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Background: Neuroimaging plays a central role in the evaluation, treatment, and prognosis of neonates. 
In recent years, the exploration of the developing brain has been a major focus of research for researchers 
and clinicians. In this study, we conducted bibliometric and visualization analyses of the related studies in 
the field of neonatal magnetic resonance imaging (MRI) brain neuroimaging from the past 10 years, and 
summarized its research status, hotspots, and frontier development trends.
Methods: The Web of Science core collection database was used as the literature source from which to 
retrieve the relevant papers and reviews in the field of neonatal MRI brain neuroimaging published in the 
Science Citation Index-Expanded from 2013 to 2022. VOSviewer and CiteSpace were used to conduct 
bibliometric and visualization analyses of the annual publication volume, countries, institutions, journals, 
authors, co-cited literature, and the overall distribution of keywords.
Results: We retrieved 3,568 papers and reviews published from 2013 to 2022. The number of publications 
increased during this period. The United States (US) and the United Kingdom were the largest contributors, 
with the US receiving the highest H-index and number of citations. The institutions that published the most 
were the University of London and Harvard University. The research mainly focused on cerebral cortex, 
brain tissue, brain structure network, artificial intelligence algorithm, automatic image segmentation, and 
premature infants.
Conclusions: This study reveals the research status and hotspots of magnetic resonance imaging in the 
field of neonatal brain neuroimaging in the past decade, which helps researchers to better understand the 
research status, hotspots, and frontier development trends.

Keywords: Neonatal; magnetic resonance imaging (MRI); neuroimaging; bibliometrics; visualization analysis

Submitted Jun 16, 2023. Accepted for publication Nov 20, 2023. Published online Jan 02, 2024.

doi: 10.21037/qims-23-880

View this article at: https://dx.doi.org/10.21037/qims-23-880

1540

mailto:ery_zhangjing@lzu.edu.cn
https://crossmark.crossref.org/dialog/?doi=10.21037/qims-23-880


Quantitative Imaging in Medicine and Surgery, Vol 14, No 2 February 2024 1527

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(2):1526-1540 | https://dx.doi.org/10.21037/qims-23-880

Introduction

Neuroimaging plays a central role in the evaluation, 
treatment, and prognosis of neonates. In recent years, the 
exploration of the developing brain has been a major focus 
of research for researchers and clinicians, and magnetic 
resonance imaging (MRI) non-invasive neuroimaging 
methods in particular are critical in demonstrating the link 
between the brain and behavioral changes in neonates and 
infants (1,2). MRI not only indirectly reflects the complex 
dynamic processes observed at the molecular and cellular 
levels, but also provides information on brain morphology, 
structural connectivity, microstructural properties of gray 
and white matter, and brain functional structure (3-5).

Bibliometrics can be used to understand the frontier 
dynamics and development trend of the profession or 
research field of neuroimaging through the reading of 
professional literature, which will help researchers to 
predict the future research trend (6-11). Therefore, 
this study endeavored to use bibliometrics methods to 
statistically analyze the research status of neonatal MRI 
brain neuroimaging in the past decade, and to evaluate the 
research hotspot and current status in this field.

Methods

Data sources and search strategies

The Web of Science Core Collection (WoSCC) is widely 
used because of its ability to provide comprehensive and 
standardized datasets. In our study, the dataset was based 
on WoSCC literature retrieval from 2013 to 2022. Original 
articles and reviews written in English were included in the 
study. The search terms were as follows: (TS=[newborn OR 
neonate OR neonatal OR term infant full OR term infant 
normal OR term infant OR full-term baby OR premature 
infant OR preterm infant OR prematurity OR post-term 
infant]) AND (TS=[magnetic resonance imaging OR 
MRI OR neuroimaging OR functional neuroimaging OR 
functional magnetic resonance imaging OR functional MRI 
OR fMRI]) AND (TS=[brain OR cerebrum]). The inclusion 
criteria were as follows: (I) the literature dataset in this study 
was based on WoSCC search; (II) the time of literature 
retrieval was 2013–2022; (III) original papers and reviews 
written in English. The exclusion criteria were as follows: (I) 
non-English language; (II) articles that had been published 
online, meeting abstracts, editorial materials, proceedings 
papers, book chapters, letters, revisions, and republications. 
A total of 3,568 documents were finally collected, including 

3,206 articles and 362 reviews. Due to the rapid updating of 
the WoSCC database, data collected on different dates may 
lead to deviation of results. Therefore, all data in this paper 
were retrieved on the same day (16 January 2023). The 
retrieval flow chart of this study is shown in Figure 1.

Data collection 

First, we extracted the raw data from the WoSCC database. 
Detailed records were made of raw data information, 
including number of publications (Np), citations, year of 
publication, author, country/region, institution, H-index, 
references, journals, and keywords. Although inaccurate 
analysis may not have been completely avoided due to 
the same abbreviations being used by different authors or 
multiple versions of cited references, most of the raw data 
in our study is considered reliable. The data are analyzed 
using VOSviewer v.1.6.10 (Leiden University, Leiden, 
Netherlands; https://www.vosviewer.com/) and CiteSpace 
6.1.R6 (Drexel University, Philadelphia, PA, USA; http://
cluster.cis.drexel.edu/~cchen/citespace/).

Through the statistical analysis function of the WoS 
system, the annual Np, countries, journals, authors, 
institutions, and citations were quantitatively analyzed, and 
Excel software (Microsoft, Redmond, WA, USA) was used 
to draw charts. In addition, the relevant information of the 
above 3,568 documents from the WoSCC database was 
exported and saved in txt format. The cited literature and 
keywords were analyzed by CiteSpace software to clarify the 
research hotspots in different periods and future research 
trends.

Bibliometric analysis

The basic features of publications were retrieved using the 
intrinsic functions of WoSCC. The quantity and quality 
of research results were evaluated from the indicators such 
as the Np, citation frequency, and impact factors (IFs). In 
this study, Np was used to quantify yield, and number of 
citations (Nc) was used to show the impact. The Journal 
Citation Reports (JCR) partition and IF of journals are 
important indicators to evaluate the academic level of 
journals and the quality of papers. H-index, also known 
as h-factor, is a new method for evaluating academic 
achievement: “h” represents “high citations”. The H-index 
of a researcher means that at most h papers of his are 
cited at least h times. The H-index can accurately reflect 
a person’s academic achievement. The higher a person’s 
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H-index, the greater the influence of his paper. Global 
Citation Score (GCS) is the Nc of an article in the world. 
A high GCS of an article indicates that the related field is 
much concerned by global scientists.

Taking time (year) as the independent variable and the 
number of documents as the dependent variable, the number 
of documents and the annual Np were predicted by the fitting 
curve, so as to reflect the change of annual publication volume. 
In this study, VOSviewer and CiteSpace software were used 
to construct bibliometric maps to obtain more comprehensive 
results according to co-occurrence and co-citation (12,13). 
VOSviewer v.1.6.10 was used to construct and visualize a 

bibliometric network diagram. In this study, VOSviewer was 
used for co-occurrence analysis, whereby the size of the node 
represents Np, the thickness of the line represents the strength 
of the relationship, and the color of the node represents 
different clusters or periods. CiteSpace uses cluster analysis, 
timeline or time zone view, references, keyword citation bursts, 
and other methods to visually evaluate knowledge fields and 
development trends. Cluster analysis can classify references 
and keywords in order to find research topics and explore new 
research trends in recent years.

Results

Analysis of global publications

A total of 3,568 documents published from 2013 to 2022 
were retrieved. All the included literature were in English, 
including 3,206 articles and 362 reviews. The retrieval flow 
chart is displayed in Figure 1. The total Nc was 50,331, the 
average Nc per paper was 18.24, and the H-index of all 
publications was 94.

Annual trend of publication quantity

The annual Np was correlated with the year of publication, 
and the correlation coefficient R2 reached 0.8883 (Figure 2). 
Np increased from 263 in 2013 to 453 in 2021, with Np 
reaching its peak in 2021. Annual Np generally maintained 

3,702 research identified from Web of Science

3,605 research identified

3,568 research identified

3,206 articles   362 reviews

Non-English 37

Published online 74; meeting abstract 49;  

editorial material 37; proceedings papers 21; 

book chapter 10; letter 1; revise 4 ; republish 

1 (including duplicate publication)

Figure 1 Flow chart of this study.
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Figure 2 Curve fitting of publications’ overall yearly growth trend. 
Np, number of publications.
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an upward trend. A polynomial fitting curve showing the 
annual trend of publication is displayed in Figure 2.

Contributions of countries/regions

A total of 82 countries and regions had published related 
articles. The geographical distribution of the total number 
of articles included in the study across various countries and 
regions is shown in Figure 3A. Three quarters of the 3,568 
articles were from the top 10 countries. From 2013 to 2022, 
the top 10 countries in terms of annual publications of this 
research were the United States, the United Kingdom, 
Canada, the Netherlands, China, Italy, Australia, France, 
Germany, and Switzerland (Figure 3B), among which the 

United States published the most papers, followed by the 
United Kingdom and Canada.

According to the top 10 high-yield countries/regions in 
Np (Table 1), the United States ranked first with the most 
articles published (1,443/40.44%). The United Kingdom 
(444/12.44%) ranked second, and Canada (404/11.32%) 
ranked third. Articles published in the United States were 
cited 28,078 times, accounting for 55.79% of the total 
citations, followed by the United Kingdom (10,017 times), 
and Canada (8,738 times). In addition, the H-index of the 
United States is the highest [78], which was more than 3 
times that of China [23]. Germany and Switzerland had 
slightly lower Np, but their H-indexes, Nc, and average 
citations were higher than those of China.
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Figure 3 Publications statistics. (A) Geographical distribution of publications 2013–2022; (B) annual output trend of the top 10 productive 
countries on neonatal MRI brain neuroimaging research, from 2013–2022 (the size and colors of the circle represent the Np). MRI, 
magnetic resonance imaging; Np, number of publications.

Table 1 Top 10 most productive countries/regions

Rank Country Np Nc H-index AC

1 USA 1,443 28,078 78 22.26

2 England 444 10,017 54 25.15

3 Canada 404 8,738 47 23.08

4 Netherlands 284 6,434 42 24.45

5 China 268 2,455 23 9.65

6 Italy 222 3,328 29 15.35

7 Australia 206 4,871 37 25.33

8 France 194 3,703 32 19.77

9 Germany 175 3,333 30 19.8

10 Switzerland 165 4,139 34 26.12

Np, total number of publications; Nc, total number of citations; AC, average citations per item.
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Analysis of affiliations

The top 10 institutions with the highest Np related to 
this study are listed in Table 2. The University of London 
ranked first in terms of Np, followed by Harvard University 
and the University of Toronto. The Nc [6,909] and H-index 
[46] of the University of London were also the highest. The 
top 10 institutions are mostly from the United States and 
Canada.

Analysis of authors

The top 10 authors with the largest Np in this study are 
shown in Table 3. The top 10 authors with the most papers 
had published 775 papers between them, accounting for 
21.72% of the total papers. Benders and De Vries from the 
Netherlands ranked first and second in this research field, 
respectively, and they were followed by Inder of Harvard 
University in the US and Edwards of King’s College 

Table 2 The top 10 most productive affiliations

Rank Affiliations Country Np Nc H-index

1 University of London England 273 6,909 46

2 Harvard University USA 255 6,500 43

3 University of Toronto Canada 202 4,613 37

4 Utrecht University Netherlands 195 4,640 36

5 University Toronto Affiliates Canada 192 4,475 37

6 Utrecht University Medical Center Netherlands 188 4,631 36

7 University of California System USA 182 5,323 39

8 King's College London England 180 4,572 39

9 Hospital for Sick Children (SickKids) Canada 176 3,953 35

10 Harvard Medical School USA 165 3,877 35

Np, total number of publications; Nc, total number of citations.

Table 3 Top 10 authors with the most publications.

Rank Author Affiliations Country Np Nc H-index

1 Benders, Manon Utrecht University Netherlands 112 3,089 34

2 De Vries, Linda S Utrecht University Netherlands 103 3,134 33

3 Inder, Terrie E Harvard University USA 82 1,805 26

4 Edwards, Anthony C King’s College London England 82 2,892 32

5 Miller, Steven P University of Toronto Canada 75 2,693 29

6 Groenendaal, Floris Utrecht University Netherlands 75 2,267 31

7 Hajnal, Joseph V King’s College London England 69 2,038 26

8 Counsell, Serena King’s College London England 66 1,835 24

9 Doyle, Lex University of Melbourne Australia 57 2,043 26

10 Cheong, Jeanie L. Y. University of Melbourne Australia 54 1,028 20

Np, total number of publications; Nc, total number of citations 
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London in the UK. De Vries had the highest Nc [3,134]. 
Manon had the highest H-index [34]. This indicates that 
their research has attracted the attention of more scholars. 
The top 10 authors are mostly from the Netherlands and 
the United Kingdom.

Analysis of journals

Top 10 journals with the most published papers are listed 
in Table 4. NeuroImage published the most related articles 
(162, IF: 7.4), followed by Pediatric Research (133, IF: 3.953) 
and NeuroImage: Clinical (98, IF: 4.891). About 25.42% 
were retrieved from 10 journals (907/25.42%). All of these 
10 journals had a relatively high IF (defined as >3.000), and 
NeuroImage (IF: 7.4) had the highest Nc and H-index.

Analysis of article GCS

The annual GCS number of the top 10 publications is 
displayed in Figure 4. The article published by Moeskopsin 
in IEEE Transactions on Medical Imaging in 2016 ranked 
first, and the total GCS from 2016 to 2022 was 524. In 
this paper, an automatic segmentation method based on 
convolutional neural networks (CNN) for anatomical MR 
brain images is proposed, which can obtain both accurate 
segmentation details and spatial consistency. This method is 
applied to the segmentation of neonatal images at different  
ages (14). This study focuses on the early development 
of white matter, and reviews imaging studies of fetuses, 
neonates, and infants. Based on a variety of complementary 

imaging methods, it is possible to explore brain development 
at multiple levels, from brain structure development to 
infant movement and cognition (15). Congenital Zika virus 
syndrome is a new type of teratogenic disease. In recent 
years, the research on congenital Zika virus syndrome has 
been developing rapidly. A study showed that head sizes 
varied according to the intensity of Zika exposure in the 
birth cohort, with most suspected cases producing neonates 
with small heads (16). A large number of studies have 
shown that magnetic resonance spectroscopy (MRS) has 
become a clinical neuroimaging method, especially for the 
clinical evaluation of central nervous system diseases, such 
as brain tumors, neonatal and childhood diseases (hypoxic-
ischemic injury, inherited metabolic diseases, and traumatic 
brain injury), demyelinating diseases, and infectious 
brain injury, for which its clinical applications have been  
proven (17). Research has reviewed the use of behavioral 
and neuroimaging methods to assess the interaction 
between language and brain and cognitive processes. Babies 
born prematurely have a higher risk of cognitive and motor 
impairments than full-term babies. Early intervention 
in premature infants has a positive effect on cognitive 
and motor outcomes in infancy, with cognitive benefits 
continuing into preschool age (18).

Co-cited reference analysis

In bibliometrics, the research frontier represents the 
development status of a research field, and the citations 
of the research frontier articles constitute the discipline 

Table 4 The top 10 most published journals

Rank Journal Np Nc H-index IF 2021

1 NeuroImage 162 4,785 41 7.4

2 Pediatric Research 133 1,951 26 3.953

3 NeuroImage Clinical 98 1,690 24 4.891

4 PLoS One 94 1,950 26 3.752

5 Journal of Pediatrics 89 2,779 32 6.314

6 Cerebral Cortex 81 2,821 33 4.861

7 Pediatric Radiology 68 695 14 3.005

8 Scientific Reports 63 915 16 4.997

9 American Journal of Neuroradiology 60 863 17 4.966

10 Pediatric Neurology 59 767 17 4.21

Np, total number of publications; Nc, total number of citations; IF, impact factor.
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knowledge base of the research field. A total of 88,007 
documents were cited, and the minimum Nc for each was 
49. We selected 200 articles for co-citation analysis. The co-
cited literature was divided into different clusters by using 
different color nodes, as shown in Figure 5A. Figure 5A is a 
cluster diagram; the cluster was determined by VOSviewer 
software, which automatically classifies documents with 
similar research contents into 1 category according to the 
research content involved in the literature. Cluster 1, red, 
has 59 articles, mainly focusing on MRI studies on infants, 
premature delivery, neurodevelopmental imaging, cerebral 
cortex, and brain structural networks. Cluster 2, green, has 
58 articles, mainly focusing on neonatal brain development, 
severe brain injury, and impaired brain growth patterns. 
Cluster 3, blue, has 39 articles, mainly focusing on brain 
development diffusion tensor imaging (DTI), myelination, 
and white matter tract studies. Cluster 4, yellow, has 33 
articles, mainly focusing on the study of neurobehavioral 
abnormalities and MRI brain injury in hypothermia 
treatment of neonatal encephalopathy. Cluster 5, purple, 
has 11 articles, mainly focusing on premature infants and 
congenital heart disease (CHD) associated with the risk of 
brain damage and adverse neurodevelopmental outcomes, 
respectively. Figure 5B is a time diagram, illustrating the 

most typical references in terms of highlighted length, 
intensity, and time. As shown in Figure 5B, the 8 groups 
of documents that have been cited are “#0: diffusion 
imaging”, “#1: magnetic resonance imaging”, “#2: diffusion 
MRI”, “#3: functional connectivity”, “#4: segmentation”, 
“#5: periventricular leukomalacia”, “#6: congenital heart 
disease”, and “#7: hypothermia”. Figure 5C depicts the 
top 20 documents with the strongest citation prominence. 
Among them, Volpe et al. had the highest study intensity 
(40.01), mainly studying brain injury of premature infants 
with severe neurodevelopmental disorders (19). In recent 
years, Makropoulos et al., with a high intensity of research 
(26.11), focused on the use of structural MRI in the 
developing neonatal brain (20).

Research hotspots analysis

The keywords in the literature are highly condensed 
and summarize the content and theme of the literature. 
Therefore, through the research and analysis of hot 
keywords, we can better understand the relevant directions 
and hotspots of research in this field. Keywords in 3,568 
papers and abstracts were analyzed using CiteSpace and 
VOSviewer respectively. As shown in Figure 6A, during 
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A

B

C

Figure 5 Mapping based on co-cited references from neonatal MRI brain neuroimaging research. (A) Network diagram of co-cited 
references; (B) timeline view of cluster analysis; (C) top 20 co-cited references with strong occurrence bursts. The years between “Begin” 
and “End” represent the period when the reference was more influential. Years in light green mean that the reference has not yet appeared, 
years in dark green mean that the reference is less influential, and years in red mean that the reference is more influential. MRI, magnetic 
resonance imaging.
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the period from 2013 to 2022, 10,728 keywords were used, 
among which 196 keywords appeared more than 31 times. 
A total of 5 different color clusters were obtained according 
to the size, color, and line between the tags. Cluster 1, red, 
has 73 keywords, mainly focusing on brain structure, brain 
connectivity, brain development, and cognitive-related 
studies. Cluster 2, green, has 40 keywords, mainly focusing 
on the diagnosis, mechanism, and imaging manifestations 
of the disease. Cluster 3, blue, has 38 keywords, mainly 
focusing on the disease biomarker- and MRI-related studies 
of neonatal encephalopathy. Cluster 4, yellow, has 33 
keywords, mainly focusing on neonatal cranial nerve injury, 

clinical manifestations, and influencing factors at birth 
of premature infants. Cluster 5, purple, has 12 keywords, 
mainly focusing on cerebral nerve development in neonates 
with CHD. The size of tags in the co-occurrence knowledge 
map represents the frequency of keyword occurrence, 
whereby the larger the tag, the higher frequency of keyword 
occurrence; the lines between the tags represent the 
connection between the 2, whereby the closer the lines, the 
closer the connection, and the same color is clustered into 
the same category of the study.

As shown in Figure 6B, VOSviewer classified the colors 
of all keywords according to their average publication 

A

C D

B

Figure 6 The mapping on keywords of neonatal MRI brain neuroimaging research. (A) The 196 keywords that occurred more than 31 times 
were divided into 5 clusters by different colors. (B) Keywords visualization according to the APY. Yellow keywords appeared later than that 
in blue. (C) Timeline view of keywords cluster analysis. (D) Top 20 keywords with strong occurrence bursts. The years between “Begin” and 
“End” represent the period when the keyword was more influential. Years in light green mean that the keyword has not yet appeared, years 
in dark green mean that the keyword is less influential, and years in red mean that the keyword is more influential. MRI, magnetic resonance 
imaging; APY, average publication year.
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year (APY) and divided the colors of all keywords based 
on APY. The latest keyword is “neurodevelopmental” 
(Cluster 2, APY: 2,018.28), followed by “neuroimaging” 
(Cluster 2, APY: 2,018.47), and “brain development” 
(Cluster 1, APY: 2,017.74), all of which are associated 
with neurodevelopmental images of neonates. Further, 
“abnormalities” (Cluster 1, APY: 2,017.70) and “diffusion 
tensor imaging” (Cluster 1, APY: 2,017.33) represented hot 
points of concern in recent years. 

Keyword timeline view was used to gather statistics 
of keyword evolution with the year, and to construct a 
knowledge map. Through the analysis of the evolution 
of keywords with the change of years, we were able to 
understand the evolution of keywords hotspot and phase 
characteristics; through the comparison of the change 
of keywords in different time periods, we were able to 
better elucidate the current research frontier in this field.  
Figure 6C displays the clusters of keywords and identification 
of hotspots using CiteSpace. A total of 8 research hotspots 
were formed: “#0: hypoxic-ischemic encephalopathy”, “#1: 
functional connectivity”, “#2: premature infant”, “#3: white” 
matter, “#4: epilepsy”, “#5: pregnancy”, “#6: congenital 
heart disease”, and “#7: contrast-enhanced ultrasound”.

Keyword emergence refers to the frequency surge of 
keywords in a certain period of time. Keywords with high 
frequency change rate can be detected at corresponding 
time nodes, and the emerging research frontier keywords 
can be extracted and the keyword prominence year 
distribution map can be generated to analyze the research 
hotspots and frontiers in the current research field. In  
Figure 6D, the top 20 emergent keywords from 2013 
to 2022 are analyzed, in which the emergent keywords 
of “organization”, “thickness”, “young children”, and 
“prematurity” are with relatively high mutation intensity, 
which represent the research trends in recent years.

Discussion

Based on WoSCC database,  this  study conducted 
bibliometric analysis using VOSviewer and CiteSpace to 
discuss the hotspots and development trends of neonatal 
MRI brain neuroimaging research, and retrieved 3,568 
original articles and reviews published from 2013 to 2022. 
Overall, the number of published papers is gradually 
increasing. According to the polynomial fitting curve, 
the largest Np was in 2021, which indicates that with the 
passage of time, the development of this research has been 
on the rise, and the heat and depth of academic research 

have been increasing year by year. 
From 2013 to 2022, among the top 10 countries in 

terms of annual publications of this study, the United States 
published the most articles and ranked first, the United 
Kingdom ranked second, and Canada ranked third. The 
United States had more than 3 times as many publications 
as the United Kingdom or Canada. Articles published in 
the United States were cited 28,078 times, accounting 
for 55.79% of the total citations, followed by the United 
Kingdom and Canada. In addition, the US had the highest 
H-index [78], more than three times that of China [23]. 
The institution with the largest Np associated with this 
study was the University of London, which ranked first in 
Np, followed by Harvard University and the University of 
Toronto. The University of London also had the highest 
Nc and H-index, and most of the top 10 institutions were 
from the US and Canada. This shows that the United 
States and the United Kingdom have higher attention 
in this field, published most of the research in this field, 
and have good academic ability in this field. The journal 
that published the most related articles was NeuroImage, 
followed by Pediatric Research and NeuroImage: Clinical. 
About 25.42% of the documents were retrieved from 10 
journals, with a high IF. This indicates that these journals 
have published more research breakthroughs in this field, 
which also reminds researchers interested in this field to pay 
more attention to these journals. The article published by 
Moeskops in IEEE Transactions on Medical Imaging in 2016 
ranked first, and the total GCS was 524. The proposed 
automatic segmentation method for anatomical MR brain 
images based on multi-scale CNN can obtain both accurate 
segmentation details and spatial consistency. This method 
has been applied to the segmentation of neonatal images, 
young and old images at different ages, indicating that the 
automatic segmentation of brain tissue is the focus of most 
scholars (14). Further, imaging studies on early white matter 
development in fetuses, neonates, and infants are reviewed, 
based on a variety of complementary imaging methods that 
are able to explore brain development at multiple levels, 
from brain structural development to infant movement and  
cognition (15). In addition to normal development, these 
studies are critical to understanding the pathological 
mechanisms resulting from early brain abnormalities (e.g., 
genetic diseases, epilepsy, intellectual disability, learning 
disabilities) and to evaluating early interventions related 
to fetal conditions (e.g., growth restriction in utero, 
teratogenic exposure) or perinatal factors (e.g., premature 
birth, neonatal stroke). Behavioral and neuroimaging 
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methods can be used to assess the interaction between 
language and brain and cognitive processes (18).

Co-cited reference analysis emphasizes research closely 
related to specific fields. The co-cited literature co-display 
network map in Figure 5A shows that Cluster 1 mainly 
focuses on MRI research on infant, premature birth, 
developmental neuroimaging, cerebral cortex, and brain 
structural network, followed by MRI prediction on neural 
development, selection of new neonatal tissue segmentation 
model, and the modeling that supports new model of 
brain connectivity. For example, the disruption of network 
structure after hypoxic-ischemic injury in full-term infants, 
although less studied, may also directly affect the results. 
However, a direct link between changes in structural and 
functional connectivity patterns and task performance has 
not been proven in these populations. Future research 
must continue to focus on determining whether this 
relationship exists and determining its applicability in 
predicting outcomes in brain-damaged infants and other 
high-risk neonatal populations. Cluster 2 focuses primarily 
on neonatal brain development, studying severe brain 
injury and impaired brain growth patterns independently 
associated with perinatal risk factors and cognitive disability. 
Cluster 3 mainly focuses on DTI of brain development, 
myelination, and white matter tracts. Brain development 
depends on complex and intertwined pathological 
mechanisms, and the relationship between brain maturation 
and behavioral changes is unclear and requires non-invasive 
in vivo imaging studies such as MRI. It is important to 
understand early pathological mechanisms and to assess 
the influence of fetal or perinatal factors on later life. 
Brain development depends on complex and intertwined 
pathological mechanisms, and the relationship between 
brain maturation and behavioral changes is not well 
understood, requiring non-invasive in vivo imaging studies 
such as MRI to understand early pathological mechanisms 
and assess the impact of fetal or perinatal factors on later 
life. Cluster 4 mainly discusses the effects of hypothermia 
therapy on mortality, long-term neurodevelopmental 
disorders and clinically important side effects of neonatal 
encephalopathy, and neurobehavioral abnormalities and 
MRI brain injury in neonatal encephalopathy treated with 
hypothermia. Neonatal animal studies and preliminary 
human studies have shown that mild hypothermia following 
perinatal hypoxic-ischemia in newborns can reduce 
neurological sequelae without adverse effects. Cluster 5 
focuses on the risk of premature birth and CHD associated 
with brain damage and adverse neurodevelopmental 

outcomes, respectively. Cluster 1, cluster 2, and cluster 3 are 
closely related and connected, whereas cluster 4 and cluster 
5 are not very close. Based on atlas analysis, we found 
that most studies focused on neonatal brain development 
imaging and brain structural network connectivity 
studies. Sustained brain damage during the neonatal 
period may disrupt the development of key structural and 
functional connectivity networks, leading to subsequent 
neurodevelopmental disorders in affected newborns. These 
networks can be characterized by both structural [diffusion 
MRI (dMRI)] and functional [resting-state functional MRI 
(rs-fMRI)] neuroimaging techniques. Studies using diffuse 
MRI, rs-fMRI, and other complementary neuroimaging 
modalities to characterize structural and functional 
connectivity development in infants with brain injury.  
Figure 5B shows the time axis distribution of cluster analysis. 
“#1: magnetic resonance imaging” and “#2: diffusion MRI” 
are still the current research trends. The dMRI technique 
is the key to the study of early brain microstructure 
development abnormalities; it calculates information about 
cell integrity and tissue microstructure by applying gradient 
pulses of different parameters to measure micrometer-scale 
differences in the diffusion of water molecules. Therefore, 
we can carry out more exploration in this field of research 
in the future. Figure 5C cites the top 20 most prominent 
papers, in which Volpe et al. mainly study brain injury 
in premature infants with severe neurodevelopmental 
disorders, including severe cognitive deficits and motor 
impairments. This type of brain injury is generally thought 
to consist mainly of periventricular leukomalacia (PVL), 
which is often accompanied by neuron/axon disease. 
It affects the white matter of the brain, thalamus, basal 
ganglia, cerebral cortex, brainstem, and cerebellum. This 
review incorporates new insights into brain damage and 
brain development in human prematurity (19). Makropoulos 
et al. mainly studied structural MRI for developing neonatal 
brains. In recent years, various segmentation methods 
have been used to automatically delineate neonatal brain 
MRI. Different methods to evaluate segmentation accuracy 
and benchmarks have been used to improve the quality of 
segmentation, supporting the modeling of new model of 
brain connectivity (20).

Keywords are the extraction of literature research content 
and represent the theme of the article. When the frequency 
of a keyword is high, it reveals the distribution of the 
research as well as the hotspot and trend of the research. In 
addition, keyword analysis can determine when frequency-
changing keywords first appear in a node. As shown in 
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Figure 6A, the research fields mainly focus on neuroimaging 
research related to brain structure, brain connectivity, 
brain development, and cognition (21-24). As shown in 
Figure 6B, the latest keyword is “neurodevelopmental”, 
followed by “neuroimaging” and “brain development”, 
all of which are related to neurodevelopmental images 
of neonates. The maturation of brain microstructure is a 
long and complex process, generally lasting from the fetal 
period to adolescence. The cerebral cortex is composed of 
various neurons, glia, and a large number of nerve fibers 
entering and leaving the cortex, and the cerebral white 
matter is mainly composed of nerve fibers. Nerve fibers 
transmit and encode information by connecting neurons 
in different brain regions, and their integrity reflects the 
development and maturity of cerebral cortex. MRI not 
only indirectly reflects the complex dynamic processes 
observed at the molecular and cellular levels, but also 
provides information on brain morphology, structural 
connectivity, microstructure properties of gray and white 
matter, and functional structure of the brain. In addition, 
“abnormalities” and “diffusion tensor imaging” have 
been the focus of recent years, attracting the attention of 
interested scholars. Diffusion imaging applied to neonates 
provides information on tissue physiology (damage) and 
microstructure. Diffusion parameters vary during early brain 
development, reflecting underlying changes in white and 
gray matter microstructure. DTI can identify the movement 
of water molecules within tissues, reconstruct white matter 
fiber bundles, and provide high-resolution microstructures 
of brain tissue. The basic parameters of DTI, such as 
fractional anisotropy (FA) and mean diffusivity (MD), can 
reflect many important information of brain tissue, such 
as neuron density, fiber orientation diffusion, degree of 
myelination, free water content, and axon diameter. Early 
diffusion imaging can accurately indicate the extent and 
location of brain injury in full-term neonates with neonatal 
encephalopathy. In premature infants, abnormalities in 
white matter diffusion anisotropy reflect the extensive 
disruption of white matter development that accompanies 
premature birth (25-30). As shown in Figure 6C, “hypoxic-
ischemic encephalopathy”, “functional connectivity”, “white 
matter”, and “pregnancy” have also attracted scholars’ 
attention in the past 3 years. Although brain MRI has been 
considered the gold standard for detecting brain injury in 
preterm infants in recent years, neuroultrasound has clear 
advantages such as cost-effectiveness, diagnostic practicality, 
and convenience. Contrast-enhanced ultrasound (CEUS) 
is a valuable bedside imaging technique for qualitative and 

quantitative assessment of cerebral perfusion. The risk 
of hypoxic-ischemic injury, intraventricular hemorrhage, 
PVL, and hemorrhagic hydrocephalus is significantly 
higher in preterm infants, which is an important tool for 
diagnosis and monitoring of brain injury in preterm infants. 
Therefore, studies have used MRI as the reference standard 
to evaluate the feasibility, safety, and diagnostic value of 
transfontanel cerebral CEUS in newborns (31,32). As 
shown in Figure 6D, the top 20 keywords that appear most 
frequently have new research directions in different stages 
with the deepening of the research, and their influence and 
research activity deserve attention. From 2019 to 2022, 
the keywords were “organization” and “thickness”, which 
mainly focused on the study of brain tissue and cerebral 
cortex (33,34). These keywords represent a new research 
hotspot and trend in this field. Quantitative measurement of 
brain volume using structural MRI is helpful to evaluate the 
brain growth trajectory of children. The sulci, fold, surface 
area, and volume of the outer surface of the cerebral cortex 
will undergo complex changes during development, which 
can be used as markers of brain maturity. In the future, the 
field of neonatal neuroimaging will still be a hot topic for 
researchers to focus on. However, as the research focus of a 
field is constantly changing, researchers still need to explore 
new research fields and innovate to open up new paths and 
technical methods.

Multimodal MRI technology has played an important 
role in the study of neonatal neurodevelopment. Structural 
MRI, dMRI, MRS, fMRI, and so on, can provide structural, 
functional, and metabolic information for the evaluation 
of neonatal brain injury and brain development, and 
further explore its potential neuropathological mechanism. 
Although this study did not systematically analyze each 
category, it can be seen from the information extracted 
from the software cluster classification that each subtype 
is also interrelated. Based on a variety of complementary 
imaging methods, brain development can be explored at 
multiple levels, from brain structure development to infant 
motor and cognition. In addition to normal development, 
it is vital to understand the pathological mechanisms 
that result from early brain abnormalities such as genetic 
disorders, epilepsy, intellectual disability, and learning 
disabilities. In addition, considering the influence of 
neonatal growth and development factors, longitudinal 
MRI studies using multiple time points are more likely 
to elucidate the relationship between brain development 
and future neurocognitive outcomes. With the rapid 
development of artificial intelligence technology, the field 



Xu et al. Neonatal MRI brain neuroimaging research1538

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(2):1526-1540 | https://dx.doi.org/10.21037/qims-23-880

of neonates has ushered in the era of artificial intelligence. 
Artificial intelligence analyzes and learns data through 
logical thinking similar to that of the human brain, and 
constantly produces new algorithms and new models, which 
continuously improves its performance. At present, deep 
learning algorithms, especially convolutional networks, 
have achieved great success in the application of medical 
image analysis. There are studies that can predict the 
segmentation of infant brain tissue and neurodevelopmental 
disorders at the stage of equal intensity. For example, some 
studies have treated the brain structure connectome as 
a 2-dimensional image and applied the established deep 
CNN to learn the spatial and topological information of 
the brain connectome. In addition, using transfer learning 
techniques to mitigate the lack of training data, a transfer 
learning-enhanced CNN (TL-CNN) model was developed 
for early prediction of cognitive assessment of extremely 
preterm infants at age 2 using brain structural connectomes. 
With the continuous application of new algorithms based 
on large databases and machine learning, and the increasing 
cross-collaboration between doctors and professionals, MRI 
neuroimaging plays an important role in the assessment, 
detection, and characterization of a wide range of neonatal 
diseases (34-37). In addition, with the application of 
artificial intelligence in the field of neonates, the clinical 
data and image data of neonates will be more accurate and 
efficient, which is of great significance for the improvement 
of clinical precision treatment.

Limitations

Through bibliometric and visualization analysis of 
publications, we can to some extent understand the research 
hotspots and development trends in this field. However, 
there are some limitations to this study. First, only articles 
and reviews in English were included in the SCIE database 
that we retrieved. In addition, the different selection of 
search terms will also affect the search results. Second, our 
study excluded the most recent articles published in 2023. 
Therefore, there may be a delay in our research to some 
extent.

Conclusions

In this study, bibliometrics was used to analyze the literature 
on neonatal MRI brain neuroimaging in the past 10 years. 
At present, the research development of this field is on the 
rise. Especially, the United States and the United Kingdom 

have paid much attention to this field and published most 
of the research in this field. Neonatal neurodevelopment, 
brain structural network, cerebral cortex, DTI, and deep 
learning are currently hotspots of research. Our study can 
help researchers to better understand the research status, 
hotspots, and frontier development trends in this field from 
a macro perspective, and provide certain references for 
topic selection and research development direction in the 
future.
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