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Introduction
Hemophilia is an X-linked inherited blood coagulation disorder, 
affecting approximately 1 in 5000 to 25 000 live male births.1 It 
is caused by the presence of a defective copy of the coagulation 
factor VIII (hemophilia A) or the coagulation factor IX (hemo-
philia B). In turn, these defective genes synthesize a partially 
functional or nonfunctional protein, resulting in a missing com-
ponent in the precisely orchestrated coagulation cascade.

Although it is a relatively rare disorder, research in hemo-
philia is intense. Several groups are working to uncover the 
fundamental aspects of coagulation factor biology,2,3 improve 
patient care,4 develop physiotherapy programs,5 improve ther-
apeutics,6 and advance gene therapies.7 In all, hemophilia 
research encompasses all areas of biomedical research.

As in other fields, the main channels used by hemophilia 
researchers to communicate their findings are the peer-
reviewed scientific journals in English. Due to the transition 
from printed to the electronic form, the number of scientific 
journals and articles increased dramatically in the last 2 to 3 
decades. Thus, even considering only hemophilia research, it is 
already difficult for professionals to stay up-to-date with all the 
latest findings. Similar to other hematological disorders, this 
trend points to a near future where it will be unfeasible for 
humans to read all published studies.

In other areas, researchers started addressing this issue by cre-
ating automatic text summaries,8 classifying studies according to 

its contents,9 recommending articles based on reading records,10 
and notably, making automatic discoveries by connecting dis-
persed factual information.11 For hemophilia research, in par-
ticular, these applications are still lacking.

In this study, we gave the first step in this direction by devel-
oping a computational framework that maps the knowledge 
accumulated in hemophilia research in the last 60 years. First, 
we created a network where the nodes represent the hemo-
philia researchers, and 2 nodes are connected if they co-
authored a manuscript. In previous studies, coauthorship 
networks proved itself useful to reveal meaningful patterns of 
scientific collaboration,12 as well as serve as a historical record 
for future generations.13

We used this hemophilia coauthorship network to automat-
ically find groups of authors (ie, clusters), who have collabo-
rated systematically for many years. We used this information 
as input for text mining algorithms and found that even with 
minimum processing, it is already possible to automatically 
identify the topics representing the essence of the work per-
formed by each group.

Thus, the contribution of this study in the short term is that 
it helps researchers to visualize and identify potential competi-
tor and collaborator groups, and in the long term, the compu-
tational methodology introduced here paves the way for the 
development of automatic knowledge curation and discovery 
systems that are tailor-made for hemophilia research.
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Materials and Methods
The hemophilia literature corpus

We searched the PubMed database on February 4, 2022, using 
the following terms (“hemophilia B” [Title/Abstract] OR 
“hemophilia B” [Title/Abstract] OR “haemophilia A” [Title/
Abstract] OR “hemophilia A” [Title/Abstract] OR “FVIII” 
[Title/Abstract] OR “factor VIII” [Title/Abstract] OR “factor 
IX” [Title/Abstract] OR “factor VIIIa” [Title/Abstract] OR 
“factor IXa” [Title/Abstract]) NOT (“von willebrand disease”). 
We considered only articles that had an English abstract avail-
able. In total, this returned ~20 600 abstracts.

We downloaded all abstracts in the Medline format and 
processed them by in-house scripts to extract the abstract text 
and the authors.

Extracting author names to build a network

We extracted the author names from each abstract record using 
Python scripts and the Biopython package.14 We considered 
only articles with more than one author. Next, we built an 
undirected graph where the nodes represent the authors and 
created an edge between 2 nodes if they co-authored a manu-
script. The weight on each edge is the number of manuscripts 
co-authored by the 2 authors. Moreover, we considered sym-
metrical edges, meaning that A-B is the same as B-A. We 
pruned the complete network by leaving only authors with 2 or 
more publications related to hemophilia (Supplementary Table 
1 has the complete network).

Network processing and visualization

To calculate the centrality measures of the coauthorship net-
work, we used the R statistical package (www.r-project.org) 
and the iGraph package.15 We used its functions to calculate 
the degree, betweenness, closeness, Burt’s constraint, author-
ity score, PageRank-like, and Kcore, with their standard 
parameters.

We visualized the network and prepared the manuscript fig-
ures using Cytoscape16 version 3.8.

SPICi for f inding clusters and text processing

To find clusters of authors in the coauthorship network, we 
used SPICi,17 with the parameters [-s 3 -d 0.1 -g 0.4]. All 
clusters are available in Supplementary Table 4.

For each cluster, we selected the manuscripts authored by at 
least 3 of the authors who are members of the given cluster. We 
considered only clusters that had at least 3 representative stud-
ies. Next, we concatenated the abstracts from the selected man-
uscripts and processed them to combine plurals (eg, inhibitors 
and inhibitor) and removed words and synonyms that are com-
mon in hemophilia (eg, “hemophilia,” “hemophilia,” “FVIII,” 
“factor,” “FIX”).

Finally, we used an online server to process and depict the 
contents of the corpus containing the abstracts from each 
author-cluster (https://www.wordclouds.com/).

Prediction of the number of manuscripts to be 
published in the future

The prediction of the number of papers published annually in 
this area was performed using an ARIMA model, available in 
the statsmodels package,18 version 0.13.1, which describes the 
time series behavior by combining 3 different methods. We 
used the R statistical package version 3.4 (www.r-project.
orgwww.r-project.org) and Python version 3.6.9 (https://www.
python.org/).

Code and data availability

The source code and the datasets used in the study are available 
at https://github.com/madlopes/Hem-AuthNet.

Results
Properties of the hemophilia authorship network

The representation of information as a network is a convenient 
way to depict a relationship between entities. To build a coau-
thorship network of hemophilia studies, we queried the 
PubMed database using a carefully built search term with sev-
eral synonyms and aimed to include abstracts genuinely related 
to hemophilia while excluding articles that only occasionally 
mentioned terms from this field (see Methods). We down-
loaded a set of more than 20 000 textual abstracts in English, 
covering the period of 1960-2022.

Next, we created an undirected graph, where the nodes are 
the manuscript authors, and 2 nodes are connected by an edge 
if they co-authored at least 1 manuscript. In this network, the 
weights of the edges are the number of studies that the 2 
researchers co-authored.

This approach yielded a network with more than 54 000 
nodes and 305 000 edges. Upon closer inspection, we noticed 
that this network was too large to be processed using current 
algorithms, and several authors had only a single publication in 
the field; therefore, we pruned the network by including only 
authors with 2 or more publications related to hemophilia. In 
the end, our coauthorship network had 14 767 nodes and 
117 257, and retained only the authors who made a continuous 
contribution to the field; we termed this network Hem-AuthNet 
(Supplementary Table 1).

In general, the Hem-AuthNet is a very dense and compact 
network, as evidenced by its more than 14 000 nodes con-
nected and forming a very large central component (Figure 
1A). Moreover, given its diameter, we found that the number 
of intermediates between any 2 researchers consistently work-
ing in this field is at most 15. Although Hem-AuthNet does 
not take into account the time component (ie, some studies 
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were published decades apart), the presence of a large central 
component and the possibility of reaching all nodes with a 
small number of steps indicate that hemophilia is a highly col-
laborative field, likely due to the rarity of this disease and the 
small number of groups actively working on it.

Next, we investigated the connectivity properties of all authors 
in this network, namely, what kind of position they occupy within 
the hemophilia research landscape. For this purpose, we calcu-
lated several centrality measures of the Hem-AuthNet nodes; 
however, given the strong correlation that these measures dis-
played to each other, we found that only 2 measures sufficed 
(Figure 1B). Thus, for this analysis, we used the degree (how 
many connections a node has) and the betweenness (to what 
extent a node serves as a bridge to groups that otherwise would 
not be connected) (Figure 1C). We found that while most nodes 
make only a few connections, a few nodes have several dozen 
connections, for instance, among the most connected authors, 
~100 co-authored manuscripts with more than 150 researchers. 
Moreover, the broad betweenness distribution displayed in Figure 
1D indicates that while some authors co-authored studies only 
with their immediate contacts, other authors served as “bridges” 
between different groups and most likely participated in large 
multidisciplinary studies. Interestingly, the distribution of these 

centrality measures is analogous to the properties exhibited by 
networks of a completely different nature, like the population size 
of cities19 and the magnitude of earthquakes.20

Finally, we wondered what are the most central nodes in the 
whole Hem-AuthNet. To answer this question, we consider both 
the degree and the betweenness measures in conjunction (top 1% 
in both) and found that at least 108 authors filled this criteria 
(Supplementary Table 3); with their publication records com-
bined, these authors have published more than 1000 manuscripts, 
have collaborated with thousands of researchers, and have a career 
spanning several decades (Supplementary Tables 2 and 3).

Taken together, these results indicate that Hem-AuthNet 
automatically identifies emerging authorship patterns in the 
hemophilia scientific literature. This approach offers a method to 
quickly identify the most prolific authors, their position within 
their collaboration network, and encode these patterns digitally, 
in a format that can be used for further in silico analyses.

Characterizing clusters of collaborators and their work

After studying the network characteristics of individual 
authors, we wondered about the properties that can be derived 
from groups of authors. For this purpose, we used a network 

Figure 1.  (A) In the hemophilia coauthorship network, each node represents an author and 2 authors are connected by an edge if they are listed as 

co-authors in a manuscript. The node diameter is proportional to the number of studies that each author published in 1960-2021. The color shade of the 

edges indicates the number of manuscripts co-authored by 2 researchers. (B) The Spearman correlation between the centrality measures derived from 

the pruned Hem-AuthNet. Burts’ constraint is represented as 1/value to yield a positive correlation with the other measures. (C) In this network, high-

degree nodes represent the authors who co-authored studies with several other researchers, whereas low-degree nodes represent those who 

collaborated with only a few others. High-betweenness nodes are those who served as a “bridge” between groups that would have no connection 

otherwise; on the contrary, low-betweenness nodes are the members of groups where most members are connected directly to each other. (D) While the 

vast majority of researchers in the Hem-AuthNet co-authored manuscripts with less than ~20 other researchers, a few of them served as the “hubs” of the 

network (ie, high-degree and high-betweenness).

PR-like, PageRank-like.
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processing algorithm to identify clusters in the Hem-AuthNet—
namely, groups of authors who have collaborated and published 
numerous hemophilia studies together.

In total, we found 25 clusters with sizes ranging from 3 to 
15 authors (Figure 2; Supplementary Table 4). Although 
hemophilia researchers sporadically participate in studies 
involving several groups, our cluster detection algorithm iden-
tified the main network of each researcher—namely, the group 
of collaborators with whom they produced most of their stud-
ies. Interestingly, the clusters we found were marked by the 
presence of 1 or 2 senior authors and by several junior mem-
bers. As Figure 2 depicts, the senior authors are easily distin-
guished by the node sizes, reflecting their number of 
publications. Moreover, it is clear that while most senior 
authors have close, persistent collaborations with only a few 
other researchers, most of the collaborations are only transient 
(Figure 1; Supplementary Table 1), probably due to the struc-
ture of most modern academic institutions.

Next, we used text mining algorithms to automatically ana-
lyze and determine the research specialties in the body of sci-
entific work produced by the members of each cluster. For this 
purpose, we processed the ~20 000 manuscript abstracts related 
to hemophilia and selected those that had at least 3 authors 
from each cluster. In these texts, we found that its terms and 
sentences could readily identify the research interests from 
each group. As shown in Figure 3, these algorithms accurately 
found the groups working on the development of emici-
zumab,21 the bispecific antibody for hemophilia A prophylaxis 
(cluster 2), patient care (cluster 3), gene therapy (cluster 5), and 
inhibitor development (cluster 9), demonstrating that even 
with minimal processing and using only a handful of abstracts 
per group, the research topics in hemophilia are so specific that 
they are surprisingly suitable for algorithmic analysis.

Evidently, the information captured and represented by the 
Hem-AuthNet platform is a “snapshot” of the hemophilia lit-
erature, and this field is undergoing a permanent increase in the 
number and variety of topics (until 2025, we predict it will 
reach more than 1000 studies per year, or 1 study every ~8 
hours; Supplementary Figure 1). In addition, we understand 
that the Hem-AuthNet layout and connectivity changes based 
on its input parameters, therefore, we took special care to make 
all datasets and source code available in a simple and intuitive 
format to enable the community to reproduce and extend our 
findings (see Data availability).

In summary, these results demonstrate the feasibility of rep-
resenting the hemophilia research landscape as a network and 
show that this structure contains all information required for 
algorithms to reveal informative patterns and trends. Given the 
accelerating pace at which the hemophilia literature is growing, 
it is encouraging to verify that text mining techniques can 
promptly identify the research topics of each group based solely 
on the abstracts of their work.

Discussion
In this study, we created a comprehensive map spanning 6 dec-
ades of research in hemophilia (we named it the Hem-AuthNet). 
In this framework, we represented thousands of researchers, 
their collaborations, and the contents of their work. From a his-
torical perspective, this work is an appreciation of thousands of 
careers dedicated to understanding the details of this bleeding 
disorder; from a practical point of view, the computational meth-
ods presented here enable researchers to make sense of the cur-
rent vast hemophilia research landscape and to narrow down the 
scientific material that best aligns with their interests.

Even for a field with a scientific body of modest size 
(~20 000 articles), the complexity and number of authors 

Figure 2.  Using the Hem-AuthNet as input to a cluster-finding algorithm,17 we identified groups of researchers who co-authored several studies 

together over the years. Depicted are some of the representative clusters we found, and the node sizes are proportional to the number of studies 

published in the last 6 decades. While some clusters are tightly connected, indicating that most of their members appeared together as study authors, 

other clusters are less connected, suggesting more intermittent collaborations (the full network and the clusters are available in the Supplementary 

Material).
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Figure 3.  After automatically finding the most representative studies from each author-cluster (ie, the manuscripts with several authors from a given 

cluster), text mining techniques automatically captured the topics representing the essence of the research theme of each group. (A) Clinical studies and 

the novel therapeutics. (B) Topics related to gene therapy development and its underlying technologies. (C) Reports of mutation data and basic biology 

studies. (D) Studies related to the development of inhibitory antibodies and the immune system mechanisms.
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composing the Hem-AuthNet largely surpass the human 
capacity to derive meaningful patterns from this structure. The 
representation of scientific collaborations as a network is a con-
venient way to create a structure that can be explored by algo-
rithms. Our network analysis methods found that as in other 
research fields (eg, physics22), the hemophilia research network 
also has “hubs”—namely, the authors who collaborated with 
hundreds of researchers and published dozens of articles 
(Figure 1). Interestingly, some of these hub researchers also 
served as “connectors” between different research groups 
(Supplementary Table 3); given that academic groups are often 
highly specialized in a few techniques, these researchers prob-
ably played a pivotal role in facilitating the development of 
studies that would otherwise not be conducted. The impor-
tance of persons interfacing and connecting different groups is 
a recurrent topic in social science studies,23 and the Hem-
AuthNet framework was able to detect and quantify this phe-
nomenon in hemophilia research as well.

Interestingly, using the coauthorship network as input, we 
used graph analysis algorithms to find parts of the network 
that were strongly connected (ie, clusters). As in other net-
works derived from a variety of human activities,24 we 
observed that in the more than 20 clusters, some collabora-
tions were persistent and spanned several years, and others 
were only transient and sporadic (Figure 2). This is likely an 
emergent property of scientific collaboration networks, given 
that there is a small number of senior researchers, and a large 
number of junior members who undergo scientific training 
for only a few years.

Although it is important to visualize the connections made 
by the researchers working in the hemophilia field, it is essen-
tial to develop algorithms that make sense of their work. We 
found that using text mining techniques, we could identify the 
research topics representing the essence of each cluster—rang-
ing from clinical care to molecular biology and drug develop-
ment (Figure 3). This feature is particularly important because 
we predict that the literature related to hemophilia will increase 
dramatically (Supplementary Figure 1). Thus, it is important to 
create algorithms to automatically discover relevant content 
before researchers miss key studies due to the notorious infor-
mation overload that already affects other fields.25

In this sense, the research presented here opens interesting 
avenues for research. Perhaps the most exciting is the auto-
matic discovery of patterns and connections between factual 
data that are not apparent to humans. These powerful tech-
niques are already used to uncover the role of mutant genes in 
disease pathways,26,27 and to help synthesize novel materials 
that display notable physical properties.11 If applied to hemo-
philia research, we anticipate that these methods will foster 
even better clinical care, physiotherapy programs and help in 
the resolution of issues threatening hemophilia patients (eg, 
the development of inhibitory antibodies and events of intrac-
ranial hemorrhage).

Conclusions
In summary, the framework presented here accurately repre-
sents the work produced by a large collaboration network 
established by thousands of hemophilia researchers in the last 
6 decades. We expect that this system will facilitate knowledge 
discovery and will accelerate the development of superior treat-
ments for people living with hemophilia.
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