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Abstract. Finding relevant publications in the large and rapidly growing body
of biomedical literature is challenging. Search queries on PubMed often return
thousands of publications and it can be a tedious task to filter out irrelevant pub-
lications and choose a manageable set to read. We have developed a visual ana-
lytics system, named Bio-Jigsaw, which acts like a visual index on a document
collection and supports biologists in investigating and understanding connections
between biological entities. We apply natural language processing techniques to
identify biological entities such as genes and pathways and visualize connec-
tions among them via multiple representations. Connections are based on co-
occurrence in abstracts and also are drawn from ontologies or annotations in dig-
ital libraries. We demonstrate how Bio-Jigsaw can be used to analyze a PubMed
search query on a gene related to breast cancer resulting in over 1500 primary
papers.

Key words: Visual analytics, investigative analysis, entity identification, lan-
guage processing, biomedical literature.

1 Introduction

The emergence of biomedical technologies, such as microarrays, genome-wide associ-
ation studies, and methods exploiting low-cost sequencing, has made the simultaneous
observation of all gene products in a genome both easily accessible and routine. The
ability to assay biological systems at a genomic scale has enabled the collection and
documentation of biomedically relevant information at a level of unprecedented scale
and detail. The resulting explosion of knowledge contains information critical to the ad-
vancement of biomedical research and the understanding of human health and disorder.

While many aspects of this knowledge is captured in structured form within freely
available gene- and protein-centric databases (some 1,170 peer-reviewed databases were
cataloged in 2009 [7]), the PubMed bibliographic database housed at the National
Center for Biotechnology Information (NCBI) at the National Library of Medicine
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(NLM), remains the largest, most comprehensive source of biomedically important
knowledge [20]. Peer-reviewed biomedical literature is not only the richest and most
reliable of data sources, it is also the most overwhelming. Currently PubMed contains
references to more than 19 million biomedical articles, and in 2008 expanded at a rate
of approximately 2,200 new entries per day (calculated from PubMed 2008 indexed
entries) [10].

This flood of knowledge has been accompanied by a breakdown of disciplinary
boundaries, which traditionally made it possible to at least keep up with advances in
a single field. Genome-scale research is intentionally broad, assaying potentially every
gene in a genome, meaning pertinent prior knowledge could come from almost any
biomedical discipline. Such blurring of boundaries means it is becoming increasingly
common for new and important functions to be discovered for previously characterized
genes, for example Relaxin 1 (RLN, NCBI Entrez Gene GenelD: 6013"), originally
characterized as a cervical ripening hormone in the 1950s [8], has recently been impli-
cated in processes as diverse as osteoarthritis and heart failure [16, 19]. Therefore, not
only is the volume of available biomedical knowledge captured in the literature grow-
ing at an unprecedented rate, but more and more of it is relevant to a larger number of
biomedical scientists than ever before.

The challenge facing biomedical researchers is one of how to effectively and effi-
ciently extract and interpret valuable and relevant knowledge trapped within this wealth
of biomedical literature. Failure to do so can be extremely costly in terms of the wasted
time, effort and money chasing weak leads, inadvertently duplicating already published
results and missing important discoveries.

The current strategy most biomedical researchers use to identify articles of interest
is to query PubMed using keywords and Boolean search terms via its online interface.’
Keywords can include gene or protein names (i.e., “ELN” or “Elastin”), diseases or
disorders (i.e., “‘cancer” or “Down Syndrome”), concepts or symptoms (i.e., “pain” or
“high glucose”), methodologies or technologies (i.e. “gel electrophoresis” or “microar-
ray”), in addition to author names, publication dates and publication types. For each
article a title and abstract is returned and the full text article can typically be accessed
via a hyperlink. Currently, the only way for a researcher to parse the information re-
turned to them is to manually read each abstract (and maybe even some of the full text
articles) in an attempt to identify themes of interest.

Although popular, this strategy is challenging for a variety of reasons. Firstly, the
sheer size of many of the document sets returned from these searches is frequently un-
manageable; not only is it incredibly difficult and time consuming to manually read
hundreds of abstracts, it is also virtually impossible to remember more than a hand-
ful of details and themes from such large document sets without taking notes or using
other memory aids. Failure to identify and retain key themes and entities can result
in knowledge being discarded as unimportant or missed completely. Secondly, within
biomedicine the use of synonyms for gene and protein names is rife, which can cause
confusion when trying to disambiguate between such entities within a large document
set. Thirdly, each time the scientist encounters a new concept or entity (such as a dis-

! http://www.ncbi.nlm.nih.gov/gene
Zhttp://www.ncbi.nlm.nih.gov/pubmed
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ease or gene) within the document set they must often invest additional time exploring
supplementary datasources (i.e., gene- or disease-centric databases such as EntrezGene
or OMIM) to determine if these new terms are in fact of interest to them. Not only are
these concepts and entities thought of as individual features, the investigating scientist
will also be attempting to determine if, and what, relationships may exist between them.

Again, a failure to fully explore such relationships can result in the inappropriate
disregard of critically important knowledge. Finally, when manually reading these doc-
ument sets, the reader is inadvertently biased towards themes and concepts they already
deem important, making it tricky to be aware of and receptive to knowledge from far
outside their sphere of specialism. When a reader is unaware of just how much they do
not know about a biomedical concept or process it is difficult to gauge when something
is actually of interest.

In this paper, we describe a visual analytics system, Bio-Jigsaw, which supports bi-
ologists in investigating connections between biological entities grounded in the biomed-
ical literature. The system identifies mentions of biological entities in text, specifically
genes, using natural language processing strategies, visualizes relationships among those
entities based on document co-occurrence, and allows a biological analyst to explore the
documents from which those relationships are derived. We present an analysis scenario
in which we demonstrate how the system supports biologists in exploring the biomedi-
cal literature.

2 Navigation of the Biomedical Literature

There are a number of tools available to the biomedical researcher to aid in navigation of
the literature. GoPubMed? [5] supports the organization of the abstracts returned from
a PubMed query according to Gene Ontology* and MeSH (Medical Subject Headings)
concepts through recognition of those concepts in the text. Textpresso® [17] enables
identification of terms from 33 categories, including genes, cells, phenotypes, cellu-
lar components, etc. through regular expressions that capture a significant amount of
the variation in the surface form of those terms. It further supports document retrieval
through queries that can combine categories with specific words, e.g. documents that
mention two specific genes and a term belonging to the “regulation” category. The iHOP
system® [9] provides an interface that links genes based on co-occurrence in sentences
in PubMed abstracts, and provides hyperlinks among those sentences for navigation and
exploration of literature relationships among genes. Reflect’ is a Firefox plug-in which
recognizes and highlights mentions of proteins and small molecules on any webpage,
providing direct access to structured information about the highlighted entities through
a pop-up window. Each of these tools plays some role in facilitating interpretation and
navigation of the biomedical literature, by providing a more conceptual analysis of the
content of the literature.

*http://www.gopubmed.org
“http://www.geneontology.org
Shttp://www.textpresso.org
®http://www.ihop-net.org/UniPub/iHOP
"http://www.reflect.ws
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These tools are oriented towards supporting the user who is manually exploring the
literature, and they do provide important assistance in identifying and organizing rel-
evant literature. They do not, however, emphasize visual exploration of the document
space. Out of these systems, only iHop takes any advantage of connections among doc-
uments, and none provide analysis over concepts in the document set as a whole. To
support such analysis, specific biological facts must be extracted from the literature
and represented in computable format. Such information extraction has been the sub-
ject of recent research. Protein-protein interactions have been the most common target
for biological event extraction from the earliest studies [2, 4] to the latest competitions
like BioCreative II [15] and I1.5 [14]. Research has also extended to other event types
including those addressed in the recent BioNLP’09 challenge [13]: gene expression,
transcription, protein catabolism, protein localization, binding, phosphorylation, and
regulation. Other studies have addressed the extraction of gene-disease relations [3],
protein residue annotation [18], among others.

In this work, we treat co-occurrence of two genes within one publication as evidence
of a relationship between them, without employing more detailed event or interaction
extraction. We perform information extraction, specifically the gene mention detection
and gene normalization algorithms of [1], to recognize occurrences of specific genes in
PubMed abstracts and to associate them with the appropriate Entrez Gene identifier. It
is our intention that in future work we will take advantage of our OpenDMAP concept
recognition system [11] to identify more specific relationships among genes. However,
with the proper weighting, literature co-occurrence is by itself a valuable indicator that
we can take advantage of [6].

3 Visualizing Connections Across the Biomedical Literature

We have developed a visual analytics system, Bio-Jigsaw, to support biologists in inves-
tigating connections between biological entities or concepts grounded in the biomedical
literature. Bio-Jigsaw is a customized version of the Jigsaw system [21, 12], tailored to
the bio-informatics domain.

Connections in Bio-Jigsaw are based on co-occurrence in abstracts or drawn from
ontologies and annotations in digital libraries. Bio-Jigsaw is a multiview system, in-
cluding a number of different visualizations of the documents in the collection and the
entities or concepts (genes, MeSH terms, KEGG pathways, GO biological processes,
etc.) within those documents.

The two List Views in Figure 1 show connections between PubMed abstracts and
MeSH terms and between MeSH terms and genes, respectively. Lists can be sorted
alphabetically, by the frequency of occurrence in the whole document set (the larger
an item’s bar the more frequently it occurs), or by connection strength (the darker the
shade of orange the stronger the connection). Figure 2 shows the Word Tree [22] for
Tamoxifen. A Word Tree shows all occurrences of a word or phrase from the documents
in the context of the words that follow it. The analyst can navigate through the tree
by clicking on its branches. The Graph View in Figure 3 shows connections between
documents (white rectangles) and entities (colored circles) using a node link diagram.
The Document View in Figure 4 displays documents and highlights identified entities
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Fig. 1. The List View showing connections between PubMed abstracts, MeSH terms, and genes.
Selected items are shown in yellow; connected items are in orange.

within them. The word cloud at the top shows the most frequent keywords from the set
of currently loaded abstracts.

A textual search query interface allows users to find particular entities and the docu-
ments in which they occur. In addition, entities and documents can be explored directly
by interacting with those objects in the views. For instance, new entities can be dis-
played and explored by user interface operations in the views that expand the context
of entities and documents. In practice these two approaches are often combined: search
queries serve to jump-start an exploration and view interaction then yields richer repre-
sentations and exploration.

4 Scenario

In this section we walk through an analysis scenario to demonstrate how Bio-Jigsaw
supports biologists in exploring the biomedical literature. We also provide a video that
demonstrates the scenario actions in more detail.®

After looking at clinical breast cancer data our analyst has become interested in the
tgfb2 gene. After searching PubMed for ‘tgfb2’, over 1500 primary papers are returned
to her. To start exploring these papers in Bio-Jigsaw, she opens a List View and searches
for documents containing the phrase ‘breast cancer’; 34 documents are found and dis-
played in the left column of the List View (see Figure 1(a)). The analyst then views the

8 The video is available at http://www.gvu.gatech.edu/ii/jigsaw/BioJigsaw.avi.
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Fig.2. Word Tree for Tamoxifen across a collection of journal articles. All trailing words are
shown, sized by their frequency of occurrence.

MeSH terms (a controlled vocabulary used to describe the content of biomedical arti-
cles within PubMed?) associated with the 34 documents in a second list and sorts them
by connection strength. She identifies the term “Tamoxifen” as being of interest be-
cause although it is not frequently observed across the document collection as a whole
(as illustrated by the short bar), it is well connected to the 34 selected documents (dark
color).

The term Tamoxifen is unknown to the analyst. By launching the Word Tree View
she investigates this term further (see Figure 2). The Word Tree displays all sentences
from the document set containing the word Tamoxifen, grouped by common suffixes.
The analyst can quickly see that Tamoxifen is a compound used during the treatment of
breast cancer.

By adding an additional list to the List View, the analyst next explores other entities
that are associated with the subset of documents identified by the phrase breast cancer.
The analyst wants to know if other genes are also affected by Tamoxifen so she displays
the gene entity in the new list (see Figure 1(b)). She can see from their highlighting that
three genes (tgfbl, tgfb2, and esrl) are particularly well connected to Tamoxifen within
this document set.

’http://www.nlm.nih.gov/mesh
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Fig. 3. The Circular Layout in the Graph View showing connections between ontology documents
(white rectangles) and KEGG pathways. All entities (colored circles) connecting to more than one
document are drawn in the middle making it easier to focus on them.

Now the analyst turns to the Graph View (see Figure 3) and displays all the genes
(red nodes) connected to Tamoxifen along with their ontology documents (yellow nodes),
as well as connected KEGG pathways (blue nodes) and GO biological processes (green
nodes). By applying the circular layout (documents are displayed on a circle), entities
connected to only one document are positioned outside the circle, while entities con-
nected to multiple documents are shown inside the circle; the more connections entities
have, the closer to the center they are positioned. The analyst then filters out irrelevant
entities and notices that although a number of cancer associated KEGG pathways are
shared by the tgfb family and their receptors, the progesterone and estrogen receptors
(highlighted with yellow circles) do not share these annotations. However, the GO bi-
ological process term “mammary gland development” is common to both tgfb and the
progesterone receptor and the analyst wonders if the progesterone receptor has a role in
breast cancer which is affected by Tamoxifen and if it is mediated by members of the
tgfb family.

Now the analyst turns back to the List View to find the documents most connected
to the tgfb genes, their receptors, and the progesterone receptor. She displays the eight
most connected documents in the Document View (see Figure 4) to read their abstracts.
She learns not only that Tamoxifen increases the expression of tgfb2 resulting in inhi-
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Fig.4. The Document View showing a set of abstracts relevant to tgfb2 (list on the left side).
The word cloud at the top shows the most frequent keywords from the set of abstracts. Document
PMID: 18043895 is selected and its abstract and related terms are visible. Entities are highlighted:
genes in red and MeSH terms in purple.

bition of breast cancer growth, but also that the steroid receptor status of tumors (i.e.,
if the tumor expresses progesterone receptors or not) can be predictive of the tumors
response to Tamoxifen.

5 Conclusion

In this paper, we introduced the Bio-Jigsaw system which integrates natural language
processing for entity identification and normalization in the biomedical literature with
sophisticated visualization strategies. We provided an example of how the visualization
of relationships among entities occurring in a document set can be navigated and ex-
plored by a biological analyst to gain new insights into a gene of interest. Through the
visualization, the analyst is able to quickly identify new concepts that are relevant to
the gene under investigation, and to hone in on concepts that are strongly indicated by
the document set. The different views that the system makes available each play an im-
portant role in exploring the document set, and the analyst can move smoothly among
them as well as manipulate which entities and concepts the visual analysis focuses on.
Through the use of this tool, the biologist has the ability to navigate and explore the
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biomedical literature in such a way that they can much more effectively extract, manip-
ulate, and interpret the knowledge that exists there.
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