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ARTICLE INFO ABSTRACT

Keywords: Background: Myelination is a developmental process that begins during the end of gestation, intensifies after birth
ASP.hYXia over the first years of life, and continues well into adolescence. Any event leading to brain injury around the time
Brain . of birth and during the perinatal period, such as birth asphyxia, may impair this critical process. Currently, the
;):;(r)xteht:l::onance imaging impact of such brain injury related to birth asphyxia on the myelination process is unknown.

Myelination Objective: To assess the myelination pattern over the first month of life in neonates with neonatal encephalopathy
Neonate (NE) developing brain injury, compared to neonates without injury (i.e., healthy neonates and neonates with NE

Neonatal encephalopathy who do not develop brain injury).
Methods: Brain magnetic resonance imaging (MRI) was performed around day of life 2, 10, and 30 in healthy
neonates and near-term/term neonates with NE who were treated with hypothermia. We evaluated myelination
in various regions of interest using a T2* mapping sequence. In each region of interest, we compared the T2*
values of the neonates with NE with brain injury to the values of the neonates without injury, according to the
MRI timing, by using a repeated measures generalized linear mixed model.
Results: We obtained 74 MRI scans over the first month of life for 6 healthy neonates, 17 neonates with NE who
were treated with hypothermia and did not develop brain injury, and 16 neonates with NE who were treated with
hypothermia and developed brain injury. The T2* values significantly increased in the neonates with NE who
developed injury in the posterior limbs of the internal capsule (day 2: p < 0.001; day 10: p < 0.001; and day 30:
p < 0.001), the thalami (day 2: p = 0.001; day 10: p = 0.006; and day 30: p = 0.016), the lentiform nuclei (day 2:
p = 0.005), the anterior white matter (day 2: p = 0.002; day 10: p = 0.006; and day 30: p = 0.002), the posterior
white matter (day 2: p=0.001; day 10: p = 0.008; and day 30: p = 0.03), the genu of the corpus callosum (day 2:
p=20.01; and day 10: p=0.006), and the optic radiations (day 30: p < 0.001).
Conclusion: In the neonates with NE who were treated with hypothermia and developed brain injury, birth
asphyxia impaired myelination in the regions that are myelinated at birth or soon after birth (the posterior limbs
of internal capsule, the thalami, and the lentiform nuclei), in the regions where the myelination process begins
only after the perinatal period (optic radiations), and in the regions where this process does not occur until
months after birth (anterior/posterior white matter), which suggests that birth asphyxia, in addition to causing
the previously well-described direct injury to the brain, may impair myelination.

Abbreviations: B, brain injury; DOL, day of life; DTI, diffusion-tensor imaging; FOV, field of view; ihMT, inhomogenous magnetisation transfer; McDESPOT, multi-
component driven equilibrium single pulse observation of T1 and T2; MCR, multicomponent relaxation; MR, magnetic resonance; MRI, magnetic resonance imaging;
MRT, magnetisation transfer ratio; MWF, myelin water fraction; MWI, myelin water imaging; NBI, no brain injury; NE, neonatal encephalopathy; PLIC, posterior limb
of the internal capsule; qMT, quantitative magnetisation transfer; SAR, specific absorption rate; SD, standard deviation; SNR, signal-to-noise ratio; TE, time to echo;
TR, repetition time; TSE, turbo spin echo.
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1. Introduction

Myelination refers to the development of a protein-lipid bilayer that
surrounds axons in the brain (Yeung et al., 2014). Myelin, produced by
the glial cells of the nervous system, provides insulating support to
axons, which enables the more efficient and specialized functioning of
the brain (Saab et al., 2013; Yeung et al., 2014). The myelination phase
represents the last steps of brain formation after synaptogenesis, and it is
the only brain formation phase that occurs mostly after birth (Yeung
et al., 2014). Impairment of the myelination process is known to disturb
motor and sensory functions, and to cause cognitive impairments (Gold
et al., 2012; Nave and Bruce, 2008; Saab et al., 2013). To date, most
studies investigating brain myelination have been based on histopath-
ological studies of fetuses’, neonates’, and infants’ brains (Brody et al.,
1987; Gilles, 1976; Hasegawa et al., 1992; Kinney et al., 1988). How-
ever, newly developed techniques of magnetic resonance imaging (MRI)
have demonstrated their capacity to assess myelination in the brains of
adults and children older than 3 months of age (Barkovich et al., 1998;
Dean et al., 2016; Deoni et al., 2011, 2012; Huntenburg et al., 2017;
Ning et al., 2014). Nevertheless, to date, these techniques have not been
used widely to study the brains of neonates under 3 months of age or the
brains of critically ill neonates.

Myelination is a progressive process that begins shortly before a term
neonate is born, peaks after birth during the first years of life, and
continues to be refined into adolescence (Yeung et al., 2014). Myelina-
tion continues into the second decade of life and beyond (Ding et al.,
2008; Holland et al., 1986; O’Rahilly et al., 1999). Typically, myelina-
tion proceeds from the posterior to anterior regions of the brain, and
from the central to peripheral regions of the brain (Barkovich and Hal-
lam, 1997; Grodd, 1993). Since the myelination process peaks after birth
during the first years of life, any event leading to brain injury that occurs
around the time of birth and during the perinatal period may impair this
process and thus worsen later neurodevelopmental impairments. An
example of such an event is birth asphyxia, which is responsible for
approximately 23% of all neonatal deaths worldwide (Al-Macki et al.,
2009; Bryce, 2005; Cabaj et al., 2012; Fatemi et al., 2009; Ferriero,
2004), and which causes devastating long-term neurological complica-
tions such as cerebral palsy and cognitive delay (Barkovich et al., 1998;
Huang & Castillo, 2008; Wang et al., 2008). Although the patterns of
brain injury of neonates with neonatal encephalopathy (NE) have been
well studied by MRI, the impact of such brain injury on myelination
processes has not yet been researched. It is important to understand how
birth asphyxia may impact myelination, since myelination impairment
may contribute to later neurodevelopmental impairments. We have
hypothesized that brain injury secondary to birth asphyxia impairs
typical brain myelination processes. Thus, this study was designed to
investigate brain myelination over the first month of life in healthy
neonates and neonates with NE by using T2* mapping where higher T2*
values reflect lower myelin content and lower T2* values reflect higher
myelin content. In various studies, T2* values have been shown to
correlate with myelin content (Baxan et al., 2010; Henkelman et al.,
1993; Kucharczyk et al., 1994; Lee et al., 2012; Liu et al., 2011; Ning
et al., 2014; O’Brien and Sampson, 1965; Stanisz et al., 1999; Zhong
et al., 2011). However, although myelin may be the major contributing
factor to the T2* measurements (Baxan et al., 2010; Kucharczyk et al.,
1994; Stanisz et al., 1999; Henkelman et al., 1993; Lee et al., 2012; Liu
et al., 2011; Ning et al., 2014; O’Brien and Sampson, 1965; Zhong et al.,
2011), it may not be the only one. In adults, calcium depositions, iron
content, and haemorrhagic infarcts have been shown to influence these
measurements. Nevertheless, the neonatal brain is less likely to have a
high concentration of iron and calcium, and thus myelin is probably the
main contributor to the T2* values in the neonatal brain. In addition,
this MR imaging technique has the advantage of a good signal-to-noise
ratio (SNR) and a short scanning time of<4 min (Hwang et al., 2010),
and thus can be added easily to the baseline protocol for imaging healthy
and critically ill neonates.
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2. Material and methods
2.1. Patients

We conducted a prospective cohort study of near-term/term neo-
nates with NE who were admitted to our neonatal intensive care unit
between 2014 and 2018, and who met the criteria for induced hypo-
thermia: (1) gestational age > 36 weeks and birth weight >1800g, (2)
evidence of fetal distress (e.g., a history of acute perinatal event, cord
pH < 7.0, or base deficit < -16 mEq/L), (3) evidence of neonatal distress,
such as an Apgar score < 5 at 10 min, postnatal blood gas pH within the
first hour of life < 7.0 or base deficit < -16 mEq/L, or a continuous need
for ventilation initiated at birth and continued for at least 10 min, and
(4) evidence of moderate or severe encephalopathy obtained by a
standardized neurological exam and/or by an amplitude-integrated
electroencephalogram. The eligible neonates received whole-body
cooling to an esophageal temperature of 33.5°C, initiated by 6 h of
life and continued for 72 h. Healthy term neonates also were enrolled
from the normal nursery and served as controls. The research protocol
was approved by the institutional ethics review board, and we obtained
informed parental consent for each case.

2.2. Brain magnetic resonance imaging (MRI)

As per the standard clinical protocol at our institution, we performed
a brain MRI on all the neonates with NE after their hypothermia treat-
ment was completed, typically around day 10 of life. In addition, when
possible (i.e., when parents gave their consent to have additional MRIs
performed on their neonates, when the neonates were hemodynamically
stable, and when a team of a nurse and a respiratory therapist was
available to go to the MRI), neonates underwent additional MRI scans on
day 2 of life and around 1 month of age. We chose these time-points to
assess early patterns of injury (day 2 of life) and to define the extent of
definitive brain injuries (around 1 month of life). Neonates were wrap-
ped with one or two thin blankets and placed on a Vac-Fix® MRI-
compatible pillow containing small polystyrene spheres; they were fed
before the MRI exam if they were not nihil per os at the time of the MRI
(e.g., during therapeutic hypothermia). The neonates who were
receiving hypothermia had their therapy maintained during the MRI
scan, as previously described (Wintermark et al., 2010). Any ventilation,
pressor support, or sedation was maintained during the MRI scanning
process, and additional sedation was avoided. Regarding the healthy
term neonates, we performed an MR, if the parents consented, around
day 10 of life or 1 month of life.

We performed the MRI scans using a 3 T clinical system (Achieva X;
Philips Healthcare, Best, The Netherlands) with a 32-channel receive-
only head coil (Philips). Each MRI imaging study included a 3D T1-
weighted gradient echo (TR=24ms; TE=4.6ms; matrix
size=180X180; FOV=180mm; flip angle=30°; sagittal sec-
tions = 104; section thickness = 1.0 mm; and multiplanar reformations
in axial and coronal planes) and a high-resolution turbo spin echo (TSE)
T2-weighted imaging (TR = 5000 ms; TE = 90 ms; TSE factor = 15; ma-
trix size=300X300; FOV=150mm; flip angle=90°; axial sec-
tions = 27; section thickness=3.0mm). In addition, to assess the
myelination of the enrolled neonates (Baxan et al., 2010; Henkelman
et al., 1993; Kucharczyk et al., 1994; Lee et al., 2012; Liu et al., 2011;
Ning et al., 2014; O’Brien and Sampson, 1965; Stanisz et al., 1999;
Zhong et al., 2011), we performed a T2* mapping sequence consisting of
a 3D multi-echo gradient-echo sequence (TR =58 ms; 6 echoes with
TE=5ms, 15ms, 25ms, 35ms, 45ms and 55ms; matrix
size = 256 x 200; FOV =200 x 160 mm, flip angle=15°, axial sec-
tions = 48; section thickness = 2 mm).

Pediatric neuroradiologists, who were blind to the clinical conditions
of the infants, interpreted the conventional imaging (T1- and T2-
weighted imaging) and diffusion-weighted imaging of the MRI scans
performed on healthy neonates and neonates with NE, and reported the
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presence and extent of brain injury according to a previously described
MRI scoring system (Barkovich et al., 1998). We used the MRI scores
obtained around day 10 of life as a reference to determine the extent of
brain injury for each neonate (Boudes et al., 2015; Al Amrani et al.,
2018).

2.3. T2* Mapping

We calculated and generated the T2* mapping on a voxel by voxel
basis using the MRI console application software (Philips Healthcare,
software releases R3.2 and R5.3), by assuming a mono-exponential
decay of the magnitude of the signal as a function of the echo time
and a maximum likelihood estimation approach. Registration was not
possible, since the echoes are acquired in an interleaved manner; there
was no bulk motion between the echoes.. We then manually performed
the T2* measurements by using the Philips DICOM Viewer software
version R3.0 (https://www.philips.com/c-dam/b2bhc/master/sites/net
forum/Philips_DICOM_Viewer_-_download_version_R3.0_SP15.pdf) in
eight regions of interest: i.e., the posterior limb of the internal capsule,
the thalamus, the lentiform nucleus, the anterior and posterior white
matter, the genu and splenium of the corpus callosum, and the optic
radiations. The same observer who was blind to the presence or absence
of brain injury obtained the measurements for our different regions of
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interest. This observer obtained measurements for the right and left
sides of the regions of interest, except for the corpus callosum for which
only one measurement was obtained. The observer took the measure-
ments twice, to increase their reproducibility and robustness, and then
averaged them.

2.4. Statistical analysis

For each region of interest, a separate repeated measures generalized
linear mixed model was built to compare the T2* values of the neonates
with injury and the neonates without brain injury. The neonates without
injury included healthy neonates and neonates with NE who did not
develop brain injury. Considering that the near-term/term neonates
with NE treated with hypothermia may have a gestational age ranging
between 36 and 42 weeks, and that the gestational age and the post-
menstrual age at the time of the MRI may impact myelination, we
included brain injury within the region of interest and its two-way
interaction with day of life as fixed factors, and the gestational age as
a covariate. To account for sequential multiple comparisons, we used a
Sidak correction.

Finally, using Spearman’s correlation, we explored the association
between the T2* values and the post-menstrual gestational age at the
time of the brain MRI scans. Given the exploratory nature of this

Fig. 1. (A) Axial T2-weighted imaging and (B) axial T2* map (ms) of a neonate with NE treated with hypothermia without brain injury on the brain MRI performed

on day 11 of life.

Fig. 2. (A) Axial T2-weighted imaging and (B) axial T2* map (ms) of a neonate with NE treated with hypothermia with brain injury on the brain MRI performed on
day 13 of life. Bilateral thalami and bilateral lentiform nuclei are involved, with an increased T2 signal of the supratentorial white matter.
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analysis, we did not apply a multiplicity adjustment.
No official sample size calculation was conducted; the included
sample was a sample of convenience based on a feasibility assessment.
Statistical significance was set a priori at p value < 0.05. We con-
ducted statistical analyses using SPSS version 24.0 (IBM, Armonk, NY,
USA).

3. Results
3.1. Patients

We obtained a total of 74 MRI scans over the first month of life for six
healthy neonates, 17 neonates with NE who were treated with hypo-
thermia and did not develop brain injury (Fig. 1), and 16 neonates with
NE who were treated with hypothermia and developed brain injury
(Fig. 2). Brain injury included basal ganglia injury (44%; 7/16),
watershed injury (6%; 1/16), and near-total injury (50%; 8/16).

The 33 neonates with NE had a total of 68 scans over the first month
of life: 64% (21/33) had a MRI scan on day 2 of life, 85% (28/33) had a
MRI scan around day 10 of life (mean [95% CI]: 11.6 [11.2-12.1]), and
58% (19/33) had a MRI scan around day 30 of life (mean [95% CI]: 32.4
[30.4-34.3]). The six healthy neonates had a total of six scans performed
over the first month of life: 17% (1/6) had a MRI scan on day 10 of life,
and 83% (5/6) had a MRI scan around day 30 of life (mean [95% CI]:
35.4 [23.8-47.0]).

The 33 neonates with NE had a mean gestational age of 39.16 weeks
(95% CI: 38.57-39.74). The six healthy neonates had a mean gestational
age of 38.73weeks (95% CI: 37.82-39.64). Gestational age, birth
weight, sex, mode of delivery, Apgar score <5 at 10 min of life, arterial
cord pH and hemoglobin on day two of life were not different for the
neonates with brain injury and the neonates without brain injury (i.e.,
healthy neonates and asphyxiated neonates without injury) (Table 1).

3.2. Analysis of T2* according to the MRI timing

When comparing the neonates with NE who developed injury to the
neonates without injury according to the MRI timing, T2* significantly
increased in the posterior limbs of the internal capsule on day two of life
(p < 0.001), around day 10 of life (p < 0.001), and around day 30 of life
(p < 0.001) (Table 2). T2* significantly increased in the thalami on day
two of life (p = 0.001), around day 10 of life (p = 0.006), and around day
30 of life (p = 0.016). T2* significantly increased in the lentiform nuclei
only on day two of life (p = 0.005) (Table 2), with no difference around
day 10 or day 30 of life. T2* significantly increased in the anterior (day
two of life: p=0.002; day 10 of life: p=0.006; and day 30 of life:
p =0.002) and posterior (day two of life: p=0.001; and day 10 of life:
p=0.008; and day 30 of life: p=0.03) white matter (Table 2). T2*
significantly increased on day two of life (p = 0.01) and around day 10 of
life (p = 0.006) in the genu of the corpus callosum (Table 2), with no
difference in this region of interest around day 30 of life. We did not find
a significant difference in T2* in the splenium of the corpus callosum
across all the time-points. T2* significantly increased around day 30 of
life (p < 0.001) in the optic radiations (Table 2), with no difference on
day two or around day 10 of life.

3.3. Analysis of T2* according to the post-menstrual age at the time of the
MRI

When comparing the T2* according to the post-menstrual age at the
time of the MRI for the neonates without injury, we found a moderate
correlation between the T2* values and the post-menstrual gestational
age at the time of the MRI in the thalamus (r=-0.451; p < 0.0001)
(Fig. 3); we also found a weak correlation in the posterior limbs of the
internal capsule (r =-0.334; p = 0.002), the lentiform nuclei (r = -0.259;
p = 0.021), the genu of the corpus callosum (r =-0.296; p = 0.003), and
the optic radiations (r =-0.240; p = 0.015) (Figs. 3 and 4). We did not
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9 (39)
15 (65)

8(35)

developing brain injury
10 (43)
7.06 (6.94, 7.18)

Neonates with NE

treated with
hypothermia

BI

Total NBI (n =23)
38.99 (38.12, 39.86)
3544 (3215, 3873)
6.99 (6.86, 7.12)
7.06 (6.99, 7.12)
153.59 (146.17,

10 (59)
7 (41)
10 (59)
7 (41)
10 (59)
1(6)
13 (76)
3(18)
161.01)

Neonates with NE
developing brain injury
n=17)

38.73 (37.82, 39.64)
3390 (3146, 3634)
171.00 (69.35, 272.65)

treated with
7.31 (7.24, 7.38)

hypothermia not
n/a

4(67)
2(33)
5(83)
1(17)
0(0)
n/a
n/a
n/a

6)

Healthy neonates (n
Male, n (%)

Female, n (%)

Vaginal delivery, n (%)
Cesarean section, n (%)

1, n (%)
2, n (%)
3, n (%)

NBI

Modified Sarnat score on admission to the neonatal intensive care unit
Hemoglobin on day 2 of life (g/L), mean (95% CI)

Gestational age (week), mean (95% CI)
Birth weight (gram), mean (95% CI)

Sex
Arterial cord pH, mean (95% CI)

Apgar score <5 at 10 min, n (%)
First gas pH, mean (95% CI)

Mode of delivery

*Note: Anpr.pr (95% CI), contrasting BI vs. NBI, are presented only for variables with available data in both NBI subgroups (healthy neonates and neonates with NE treated with hypothermia not developing brain injury)

Abbreviations: BI, brain injury; CI, confidence interval; A, difference; NBI, no brain injury (i.e., healthy neonates and asphyxiated neonates without injury); NICU, neonatal intensive care unit

Clinical characteristics of the study patients.

Table 1
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Table 2
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T2* values over time adjusted for gestational age in each brain region of interest. Mean (95% CI), unit: ms. Lower values reflect increased myelin content.

DOL2

DOL10

DOL30

PLIC

Thalamus

Lentiform nucleus

Anterior white matter

Posterior white matter

Genu of corpus callosum

Splenium of corpus callosum

Optic radiation

NBI
BI

p value

NBI
BI

p value

NBI
BI

p value

NBI
BI

p value *

NBI
BI

p value *

NBI
BI

p value *

NBI
BI

p value *

NBI
BI

p value *

117.5 (109.2-125.8)
140.5 (131.1-150.0)
<0.001

120.4 (114.2-126.5)
135.8 (129.4-142.3)
0.001

113.3 (106.3-120.2)
128.5 (120.4-136.5)
0.005

175.0 (159.1-190.9)
219.6 (197.0-242.3)
0.002

167.4 (150.4-184.4)
219.5 (194.5-244.5)
0.001

135.0 (126.7-143.2)
155.7 (142.4-169.1)
0.010

138.2 (126.8-149.6)
133.4 (117.2-149.6)
ns

125.8 (118.1-133.5)
129.0 (118.9-139.1)
ns

101.9 (96.7-107.1)
119.4 (112.8-126.0)
<0.001

112.4 (106.8-117.9)
124.5 (117.8-131.2)
0.006

115.3 (108.2-122.5)
119.1 (110.6-127.7)
ns

185.5 (172.1-198.8)
227.6 (200.8-254.5)
0.006

174.0 (159.7-188.3)
216.6 (188.6-244.6)
0.008

132.7 (120.7-144.7)
177.3 (148.6-206.1)
0.006

125.3 (112.1-138.5)
147.6 (119.9-175.3)
ns

142.1 (134.9-149.3)
148.9 (135.3-162.4)
ns

103.3 (98.8-107.8)
114.8 (109.7-119.8)
0.001

109.9 (105.5-114.3)
117.9 (113.1-122.6)
0.016

111.3 (105.7-116.9)
114.5 (108.4-120.6)
ns

169.8 (153.0-186.6)
223.8 (193.7-254.0)
0.002

148.5 (133.3-163.6)
181.1 (155.9-206.2)
0.030

133.3 (121.2-145.4)
154.6 (133.6-175.6)
ns

125.6 (117.1-134.1)
132.8 (118.0-147.5)
ns

124.9 (119.2-130.7)
149.9 (140.1-159.7)
<0.001

* Comparison BI vs. NBI after sequential Sidak correction.

Abbreviations: DOL, day of life, NBI, no brain injury (i.e., healthy neonates and asphyxiated neonates without injury); BI, brain injury; ns, not significant.

find a correlation between the two parameters for the anterior/posterior
white matter and the splenium of the corpus callosum. With respect to
the neonates with NE who developed injury, we found a moderate
correlation in the posterior limbs of the internal capsule (r =-0.415;
p=0.001), the thalami (r =-0.525; p < 0.0001) (Fig. 3), and the pos-
terior white matter (r = -0.462; p = 0.004) (Fig. 4); and we found a weak
correlation between the T2* values and the post-menstrual gestational
age at the time of the MRI in the lentiform nuclei (r =-0.272; p = 0.035)
(Fig. 3). We did not find a correlation between the two parameters for
the anterior white matter, the genu and splenium of the corpus callosum,
and the optic radiations. Interestingly, the T2* values for the neonates
with NE who developed injury appeared to reach the same values
observed in the neonates without injury around 45-47 weeks of post-
menstrual gestational age with respect to the thalamus and the poste-
rior white matter.
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Myelination in the Thalamus

4. Discussion

The myelination process (i.e., the production of myelin sheaths to
encapsulate axons in the nervous system) is a crucial brain maturational
process that enables the proper functioning of neurons and maintains
the structural integrity of the connections in the brain (Saab et al., 2013;
Yeung et al., 2014). Assuming that myelin is the main contributing
factor to the T2* measurements in the neonatal brain (Baxan et al., 2010;
Kucharczyk et al., 1994; Stanisz et al., 1999; Henkelman et al., 1993; Lee
et al., 2012; Liu et al., 2011; Ning et al., 2014; O’Brien and Sampson,
1965; Zhong et al., 2011), our study confirms the results of previous
histopathological studies that have shown that the posterior limbs of the
internal capsule, the thalami, and the lentiform nuclei are being actively
myelinated around the time of term birth and in the month following
birth (Hasegawa et al., 1992; Kinney et al., 1988; Usagre, 2012). Indeed,
we have correlated the myelination in the posterior limbs of the internal
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capsule, the thalami, and the lentiform nuclei with the post-menstrual
age of the neonates without injury at the time of the MRI over the first
month of life. In addition, our study highlights that brain injury sec-
ondary to birth asphyxia may impair myelination over the first month of
life in those brain regions that are myelinated at birth or soon after birth.
Interestingly, our results seem to indicate that the impaired myelination
observed in the thalami recovered over time (by 47 weeks of post-
menstrual gestational age), which suggests that these impairments
may be a delay in myelination rather than a permanent interruption of
the process in the neonates with NE who developed brain injury, despite
hypothermia treatment. This would be in line with previous studies, in
which premature infants with brain injury displayed a similar delay in
myelination compared to healthy term infants (van de Bor et al., 1989).
These studies hypothesized that the brain injury affected the oligoden-
drocytes significantly enough so that these cells could no longer produce
myelin at the typical rate, which caused these neonates to suffer from a
delay in myelination at 44 weeks postmenstrual age (van de Bor et al.,
1989). Similar mechanisms may be at play in near-term/term neonates
with NE, whereby the brain injury caused by birth asphyxia may disturb
the ability of the oligodendrocytes to produce myelin at a regular rate,
which may cause a delay in myelination. It also remains to be deter-
mined whether these initial myelination impairments eventually trans-
late into reduced neuron functioning or contribute to long-term
neurodevelopmental impairments when these neonates grow up.

In the neonates without injury, T2* was not correlated with the post-
menstrual age at the time of the MRI in the other regions of interest,
except for the genu of the corpus callosum and the optic radiations
where T2* appears to start decreasing by the end of the first month of

life. Again, this finding is in accordance with previous histopathological
studies that have shown that these brain regions are being myelinated
only months after term birth (Kinney et al., 1988; Hasegawa et al., 1992;
Usagre, 2012). For example, the corpus callosum is known to be
myelinated by around 4 months after term birth (Kinney et al., 1988;
Poduslo and Jang, 1984), and the myelination of the optic radiations
appears to start around 1 month of life and completes around 7 months
after birth (Dubois et al., 2008; Deoni et al., 2011; Hasegawa et al.,
1992). Interestingly, brain injury secondary to birth asphyxia also im-
pairs myelination around day 30 of life in the optic radiations — at the
time when myelination appears to start in the neonates without injury —
which suggests that an event at birth may still impact myelination in the
regions where this process starts only after the perinatal period. Brain
injury secondary to birth asphyxia also impairs myelination over the
first month of life in the anterior and posterior white matter where
myelination does not occur until months after birth, which could suggest
that the oligodendrocytes responsible for myelination in the white
matter in the central nervous system may be directly injured after birth
asphyxia as described in the animal models of this condition (Deng et al.,
2014; Guadagno et al., 2015; Li et al., 2017; Wyatt, 2007; Xie et al.,
2016). Brain injury secondary to birth asphyxia impairs myelination
only on day 10 in the genu of the corpus callosum where myelination
does not usually occur until months after birth, and where brain injuries
are attributed typically to Wallerian degeneration (Neil and Inder, 2006;
Righini et al., 2010). Therefore, it is not possible to determine, from our
results, whether the myelination of these structures will be impaired in
the neonates with NE who develop brain injury, or whether these im-
pairments could potentially recover over time. Thus, it would be



B. Olivieri et al.

important for future studies to monitor the T2* measurements for the
neonates with NE beyond the first month of life, since the impact of birth
asphyxia on myelination may only be appreciated later and may
contribute to later abnormal neurodevelopment outcomes (Poduslo and
Jang, 1984; van Der Knapp et al., 1991; Paus et al., 2001; Mathur et al.,
2010).

To our knowledge, the present study is the first study to investigate
myelination over the first month of life using a T2* mapping sequence
for healthy neonates and neonates with NE who were treated with hy-
pothermia. Previous studies of neonatal myelination were based mainly
on histopathological studies of autopsied neonates (Gilles, 1976; Brody
et al., 1987; Kinney et al., 1988; Hasegawa et al., 1992). However, the
advent of MR imaging has enabled the evaluation of myelination in vivo
(Barkovich et al., 1998; Deoni et al., 2011; Huntenburg et al., 2017).
Previously, several MRI techniques have been used to assess myelination
in adults and children, but most of them have not studied neonates
within the first month of life (Barkovich et al., 1998; Deoni et al., 2011;
Iwatani et al., 2015; Huntenburg et al., 2017). Among the different
techniques available to assess myelination, the contrast between white
and grey matter using T1-weighted and T2-weighted imaging has been
used (Barkovich et al., 1998; Hasegawa et al., 1992), but this method,
which relies on a qualitative comparison, is not optimal for visualizing
all the stages of myelination, and does not quantify myelination. The
early stages of myelination (pre-myelination) are better visualized using
T1-weighted imaging, whereas the later stages of myelination (thought
to correspond to the maturation of the myelin sheath) are better visu-
alized using T2-weighted imaging (Welker and Patton, 2012; Dubois
et al., 2014). The T1- and T2-weighted MRI ratio is another approach
that has been used to assess myelination (Glasser and Van Essen, 2011;
Soun et al., 2017). Soun et al., (2017) have described ratio intensity
values in 10 term neonates without injury and have suggested that these
values may be susceptible to hyperintensities, such as those present in
neonates with NE who develop injury.

Diffusion-tensor imaging (DTI) is a commonly used method for im-
aging white matter fiber tracts in the human brain, based on the prin-
ciple that the diffusion of water molecules found in brain tissues is
restricted by the local microstructure (Huppi et al., 1998; Neil et al.,
2002; Partridge et al., 2004; Dubois et al., 2014). Various studies have
suggested that myelin content indirectly affects the anisotropy of
diffusion, with areas containing less myelinated axons showing less
diffusion anisotropy (Alexander et al., 2007). However, other studies
have cautioned against the use of DTI and radial diffusivity to assess
myelin (Wheeler-Kingshott and Cercignani, 2009).

Magnetization transfer is another technique regularly used to study
myelin. In its simplest form, a magnetization transfer ratio (MTR) is
estimated as a semi-quantitative marker of myelination in the brain
(Kucharczyk et al., 1994; McGowan, 1999; Dubois et al., 2014; Fjaer
et al., 2015). The ratio between the free and bound water molecules is
thought to represent the myelin content during axonal myelination
(Kucharczyk et al., 1994). However, some studies also have pointed to
the controversial results obtained by using a magnetization transfer ratio
to quantify myelination (Fjer et al., 2015; Serres et al., 2009, 2013). One
of these studies has demonstrated that magnetization transfer ratio
values were inaccurate in describing myelination in an experimental
mouse model of autoimmune encephalomyelitis, characterized by
lymphocyte-mediated inflammation followed by demyelination, axonal
degeneration, and neuronal loss; and did not correlate with the histo-
pathological myelin content (Fjer et al., 2015). These results, and those
of other previous studies, suggest that the magnetization transfer ratio
technique may be more sensitive to inflammatory processes and less
sensitive to myelination and demyelination processes (Serres et al.,
2009, 2013; Fjeer et al., 2015). Other more sophisticated magnetization
transfer techniques such as quantitative magnetization transfer (QMT)
(Henkelman et al., 1993) and inhomogeneous magnetization transfer
(ihMT) (Varma et al., 2015) are likely to be more specific to myelin.
However, they typically require long acquisition sequences, are not
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widely available, and can lead to a high specific absorption rate (SAR),
which can be problematic when imaging neonates.

Another imaging technique that has shown good specificity for
myelin is myelin water imaging (MWI), which obtains a myelin water
fraction (MWF) by estimating the short-T2 component of the water T2
relaxation-time spectrum. Recently, this technique has been applied to
neonatal imaging (Webber et al., 2019), but one important downside is
the comparatively low signal-to-noise ratio, which makes imaging a
challenge with respect to the low myelin concentration found in the
neonatal brain. MWF also can be estimated using an approach based on
multi-component relaxation (MCR) (Deoni et al., 2011; Dubois et al.,
2014). This technique attempts to break down the MR signal into its
different component parts (i.e., different tissues will exhibit different
relaxation times), which can be parcellated by multi-component relax-
ation analyses (Deoni et al., 2011). Three studies by Dean et al., 2016,
Deoni et al., 2011, Deoni et al., 2012 have used a new multi-component
relaxation technique known as multicomponent driven equilibrium
single pulse observation of T1 and T2 (McDESPOT) to quantify myelin
levels in healthy infants between 3 months of age and 7.5 years. Despite
its higher resolution, this approach is not optimal with neonatal pop-
ulations due to its longer scan times (Soun et al., 2017), which makes it
more difficult to add to the baseline MRI protocol in a population of
critically ill neonates. Concerns also have been raised recently regarding
the accuracy of the technique (West et al., 2019).

The differences in the susceptibility of myelin and most other water-
based tissues lead to signal intensity loss in T2*-weighted imaging,
which makes brain regions with higher levels of myelin content appear
darker on T2*-weighted images (Chavhan et al., 2009). Although sus-
ceptibility and T2*-based techniques have been used mainly until now
to detect calcium depositions, to measure iron content, and to image
haemorrhagic infarcts in adults (Li et al., 1998, 2009; Wu et al., 2010),
many studies have demonstrated that myelin content is the main
contributor to T2* decay (Baxan et al., 2010; Henkelman et al., 1993;
Kucharczyk et al., 1994; Lee et al., 2012; Liu et al., 2011; Ning et al.,
2014; O’Brien and Sampson, 1965; Stanisz et al., 1999; Zhong et al.,
2011), especially in neonates who are less likely to have a high con-
centration of iron and calcium. In fact, despite the multifactorial nature
of the T2* signal, several studies have shown that myelin content may be
the main contributor to the signal (Baxan et al., 2010; Henkelman et al.,
1993; Kucharczyk et al., 1994; Lee et al., 2012; Liu et al., 2011; Ning
et al., 2014; O’Brien and Sampson, 1965; Stanisz et al., 1999; Zhong
etal., 2011). Using a mouse model of cuprizone-induced demyelination,
Lee et al., (2012) established a direct link between T2* decay and myelin
content. This type of MR imaging has demonstrated multiple advantages
for quantifying myelination over other previously discussed techniques.
It has a good signal-to-noise ratio (SNR) and a short scanning time
of<4 min (Hwang et al., 2010), and thus can be added more easily to the
baseline protocol for imaging healthy and critically ill neonates. While
T2* is also known to be influenced by white matter orientation effects
(Lee et al., 2011), the fact that the neonates were all immobilized in a
similar position and that the same regions of interest were accessed for
all subjects likely decreased the impact on this confounding factor on the
results. A variation of this technique that enhanced T2*-weighted
angiography (ESWAN) by focusing on R2* values (R2* = 1/T2*) has
been used to evaluate myelin content in healthy infants born at term
who were around 3 months of age at the time of the MRI (Ning et al.,
2014), and this study demonstrated, similar to the present study, that
the R2* values in the grey nuclei and white matter were correlated with
postmenstrual age (Ning et al., 2014).

The strength of the current study is the serial MRI design that fol-
lowed the evolution of myelination over time during the first month of
life of neonates with NE who were treated with hypothermia. The main
limitation of the present study is that only six healthy neonates were
included, which did not enable us to do a sub-analysis to rule out a
potential difference in the myelination of the neonates with NE without
injury, compared to the healthy neonates. For our study, we assumed
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that if a neonate with NE did not develop brain injury, he/she should not
have myelination abnormalities, and thus we grouped them together as
neonates without injury; however, a study with a larger sample size
(especially of healthy neonates) would be needed to confirm this
assumption. In addition, the healthy neonates were not imaged on day
two of life, only later, which made it impossible to confirm from our data
that the hypothermia treatment did not influence the myelination values
on day two of life. Our study also compared the myelination of the ne-
onates with and without injury only during the first month of life,
although the myelination process continues well beyond this first
month. Thus, future studies should investigate how myelination evolves
in these critically ill neonates after the first month of life, and whether
the initial asphyxial event continues to impair this process after birth. It
also would be important to investigate how these myelination impair-
ments correlate with adverse long-term neurological development.
Although our study assessed myelination in eight regions of interest,
future studies may want to focus on other regions (e.g., the cerebellar
peduncles, the rostrum, the body of the corpus callosum, etc.).

In conclusion, birth asphyxia may impair myelination in brain re-
gions that are typically myelinated at birth or soon thereafter (the
posterior limbs of internal capsule, the thalami, and the lentiform
nuclei), in brain regions where the myelination process begins only after
the perinatal period (the optic radiations), and in brain regions where
this process does not occur until months after birth (the anterior/pos-
terior white matter), in addition to causing the well-described direct
injury to the brain. Future studies should aim to confirm whether these
impairments are temporary or persistent, and how they correlate with
long-term neurodevelopmental impairments. It also would be of the
utmost importance to perform similar studies with these critically ill
neonates beyond the first month of life to examine how the brain regions
that are being myelinated only several months after birth are being
affected by the initial asphyxial event.
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