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ABSTRACT

BACKGROUND AND PURPOSE: Multidynamic multiecho sequence-based imaging enables investigators to reconstruct multiple MR
imaging contrasts on the basis of a single scan. This study investigated the feasibility of synthetic MRI-based WM signal suppression
(syWMSS), a synthetic inversion recovery approach in which a short Tl suppresses myelin-related signals, for the identification of
early myelinating brainstem pathways.

MATERIALS AND METHODS: Thirty-one cases of neonatal MR imaging, which included multidynamic multiecho data and conven-
tionally acquired TI- and T2-weighted sequences, were analyzed. The multidynamic multiecho postprocessing software SyMRI was
used to generate syWMSS data (TR/TE/TI = 3000/5/410 ms). Two raters discriminated early myelinating brainstem pathways (decus-
sation of the superior cerebellar peduncle, medial lemniscus, central tegmental tract, and medial longitudinal fascicle [the latter 3
assessed at the level of the pons]) on syWMSS data and reference standard contrasts.

RESULTS: On the basis of syWMSS data, the decussation of the superior cerebellar peduncle (31/31); left/right medial lemniscus (31/
31; 30/31); left/right central tegmental tract (19/31; 20/31); and left/right medial longitudinal fascicle (30/31) were reliably identified
by both raters. On the basis of Tl-weighted contrasts, the decussation of the superior cerebellar peduncle (14/31); left/right medial
lemniscus (22/31; 16/31); left/right central tegmental tract (1/31); and left/right medial longitudinal fascicle (9/31; 8/31) were reliably
identified by both raters. On the basis of T2-weighted contrasts, the decussation of the superior cerebellar peduncle (28/31); left/
right medial lemniscus (16/31; 12/31); left/right central tegmental tract (23/31; 18/31); and left/right medial longitudinal fascicle (15/31;
14/31) were reliably identified by both raters.

CONCLUSIONS: syWMSS data provide a feasible imaging technique with which to study early myelinating brainstem pathways. MR
imaging approaches that use myelin signal suppression contribute to a more sensitive assessment of myelination patterns at early
stages of cerebral development.

ABBREVIATIONS: CTT = central tegmental tract; DSCP = decussation of superior cerebellar peduncle; FGATIR = fast gray matter acquisition Tl inversion
recovery; GA = gestational age; ICC = intraclass correlation coefficient; MDME = multidynamic multiecho; ML = medial lemniscus; MLF = medial longitudinal
fascicle; syWMSS = synthetic MRI-based WM signal suppression

At early stages of brain maturation, myelination proceeds in a
stepwise manner." In the fetal period, myelin is first detecta-
ble in the spinal cord at about 16 weeks of gestation, followed by
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its developmental course cephalad along the projection tracts."
Thus, postnatally, the brainstem has the most myelinated tissue,
while brain myelination is relatively scarce supratentorially."

Prematurity is considered a matter of increasing interest in
the medical field.” Because preterm birth interferes with the nor-
mal brain maturation processes, imaging modalities that enable a
reliable assessment of the structural and biochemical aspects of
cerebral development are greatly needed.*® Currently, MR imag-
ing is considered the diagnostic mainstay for the assessment of
human brain myelination in vivo.”'® However, the subtle effects
of small myelin quantities on conventional T1- and T2-weighted
MR imaging contrasts currently limit qualitative evaluations and,
therefore, impede insight into certain pathologic conditions
linked to myelin delays in the neonatal period."
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Table 1: Study sample

Neonates n =31

GA
Born <28 + 0° n=23
Born 28 + 0-36 + 6° n=3
Born =37 + 0% n=>5

Characteristics
Female/male 13:18
GA at birth® 27+ 0 (23 + 4-41+ 6)
PMA at MR imaging® 37 +3(34 +5-47 +2)
Note:—PMA indicates postmenstrual age (ie, GA plus chronologic age®).

®Data (weeks + days) presented as total number.
®Data (weeks + days) presented as median and range (in parentheses).

Recent advances in synthetic imaging provide multiple con-
trasts (ie, TR, TE, and TI are synthetically defined in retrospect)
based on the tissue-specific properties (ie, relaxation time and
spin density) determined via a single multidynamic multiecho
(MDME) sequence.*'''® Novel inversion recovery acquisition
strategies (ie, fast gray matter acquisition T1 inversion recovery
[FGATIR]) use a short TT to suppress the myelin signal, therefore
improving discrimination of brainstem pathways and identifica-
tion of myelinated tissue.'” While this approach has proved bene-
ficial primarily in a neurosurgical imaging setting, there is a lack
of information on the applicability of such contrasts for the
assessment of neonatal brain myelination.'”"

This study aimed to investigate the feasibility of synthetic
MRI-based WM signal suppression (syWMSS) for the qualitative
evaluation of neonatal brainstem anatomy and brain myelination
in vivo. Thus, 2 raters independently analyzed brainstem path-
ways on syWMSS data and conventionally acquired, standard-of-
reference, T1- and T2-weighted MR imaging contrasts. In addi-
tion, brain myelination was assessed semiquantitatively on both
imaging modalities (MDME-based versus conventionally acquired
MR imaging contrasts). The results based on syWMSS data and
conventionally acquired MR imaging contrasts were compared.

MATERIALS AND METHODS

Ethics Approval

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

Study Cohort

Between January 2018 and September 2020, forty-three cases of
neonatal MR imaging (without detectable intracranial pathology),
which included MDME data and conventionally acquired T1- and
T2-weighted MR images, were collected. Neuroimaging was per-
formed at the Department of Neuroradiology of Vienna General
Hospital, Medical University of Vienna. All neonates were referred
for brain MR imaging by the Department of Pediatrics and
Adolescent Medicine of the same tertiary care center. Indications
for MR imaging included routine imaging in former preterm
infants at approximately term-equivalent ages and clinical suspicion
of cerebral injury. However, only neonates in whom MR imaging
ruled out pathologic abnormalities were included in this research.
Studied patients (Table 1) have been reported previously. However,

these studies focused on different research objectives.'>'>¢
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Neonatal MR Imaging, MDME Sequence, and MR Imaging
Data Postprocessing

MR imaging was performed according to the institutional feed-
and-wrap protocol, and infants were bedded on a vacuum mat-
tress to reduce motion-related artifacts. All infants were imaged
using a standardized neonatal MR imaging protocol (Online
Supplemental Data) on an Ingenia (Philips Healthcare) 1.5T MR
imaging system. The MDME sequence (axial plane, acquisition
time = 5minutes 24 seconds, TR = 3309 ms, TE = 13/100 ms,
voxel = 0.9 X 1 x 4 mm, FOV = 200 x 165 X 109 mm; section
number = 22, gap = 1 mm, echo-train = 10, pixel/Hz = 1.366/
159.0; sense factor = 2) uses 2 repeat acquisition phases to derive
information about tissue-specific relaxation time properties and
proton density (phase a: application of a section-selective satura-
tion pulse [flip angle = 120°] to saturate 1 section; and phase b:
application of section-selective refocusing pulses [flip angle =
80°] and section-selective excitation pulses [flip angle = 90°] to
generate a series of spin-echoes for another section).'****! The
MDME data postprocessing software SyMRI (Version 11.2;
SyntheticMR) was used to generate syWMSS data. Although the
acquisition procedures for the original FGATIR sequences and
MDME data differ, the contrast parameters to suppress myelin-
related signals synthetically were applied according to the
descriptions by Sudhyadhom et al”> and Shepherd et al'” (TR/
TE/TI = 3000/5/410 ms).

Assessment of Brainstem Pathway Anatomy and
Semiquantitative Evaluation of Myelination

Before evaluating MR imaging data, a critical visual review was
performed by 1 neonatal imaging expert with 15 years of experi-
ence. Imaging data of inferior quality (ie, motion-degraded MR
imaging acquisitions) were excluded from this investigation. In
case multiple sequences were available (eg, multiple T1-weighted
contrasts and so forth), those that provided the best image quality
were used for further analysis. Two readers (observer 1 with 4
years of experience and observer 2 with 2 years of experience
with neonatal MR imaging) independently discriminated early
myelinating brainstem pathways at a given level on the basis of
syWMSS data and conventionally acquired T1- and T2-weighted
contrasts. Before the analysis, an evaluation was performed
regarding the identifiability/ability to discriminate various brain-
stem tracts in terms of spatial resolution. Accordingly, the follow-
ing anatomic tracts were defined for qualitative assessment:
decussation of superior cerebellar peduncle (DSCP); left/right
medial lemniscus (ML) (for the readers to identify separately at
the level of the medulla oblongata [decussation of the ML], pons,
and midbrain); left/right central tegmental tract (CTT) (for the
readers to identify at the level of the pons); and left/right medial
longitudinal fascicle (MLF) (for the readers to identify at the level
of the pons).

Furthermore, both readers assessed myelination of the brain-
stem (ie, medulla oblongata, pons, and midbrain) and the posterior
limb of the internal capsule semiquantitatively on syWMSS data
and conventionally acquired T1- and T2-weighted contrasts using
a previously described scoring system (Online Supplemental
Data).® The allocated points for each region were totaled, resulting
in a myelin total score.®



-

FIG 1. Neonatal brainstem anatomy is shown in an infant born at 24 + 3 weeks’ GA (MR imaging at 38 + 0 weeks postmenstrual age) at the level
of the midbrain (A, D, and G), pons (B, E, and H), and the medulla oblongata (C, F, and /) on syWMSS data (A, B, and C), conventional T2-weighted
contrasts (D, E, and F), and conventional TI-weighted contrasts (G, H, and /). syWMSS data (A, B, and C) depict early myelinating structures: DSCP
(double arrow in A); ML (arrows in A; thin arrows in B) and its decussation (double arrow in C); inferior colliculus (dotted arrows in A); CTT (dot-
ted arrows in B); MLF (arrows in B); amiculum of the inferior olivary nucleus (dotted arrows in C); and inferior cerebellar peduncle (arrows in C).
Pontine bundles are depicted sufficiently on T2-weighted imaging data (D, E, and F) (CTT [dotted arrow in E] and MLF [arrows in E]). On the basis
of Tl-weighted contrasts, a reliable delineation of brainstem pathways is limited (G, H, and /). Center/width at the reader’s discretion.

A window center/width default setting was defined at 26.0/
26.0 for syWMSS data. For the discrimination of brainstem path-
way anatomy, the readers had the opportunity to adjust the win-
dowing at their discretion. Semiquantitative assessment of
myelination was performed at a baseline setting with a narrowed
center/width range to keep myelin-related signal intensity differ-
ences perceivable and objective across the cohort.

Statistical Analysis

SPSS Statistics for Macintosh (IBM; Version 25.0) was used
for statistical analyses at a significance level of o = 5%
(P <.05). All analyses were performed as proposed by 1 expert
in biomedical statistics with 30 years of experience in the field.
For the analysis of brainstem pathway anatomy, the percent-
age of interrater agreement (ie, total percentage agreement
regardless of whether tracts had been correctly or not cor-
rectly identified) and the total number of tracts reliably identi-
fied by both observers (ie, only the number of tracts that had
been correctly identified by both raters) were reported. To
summarize overall agreement for the semiquantitative scoring

(myelin total score) of neonatal brain myelination, we calcu-
lated an intraclass correlation coefficient (ICC). ICC values
were interpreted as proposed by Koo and Li** (<0.5, poor;
0.5-0.75, moderate; 0.75-0.9, good; and >0.9, excellent). In
addition, a Pearson correlation analysis was performed to
detect relationships between semiquantitative myelin assess-
ment (myelin total score) and gestational age (GA) at birth.

RESULTS

Non-motion-degraded syWMSS data were provided in 31/43
(72.09%) cases (Table 1). In 12/43 (27.91%) neonatal MDME
sequence acquisitions, image quality was not sufficient for further
analysis due to severe movement-related artifacts.

Assessment of Brainstem Pathway Anatomy

On the basis of syWMSS data, the percentage agreement between
both raters for the discrimination of brainstem pathway anatomy
ranged between 74.19% and 100% (number of tracts correctly
identified by both readers; range, 18-31).

AINR Am J Neuroradiol 43:1817-23  Dec 2022 www.ajnr.org 1819
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FIG 2. Myelin-related signal intensity differences between preterm-born neonates and term-
born infants are demonstrated. The midbrain is shown in a neonate born at 27 + 0 weeks' GA
(MR imaging at 37 + 0 weeks postmenstrual age) (A, B, and C) and an infant born at 40 + 5 weeks’
GA (MR imaging at 41 + 4 weeks postmenstrual age) (D, E, and F) on syWMSS data (A and D), con-
ventional T2-weighted contrasts (B and E), and conventional Tl-weighted contrasts (C and F).
While proceeding myelination is perceivable on conventional Tl-weighted MR contrasts (DSCP,
double arrows in F), the information provided by conventional T2-weighted MR imaging con-
trasts regarding myelin-related signal alterations is limited. In contrast to standard-of-reference
MR imaging acquisitions, WM signal suppression enables a reliable identification and assessment
of progressively myelinating structures in the course of brain development (DSCP, double arrows
in A and D and ML, dotted arrows in D). Center/width at the default setting.

On the basis of conventionally acquired T1-weighted con-
trasts, the percentage agreement between both raters for the dis-
crimination of brainstem pathway anatomy ranged between
48.39% and 80.65% (number of tracts correctly identified by both
readers; range, 0-22).

On the basis of conventionally acquired T2-weighted con-
trasts, the percentage agreement between both raters for the dis-
crimination of brainstem pathway anatomy ranged between
45.16% and 93.55% (number of tracts correctly identified by both
readers; range, 3-28) (Fig 1 and Online Supplemental Data).

Semiquantitative Evaluation of Myelination

Significant correlations were observed between semiquantitative
myelin scorings based on syWMSS data and GA at birth: r = 0.887
(P<.001) (rater 1); r = 0.737 (P <.001) (rater 2).
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Born: 40 + 5 GA/MRI: 41 + 4 PMA

Significant correlations were observed
between semiquantitative myelin scorings
based on conventionally acquired T1-
weighted contrasts and GA at birth: r =
0.546 (P = .002) (rater 1); r = 0.495 (P =
.005) (rater 2).

Insignificant correlations were
observed between semiquantitative myelin
scorings based on conventionally acquired
T2-weighted contrasts and GA at birth:
r = 0.117 (P = .530) (rater 1); r = 0.039
(P = .837) (rater 2) (Figs 2 and 3).

The ICC analysis for semiquantita-
tive myelin scoring is shown in Table 2.

DISCUSSION

In this investigation, the neonatal brain-
stem anatomy of early myelinating path-
ways was studied using synthetically
generated MR imaging contrasts in
which a short TI suppresses the signal of
myelinated tissue.!” Furthermore, semi-
quantitative assessment of myelination
was performed. This study demonstrates
the feasibility of syWMSS data for the
identification of infratentorial WM tracts
and the assessment of myelination at
early developmental stages. While this
novel imaging approach depicts neona-
tal brainstem bundles and myelinated
tissue in excellent detail, conventionally
acquired, standard-of-reference, T1- and
T2-weighted MR imaging contrasts did
not approach a similar performance.

In the second trimester, myelin
becomes histologically detectable in
numerous brainstem tracts." While sev-
eral rules govern the patterns of myelin
development, the fact that tract myeli-
nation initiates according to its func-
tionality is of note.! Thus, myelin
deposition in neonatal brainstem path-
ways corresponds to essential functional circuits that ensure sen-
sory processing and general movement at early developmental
stages."” Even in the absence of gross brain damage, prematurity
interferes with the regular brain-maturation processes.** In
patients with a preterm birth history, the GA at birth correlates
with the neurologic outcome, characterized by more severely
impaired development in subjects born extremely prematurely (ie,
<28weeks of gestation).”” Therefore, delayed myelination of
brainstem pathways and disturbances in neuronal circuit integrity

6,7,25-29

are associated with future neurologic deficits. Moreover,

certain pathologic conditions in the neonatal period appear
directly linked to maturational delays of brainstem structures.**>
Evidence suggests myelination deficits and maturational delay as
the potential risk factors for sudden infant death syndrome in pre-

term neonates.”>> Thus, the detection of myelin delay and the



identification of damage to these early myelinating brainstem
tracts are of clinical relevance.

In this study, early myelinating brainstem pathways were
more reliably identified on the basis of syWMSS data compared
with the current standard-of-reference. Furthermore, assessment
of brain myelination on the basis of syWMSS data revealed
higher interrater agreement and stronger correlation with GA at
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FIG 3. Pearson correlations between GA at birth (x-axis) and myelin
scorings (performed by rater 1) (y-axis) based on syWMSS data (r =
0.887, P < .001) (A), conventionally acquired TIWI contrasts (r = 0.546,
P = .002) (B), and conventionally acquired T2WI contrasts (r = 0.117,
P = 530) (C).

Table 2: ICC for semiquantitative myelin scoring®

birth than conventional MR imaging contrasts, suggesting a more
reliable evaluation of cerebral development. While the potential
of this sophisticated inversion recovery approach has not yet
been fully investigated in pediatric cohorts, studies in the adult
human brain have already revealed remarkable results. As dem-
onstrated by Shepherd et al,'"” the suppression of myelin-related
signals improves the identifiability of brainstem pathway anat-
omy and highly myelinated structures. Therefore, such contrasts
have proved beneficial before neurosurgical interventions (eg,
deep brain stimulation) because these data allow a more reliable
targeting of anatomic structures.'®'*** The data presented here
suggest that myelin signal suppression represents a feasible imag-
ing approach for the in vivo tracking of WM pathway matura-
tion, which is key to obtaining knowledge about normal and
aberrant myelination processes throughout development.

Premature delivery accounts for approximately 7% of all
births.** Neonatal brain MR imaging can provide biomarkers for
future development.’> However, conventional, MR imaging-
based neuroimaging currently lacks sensitivity for the evaluation
of delayed brain myelination.® The investigated imaging approach
provides the opportunity to reliably characterize myelin develop-
ment in vivo and may help to identify patients in need of special
postnatal effort to prevent adverse future outcomes. However, this
prospect was outside the scope of the present study and needs to
be elucidated in future investigations.

This study has several limitations. Due to the retrospective
design, the included sample size was small. In addition, most
included infants were born extremely prematurely, limiting selective
investigations of this imaging approach in infants born at different
gestational stages. Furthermore, there was no possibility of perform-
ing a blinded data analysis. While myelin signal suppression was
applied using a synthetic MR imaging-based approach, no original
sequences were used to acquire imaging data in which WM-related
signals are suppressed (ie, FGATIR)."”?* Thus, the comparison of
conventional and synthetic WM signal suppression was not possi-
ble. Nonetheless, as demonstrated previously, SyMRI-based imaging
data provide a diagnostic accuracy comparable with that of conven-
tionally acquired sequences.'’ However, the technical features (eg,
resolution, section thickness, acquisition time, and so forth) of con-
ventional T1- and T2-weighted imaging data and MDME sequence
acquisitions differed (synthetic MR imaging-based data versus con-
ventionally acquired sequences). Thus, partial volume effects may
have increased the identifiability of certain brainstem pathways in
various areas of interest, while several fibers could not be reliably
identified (eg, limited identifiability of the MLF at the level of the
midbrain), most likely due to resolutional issues.

Furthermore, although only MR imaging acquisitions of supe-
rior quality were included, small movement-related artifacts were
still present in most of the cases. However, subject motion is still a
pervasive and difficult-to-manage issue in neonatal neuroimaging.

Nonetheless, overall, these limitations
did not affect the primary outcome of

ICC

this investigation. Finally, this study

syWMSS
Conventional TI-weighted
Conventional T2-weighted

Moderate agreement: 0.535 (0.032-0.788)
Poor agreement: 0.404 (—0.034-0.694)
Poor agreement: —0.050 (—0.315-0.259)

did not elaborate on the correlations
between diffusion tensor-based assess-
ments of brainstem pathway anatomy

*Numbers in parentheses are 95% confidence intervals.

and the presented imaging approach.

AJNR Am J Neuroradiol 43:18177-23 Dec 2022 www.ajnr.org 1821



However, currently, the applicability of neonatal brainstem trac-
tography is limited, foremost due to motion-related issues.*®
Nonetheless, the relationship between advanced diffusion MR
imaging fiber-tracking and MDME-based mapping is of highest
interest and need to be assessed in future works.

CONCLUSIONS

Synthetically generated MR imaging contrasts with suppressed
myelin-related signals provide a feasible imaging technique for
the in vivo study of neonatal brainstem pathway anatomy.
Furthermore, the presented MR imaging approach enables a more
reliable evaluation of postnatal brain maturation compared with
conventionally used, standard-of-reference, sequence-derived T1-
and T2-weighted contrasts. WM signal suppression contributes to a
more sensitive neuroradiologic assessment of myelination at a very
early stage of cerebral 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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