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A B S T R A C T   

This article reviews the development of research in the field of craniosynostosis from a bibliometric standpoint. 
Craniosynostosis is a malformation occurring during the early development of the skull, when one or more of the 
sutures close too early, causing problems with normal brain and skull growth. Research in this field has 
developed from early clinical case descriptions, to genetic discoveries responsible for the occurring malforma-
tions and onwards to developing sophisticated surgical treatment. In this article we describe these developments, 
zoom in on publication trends and characteristics and visualize developing networks and topic shifts in this 
research field.   

1. Introduction 

Craniosynostosis is a congenital condition that involves premature 
fusion of one or more of the cranial sutures. Different types of cranio-
synostosis are distinguished based on the affected suture and the 
resulting head shape. These types include scaphocephaly (sagittal syn-
ostosis), trigonocephaly (metopic synostosis), anterior plagiocephaly 
(unicoronal synostosis), brachycephaly (bicoronal synostosis) and pos-
terior plagiocephaly (lambdoid synostosis). Craniosynostosis can be 
associated with other clinical findings and thus be part of a syndrome 
(most commonly Apert, Crouzon, Muenke, Pfeiffer or Saethre-Chotzen). 
Primary treatment is surgical, following the pioneering work of Paul 
Tessier in the 1970’s, who was the founder of craniofacial surgery 
(Tessier, 1967). The early adopters trained with Tessier in Paris and 
dispersed craniofacial surgery around the world. 

Craniosynostosis is a rare disease. Research into this topic is scat-
tered around the world, linked to a handful experts on this subject. 
Because of this dispersal international collaboration is of great impor-
tance to this field, though this seems not always to come naturally. There 
is a need to map out the groups around the world that are occupied with 
research on craniosynostosis. Furthermore, it is crucial to have a good 

understanding on how a research field is evolving, which discoveries 
have been made so far and which topics of attention are currently 
gaining momentum. Lastly, funding for rare diseases is generally sparse, 
though the impact of research findings can be very significant for pa-
tients. A better understanding of funding sources and return-on- 
investment would be beneficial for the field. 

The challenges outlined above can be addressed by analysing bib-
liometric data available through online sources. In the Web of Science 
core collection, publications about this topic date back as far as 1975 
when the amount of clinical case descriptions about craniosynostosis 
began to rise (Foltz and Loeser, 1975; Giuffre et al., 1975; Hunter and 
Rudd, 1976, 1977). 

In this study we take a bibliometric approach to present an overview 
of the development of craniosynostosis research and describe the current 
state of the field. A recent article by Elarjani et al. (2021) already sheds 
light on publication trends and topic development in this field, focusing 
on the most highly cited papers on this topic. Our review takes a more 
comprehensive approach by assessing the entire body of publications on 
this topic and by including different focal points. 
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2. Bibliographic overview 

For this study a search string was designed to find relevant publi-
cations for the field in the Web of Science Core Collection, one of the 
most used bibliographic databases. We chose this database because of 
(Tessier, 1967) the available metadata and the quality thereof (Foltz and 
Loeser, 1975), the option to analyze this set in InCites and (Giuffre et al., 
1975) the available data fields for export and further use in the network 
visualization software. There are however some implications to this 
choice: not all articles are indexed in the web of science core collection 
(especially the coverage of case reports seems to be lower), abstracts of 
publications are only included in this database since 1991, and also the 
proceedings papers are covered since 1990. We take these limitations 
into account when looking at the trends we find. 

The selected search terms are based on craniosynostosis and all 
relevant subtypes. The following string was used: TS=(Acrocephaly or 
Brachycephaly or Craniostenosis or Craniosynostosis or Craniosynostoses or 
“Lambdoid Synostosis” or “Metopic Synostosis” or Oxycephaly or “Sagittal 
Synostosis” or Scaphocephaly or “Synostotic Anterior Plagiocephaly” or 
“Synostotic Posterior Plagiocephaly” or Trigonocephaly or “Unilateral 
Coronal Synostosis” or “Apert syndrome” or “Crouzon syndrome” or 
“Muenke syndrome” or “Pfeiffer syndrome” or “Saethre-Chotzen 
syndrome”). 

The results that were subsequently returned were refined by only 
selecting full articles, reviews, editorials, proceedings papers and book 
chapters. Finally, ‘early access’ papers were excluded from the search for 
the reason that these have no publication year yet and therefore cannot 
be processed in the visualization tool used in the subsequent process. 
The search was executed on August 4th, 2020 and yielded 6698 
publications. 

The following analyses were made using the analysis function in Web 
of Science and online analysis tool InCites. The first figures shed light on 
the development of research based on output volume through time in 
different research areas. Fig. 1 shows the development of publication 
output on craniosynostosis over time. 

Though there have been publications prior to the 1970s (primarily 
clinical descriptions and case studies), output on this topic has picked up 
since 1975. Between the 70’s and 1990 there was a modest publication 
output on craniosynostosis. In the 90’s output gradually picked up and 
this trend is still developing up until now. We have to keep in mind here 
that the rising trend in the early nineties will have been influenced by 
the coverage of proceedings papers and the indexing of abstracts in the 
web of science database. But even so, publication numbers are signifi-
cantly rising over these years. In 2019 a record of 409 publications 
appeared on this topic. Further on in this article we will discuss topic 
attention and development within this field. 

To further analyze the rising publication trend, Figs. 2 and 3 show 
the development of publications and number of citations per five-year 
period for the ISI subject categories (a broad journal-based 

classification) in which publications on craniosynostosis have been 
published. These subject categories consist of a number of journals 
which have been assigned to them. All articles published in such a 
journal will be counted in the category a journal is published in. Some 
journal however operate on the cutting edge of two categories. In these 
case a journal can be assigned to two or even more categories. This also 
means that a publication, or citations will then be counted in both cat-
egories, which is relevant to take into account in looking at Figs. 2 and 3. 

Most publications appeared in journals assigned to the field of 
‘Surgery’, mainly describing surgical procedures and short-term results. 
In the 90’s there was a spike of papers in the category of ‘Genetics & 
Heredity’, related to the major discoveries in genetic research, and these 
papers have also been cited extremely well. This pinpoints that in this 
period the genetics behind the origin of craniosynostosis and the most 
common associated syndromes were described (Jabs et al., 1993; Wilkie, 
1997; Wilkie et al., 1995; Reardon et al., 1994; Muenke et al., 1994; 
Goos and Mathijssen, 2019; Bellus et al., 1996; Howard et al., 1997; El 
Ghouzzi et al., 1999). Because Genetics is a dynamic and interrelated 
field with a high volume publication culture, these papers are generally 
cited more frequently than specialist publications on rare disorders 
which are relevant for a smaller interest group with a less 
volume-oriented publication culture. Publication and citation numbers 
in ‘Surgery’ have been steeply increasing since around 2000. 

Fig. 4 shows the distribution of publications over the top journals in 
which articles on this subject are published, and the total amount of 
citations these publications have accumulated. 

The largest share of papers on this topic is published in the Journal of 
Craniofacial Surgery. The most citations however are accumulated by 
papers in the journal Plastic and Reconstructive Surgery, perhaps indica-
tive of larger readership or higher deemed quality standards. Further-
more, it is visible that publications in genetics journals also accumulate 
lots of citations. When not only looking at the top 10 journals based on 
their output it can be seen that the journals ‘Nature Genetics’ and 
‘American Journal of Human Genetics’ cover a large proportion of the 
total citations in this publication set, though the number of papers here 
is relatively low. This is consistent with the development of genetic 
discovery in the 90’s. 

Based on acknowledgements it is possible to analyze funders 
mentioned on publications. This information has however only been 
added and more systematically included in recent years. Figs. 5 and 6 
give an impression of the top 15 funders acknowledged since 2010, on a 
total of 10% of the publications in the set, and the distribution of cita-
tions over these publications. Note that the NIHR is the National Insti-
tute of Health Research in the UK. 

NIH is by far the most accredited funder of research in this field. 
Although EU and Wellcome Trust are not as frequently mentioned in this 
set, publications funded by these agencies are cited relatively often. 
Compared to the publication shares of respectively 2% and 6%, EU and 
Wellcome Trust publications accumulate 7% and 12% of the citations in 
the set. 

There seems to be no presence of industry or pharmaceutical com-
panies active in funding research in this field, consistent with surgery 
being the sole treatment option. In the UK the treatment of craniosy-
nostosis has been centralized, reducing the number of centers receiving 
remuneration from the NHS. This has created a clinical environment 
that has promoted expertise and facilitated related research. 

3. Network visualizations 

To further analyze the research field based on the publication set, we 
used the VOSviewer software (van Eck and Waltman, 2010) to visualize 
the development of research topics within the field through time, and 
the active research groups and institutions in the field. VOSviewer is 
freely available tool developed by the Center of Science and Technology 
studies of the Leiden University. VOSviewer creates networks based on 
co-author relations between authors or institutions in a publication set, Fig. 1. Development of publication output on craniosynostosis over time.  
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Fig. 2. Development of documents in top 5 ISI journal categories per five-year period.  

Fig. 3. Development of citations in top 5 ISI journal categories per five-year period.  

Fig. 4. Distribution of publications and citations in the most prominent journals in the field.  
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Fig. 5. Distribution of publications over the top 15 most acknowledged funders in craniosynostosis research since 2010.  

Fig. 6. Distribution of citations over top 15 most acknowledged funders in craniosynostosis research since 2010.  

Fig. 7. Map of most frequently used keywords in publications about craniosynostosis through time.  
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or maps the most frequently used keywords in the publications in the set. 
The size of the spheres in the visualizations reflects the size of the 
publication output of an author (no author position weighting is 
applied), an institution or the occurrence of a keyword. Lines between 
authors or institutions reflect co-authorships. The colors represent the 
scale visible in the bottom of the visualization. The positioning of au-
thors, institutions or keywords is based on the relations they share or the 
absence thereof. Keywords that are further apart do not occur together. 

In the first visualization (Fig. 7) we used keywords on the publica-
tions in the set to map topic attention in the field of craniosynostosis 
research. For this map a thesaurus was created to correct for different 
occurrences of the same keyword, and a threshold of 15 occurrences per 
keyword was chosen to appear in the visualization. 

The color scale reflects the average publication year of a keyword. 
Because this scale shows the average publication year it only goes up to 
2012, because the entire publication-set covers 1970–2020. Yellow 
colored terms occur in the entire set, but often have their focal point in 
more recent years (after 2012), whilst the blue colored terms were more 
frequently used in the years before 2004. There is a clear division in 
focus within the field. On the right side in the blue colors there are 
several syndromes associated with craniosynostosis which were 
described in the past. Moreover, the position of keywords such as genetic 
discoveries and mutations (right, blue), indicates the momentum of this 
research has passed. There is however some renewed interest around 
osteoblast differentiation in relation to osteogenesis and craniofacial 
development. 

The left side of the figure covers topics with a focal point in more 
recent years. Research has shifted towards a focus on improved di-
agnostics, imaging techniques, novel treatments and long-term effects. 
Sagittal synostosis has become more in focus because of the larger 
incidence making it more suitable for clinical outcome studies and 
following the introduction of minimal invasive surgery. Also, there is 

more attention for co-occurring issues for patients besides the deviating 
head shape. Long-term outcomes after growth and associated intracra-
nial problems such as brain pressure, hydrocephalus and intracranial 
volume are increasingly studied. 

The same visualization can be made with an overlay that shows the 
average normalized citations of publications in which certain keywords 
occur instead of the average publication year (Fig. 8). The colors shift 
compared to the average number of citations in this publication set, 
which is set to 1. The normalization includes a correction for publication 
year. 

Publications with keywords on the right side of the figure are rela-
tively more frequently cited than those on the left side. The more 
fundamental molecular and genetic research is cited more frequently 
because of the development of new diagnostics and the interrelatedness 
with other diseases for which these genetic discoveries also have been 
relevant. Within the left side of the figure there are some small clusters 
of yellow keywords which relate to neuro- and mental development as a 
consequence of craniosynostosis. 

Figs. 9 and 10 give insight into the researchers and groups that have 
been active in this research field through time. For this visualization a 
thesaurus was created to correct for authors with different name variants 
such as multiple initials. A threshold of 15 publications was chosen as a 
minimum number of publications by an author to be shown in the 
network (resulting in the inclusion of 165 authors). 

The visualization shows a network of the active authors in this field, 
with a color scale reflecting the average publication year of all publi-
cations of an author. The size of the spheres is indicative for the number 
of publications of an author, and the lines reflect co-authorships. 

Authors represented in blue have been primarily active in the past, 
the authors in green have been active for a longer time and probably still 
are, while authors in yellow have become more active in recent years. 
The network is strongly interconnected showing a field that is 

Fig. 8. Map of average normalized number of citations of most frequently used keywords in publications about craniosynostosis.  

R. Iping et al.                                                                                                                                                                                                                                    
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collaborative in nature. For these visualizations the choice was made 
only to include authors in the connected core, there are some active 
authors and groups that are not connected to the center of the network 
that also would meet the threshold of publications, but their number is 
very small. 

Some of the most prolific authors in this field based on their publi-
cation output are Dominque Renier, Daniel Marchac and Eric Arnaud 
(neurosurgery and plastic surgeons at Hôpital Necker Paris), Irene 
Mathijssen (plastic surgeon at Erasmus University Medical Center Rot-
terdam), Andrew Wilkie, Steven Wall and David Johnson (clinical 
geneticist and plastic surgeons at Oxford, UK), John Persing (plastic 
surgeon at Yale School of Medicine), Mark Mooney (oral biologist at the 
University of Pittsburgh), Michael Longaker (plastic surgeon at Stanford 
University School of Medicine), Scott Bartlett and Jesse Taylor (plastic 
surgeons at the Philadelphia Children’s Hospital), Michael Cunningham 
(pediatrician at Seattle Children’s Hospital), and John Mulliken (plastic 
surgeon at Harvard Medical School). 

Most authors and groups are active in plastic and reconstructive 
surgery and neurosurgery, and some focus on genetics. The network 
however shows that the disciplines generally collaborate very well 
together demonstrated by the frequent co-publications. 

Fig. 10 shows the same network but uses an overlay reflecting 
average normalized citations of publications from the different authors. 

The visualization is in line with the previous observation that in 
general genetics publications are more frequently cited. Additionally, 
some of the early clinical descriptions and treatments are cited 
frequently as ground work which further research has built upon. 

4. Discussion 

In this bibliographic overview we see that scientific attention to-
wards craniosynostosis started in the 1970’s, and accelerated during the 
90’s when the first genetic discoveries were made identifying the causes 

of craniosynostosis. These papers have rapidly received many citations 
not only because of their relevance for craniosynostosis but also for 
associated anomalies or diseases. The identified genetic factors for 
instance play a role in children suffering from impaired development, 
making the genetics papers relevant for multiple congenital anomalies 
through overlapping phenotype. Some of the developmental genes are 
also associated in oncology. All these factors explain the significant 
citation attention for the genetics papers in this field. 

The analysis of funders based on the acknowledgements in the papers 
shows that government funding is the primary financial source in this 
research field, especially in the USA. EU and UK funding is mentioned 
far less, although this research seems to be cited relatively often. Despite 
the seemingly limited amount of European funding, Europe-based re-
searchers are prominently present in the network. There is a significant 
lack of industry funding, related to the absence of medicinal treatments. 
Companies involved in manufacturing surgical materials or imaging 
instruments are however also absent, probably because the market is 
considered too small or not profitable. Craniosynostosis is a rare con-
dition and therefore University medical centers have an important re-
sponsibility in research on this topic. For rare diseases networks have 
been set up across Europe (European reference networks) to centralize 
and connect unique care and research. Given all this, and the prominent 
position of Europe-based researchers in the network, the lack of EU and 
government funding is remarkable, and a boost herein would appear to 
be a worthwhile investment, as the likelihood of obtaining funds via 
industry or disease-specific foundations are remote. 

The keyword-based maps show in more detail the shifting topical 
attention in this research field. Though genetics research is still ongoing, 
the focus has shifted towards improving (prenatal) diagnostics, the use 
of (3D) imaging techniques and novel surgical treatments. Also, long- 
term outcome of treatment and (neuro)development are emerging 
topics of interest, as well as quality of life of children growing up with 
craniosynostosis and associated problems such as obstructive sleep 

Fig. 9. Network of researchers and countries active in the field of craniosynostosis with their average publication year.  
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apnea and airway obstruction, given the accumulated experience in 
craniofacial surgery over nearly 50 years. Therapies with increased 
scientific attention are distraction osteogenesis and minimally invasive 
surgery. 

The author networks show that the most prolific experts in this 
research field are all connected through co-publications. There is a solid 
connection between experts from different backgrounds (surgical and 
genetics) working and publishing together to boost craniosynostosis 
research. The surgical groups are on the edges of the network and 
sometimes less connected to each other, although the connections be-
tween the surgical groups within the EU seem tight. Obstacles to inter-
national collaboration can arise from differences in regulations 
(medical-ethical), in outcomes measures (in definition and/or by how 
they are measured) and a lack of funding for broad international 
multicenter studies. 

The presented analyses give insight into the production of scientific 
output in this field, reflecting where expertise on this very specific topic 
can be found in the world. The used methodology can be widely applied 
but proves exceptionally suitable for mapping developments in rare 
diseases because of the limited size of these fields making it possible to 
visualize and analyze topics and networks in more detail. This infor-
mation can be relevant not only for the researchers themselves but also 
for funders, governments, insurance companies, patients and patient 
organizations. For the involved clinicians and researchers it sheds light 
on where more collaboration is needed and in which direction research 
is developing and which topics might hold promise for the (near) future. 
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