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Abstract. Prematurity and preterm stressors severely affect the devel-
opment of infants born before 37 weeks of gestation, with increasing
effects seen at earlier gestations. Although preterm mortality rates have
declined due to the advances in neonatal care, disability rates, espe-
cially in middle-income settings, continue to grow. With the advances
in MRI imaging technology, there has been a focus on safely imaging
the preterm brain to better understand its development and discover the
brain regions and networks affected by prematurity. Such studies aim
to support interventions and improve the neurodevelopment of preterm
infants and deliver accurate prognoses. Few studies, however, have fo-
cused on the fully developed brain of preterm born infants, especially in
extremely preterm subjects. To assess the long-term effect of prematu-
rity on the adult brain, myelin related biomarkers such as myelin water
fraction and g-ratio are measured for a cohort of 19-year-old extremely
preterm subjects. Using multi-modal imaging techniques that combine
T2 relaxometry and neurite density information, the results show that
specific regions of the brain associated with white matter injuries due to
preterm birth, such as the Posterior Limb of the Internal Capsule and
Corpus Callosum, are still less myelinated in adulthood. Such findings
might imply reduced connectivity in the adult preterm brain and explain
the poor cognitive outcome.

1 Introduction

Prematurity is the leading cause of death in children under the age of five,
with preterm birth rates continuing to increase in almost every country with
reliable data [14]. Despite the medical innovations in prenatal care, extremely
preterm (EPT) infants (born before 26 weeks of gestation) remain at a high risk
of death (30%–50% mortality). In addition, despite improved survival, disabil-
ity rates are not declining, specifically in middle-income settings[14,5]. Preterm
birth and other perinatal stressors such as premature exposure to the extra-
uterine environment, ischemia, hypoxia, and inflammation can lead to White
Matter (WM) injuries or otherwise affect brain development; more drastically,
these can subsequently result in hypomyelination and long-term alterations of
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the brain’s connectivity and structural complexity [17]. Therefore, measurement
of myelin density and the spatial variation of myelin has been used to assess
brain maturation in EPT babies and as a predictor of neurodevelopmental out-
come, demonstrating the link between preterm brain development and signifi-
cant alterations which can relate to cognitive performance [4,17]. Few studies
have focused on the fully developed brain of preterm born individuals, where
myelination processes are developed [11]. This study attempts to overcome this
lack of knowledge by examining a cohort of 19-year-old participants, born at
both extremely preterm and term gestation,and combining the structural sen-
sitivity, but myelin non-specificity, of DWI and the high myelin specificity, but
structural insensitivity of T2 relaxometry to reveal changes in myelin related
biomarkers. First, full brain analysis is performed, followed by a region-specific
approach investigating areas hypothesised to be more affected by preterm stres-
sors such as the Corpus Callosum and the Posterior Limb of the Internal Capsule
(PLIC). Lastly, these biomarkers were analysed between defined cortical regions
and along the pathways between regions for a more thorough look at functional
connectivity, and hypomyelination [10]. Figure 1 report the main steps of the
analysis.

2 Methods

2.1 Data

Imaging data were acquired for a cohort of 142 adolescents at 19 years of age.
Data for 89 EPT adolescents (52 Female/37 Male) and 53 term-born socioeco-
nomically matched peers (32 Female/22 Male) were acquired on a 3T Phillips
Achieva. Diffusion weighted data (DWI) was acquired across four b-values at b
= 0,300,700,2000smm−2 with n=4,8,16,32 directions respectively at TE=70ms
(2.5x2.5x3.0mm). T2 weighted data was acquired in the same space as the dif-
fusion imaging with ten echo times at TE=13,16,19,25,30,40,50,85,100,150ms
(2.5x2.5x3.0mm). In addition we acquired 3D T1-weighted (TR/TE=6.93/3.14ms)
volume at 1mm isotropic resolution for segmentation and parcellation [3]. B0
field maps were acquired to correct for EPI-based distortions between the dif-
fusion imaging and the T1-weighted volumes. All participants gave informed
consent before taking part in the experiment. Ethical approval was granted by
the South Central – Hampshire Research Ethics Committee.

2.2 Region of interest values

Based upon previous research in these areas, manual regions of interest were
described in the genu and splenium of the corpus callosum in addition to the
posterior limb of the internal capsule [13,1]. These regions are ordinarily highly-
myelinated white matter regions providing communication between cerebral hemi-
spheres and carrying signals relating to motor-function to the rest of the body.
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Fig. 1. Overview of methodology pipeline: T2-maps are estimated from the single com-
partment T2-relaxometry model, Myelin Water Fraction (MWF) maps are measured
from the multi-compartment T2-relaxometry model. Neurite Density Index from the
NODDI model and MWF maps are used to compute g-ratio maps (Eq. 2). A trac-
togram is generated by performing Whole-brain Probabilistic Tractography (WPT)
for each subject from the diffusion-weighted data (DWI). Combining the streamline
information with the maps of MWF, brain connectomes are derived for each subject.
Statistical tests are performed to detect differences in T2, g-ratio, and MWF-derived
markers between FT and EPT subjects.

2.3 Model Fitting

Myelin Water Fraction (MWF) corresponds to the volume of myelin water in a
determined area of the brain and it is a surrogate measure for myelin content.
Brain water T2 decreases with increasing gestational and postnatal age and is a
more sensitive marker of brain maturation than visual assessment of T2-weighted
MR images [9].

Ordinarily a single T2 value can be fitted to multi-echo data. This assumes
that each voxel of the brain image contains a single biological compartment.
Brain modelling can be enhanced by assuming that each brain voxel contains
multiple compartments with different corresponding T2 values [12]. In the ab-
sence of a significant fluid component, brain tissue can be described with two
compartments, one of myelin water with short T2 and one of other intra and
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extra-cellular space with significantly longer T2. The volume fraction of the
MWF component (vmwf ) is thus a marker of myelin density (Eq. 1).

S(TE) = S0

[
vmwfe

− TE
T21 + (1− vmwf )e−

TE
T22

]
(1)

DWI is sensitive to local structure, but due to the short T2 of the myelin sig-
nal, DWI is non-specific to myelin content. The g-ratio is a geometrical invariant
of axons quantifying their degree of myelination relative to their cross-sectional
size. This biomarker can be calculated from MWF (vmwf )and NDI (vndi) data
when assuming a cylindrical geometry of the axons since these are both density
related biomarkers (Eq. 2) [12]. Signal conduction velocity can be shown to be
proportional to γ

√
− log γ [11]

γ =

(
vmwf

vndi
+ 1

)− 1
2

(2)

2.4 Brain Network and Feature Extraction

A Multi-Shell Multi-Tissue (MSTMT) approach was employed to estimate the
response function for White Matter (WM), Grey Matter (GM), and Cerebrospinal
fluid (CSF) [8]. In addition, Constrained Spherical Deconvolution (CSD) is uti-
lized to evaluate the orientation distribution of the WM fibres [16]. Ten million
streamlines are estimated for each subject by performing whole-brain probabilis-
tic tractography [15]. Tissue parcellations are obtained by applying the Geodesic
Information Flow labelling protocol to the T1-weighted volumes [3]. Neurite Den-
sity Index (vndi) is estimated with the Neurite Orientation Dispersion and Den-
sity Imaging (NODDI) model [18]. One hundred twenty-one GM regions (ROIs)
formed the nodes of the brain network. For each subject, a graph G = (V,E) is
defined, where the nodes V are the ROI, and E corresponds to the set of edges
connecting the ROIs. In G, along each streamline connecting nodes i and j, the
strength of connectivity of the edge (i, j) is defined as the mean sampled value
of MWF. A more detailed description is provided by a previous study [7].

3 Results

3.1 Overall brain

Single-compartment T2 maps of the entire cohort; as well as MWF and g-ratio
maps were generated and examples are shown in figure 2. There was no significant
difference for MWF and g-ratio values between EPT and FT participants when
analysing the whole brain but there was a significant difference for T2 values
which were higher in the EPT cohort (p-value 0.00137). The T2, MWF and g-
ratio averages of the whole brain for EPT and FT participants were (90.85±9.00,
86.40±4.23); (0.23±0.03, 0.23±0.03) and (0.84±0.02, 0.85±0.02) respectively.
Figure 3 shows the correlation between g-ratio/MWF (p-value 7.3−34 and ρ -
0.82) and g-ratio/NDI (p-value 6.7−5 and ρ 0.34); with g-ratio/MWF exhibiting
a more significant correlation.
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Fig. 2. Example of Myelin Water Fractio (MWF), g-ratio, T2, and Neurite Density
Index (vndi) maps of an EPT participant.

3.2 Corpus Callosum and Posterior Limb of Internal Capsule:

The Corpus Callosum was analysed and figure 4 shows an average reduction of
myelin in EPT born participants (0.31±0.06) when compared to FT (0.34±0.05);
overall (p-value 1.6−3). It is worth highlighting that the Splenium of the Corpus
Callosum showed the highest significant difference in the corpus callosum (higher
than the genu ), for EPT (0.31 ± 0.06), and FT (0.35 ± 0.050), with (p-value
1.92e−5). The PLIC region was analysed using non-parametric approaches and
figure 5 shows a significant lower MWF value in EPT born participants (p-value
0.026). The thalamus was also analysed but showed no difference between EPT
and FT born participants.

For the corpus callosum the results of g-ratio measurement show a sta-
tistically significant difference (p-value 0.0266) between EPT and FT partic-
ipants; with g-ratio of EPT being higher (0.830 ± 0.031) than FT (0.819 ±
0.0254).Furthermore, g-ratio results in the Splenium of the Corpus Callosum
presented a more significant difference (p-value 0.0015) between EPT (0.834 ±
0.0341) and FT (0.816± 0.026) participants. A difference in conduction velocity
(p-value 0.022) was also found for the corpus callosum with EPT participants’
values being lower (0.355±0.0245) than FT (0.364±0.0180); and specifically for
the splenium of the corpus callosum (p-value 0.0023) where EPT (0.352±0.030)
and FT (0.366± 0.017). These results alongside the g-ratio ones are depicted in
figure 6. No significant statistical difference was found for PLIC.

3.3 Region connectivity and specific pathways:

Decreased MWF was observed in the R.Thalamus-L.Calcarine Cortex (p-value=
0.03) and in the R.Thalamus- L.Precuneus (p-value=0.018) pathways in EPT
born participants. Parietal-Frontal pathways were also analysed but no signif-
icant difference was registered between EPT and FT participants. The MWF
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Fig. 3. Correlation plots a) vndi/g-ratio b) MWF/g-ratio c) MWF/T2.

connectomes were analysed and the average MWF of all myelin containing net-
works was found to be (0.240± 0.037) and (0.244± 0.036) respectively for EPT
and FT born participants. No significant difference was found for these groups.
Using the same approach for all networks within one region; all 121 regions were
analysed and multiple regions appeared to have a decreased overall myelin den-
sity; table 1 highlights the regions where a significant difference in MWF values
was found and the corresponding p-values and CIs.

4 Discussion

The average MWF values of the whole brain showed no significant differences
between EPT and FT participants. This might suggest that the effect of preterm
birth is localised to specific brain regions, resulting in some brain areas being
more affected. The preterm brain, having to develop exvivo, will reorganise its
structure and develop differently in comparison to infants still in the womb,
which is an indication that EPT born infants might present tracts with different
characteristics than those in FT born individuals to compensate for the different
developmental conditions [6,7].

Injuries in the Corpus Callosum are considerably frequent in prematurity due
to being adjacent to the periventricular brain region, which is often impaired.
In addition, underdevelopment can lead to disruption of intra-hemispheric com-
munication and reduce connectivity [13]. The findings in the Corpus Callosum
and specifically in the Splenium, which appears less myelinated in EPT than FT
born participants, indicate the persistence of preterm birth consequences into
adolescence.

The low MWF results found for the PLIC in EPT born participants might be
an indicator of motor pathway underdevelopment or disruption of myelination
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Regions where MWF EPT MWF FT MWF p-value 95 C.I
EPT < FT mean (std) mean (std)

Left Superior Occipital Gyrus 0.23 (0.041) 0.24 (0.040) 0.026 -0.031 -0.0020

Left Calcarine Cortex 0.23 (0.042) 0.25 (0.037) 0.0084 -0.034 -0.0051

Left Cuneus 0.22 (0.042) 0.24 (0.039) 0.0101 -0.034 -0.0046

Left Occipital pole 0.22 (0.039) 0.23 (0.039) 0.029 -0.029 -0.0016

Right Middle Temporal Gyrus 0.23 (0.036) 0.24 (0.033) 0.025 -0.027 -0.0018

Right Fusiform Gyrus 0.22 (0.034) 0.24 (0.033) 0.0010 -0.032 -0.0082

R Inferior Temporal Gyrus 0.22 (0.036) 0.24 (0.032) 0.0020 -0.032 -0.0073

R superior parietal lobe 0.22 (0.038) 0.23 (0.038) 0.035 -0.028 -0.00099

Right Angular Gyrus 0.22 (0.036) 0.23 (0.034) 0.0438 -0.026 -0.00037

Right Precuneus 0.23 (0.040) 0.24 (0.037) 0.0481 -0.028 -0.00012

Right Superior occipital Gyrus 0.20 (0.037) 0.23 (0.033) 0.0005 -0.035 -0.010

Right Calcarine Cortex 0.21 (0.040) 0.24 (0.035) 0.0010 -0.037 -0.0095

Right Cuneus 0.20 (0.038) 0.22 (0.034) 0.0043 -0.032 -0.0061

Right Occipital pole 0.19 (0.043) 0.21 (0.036) 0.00192 -0.037 -0.0086

Right lingual Gyrus 0.22 (0.038) 0.24 (0.038) 0.00084 -0.037 -0.0099

Right Occipital Fusiform Gyrus 0.19 (0.037) 0.22 (0.032) 0.00027 -0.0359 -0.0110

Right Inferior occipital Gyrus 0.20 (0.036) 0.22 (0.031) 0.0005 -0.034 -0.0097

Right Middle occipital Gyrus 0.21 (0.039) 0.22 (0.034) 0.030 -0.0279 -0.00143

Table 1. Table showing the regions of the brain where overall MWF are lower in
EPT participants. The p-values, Confidence Intervals (C.I), and means with standard
deviation (std) are reported. The results that survived the Bonferroni threshold of
0.05/18 = 0.0028 are in bold.
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processes due to preterm stressors, which have led to the hypomyelination of
these pathways and possible motor deficits extended into adolescence [17].

The decrease in myelin-linked markers in the Calcarine cortex, which is the
main site of input signals coming from the retina, alongside the Precuneus,
Cuneus and Lingual Gyrus, indicates differences in the development of brain
cortex and possibly visual deficits. This might be caused by extra-uterine de-
velopment which led to reduced functional connectivity. Another option is that
compensatory mechanisms led to the formation of additional pathways going
from those regions which are hypomyelinated and therefore not entirely func-
tional. This hypothesis could be tested in future work. In addition, the networks
from the Precuneus and the Calcarine cortex to the thalamus also presented
lower MWF values or efficient connectivity, thus demonstrating the effects of
the disruption of myelination of the thalamocortical radiations [2].

The regions and pathways that we have found to be significantly affected
by preterm birth are related to cognitive functions such as speech, sight and
memory. Therefore, lower myelination in these areas could potentially represent
the result of injuries suffered after prematurity, leading to hypomyelination and
thus to functional deficits that propagated through adolescence, continuing to
affect individuals born extremely prematurely.

No significant difference in results between female and male participants was
registered; however, most results remained significant when distinguishing be-
tween sexes. Some regions, however, did not show a significant difference in EPT
v FT individuals in the male cohort, but this might be due to the smaller sample
size. In conclusion, our results support the hypothesis that preterm stressors af-
fect brain maturation leading to changes in overall brain networks and in specific
brain areas.
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