assessment of the neonatal brain. Clin Neuroradiol 2020 March
11. [Epub ahead of print] CrossRef Medline

23. Vanderhasselt T, Naeyaert M, Watte N, et al. Synthetic MRI of pre-
term infants at term-equivalent age: evaluation of diagnostic
image quality and automated brain volume segmentation. AJNR
Am J Neuroradiol 2020;41:882–88 CrossRef Medline

24. Kang KM, Choi SH, Kim H, et al. The effect of varying slice thick-
ness and interslice gap on T1 and T2 measured with the multidy-
namic multiecho sequence. Magn Reson Med Sci 2019;18:126–33
CrossRef

25. Cicchetti D. Guidelines, criteria, and rules of thumb for evaluating
normed and standardized assessment instruments in psychology.
Psychol Assess 1994;6:284–90 CrossRef Medline

8 Schmidbauer � 2021 www.ajnr.org

http://dx.doi.org/10.1016/j.jns.2004.10.006
https://www.ncbi.nlm.nih.gov/pubmed/15694202
http://dx.doi.org/10.1148/radiology.166.1.3336675
https://www.ncbi.nlm.nih.gov/pubmed/3336675
http://dx.doi.org/10.1007/BF00340123
https://www.ncbi.nlm.nih.gov/pubmed/2352626
http://dx.doi.org/10.1007/s00330-019-06325-2
https://www.ncbi.nlm.nih.gov/pubmed/31286188
http://dx.doi.org/10.1038/s41390-018-0194-6
https://www.ncbi.nlm.nih.gov/pubmed/30315272
http://dx.doi.org/10.1053/j.semperi.2016.09.005
https://www.ncbi.nlm.nih.gov/pubmed/27863706
http://dx.doi.org/10.1213/ANE.0000000000000705
https://www.ncbi.nlm.nih.gov/pubmed/25988638
http://dx.doi.org/10.1056/NEJMoa041367
https://www.ncbi.nlm.nih.gov/pubmed/15635108
http://dx.doi.org/10.1136/fn.75.3.F145
https://www.ncbi.nlm.nih.gov/pubmed/8976678
http://dx.doi.org/10.1016/j.clp.2013.09.005
https://www.ncbi.nlm.nih.gov/pubmed/24524447
http://dx.doi.org/10.1055/s-0035-1554102
https://www.ncbi.nlm.nih.gov/pubmed/26121069
http://dx.doi.org/10.1097/RLI.0000000000000435
https://www.ncbi.nlm.nih.gov/pubmed/29504952
http://dx.doi.org/10.1097/00004424-200412000-00005
https://www.ncbi.nlm.nih.gov/pubmed/15550835
http://dx.doi.org/10.1016/S0730-725X(99)00080-6
https://www.ncbi.nlm.nih.gov/pubmed/10576713
http://dx.doi.org/10.1523/JNEUROSCI.2106-10.2011
https://www.ncbi.nlm.nih.gov/pubmed/21228187
http://dx.doi.org/10.3174/ajnr.A5398
https://www.ncbi.nlm.nih.gov/pubmed/28982788
http://dx.doi.org/10.3174/ajnr.A5227
https://www.ncbi.nlm.nih.gov/pubmed/28450439
http://dx.doi.org/10.1002/mrm.21635
https://www.ncbi.nlm.nih.gov/pubmed/18666127
http://dx.doi.org/10.1097/RLI.0000000000000365
https://www.ncbi.nlm.nih.gov/pubmed/28257339
http://dx.doi.org/10.1007/s00062-020-00894-2
https://www.ncbi.nlm.nih.gov/pubmed/32161995
http://dx.doi.org/10.3174/ajnr.A6533
https://www.ncbi.nlm.nih.gov/pubmed/32299803
http://dx.doi.org/10.2463/mrms.mp.2018-0010
http://dx.doi.org/10.1037/1040-3590.6.4.284
https://www.ncbi.nlm.nih.gov/pubmed/29984783


26. Sari S, Yavuz A, Batur A, et al. Brain magnetic resonance imaging
and magnetic resonance spectroscopy findings of children with
kernicterus. Pol J Radiol 2015;80:72–80 CrossRef Medline

27. Karabulut B, Surmeli M, Bozdag S, et al. Effect of hyperbilirubine-
mia on medial olivocochlear system in newborns. Int Adv Otol
2019;15:272–76 CrossRef Medline

28. Yakovlev P, Lecours A. The myelogenetic cycles of regional matura-
tion of the brain. In: Minkowski A, ed. Regional Development of the
Brain in Early Life. Blackwell; 1967:3–70

29. Wang S, Ledig C, Hajnal JV, et al. Quantitative assessment of myeli-
nation patterns in preterm neonates using T2W MRI. Sci Rep
2019;9:12938 CrossRef Medline

30. Barkovich AJ, Lyon G, Evrard P. Formation, maturation, and disor-
ders of white matter. AJNR Am J Neuroradiol 1992;13:447–61Medline

31. Dubois J, Dehaene-Lambertz G, Kulikova S, et al. The early develop-
ment of brain white matter: a review of imaging studies in fetuses,
newborns and infants.Neuroscience 2014;276:48–71 CrossRef Medline

32. Martin E, Krassnitzer S, Kaelin P, et al. MR imaging of the brain-
stem: normal postnatal development. Neuroradiology 1991;33:391–
95 CrossRef Medline

33. Drayer B, Burger P, Darwin R, et al.Magnetic resonance imaging of
brain iron. AJNR Am J Neuroradiol 1986;7:373–80

34. Mezer A, Rokem A, Berman S, et al. Evaluating quantitative proton-
density-mapping methods. Hum Brain Mapp 2016;37:3623–35
CrossRef Medline

35. Laule C, Vavasour IM, Moore GR, et al. Water content and myelin
water fraction in multiple sclerosis. J Neurol 2004;251:284–93
CrossRef Medline

36. Viñals F, Ruiz P, Quiroz G, et al. Two-dimensional ultrasound eval-
uation of the fetal cerebral aqueduct: improving the antenatal di-
agnosis and counseling of aqueductal stenosis. Fetal Diagn Ther
2017;42:278–84 CrossRef Medline

37. Wu Y, Stoodley C, Brossard-Racine M, et al. Altered local cerebellar
and brainstem development in preterm infants. Neuroimage
2020;213:116702 CrossRef Medline

38. Jiang ZD, Wang C, Ping LL. Brainstem auditory pathway function
at four months of corrected postnatal age in preterm infants born
below 30 week gestation. Brain Dev 2020;42:496–502 CrossRef
Medline

39. Antinmaa J, Lapinleimu H, Salonen J, et al. Neonatal brainstem au-
ditory function associates with early receptive language develop-
ment in preterm children. Acta Paediatr 2020;109:1387–93 CrossRef
Medline

40. Fitzgerald E, Boardman JP, Drake AJ. Preterm birth and the risk of
neurodevelopmental disorders—is there a role for epigenetic dys-
regulation? Curr Genomics 2018;19:507–21 CrossRef Medline

41. Wimberger DM, Roberts TP, Barkovich AJ, et al. Identification of
“premyelination” by diffusion-weighted MRI. J Comput Assist
Tomogr 1995;19:28–33 CrossRef Medline

42. Qiu A, Mori S, Miller MI.Diffusion tensor imaging for understand-
ing brain development in early life. Annu Rev Psychol 2015;66:853–
76 CrossRef Medline

43. Deeg KH, Staudt F, von Rohden L. Classification of intracranial
hemorrhage in premature infants. Ultraschall Med 1999;20:165–70
CrossRef Medline

AJNR Am J Neuroradiol �:� � 2021 www.ajnr.org 9

http://dx.doi.org/10.12659/PJR.892643
https://www.ncbi.nlm.nih.gov/pubmed/25745520
http://dx.doi.org/10.5152/iao.2019.5723
https://www.ncbi.nlm.nih.gov/pubmed/31120424
http://dx.doi.org/10.1038/s41598-019-49350-3
https://www.ncbi.nlm.nih.gov/pubmed/31506514
https://www.ncbi.nlm.nih.gov/pubmed/1566710
http://dx.doi.org/10.1016/j.neuroscience.2013.12.044
https://www.ncbi.nlm.nih.gov/pubmed/24378955
http://dx.doi.org/10.1007/BF00598609
https://www.ncbi.nlm.nih.gov/pubmed/1749466
http://dx.doi.org/10.1002/hbm.23264
https://www.ncbi.nlm.nih.gov/pubmed/27273015
http://dx.doi.org/10.1007/s00415-004-0306-6
https://www.ncbi.nlm.nih.gov/pubmed/15015007
http://dx.doi.org/10.1159/000458439
https://www.ncbi.nlm.nih.gov/pubmed/28433990
http://dx.doi.org/10.1016/j.neuroimage.2020.116702
https://www.ncbi.nlm.nih.gov/pubmed/32147366
http://dx.doi.org/10.1016/j.braindev.2020.04.004
https://www.ncbi.nlm.nih.gov/pubmed/32336484
http://dx.doi.org/10.1111/apa.15136
https://www.ncbi.nlm.nih.gov/pubmed/31833585
http://dx.doi.org/10.2174/1389202919666171229144807
https://www.ncbi.nlm.nih.gov/pubmed/30386170
http://dx.doi.org/10.1097/00004728-199501000-00005
https://www.ncbi.nlm.nih.gov/pubmed/7529780
http://dx.doi.org/10.1146/annurev-psych-010814-015340
https://www.ncbi.nlm.nih.gov/pubmed/25559117
http://dx.doi.org/10.1055/s-1999-8898
https://www.ncbi.nlm.nih.gov/pubmed/10522360

	Impact of Prematurity on the Tissue Properties of the Neonatal Brain Stem: A Quantitative MR Approach
	MATERIALS AND METHODS
	ETHICAL APPROVAL
	STUDY COHORT
	DATA ACQUISITION, MDME SEQUENCE, AND POSTPROCESSING
	DETERMINATION OF PHYSICAL PROPERTIES
	STATISTICAL ANALYSES
	RESULTS
	APPLICABILITY OF SYMRI FOR THE DETERMINATION OF THE PHYSICAL TISSUE PROPERTIES
	INTERRATER STATISTICS
	PEARSON CORRELATION ANALYSIS
	DIFFERENCES IN THE PHYSICAL TISSUE PROPERTIES BETWEEN THE GROUPS
	DISCUSSION
	CONCLUSIONS
	REFERENCES


