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Abstract

Ultrasound is widely used as a clinical routine tool for neonates’ brain assessment, especially for preterm
neonates. This population is at high risk of developing serious complications leading to neurocognitive
and motor impairments. However, the analysis of Cranial Ultrasound requires experienced personnel to
perform a time-consuming visual assessment, which is nontrivial due to the low quality and artifacts in
the images. For this analysis to be more objective, fast, and accurate, many automatic methods have
been proposed. Such methods usually rely on segmenting brain structures or regions of interest for
the extraction of subsequent clinically useful measurements. Deep Learning methods are being more
adopted recently as they proved to have a huge potential in many medical image analysis tasks.

In this review article, we present and discuss the Deep Learning-based methods developed for the
automatic segmentation of preterm neonatal ultrasound images, more specifically the methods developed
for segmenting the Cerebral Ventricle System. The performance and evaluation results of these methods
are compared, and their major contributions are outlined. Furthermore, we discuss the main challenges
of neonatal ultrasound automatic segmentation and possible ways to address these challenges. Finally,
we discuss the future directions in this very specific context.
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1. Introduction

Ultrasound (US) imaging has been widely used in clinical practice as the first screening and
diagnostic tool in many medical domains, including fetal and neonatal care. In neonatal care,
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Cranial US is extensively used for routine brain assessment of newborn infants and more
specifically preterm infants. This widespread use of US is due to its several advantages over
other imaging modalities, such as the low cost, non-invasive nature, non-ionizing radiation,
real-time display, operator comfort, portability, and accessibility [1, 2, 3, 4].

Cranial US can only be used in the newborn period during which the anterior fontanelle is
still open (usually until 18 months of age), but it is mostly used during the first 5-6 months of
age when the best US images can be obtained. After that age brain structures will start to be
less visible due to the processes of brain membranes thickening and fontanelle closure [5, 6].

Cranial US allows the detection of most neonatal hemorrhagic and ischemic lesions in addition
to the main congenital and maturational anomalies [7]. However, the use of US entitles some
challenges. For instance, US has low imaging quality and suffers from noise and artifacts.
Moreover, it requires trained and experienced operators to acquire good images and perform
a tedious visual assessment, which leads to high inter- and intra-observer variability across
different institutes and US systems manufacturers [1, 7].

Since the standard clinical practice is based on visual assessment and some 2D linear mea-
surements, much research has been conducted to propose the use of better quantitative analysis
over the visual assessment and to prove the usefulness of other measurements than the 2D
linear ones, such as volumetric measurements. This has the potential to improve the diagnosis
and prognosis of neurodevelopmental disorders in preterm neonates. However, this could not
be adopted in clinics yet because it requires manually segmenting anatomical structures of
interest in the brain, which is time-consuming and prone to inter- and intra-observer variability
[7].

Developing automatic methods for the analysis of Cranial US images can alleviate these
challenges by making such analysis more objective, accurate, and fast. Automatic methods
include segmentation as an important preliminary step for the extraction of clinical parameters
that neonatologists need in order to perform an assessment and diagnosis based on quantitative
measurements [8].

One of the important structures to be segmented in Cranial US images of preterm neonates
is the Cerebral Ventricle System (CVS). CVS can be affected by some serious complications
such as germinal matrix-intraventricular hemorrhage leading to posthemorrhagic ventricular
dilatation (PHVD). This happens because of preterm birth and causes neurocognitive and motor
impairments.

Currently, the clinical standard is to perform 2D measurements manually on 2D US images
to estimate the CVS volume. This practice, apart from being time-consuming and subjective, is
imprecise due to the unavailability of 3D information [2, 7]. Therefore, developing automatic
segmentation methods and quantitative analysis methods based on 3D US can help clinicians to
perform timely medical interventions and improve the outcome of those infants [9, 10]. However,
the task of automatically segmenting anatomical structures from Cranial US is very challenging
due to several reasons, such as the variable image quality, presence of noise and shading artifacts,
unclear and incomplete boundaries, similar intensities among different structures, variable
size and anatomical shape of the ventricles for neonates with abnormalities. Moreover, the
differences in shape, size, and texture characteristics caused by the change in blood pressure
[11].

Recently, there has been an increasing trend in the use of Deep Learning (DL) algorithms
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to segment CVS from neonatal Cranial US images. This is due to the success that DL methods
have been achieving in the field of medical image analysis in the last years.

There are several reviews focused on neonatal neuroimage segmentation, but most of them
focused on MRI [12, 13]. Although few reviews have been conducted on US segmentation
methods based on DL [1, 14], they were generic and included studies on different medical
domains (i.e. not focused on neonatal US segmentation). To this date, and to the best of our
knowledge, no reviews have been written on segmentation methods of neonatal US images
specifically.

Therefore, we conducted a literature search for all studies published in this field from 2018
until 2022 July 1st, by specifying keywords such as (preterm neonatal AND cerebral ventricles
AND ultrasound AND segmentation AND deep learning) in Google Scholar database. Abstracts
of papers resulting from this search were screened and only (8) relevant papers were chosen.

In this review we present a systematic overview of DL methods in segmenting Cranial US
images of preterm neonates, more specifically, segmenting the CVS. In Section 2 we briefly
mention the evolution of segmentation methods in this specific context and review several DL
methods developed for preterm neonatal ventricles segmentation from US images. In Section 3
we discuss the challenges of US image segmentation and the possible ways to address these
challenges in the future. Finally, in Section 4 we present our conclusions.

2. Cranial Ultrasound Image Segmentation

2.1. Non-DL Based Image Segmentation

Many studies have been conducted for automating US image analysis of different organs but
very few studies have focused on US neuroimaging [15, 16]. Most segmentation methods were
initially based on well-established image processing techniques. In those methods, images
are first pre-processed for denoising using image filtering. Then segmentation is carried out
using intensity thresholding or edge detection filters. Finally, image analysis of binary images
is carried out using morphological operations. For instance, Gontard et al. [17] used median
filtering followed by a global intensity threshold calculated automatically from the 3D volume
for segmenting cerebrospinal fluid (CSF).

Nevertheless, boundary incompleteness in US images raises great challenges to automatic
segmentation. Therefore, most methods were semi-automatic where some input from the user
is required. Additionally, shape prior can provide strong guidance in estimating the missing
boundary. Qiu et al. [18] proposed a semi-automatic convex segmentation algorithm for
ventricle segmentation in 3D US images. In [19] a geometric-based method using a 3D ellipsoid
estimation technique was proposed for ventricle segmentation. However, traditional shape
models often suffer from being reliable on hand-crafted descriptors and losing local information
in the fitting procedure, hence, such methods had poor generalization.

A semi-automatic approach was proposed in [20] for ventricle segmentation. In this study, the
image is denoised using complex wavelets and then 3 seed points are required to be manually
selected in order to perform an active contour segmentation where the contour is parametrized
implicitly using a level-set function. The most advanced non-DL-based segmentation method
for segmenting ventricles was developed by Qiu et al [21]. This method made use of a phase

51



congruency map, multi- atlas initialization technique, atlas selection strategy, and a multiphase
geodesic level-sets evolution combined with a spatial shape prior derived from multiple pre-
segmented atlases. Nevertheless, the method proposed required 54 min to segment one volume,
which is too long to be used in clinical routine.

In addition to the previously mentioned methods, Machine Learning based methods have also
been proposed for US image segmentation. Tabrizi et al. [22] proposed an automatic method for
ventricle segmentation in 2D US images based on a hybrid approach consisting of fuzzy c-means,
adaptive thresholding, template matching, phase congruency, and active contour algorithms.

2.2. Deep Learning for Image Segmentation

Nowadays, DL methods represent the state-of-the-art methods for image analysis and have
outperformed any other conventional methods in both performance and speed in terms of the
specific task.

Two main methodologies are currently used to address boundary detection-segmentation in
US:

1) A top-down manner that takes advantage of prior shape information to guide segmentation.
For example, Yang et al. [23] formulated boundary completeness as a sequential problem and
a model of the shape in a dynamic manner using Recurrent Neural Networks. Authors in
[24] modified Convolutional Neural Network (CNN) architectures like the Hough-CNN which
include explicitly transforms for edge detection.

2) A bottom-up manner that classifies each pixel into foreground (object) or background in a
supervised manner. Most studies apply this approach by classifying each pixel in an image in
an end-to-end and fully supervised learning manner employing CNNs with encoder-decoder
architectures.

The first widely recognized encoder-decoder network was Seg-Net [25]. Later, UNet [26]
brought a major breakthrough in medical image segmentation, and became the backbone of
almost all the leading methods recently, such as UNet++, UNet3+, 3D UNet, V-Net, Res-UNet,
and Dense-UNet. In these extensions of UNet, the contribution was either in skip connections,
using better convolutional layer connections, or in applications. For instance, UNet++ [27], [28]
utilizes nested and dense skip connections for further reduction of the semantic gap between the
encoder and decoder feature maps. In UNet3+ [29], skip connections between different scales
are used. 3D UNet [30] and V-Net [31] are extensions of UNet for volumetric segmentation of
3D medical images. In Res-UNet [32] the encoder and decoder convolutional blocks consist of
residual connections [33], while in Dense-UNet [34], they consisted of dense blocks [35].

Due to the difficulty of 3D DL, the DL methods that are currently applied in medical US
analysis mostly use 2D images as inputs, although these 2D images might be taken from available
3D volumes. In fact, 3D DL is still a challenging task, due to the following limitations:

1) Training a deep network on a large volume might be too computationally expensive for real
clinical application (i.e. with a significantly increased memory and computational requirement).
2) A deep network with a 3D volume as input requires more training samples since a 3D
network contains parameters that are orders of magnitude higher than a 2D network. This may
dramatically increase the risk of overfitting, given the limited training samples. Alternatively,
there are authors that formulate the problem of optimizing 3D image segmentation as a patch-
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level classification task, as was proposed in [36].
In fact, there are not so many DL methods proposed for neonatal US segmentation, and in
this review (Section 2.3) we are reviewing the DL methods for CVS segmentation specifically.

2.3. Deep Learning for CVS segmentation from Cranial US images

In this subsection, we review 8 papers that were selected after a literature search for studies
published on the use of DL for segmenting lateral ventricles or the whole CVS from Cranial US.
The search included papers that were published from 2018 until 2022 July 1st. Those 8 papers
were the only studies found that utilize DL for this task and they are summarized in Table 1.

Architecture 2D/3D . . . Inference
(2D/3D) Dataset segmentation Augmentation Loss function Evaluation time (s)
Martin et al. UNet 15 volumes . DSC = 03816
(2018) [10] (D) (private) 3D - Soft Dice HD =13.6 5s
P MAD = 0.62
UNet and
DSC = 0.908
Wang et al. SegNet 687 slices horizontal flip, ~
(2018) [37] combination (private) 2D random crop MAE . [oU = 84.84% 0.022s
(D) Pix. Acc. = 92.14%
Valanarasu et al. CBAS 1629 2D hferrltzi(;:ﬁiiar;d confidence DSC = 0.8901 001 s
(2020) [38] (2D) (private) . Cri ) guided IoU = 81.03% .
Tabrizi et al. UNet like 1253 slices 2D Ver;gﬁeﬂlp, probabilistic DSC = 0.86 174
(2020) [39] (2D) (private) transformation atlas-based HD = 0.3 mm ’
pretrained translation,

SegNet 152 \{Olumes 3D rotation, weighted BCE DSC =0.8 <60s
(private)

Gontard et al.
(2021) [40]

(2D) scale, shear
(for V-Net)
Martin et al. V-Net/ UNet 25 volumes BCE then DSC = 0.822 35s
(2021) [41] with CPPN (private) 2D and 3D . soft Dice MAD = 0.5 mm (for 2D)
(2D and 3D) § Va=0.35cm?
6Vr=11.1%
Valanarasu et al. KiUNet 1629 slices
(2022) [42] (2D) (private) 2D ) BCE DSC = 0.8943 )
A UNet combined BCE DSC = 0.72
Szentimrey et al. 190 volumes . and Dice loss 3
2022 [43] ensemble (private) 3D translation (with MSE for VD =3.7 cm 5s
(3D) the 3rd model) = L14mm

Table 1: Comparison of DL based methods for automatic CVS segmentation from Cranial US
images. Loss Functions: MAE is Mean Absolute Error loss, BCE is Binary Cross Entropy loss,
and MSE is Mean Squared Error loss. Evaluation Metrics: DSC is Dice Similarity Coefficient,
HD is Hausdorff Distance, MAD is Mean Absolute Distance, IoU is Intersection over Union, Pix.
Acc. is Pixel Accuracy, § Va is Absolute volume difference, § Vr is Relative volume difference,
and VD is Absolute Volumetric Difference

It is worth mentioning that to get an estimation of the CVS volume, clinicians usually obtain
various linear measurements manually from 2D images. However, this practice is imprecise
(since 3D information is missing), time-consuming, and operator dependent. Therefore, the
studies reviewed here mainly aimined to improve the accuracy and reduce the time required
to perform manual segmentation by automating this task and therefore paving the way for
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obtaining clinical measurements automatically. Some of the reviewed studies were also aiming
to improve the performance of automatic segmentation by utilizing 3D information, which may
result in more accurate and representative volumetric clinical measurements.

In 2018 Martin et al. [10] extended CVS volume estimation to 3D. They used a 2D UNet to first
segment 2D angular image sequence. Then they propose an algorithm for 3D reconstruction to
reconstruct 3D segmentation. This method can significantly reduce the extensive computation
cost and memory requirement of 3D processing. A limitation of this study is the small dataset,
which affects the ability of the model to generalize.

Wang et al. [37] proposed a CNN that combines the advantages of both UNet and SegNet
architectures to segment lateral ventricles from 2D US. The proposed network consists of two
components: a pre-trained DenseNet as the encoder to extract deep features, and a multi-
scale decoder that first applys pooling of the feature maps (resulted from the encoder) into
four different sizes and then applies a series of transposed convolutions to transform lower
dimensional feature maps into higher ones in steps. Moreover, the output of each transposed
convolution is concatenated with existing feature maps of the same size and then fed into the
next transposed convolution.

Since the resolution of small features is gradually lost along the deeper layers of a CNN, the
resulting coarse features can miss the details of small structures. This leads to poor performance
of traditional CNN architectures in segmenting small anatomical structures (as in the case
of normal ventricles for example). To address that, Valanarasu et al. [38] propose a network
(Confidence-guided Brain Anatomy Segmentation-CBAS), where segmentation and correspond-
ing confidence maps are estimated at different scales. Aleatoric uncertainty is computed as the
confidence scores to indicate how confident the CBAS network is about the segmentation output.
This allows CBAS to learn how to differentiate regions with higher error (low confidence score)
and therefore focus more on those regions in subsequent layers and block the propagation of
error while computing the segmentation output.

Tabrizi et al. [39] proposed a method to segment lateral ventricles from 2D US images. The
proposed method integrates anatomical information into a CNN by defining a new weighted
loss function and an image-specific adaption. First, a deep CNN was used to detect the cranium
and brain interhemispheric fissure to estimate the anatomical position of ventricles and correct
the cranium rotation. Then, lateral ventricles were segmented using a CNN with a similar
structure to that of a 2D UNet. The CNN learning was integrated with a prior model of the
lateral ventricles through a probabilistic atlas-based weighted loss function and an image-
specific adaption. Moreover, the authors performed posthemorrhagic hydrocephalus (PHH)
outcome prediction (necessity of intervention) using a support vector machine classifier that
was trained on ventricular morphology and clinical parameters. The segmentation performance
was affected by the unclear boundaries caused by the build-up of hemorrhage pressure, but
this is a challenge that experts also experience when doing manual segmentation. Regarding
PHH output prediction, although the prediction performance was good, the features used were
hand-crafted and based on 2D measurements. We believe that 3D features learned by the DL
model may improve the PHH output prediction accuracy.

Gontard et al. [40] utilized a pre-trained SegNet model based on VGG16 to obtain 3D ven-
tricular segmentation from 2D thickened sagittal slices (i.e. 3 consecutive slices). After that 3D
ventricular volumes were estimated using the segmented 2D slices.
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Martin et al. [41] utilized both V-Net and UNet (for both 2D and 3D images) to estimate
CVS volume in a dataset including both normal and dilated ventricles. Moreover, the use of a
Compositional Pattern Producing Network (CPPN) was proposed to enable the CNNs to learn
spatial information about the CVS location. Their results showed a comparative performance
for both V-Net and UNet, with V-Net being slightly better (especially in segmenting normal
ventricles). They also reported that CPPN increased the accuracy of the CNNs when having
fewer layers. It would be interesting to investigate the benefits of the CPPN for multi-structural
brain segmentation. Results reported in this study show that a 3D architecture is overall more
accurate for this task. Nevertheless, a 2D architecture was as accurate as a 3D architecture for
segmenting dilated ventricles. Moreover, it was shown that a 2D architecture enables to perform
the segmentations in clinical time with hardware that requires fewer memory resources and
therefore may be preferable to a 3D architecture in a clinical context.

To address the issue of poor segmentation of smaller structures and boundary regions in
medical image segmentation in general, Valanarasu et al. [42] proposed an architecture (KiUNet)
that consists of two branches. The first branch is an overcomplete convolutional network (Kite-
Net) which learns to capture fine details and accurate edges of the input by projecting the input
image into a higher dimension such that the receptive field is being constrained from increasing
in the deep layers of the network. The second part is a UNet which learns high-level features. A
cross-residual fusion strategy was proposed to combine the features across the two branches.
Moreover, the architecture was proposed in both 2D and 3D settings, and a Res-KiUNet and a
Dense-KiUNet architectures where also proposed for improving the learning of the network,
where residual connections and dense blocks are utilized. Finally, the proposed method was
tested on 5 different datasets of different medical image applications and modalities, including
lateral ventricles from US, and was proved to generalize well to different modalities.

Nevertheless, only one metric was used for evaluation in [42], that is the Dice Similarity
Coefficient (DSC), which might not be very indicative of the improvement in segmentation
unless the segmented structure is small. For instance, dice values for US ventricular segmentation
dataset were not significantly improved compared to other methods reported in this study, which
is expected since dilated ventricles are not very small structures (compared to tumors datasets
for example where improvement was reported to be clearer). Therefore, other metrics might also
be more useful for showing the improvement in segmenting ventricle boundaries. Also, it would
be interesting to test this method on 3D ventricles segmentation and use volumetric metrics to
evaluate the performance, since volumetric measurements might be more susceptible to slight
improvements in segmenting the surface or boundaries. Another contribution of this work
is that the network’s memory requirements are less while maintaining decent performance.
However, it would be interesting to compare with a deeper KiUNet that is as deep as the UNet
they compared with.

To address the limitations of 2D US, Szentimrey et al. [43] developed a method to segment
lateral ventricles from 3D US images using a 3D UNet ensemble model composed of three UNet
variants. Each variant highlights various aspects of the segmentation task such as the shape
and boundary of the ventricles. The ensemble is made of a UNet++, attention UNet, and UNet
with a DL-based shape prior combined using a mean voting strategy. The UNet++ has more
skip connections compared to the basic UNet, to allow for a more flexible fusion of feature
maps at the decoder pathway and make the semantic maps between the encoder and decoder
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more similar which is believed to make the learning task easier for the optimizer and either
improve the speed and/or performance of the model. The attention UNet incorporates attention
gates to improve the ventricle surface segmentation boundary (which is challenging in US
images) by improving the sensitivity to foreground voxels while adding minimal complexity to
the model. The UNet with a DL-based shape prior utilizes a shape prior loss function to add
surface regularization by conforming the predicted ventricle shape to that of the ground truth
segmentation.

Even though incorporating shape prior resulted in improving the segmentation of ventricles
according to [43], it might not be the case if an unseen test image has a unique ventricle shape
not captured in the training data, which is likely to happen because ventricles might have
several deformations. Another limitation is that the ensemble model is computationally heavy,
especially due to the UNet++ model. Therefore, GPU resources are required even during test
time, which might not always be available at healthcare points. Moreover, the ventricles were
manually annotated on the sagittal plane every 1mm such that slices between each manual
contour required interpolation, leading to possible inaccuracies of the ground truth volume.
On the other hand, they utilized bigger data compared to previous studies, and they included
scans with varying degrees of intraventricular hemorrhage and scans with only one ventricle
being visible due to the limited field of view. Several metrics were used for evaluating the
proposed method’s performance, including metrics that are clinically useful, especially absolute
volumetric difference (VD), which has been used for patients with PHVD to determine those
who need intervention [44].

All methods reviewed in this section seem to have good performance according to the
reported results (both in terms of accuracy and speed). Each method had its contributions and
limitations. However, it is worth mentioning that the comparability of methods, in this case,
is not straightforward since each method was developed using a different private dataset that
varies in the number of cases, image quality...etc. Moreover, in most cases, small datasets were
used, and it was not mentioned about the number of data resulting from Augmentation. This
becomes more of a problem in the case of training on 3D volumes. Therefore, we believe that
efforts are still needed to form large open datasets that will allow researchers to develop new
methods and compare them with others.

Another area that we believe needs to be further investigated is whether segmenting 3D
data would improve the performance. One would expect that incorporating 3D information
using 3D architectures would increase the accuracy of segmentation. Authors in [41] reported
comparative performance of both 2D and 3D architectures for segmenting dilated ventricles,
however, they used a small dataset.

Regarding the applicability of the proposed methods in clinical settings, memory, and com-
putational requirements are also important (besides the accuracy and speed). Even though
inference time was reported in most of these studies, it was not always mentioned whether the
developed methods can be used in machines with lower memory and computational resources,
or if they need special requirements. We believe that most of the proposed methods were
computationally heavy and therefore novel methods are still needed to tackle this issue.
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3. Challenges in US segmentation and Possible solutions

3.1. Limited availability of annotated data and Image Synthesis

One of the major problems in medical image analysis is the limited number of annotated data.
This is due to the difficulty of sharing patient data publicly and the difficulty of obtaining clinical
annotations since it is expensive and time-consuming.

However, most advanced research on automation of US analysis is based on supervised
learning which is strongly dependent on the access to open and considerable amounts of data,
acquired on different populations and with different operating conditions (and with different
US scanners). This leads to a lack of generalization and validation of the AI models. Moreover,
not having access to open large data makes it difficult to reproduce and compare the proposed
methods.

In this context, federated learning or data augmentation strategies are important for de-
veloping better algorithms. Moreover, novel image synthesis methods are proposed in the
literature to synthesize high-quality data that could be added to the training dataset. Generative
Adversarial Networks (GANSs) [45] and their variants are powerful architectures capable of
generating synthetic images to be used for training other networks, for example, UNet-based
networks. In addition, GANs are favored over traditional methods for handling data imbalance
[46] by synthesizing realistic-looking minority class samples, thereby balancing the class distri-
bution, and avoiding overfitting. GANs are being applied for generating 3D medical imaging
data [47], however, generating realistic-looking data samples in US neuroimaging is an open
research problem [48] and further research is required to improve and validate the quality of
the synthezised samples. Another challenge is that while using GANs in medical imaging to
synthesize new images solves the issue of limited available data, the problem of annotations
still exists in this setup. Therefore, novel methods are needed to synthesize annotations as
well. To tackle this issue, Valanarasu et al. [38] proposed a method for image synthesis using
multi-scale self-attention generator where 2D Cranial US images are synthesized directly from
manipulated segmentation masks (ventricle and septum pellucidi masks). Thus, there is no need
for annotation of the synthesized data.

Alternatively, data can be generated through the simulation of US images [49]. This is a field
largely unexplored in the context of neuroimaging. For example, we suggest that 3D models
of neonatal brain gyrification might be generated as in [50] and then used for simulating US
images using computing simulation toolboxes like MUST [51] or FIELD II [52].

3.2. Segmentation of other brain structures

MRI is used in neonatology to segment not only the lateral ventricles and external CSF but
also white matter, cortical gray matter, cerebellum, or brain stem [53]. US neuroimaging might
complement better MRI neuroimages if US data could provide information on other brain
structures. For example, most studies with US report measurements related only to ventricular
dilation but it would be more interesting to assess those measurements relative to the total
brain volume [19]. With appropriate data labeling US might also be used for the detection and
quantification of white matter injuries. Finally, the folding dynamics of the brain, occurring
mostly before normal-term birth, are vastly unknown. US might help to better understand this
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process by looking into the development of cortical sulci in infants. For instance, longitudinal
studies of the central brain sulcus could in principle be carried out with 3D US like it is done
with MRI [54].

3.3. Inherent US image limitations and Image preprocessing

US acquisition introduces noise in the signal, which corrupts the resulting image and affects
further processing steps, e.g., segmentation and quantitative analysis. US segmentation can
clearly benefit from the application of preprocessing methods for improving image quality
(denoising, deblurring, increasing resolution). DL is being applied to improve the resolution
and contrast-to-noise ratio of the reconstruction algorithms of the signal acquired with the
US sensors [55, 56]. And DL will certainly be very promising for US image enhancement and
denoising using super-resolution methods [57, 58].

3.4. Novel Al architectures

The aforementioned encoder-decoder CNN architectures achieved state-of-the-art performance
in medical imaging segmentation. UNet, has become the de-facto standard and achieved
tremendous success. However, due to the intrinsic locality of convolution operations, UNet
generally demonstrates limitations in explicitly modeling long-range dependency (i.e., they
lack focus in extracting low-level features) since the networks are built to be deeper and hence
more high-level features get extracted. As a result, they fail in providing a good segmentation
of small structures with blurred boundaries, which is the case with US image segmentation.
This implies the need for novel architectures or variants.

GANs for example are explored for image segmentation using image transfer methods
[45]. And Transformers, designed for sequence-to-sequence prediction, with innate global
self-attention mechanisms, have emerged strongly as alternative architectures [59] to Encoder-
Decoder architectures for medical image segmentation. To name some recent examples, Tran-
sUNet [60] merits both Transformers and UNet CNNs, UNetFormer [61] increases the effi-
ciency of conventional UNet architectures, and MedFormer can generalize to different medical
domains[62].

4. Conclusions

DL has meant a change of paradigm in medical imaging analysis, and new techniques and
architectures are in continuous development which will certainly impact US imaging and
analysis. Synthetic data generation, transformers, and super-resolution methods can help to
overcome some limitations of US image analysis with respect to MRI.

Automatic methods that yield reliable 3D measurements of the ventricles are expected
to provide a more accurate assessment of preterm neonates’ ventricles and other cerebral
structures, which can improve the monitoring and treatment decisions of preterm born infants.
Overall, the studies reviewed in this review demonstrate the possibility of achieving an accurate
segmentation of preterm neonates’ CVS in a clinical time in 3D US images and therefore pave
the way to prove the clinical benefits of 3D US in monitoring cerebral structures of preterm
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neonates, not only for CVS dilation but also for brain growth, sulci formation or detection of
white matter injuries.

In the future, studies that compare volumetric measurements obtained from both US and
MRI are needed, to show whether the measurements obtained from 3D US can be competitive
with those obtained from MRI. Moreover, models utilizing both US and MRI can be developed
to study whether both modalities contain complementary information that could help improve
the accuracy.

Another important future direction is automatic outcome prediction based on automatic
ventricular segmentation and measurements, this can include predicting the progression of PHH
which offers an opportunity for early interventions to improve outcome [39]. Developing Al
tools that combine measurements of other cerebral structures, like those related to White Matter
damage or Sulci malformation, can also be used to predict the long-term outcome of preterm
infants and the probability of them developing neurodevelopmental impairments. To the best
of our knowledge, this has not been achieved yet, but with the continuous developments of
methods in this field, this can be achieved in the following few years.
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