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Abstract
Preterm birth is the primary cause of infant death and is associated with later neurodevelopmental
impairments. Neuroimaging is a powerful tool to analyse neuroanatomy abnormalities in preterm infants.
It allows analysing of different brain structures, such as the thalamus and their alterations. Thalamus
is a crucial hub for regulating cortical connectivity. Moreover, white matter (WM) injury in preterm
infants can impact thalamic growth and maturation in long-term periods. Therefore, the study of the
thalamus morphology during the neonatal period using magnetic resonance imaging (MRI) can help to
identify those features that predict neurodevelopmental outcomes in these vulnerable population. In
this study, we automatically segmented the thalamus structure from 3D MRI scans and extracted the
thalamic features from these segmentations. The gestational age at birth and post-menstrual age at the
scan time is also taken into account in our study. The K-means clustering, an unsupervised machine
learning algorithm, was employed to explore the hidden pattern related to thalamus features from early
and term-equivalent scans. Finally, we studied the association of these features to a scoring system used
in clinical settings to assess MRI scans in very preterm infants at term-equivalent age. The main results
highlight that 77 percent of preterm-born infants with abnormal MRI scores share the same cluster.
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1. Introduction

Preterm birth, before 37 weeks of gestation, affects fifteen million children each year in the world
[1]. It remains the main cause of infant death [1]. The severity of long-term neurodevelopmental
impairments increases with decreasing gestational age [2]. In particular, early exposure to
extrauterine life is closely associated with deficits in cognitive, motor, visual, socio-emotional,
sleep, and language domains [3]. The thalamus is a meaningful hub that shapes brain connec-
tivity during prenatal and postnatal life. It is commonly affected in preterm infants by white
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matter (WM) injuries, either directly or through maturational disruption [4, 5]. Preterm birth
influences the growth of thalamocortical connectivity and the steps in the sensory organisation
and functional specialisation of the cerebral cortex [6, 7]. Thalamo-cortical connectivity is
regionally altered for preterm infants, and the thalamic volume is related to both the cortical
volume and the WM tracts [8]. There is also some evidence that alterations in fronto-temporal
and parieto-occipital cortical areas are related to the thalamic structural connectivity, and the
volumetric measurements obtained from the thalamic region [9]. Thalamocortical connectivity
abnormalities identified after preterm birth can be correlated with the future neurodevelopmen-
tal impairments [10, 11, 12].
In this study, we develop a protocol to evaluate the importance of thalamic features of preterm
infants. Our hypothesis aims to relate the morphological characteristics of the thalamus to
the Kidokoro score [13]. Firstly, we use an automatic method to segment Magnetic Resonance
Images (MRIs) from a preterm infant cohort [14]. Then, we extract morphological features from
the region of interest (ROI), i.e. the segmented thalamus area. After an exploratory analysis
of the extracted features, an unsupervised machine learning algorithm is used to cluster the
features. Finally, we show that it is possible to cluster the abnormal MRIs through thalamus
measurements using term-equivalent scans. In addition, the results show the extracted fea-
tures are sufficient to differentiate between healthy term-born infants and preterm infants at
term-equivalent age.

2. Method

2.1. Atlas correction and automatic thalamus segmentation

Melbourne Children’s Regional Infant Brain (M-CRIB 2.0) atlas [15] is used to segment thalamus
structure from the MRI images of our cohort. In particular, the atlas contains ten scans from
healthy term-born infants [15].
Preliminary visualization of the M-CRIB 2.0 atlas showed an overestimation of thalamic seg-
mentation, including the nuclei and the hippocampal gyrus. Therefore, an expert in our group
reviewed and corrected thalamic segmentation manually. We automatically segmented the
thalamus from the MRI images according to the neonatal pipeline proposed by Makropoulos et
al. [14, 16]. In principle, the pipeline registers the image to a neonatal atlas image at a similar
gestational age [16] to separate non-cortical grey matter from the WM, grey matter and the
cerebrospinal fluid (CSF). Then, the image is registered to the M-CRIB 2.0 atlas. Finally, local
atlas weighting and DrawEM [16] are used to separate the thalamus from the other brain struc-
tures. This pipeline is widely used and supported by the literature studies [17, 18]. According
to the changes made in the atlas, we adapted the pipeline [14] for thalamus segmentation. The
clinical experts in the group have verified the quality of the automatic segmentation.
Figure 1(a)-1(c) shows an example of the original scan from the atlas, a corrected scan with
a redundant part, and one of the segmentation provided by the pipeline after the correction,
respectively.
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(a) (b) (c)

(d) (e) (f)

Figure 1: Atlas correction and the segmentation results. a) A slice from the coronal plane of the original
atlas T2. b) A slice from the coronal plane of the correction in the atlas. c) A slice from the coronal
plane of the corrected thalamus segmentation in the atlas. d) A slice from the coronal T1 plane of the
preterm infant at term-equivalent age. e) A slice from the coronal plane of the automated segmentation
in preterm infants at term-equivalent age. f) A slice from the coronal plane of segmented thalamus in
preterm infants at term-equivalent age. The green colour indicates thalamus structure, and the purple
colour refers to the corrections made by an expert on the atlas.

2.2. Thalamic feature extraction

We extracted ten features from the segmented thalamus (Table 2). All the volumetric mea-
surements have been standardised by the Total Brain Volume (TBV). We prioritise TBV over
Intra-Cranial Volume (ICV) as ICV includes extra-axial CSF. A physiological increase in extra-
axial CSF in preterm infants may facilitate suboptimal brain growth in the neonatal period.
Therefore, it is crucial to prioritise the TBV over the ICV to ensure measuring real brain tissue.
The other measurements, like area, have been standardised by the maximum brain area at
the axial plane, where the thalamus has the largest area. The following thalamus features are
summarised in Figure 2 and Table 1: post-menstrual age (PMA) at the scan time, the TBV, the
Standardised Left Thalamus 3D Surface (SLTS) and the Standardised Right Thalamus 3D Surface
(SRTS). Furthermore, the other extracted variables are reported in Table 2. Notably, the 3D
surface of the thalamus is standardised by the largest area of the brain in the axial plane. In
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this way, we obtain an indirect measurement regarding the relationship between the thalamus
and general brain maturation. The distributions of the four variables are shown in the diagonal
boxes of Figure 2 and in Table 1. Moreover, Figure 2 shows the two-way relationships between
these variables. For example, the last row of Figure 2 reveals that the volume brain increases
with increasing PMA, but the standardised 3D surface of the thalamus decreases with increasing
PMA. Since the brain regions grow considerably during this period, this behaviour is seen in
this figure [19], and their proportion to the thalamus changes. Therefore, it affects the data
standardisation and a value decrease does not concur with a natural reduction. It is relative to
the growing trend of the TBV.
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Figure 2: Distribution of Total Brain Volume in cm3 (TBV), Standardised Left Thalamus 3D Surface
(SLTS) and Standardised Right Thalamus 3D Surface (SRTS), post-menstrual age in weeks (PMA) in the
diagonal boxes and the two-way relationships in the other boxes

170



Table 1
Statistical description of Total Brain Volume (TBV), Standardised Left Thalamus 3D Surface (SLTS) and
Standardised Right Thalamus 3D Surface (SRTS), post-menstrual age (PMA)

TBV (cm³) SLTS SRTS PMA (weeks)

Mean 402.37 0.041 0.042 36.494
S.D. 156.47 0.018 0.019 5.462
Min 153.60 0.016 0.016 26.715
25% 244.80 0.029 0.030 30.571
50% 448.93 0.036 0.037 39.715
75% 527.14 0.055 0.056 40.857
Max 830.73 0.086 0.092 44.571

2.3. MRI Score

MRI scans were acquired using a 1.5 Tesla scanner (Magneton Symphony, Siemens Health
Care, Erlangen, Germany) located in the radiology unit in the University Hospital of Puerta
del Mar (HUPM), Cadiz, Spain. The acquisition parameters are as follows: spacing in x, y and
z direction : 0.8, 0.8, 0.8; echo time = 3.67 ms; flip angle = 15°and repetition time = 1910.0 ms.
T1 weighted spin echo imaged sequences were used to collect our data. Potential risks caused
by the physical properties of the MRI equipment were evaluated and minimised following the
recommendations provided for preterm infants [20] and our previous experiences [21, 22]. The
images obtained from the scans were evaluated through the clinicians’ observation using a
scoring system developed by Kidokoro et al. [13]. It provides a comprehensive and objective
characterisation of the regional and global brain lesions and brain growth. In particular, it is
used to confirm the clustering results and check whether patients with an abnormal score are
clustered into the same group (For more details, see section 4.2). The scoring system suggested
by Kidokoro et al. [13] groups the global score into four categories: (normal, mild, moderate,
and severe). We then binarised the variable by considering normal versus abnormal MRI (the
latter including mild, moderate and severe) as we wanted to see if the thalamic features could
be associated with any degree of MRI abnormality.

2.4. K-means clustering

Given a set of observations having 𝐷 dimensions, the k-means clustering as an unsupervised
machine learning algorithm aims to partition the observations into 𝑘 different groups by
minimising within cluster sum of the squared error without having access to the outcomes.
We set K to three in our analysis because our dataset has three main groups (see section 3).
It should be noted that clustering is only carried out based on the thalamic features. Table 2
shows the included attributes for K-means clustering. The K-means clustering is also performed
using morphological features extracted from the atlas images. Moreover, the score proposed in
Kidokoro et al. [13] was used to validate the K-means algorithm. In conclusion, according to the
preliminary statistical analysis, the plots of each feature vs others (Figure 4), and other algorithms
comparison, we conclude that K-means clustering as a simple algorithm can efficiently cluster
our dataset (table 4).
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Table 2
List of dataset variables included in the clustering. Total Brain Volume (TBV), Standardised Left Thalamus
3D Surface (SLTS), Standardised Right Thalamus 3D Surface (SRTS), post-menstrual age (PMA)

Variable Clustering

TBV (cm3) included
Left Thalamus Volume (cm3) included
SLTS included
Left Thalamus perimeter (cm) included
Left Thalamus Angle (degrees) included
Right Thalamus Volume (cm3) included
SRTS included
Right Thalamus perimeter (cm) included
Right Thalamus Angle (degrees) included
Distance Left and Right Thalamus cm included
Angle between Left and Right Thalamus included
Left Centroid not included
Left Highest Point not included
Right Centroid not included
Right Highest Point not included
Kidokoro score not included
SEX not included
GA not included
PMA not included

3. Experimental configuration and cohort

We included 48 scans from 31 patients of a longitudinal cohort that involves preterm infants
from the preterm cohort at Hospital Puerta del Mar (HUPM), Cad́iz, Spain, with very low
weight at birth, equal or <1,500 grams, and/or gestational age (GA) at birth equal or <32 weeks.
The parents or legal guardians of these infants have signed the informed consent. Data were
recorded prospectively from these patients as they underwent MRI as part of a cohort study of
the preterm brain damage group at the Biomedical research and innovation institute of Cad́iz
(INIBICA). GA is calculated from the date of the last menstrual period and confirmed using
data from early antenatal ultrasound scans. The weeks of postnatal life (age) are added to the
weeks of GA at birth, giving the so-called post-menstrual age (PMA). Typically, two MRI scans
are taken from each infant. An early scan was performed within the first ten days of life, and
a late one was at the term-equivalent age (38–42 weeks of corrected age), according to PMA.
Following this principle, the initial 48 MRI scans are divided into two groups, i.e. 23 early scans
and 25 term-equivalent scans (17 patients have both scans).In addition, 12 patients are identified
as abnormal in agreement with Kidokoro et al. [13]. Therefore, early and term-equivalent scans,
plus abnormal/normal MRI scores, provide four different groups: early normal MRI score, early
abnormal MRI score, term-equivalent normal MRI score, and term-equivalent abnormal MRI
score. Moreover, ten scans from the M-CRIB 2.0 atlas [15] are added to the analyses. These
scans are from healthy term-born neonates and are used as the control group.
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4. Results

4.1. Analysis of extracted features

We extracted ten features from the segmented thalamus (see section 2.2). As visualizing all these
features are not easy, we rely on the dimension reduction methods such as principal component
analysis (PCA). Figure 3 shows the results of PCA on term-equivalent and M-CRIB 2.0 atlas [15]
scans. Initial results demonstrate that the first five principal components can explain more than
92% of the variabilities among features. Therefore, these components are enough to explain
our data. Table 3 shows the percentage of explained variance for each component. The first
two components explain more than 60% of the variation among thalamic features. Moreover,
Figure 3, indicates that it is possible to separate the M-CRIB 2.0 atlas scans from those of the
preterm infants in our cohort according to the first two components. One of the advantages of
PCA is its interpretability. For example, ID 23, highlighted in red, shows an anomaly in its first
component with a value less than -0.9. This result suggests that clinicians should check this
infant. In addition, according to the Kidokoro assessment score, this ID has an abnormal MRI
score.
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Figure 3: Visualising the PCA components of thalamic measurements in preterm infants at term-
equivalent age and healthy term-born ones. The horizontal axis of the figure shows the anonymised ID
of the patients, and the vertical one shows the number of principal components. The atlas scans IDs
start from 201. The box in black colour separates the atlas scans from the rest. Notice that we use 5
components for PCA analysis.

PCA components 1 2 3 4 5
Explained variance 34.7 28.1 13.6 10.5 5.7

Table 3
The percentage of variance explained in measurements of thalamic features from different components
of PCA.
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4.2. Clustering results

After clustering, the three clusters are represented by different coloured points and also compared
with MRI score [13] (abnormal = green star, normal = magenta cross) and M-CRIB 2.0 atlas [15]
(yellow cross) in Figure 4. All the images in the M-CRIB 2.0 atlas [15] are correctly classified in
the third cluster. These findings highlight the significant difference between healthy term-born
infants and preterm infants at term-equivalent age. Furthermore, Figure 4 also shows that most
premature infants with abnormal MRI scores are in the second cluster, i.e. 77%. However, the
clustering of thalamic features of the early scan group does not differentiate between abnormal
and normal term-equivalent MRI. The second cluster gets the highest probability values for
early scans, i.e. 47%. The clustering accuracy is summarized in Table 4.
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Figure 4: The plots of post-menstrual age in weeks (PMA) vs Total Brain Volume in cm3 (TBV),
Standardised Left Thalamus 3D Surface (SLTS) and Standardised Right Thalamus 3D Surface (SRTS).

Table 4
The percentage of abnormal infants in each cluster for the early and term-equivalent scans.

Cluster 1 Cluster 2 Cluster 3

Early scans 28% 47% 25%
Term-equivalent scans 23% 77% 0%
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5. Discussion

The K-means clustering correctly separated 77% of abnormal patients into the correct cluster
(Table 4) and correctly distinguished all healthy neonates from the M-CRIB 2.0 atlas images, as
our reference group (Figure 4). The separation of the third cluster seems easy as the first and
the second component of PCA results (Figure 3) indicate the difference in the thalamic features
between healthy term-born infants and preterm infants at term-equivalent age.
Nevertheless, the clustering of thalamic features of the early scans does not differentiate between
the abnormal and normal MRI (Table 4). This result could be explained by postnatal brain
maturation, as the MRI score system only applies to term-equivalent scans, so the patient’s
situation can change from one scan to the next. In particular, a patient could have a normal
early MRI scan and develop clinical complications that will lead to brain injury and an abnormal
term-equivalent MRI. After describing the thalamic features of a cohort of preterm and term-
born infants related to GA at birth and PMA at the time of scans, we show how the thalamic
features can be associated with clinical MRI scores. Furthermore, they share three clustering
patterns: the first cluster can be interpreted as patients with normal MRI score, the second
cluster can belong to the abnormal MRI score, and the third cluster can be associated with the
M-CRIB 2.0 atlas scans.
Some other groups have done previous research on this topic. For example, Ball et al. [12], Jakab
et al. [10] and Menegaux et al. [23] focused on the diffusion-weighted imaging. In contrast,
we focus on the T1-weighted images in the current study. Furthermore, our work includes a
detailed analysis of the thalamic features, while the work published by Wisnowski et al., [24]
Lao et al. [25] and Loh et al. [26] considered only one feature, i.e. thalamic volume. Interestingly,
our results align with those from Lao et al. [25], who described the standardised 3D surface as
an important thalamic feature. Our study includes a more exhaustive analysis of the thalamic
features and extensively extracted 2D parameters, including the thalamic perimeter where the
largest thalamic area was found in the axial plane, and 3D information from the thalamus [25].
Moreover, we have normalised the thalamic volume to the TBV and studied the association
between the specific morphological characteristics of the thalamus and the Kidokoro score [13]
at the term-equivalent MRI.
According to Kostović et al.[19], during the beginning of the third trimester of fetal development,
thalamocortical and cortico-cortical afferents migrate to the cortex and finally form their primary
connections. The ontogeny of this migration process suggests that these connections grow with
different starting times but from the same point. Consequently, the other brain regions grow
considerably during this period, and their proportion to the thalamus significantly changes (see
figure2). Conclusively, damage in the preterm brain affects thalamus features and their relation
with the TBV. In some extreme cases, the atlas-based segmentation includes other structures
and overestimates the thalamus and its features. Manual segmentation and the development of
advanced machine learning methods can help to solve this problem.
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6. Conclusion

In the current study, we associated the thalamic features with the MRI score assessment of
preterm infants and explored the importance of thalamic features for the clustering of the
patients. The standardised thalamic 3D surface can be suggested as a crucial morphological
feature to cluster patients. Further studies, including a bigger sample size and external validation,
are warranted to investigate the potential role of these thalamic features as a diagnostic and
predictive tool of brain injury and long-term neurodevelopmental outcomes in preterm infants.
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