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Abstract Associating fMRI image datasets with the avail-
able literature is crucial for the analysis and interpretation
of fMRI data. Here, we present a human brain function
mapping knowledge-base system (BrainKnowledge) that
associates fMRI data analysis and literature search func-
tions. BrainKnowledge not only contains indexed literature,
but also provides the ability to compare experimental data
with those derived from the literature. BrainKnowledge
provides three major functions: (1) to search for brain
activation models by selecting a particular brain function;
(2) to query functions by brain structure; (3) to compare the
fMRI data with data extracted from the literature. All these
functions are based on our literature extraction and mining
module developed earlier (Hsiao, Chen, Chen. Journal of
Biomedical Informatics 42, 912–922, 2009), which auto-
matically downloads and extracts information from a vast
amount of fMRI literature and generates co-occurrence
models and brain association patterns to illustrate the
relevance of brain structures and functions. BrainKnowl-
edge currently provides three co-occurrence models: (1) a
structure-to-function co-occurrence model; (2) a function-
to-structure co-occurrence model; and (3) a brain structure
co-occurrence model. Each model has been generated from
over 15,000 extracted Medline abstracts. In this study, we
illustrate the capabilities of BrainKnowledge and provide

an application example with the studies of affect. Brain-
Knowledge, which combines fMRI experimental results
with Medline abstracts, may be of great assistance to
scientists not only by freeing up resources and valuable
time, but also by providing a powerful tool that collects and
organizes over ten thousand abstracts into readily usable
and relevant sources of information for researchers.
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Introduction

Functional magnetic resonance imaging (fMRI), which mea-
sures the blood metabolism resulted from neural activities
(Ogawa et al. 1992), is a non-invasive approach for studying
human brain function. Due to the increasing popularity of
brain research, many data analysis tools, such as Statistical
Parametric Mapping (SPM) (Friston et al. 1994), FMRIB
Software Library (FSL) (Smith et al. 2004), and BrainVoyager
are available to develop brain imaging data sets. However,
these data analysis packages provide no tools to interpret the
statistics they produce. Instead, scientists have to rely on their
own knowledge or other tools to find the meaning of the
statistics, such as the anatomical names of the brain areas
where significant activation are found and the possible
functions of those brain structures.

Furthermore, in fMRI studies, scientists have to read a large
number of papers in order to design experiments and must then
compare their results with those of other studies. Traditionally,
scientists manually update their databases by reading and
analyzing vast amounts of literature by themselves, which is
extremely time-consuming and labor-intensive. Even when a
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scientist is an expert in his own field, it is nearly impossible for
him to keep up to date with the rapidly increasing wealth of
available publications and findings. Literature mining holds
great potential for extracting information and knowledge from
these huge bodies of fMRI literature, allowing scientists and
researchers to work more efficiently and achieve more in less
time than ever before.

For this reason, it is becoming ever more important to
combine fMRI experimental results with the available
published literature. Here, we present a human brain
function mapping knowledge-base (BrainKnowledge) sys-
tem that combines results from users’ fMRI analysis and
from the literature. BrainKnowledge not only contains
indexed literature references, but also provides the ability
to compare experimental data with results derived from the
mined literature (e.g., the findings of previously published
studies). Four online systems similar to BrainKnowledge
are BrainMap (Laird et al. 2005; http://brainmap.org/),
SumsDB (http://sumsdb.wustl.edu/sums/index.jsp), AMAT
(http://www.antoniahamilton.com/amat.html), and the
Brede database (Nielsen 2003; http://neuro.imm.dtu.dk/
services/jerne/brede/). BrainMap is the first annotated
database for published functional neuroimaging studies. It
allows researchers manually to input citation information,
experimental parameters, and their results in Talairach
coordinates (Talairach and Tournoux 1988) in order to
carry out further meta-analysis in similar research studies.
However, BrainMap contains no image data, only manually
inputted summaries of papers (Barinaga 2003). The Brede
database, which has a structure similar to that of BrainMap,
provides a function to search for associations between
Talairach coordinates and textual data in a functional
neuroimaging database (Nielsen et al. 2004). In addition,
Nielsen et al. also provide the BredeQuery plugin for SPM
to extract and submit coordinates to perform a query in the
Brede database (Wilkowski et al. 2009a). However, all of
these databases rely on researchers to input data manually.
The lack of automatic processing severely limits the scope
of these databases and reduces their usefulness. The Brede
database itself has had few updates since 2005. Wilkowski
et al. (2009b) also provide Skeepmed (Semantic Keyword
Extraction Pipeline for Medical Documents;http://neuroinf.
imm.dtu.dk/skeepmed/) to search for related abstracts by
Talairach coordinates and text input. However, it provides
only the abstracts that meet the search criterion and does
not return an organized search result. PubBrain (http://
www.pubbrain.org/) is a literature-search tool that searches
PubMed MEDLINE and can visualize results as a heat-map
on a brain to show which brain structures correspond with
the query terms in the literature. However, PubBrain
contains no experimental data.

In fMRI studies, neuroscientists are most interested in:
(1) brain responses to a certain experimental task; (2) the

structures of the brain in which these responses occur; and
(3) the brain functions implied by these responses. Thus,
before analyzing brain activities, our system must first
target these three key concepts from the fMRI literature:
brain structures, experimental tasks, and brain functions.
Presently, however, the automatic extraction of named
entities from large amounts of text-based data to be
analyzed, such as experimental tasks and brain area, is still
difficult (Nielsen et al. 2006). As a result, most researchers
must continue to rely on manually inputting information
into databases, as is the case with BrainMap and the Brede
database. In order to resolve this problem of data entry, in
our previous study (Hsiao et al. 2009), we constructed a
generalized hierarchical concept-based dictionary of brain
functions (also referred to as the generalized hierarchical
brain function tree) and had developed an information
extraction algorithm for extracting terms that were relevant
to brain functions and experimental tasks. The precision
and recall of our information extraction algorithm was on
par with that of human experts. Such an approach should
allow for the processing of a large amount of text-based
data in a relatively short period of time and promises to
overcome the shortcomings of the manual entry approach.
BrainKnowledge is built on an information extraction
module and provides interactive co-occurrence models that
allow users to view the relationship between the brain
structures and functions in a visual map. Each model is
generated from over 15,000 extracted Medline abstracts.

In this paper, we will describe BrainKnowledge, which
provides concept-based queries organized by brain struc-
tures and functions and also mines results to support or
explain the experimental fMRI results, and we will present
an application example with the studies of affect to
illustrate its capabilities. The use of this tool, which
combines experimental fMRI results with Medline
abstracts, may be of great assistance to scientists by freeing
up resources and valuable time, thus enabling these
researchers to accomplish more in less time.

Material and Method

System Architecture

BrainKnowledge is a Java-based client system that com-
municates with a server-side database through Java Data-
base Connectivity (JDBC), and is currently maintained on a
machine that runs the Microsoft Windows operating
system. BrainKnowledge includes an automated system to
download and import PubMed MEDLINE abstracts into the
database, which is automatically updated every month.

BrainKnowledge was created from scientific literature
on brain activation. We used “(“fMRI” OR “functional
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MRI” OR “functional magnetic resonance imaging”) AND
human NOT animal” as keywords to retrieve abstracts from
PubMed MEDLINE. In our database, we currently have
15,413 abstracts from 1032 journals dating from 1992 to
the present and continue to increase this number every
month automatically. Notice that, currently, our system
focuses on the fMRI literature. The papers using other
neuroimging methods and contain no fMRI studies are not
included in our data set. Figure 1(a) shows that the number
of abstracts for brain activity studies has grown exponen-
tially over the years. From 15,413 abstracts, we indexed
10,867 brain functions, 1,261 experimental tasks, 27,306
brain structures with Talairach labels in the literature, and
336 of brain structure roles (Fig. 1).

As shown in Fig. 2, BrainKnowledge consists of three
major functions. The first function is the extraction of the
function-to-structure co-occurrence models and brain associ-
ation patterns (see the section Query by Brain Function) that
are related to a queried brain function. That is, a user can
select a brain function from the hierarchical brain function
tree and retrieve the brain structures that are relevant to the
selected function from the literature in the database. The
second function is the extraction of structure-to-function co-
occurrence models and brain structure co-occurrence models

(see the section Query by Brain Structure). A user can
retrieve brain functions and possible associations that are
relevant to the selected brain structures. The third function
allows a user to compare the fMRI experimental data with
the processed literature in the database (see the section
Integrating fMRI Experimental Data with the Literature
Results). These three functions enable users to extract
organized information from the literature and thus to help
users associate their experimental results with background
knowledge in the field. The core of BrainKnowledge is
based on the literature extraction and mining module. This
module downloads and extracts information and knowledge
from the vast body of fMRI literature. The literature-based
extraction and mining module, first and foremost, provides
co-occurrence models and association patterns between brain
structures and functions. It also contains the integrated
graphic user interface, which combines fMRI images and
mined literature together into a single comprehensive
framework. In addition, if users are interested in any
particular function or brain structure, they can retrieve the
relevant indexed sentence(s) or detailed abstract information
via the abstract preview interface. A reference to the original
sentence in the abstract may help minimize misinterpretation
of the co-occurrence model.

Fig. 1 Screenshot of the current status of BrainKnowledge (statistics
panel). a the distribution of PubMed MEDLINE growth rates of
abstracts that reference “(“fMRI” OR “functional MRI” OR “func-
tional magnetic resonance imaging”) AND human NOT animal”; b the

bar chart plots the top 20 journals in BrainKnowledge by frequency; c
the pie chart shows the proportions of Talairach labels indexed by
BrainKnowledge; d the pie chart shows the proportions of sorted brain
functions indexed by BrainKnowledge
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The Core of BrainKnowledge: Literature-based Extraction
and Mining Module

The most important information to be gained from fMRI
experiments is an understanding of brain activities. For this
purpose, we provide researchers with brain-function co-
occurrence models and brain structure association patterns
mined from various publications. The core of BrainKnowl-
edge is based on the literature extraction and mining
module. It is an information retrieval and extraction system
that includes an automatic PubMed MEDLINE download
and import engine and a named entity extraction module.
BrainKnowledge extracts named entities of brain structures,
brain functions, and experimental tasks, and retrieves the
roles of each brain structure from the literature. The system
then uses the extracted information to generate co-
occurrence models that provide information about the
relationships between brain structures and functions. In
addition, we utilized the association mining algorithm to
discover interesting patterns from the extracted data.

The PubMed MEDLINE Retrieval and Text Pre-processing
Module

MEDLINE is a massive biomedical bibliographic database.
We developed an automated system to download and
import PubMed MEDLINE abstracts into our database.
BrainKnowledge automatically updates the database every
month. In BrainKnowledge, we assume that if a brain
structure and a cognitive function frequently co-occur in a
sentence, there is likely to be an association between the
two. Therefore, once new abstracts are received, Brain-
Knowledge will break them down into individual senten-
ces. Then, by using each sentence as a unit of processing,
we extract terms relevant to fMRI experiments by using our
named entity extraction module.

The Named Entity Extraction Module

The purpose of the named entity extraction module is to
extract a target term from the fMRI literature. The detailed
methodology for extracting fMRI related terms was
discussed elsewhere (Hsiao et al. 2009). BrainKnowledge
extracts brain structure terms with the terms that are in
NeuroNames (Bowden and Dubach 2003), a neuro-
anatomical thesaurus available in the Unified Medical
Language System (UMLS), and in the Talairach atlas
(Talairach and Tournoux 1988). The Talairach terms were
electronically provided by Lancaster et al. (2000). This
limitation is necessary in order to map brain structure terms
into brain image templates for visualization (Hsiao et al.
2007). Extracting terms for brain functions and experimen-
tal tasks is more difficult as, to the best of our knowledge,

there is no publicly available resource on brain function
vocabulary that is comprehensive enough for our purpose at
this time. Thus, we developed a generalized hierarchical
concept-based dictionary (Hsiao et al. 2009) of brain
functions for subsequent named entity extraction based on
the UMLS, which integrates many terminologies such as
MeSH, Psychological Index Terms and similar vocabulary
sources. A two-step approach to term recognition and
classification was proposed to extract terms related to
experimental tasks and brain functions (Hsiao et al. 2009).
The first step, term recognition, combines a dictionary and
a rule-based approach to identify words that describe
experimental tasks and brain functions. The second step,
term classification, first uses n-gram approximate term
mapping to map the terms to their appropriate concepts, and
then assigns them to categories according to our classifica-
tion rules. Both steps are supported by our brain function
dictionary. In addition, in most abstracts, words such as
“role” describe the function that a particular brain structure
performs. For example, “The corpus callosum plays a ‘role’
in mediating inter-hemisphere communication.” Thus,
BrainKnowledge also utilized a rule-based approach, which
recognized terms surrounded by specific information items
such as “role,” to extract brain structure functions.

By using this generalized hierarchical concept-based
dictionary of brain function, BrainKnowledge allows users
to perform broader concept-based queries; that is, to locate
concepts rather than specific keywords. In our dictionary,
we merged terms from 23 vocabulary sources to yield more
complete coverage than any single source could provide.
With such broad, though incomplete, coverage, Brain-
Knowledge can achieve 72% precision and 73% recall for
term recognition, which is on par with human expert
performance (Hsiao et al. 2009).

Knowledge Representation

The most widely used model for estimating the relevance of
terms is the co-occurrence model. It is the most straight-
forward and efficient way for researchers to measure how
closely connected or related different terms are. The co-
occurrence models have been widely applied in biomedical
domains, including protein-protein interactions (Ramani et
al. 2005; Li et al. 2010), gene-to-gene co-citation networks
(Stapley and Benoit 2000; Jenssen et al. 2001; Jelier et al.
2005; Yue et al. 2006; Muller and Mancuso 2008), and
cancer-gene relations (Zhu et al. 2007).

In this study, we postulate that when a brain structure
and a brain function are frequently mentioned together in
the same sentence in a large number of MEDLINE
abstracts, there may be an underlying biological relation-
ship between the two. Based on this assumption, we
generated co-occurrence models to represent the relevance
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of brain structures and functions. BrainKnowledge current-
ly provides three co-occurrence models: the structure-to-
function co-occurrence model, the function-to-structure co-
occurrence model, and the brain structure co-occurrence
model. Each model has been generated from a vast amount
of mined Medline abstracts. Note that the co-occurrence
models for function-to-structure and structure-to-function
contain the same information. The purpose of separating
these two models is to provide users with different aspects
of the model.

We also used the association mining algorithm to
discover interesting patterns from the extracted data. We
applied the standard APRIORI algorithm (Agrawal and
Srikant 1994) to discover the association patterns of brain
structures in different brain function datasets. In our work,
an itemset is defined as a set of brain structures.
BrainKnowledge calculates the number of sentences in
which itemset occurs. If the number of sentences that
contain an itemset is greater than a user-defined minimum
support, then it is a frequent association pattern. The
support of the association pattern is defined as the
proportion of sentences with co-occurrence in the data set.

Results

The BrainKnowledge system provides three major func-
tions to help neuroscientists explain and support their
findings in fMRI experimental results, as illustrated in
Fig. 2. The first function enables the user to perform a brain
function query using the hierarchical human brain function
tree. The second function enables the user to query brain
functions by brain structures. The third function enables
users to search for relevant literature by supplying their
own analyzed fMRI data. In this section, we will
demonstrate the capabilities of BrainKnowledge outlined
above, and in the next section we will provide an
application example with the studies of affect.

Query by Brain Function

BrainKnowledge allows users to perform a brain function
query by keying in a search word or by selecting a brain
function term from the hierarchical concept-based brain
function dictionary provided by the BrainKnowledge.
Figures 3 and 4 show an example of a brain function

Fig. 2 The conceptual diagram of BrainKnowledge
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query. In this example, the user queried for the term
“emotion.” When a user keys in a search term, Brain-
Knowledge will map it to the concept of the term and then
use this concept to initiate a query from the database.
BrainKnowledge then shows all the relevant terms
extracted by the named entity extraction module (Hsiao et
al. 2009), sorted by the occurrence frequency of the terms.
For instance, a query of “emotion” would return terms like
“emotional,” “emotions,” “negative emotion,” etc. This
information allows the user to refine the search by selecting
from the extracted terms.

In addition, BrainKnowledge provides two search
options: search by “mapped concept only” and search by
“both mapped concept and child concepts.” The first option
enables the user to retrieve information not only by the
search term but also by its concept (synonymous terms).
The second option enables the user to retrieve information
containing not only the initial search results but also
information collected by searching child concepts, as
defined in the hierarchical concept-based brain function
dictionary. For example, using the system to search for the
keyword “emotion” would extend the search to include the
concept of “hate,” “happiness,” “fright,” and similarly

related terms. Extending the queried terms by means of
the hierarchical concept-based dictionary of brain functions
provides a broader concept-based query that yields a wider
range of data than a normal keyword-based search.

BrainKnowledge returns the relevant experimental tasks,
the brain function tree, and the function-to-structure model
of the queried brain function. The list of relevant
experimental tasks offers scientists a picture of the
experimental tasks that had been used in the studies of
affect. This will help the scientists find the most relevant
literature for result comparison and for the design of future
experiments. For instance, for the queried term “emotion,”
BrainKnowledge would return experimental tasks such as
“attention-demanding task,” “emotional face-matching
task,” etc. The brain function tree helps users understand
the relationship between the brain functions and their
definitions. The brain functions are arranged in a hierarchi-
cal structure. A user can click on a function term in the tree
to initiate a new search hierarchically. In our example, from
the terms returned for the queried term “emotion,” the user
can click on the term “happiness” in the tree for the refined
search related to that term. In addition, moving the mouse
cursor over any term will display the definition(s) of that

Fig. 3 Screenshot showing the window for querying by brain
function. The interface includes 3 tabs showing the brain function
tree, function-to-structure model, association pattern mining and
references. Here, we perform the brain function query with the search
term “emotion”: a the search panel and the extracted phrases

belonging to this concept; b list of experimental tasks relevant to the
user selected function; c the brain function tree (here showing a part of
the “emotion” tree); moving the cursor over any term will display
definition(s) as defined by the terminologies of UMLS
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term as defined by the terminologies of UMLS. The
function-to-structure co-occurrence model (Fig. 4) visual-
izes the relationship between brain structures and the
queried brain function. The central node is the queried
term, and other nodes represent the relevant brain struc-
tures. The co-occurrence frequencies of brain structures and
the queried function in a sentence are noted on a link.
Moreover, the BrainKnowledge also provides the relation-
ships among brain structures as dashed arrow lines. The
arrow head denotes the parent mode in an “is_a_part_of”
relationship, as defined by either the Talairach Daemon
database (Lancaster et al. 2000) or NeuroNames (Bowden
and Dubach 2003). BrainKnowledge allows users to set the
minimum threshold of co-occurrence models in order to
filter out function nodes with low co-occurrence frequen-
cies, which might be caused by chance. In addition, users
can expand the node for each brain structure to reveal more
brain functions that may also be relevant to this particular
brain structure. This should assist users in finding con-
nections between these structures and the queried function.
Furthermore, users are also able to show more brain
functions in these structures related to the queried function,
to help further understand the relationships between brain
structures and the queried function. Figure 4 shows an
example of manipulating the function-to-structure co-

occurrence model for emotion. We retrieve the brain
structures with the co-occurrence frequency ≥ 3 by setting
the threshold of function-to-structure model in the control
panel. The brain structure relevant to emotion with the
highest co-occurrence frequency is the amygdala. The user
can then select “amygdala” from the brain structure list in
the control panel 2 to view the roles of the amygdala
extracted by BrainKnowledge from the collected literature.
If a user is interested in retrieving more information about
emotion or a particular function-to-structure link, they can
read the relevant indexed sentences directly from the
original MEDLINE abstracts, or even access the full-text
papers via hypertext links. Figure 5 shows an example of
the references that are relevant to emotion function. The
references are listed by brain structure(s), brain function(s),
first author, year of publication, co-occurrence sentence,
and journal name. The brain structures and brain functions
are extracted from the sentences by BrainKnowledge. The
information helps scientists get digest information quickly
instead of having to read the sentence or the entire abstract.

Query by Brain Structure

BrainKnowledge allows users to explore relevant informa-
tion, such as the location, the function, and the brain

Fig. 4 Screenshot showing the window for manipulating the function-
to-structure co-occurrence model: a the model for the emotion
function. The co-occurrence frequencies shown on the lines indicate
the numbers of sentences in which the brain function and brain
structure co-occur in the same sentence. The gray arrow lines between

the two anatomical nodes indicate the “is_a_part_of” relationship, and
the nodes they point to are the parent nodes; b the control panel, used
to set co-occurrence parameters; c the roles of the selected brain
structure are listed in this tab
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structure co-occurrence model of a designated brain
structure. The query is performed by either (1) selecting
an item from a list of brain structure names, (2) keying in
the stereotaxic Montreal Neurological Institute (MNI)
(Evans et al. 1993) or Talairach (Talairach and Tournoux
1988) coordinates, or (3) clicking on a specific location in
the three-view 2D MRI images of a standard brain with the
mouse. Figure 6 shows an example of querying by selecting
the amygdala from the brain structure name list. When a
user chooses a brain structure name from the brain structure
name list, BrainKnowledge will highlight the selected
structure in the three-view 2D MRI images and shows the
location and shape of the queried structure. In addition,
BrainKnowledge will automatically show the top five
functions of the structure-to-function co-occurrence model
for the selected brain structure. The structure-to-function
co-occurrence model provides information about the func-
tions that are relevant to the queried brain structure
gathered from the database. Moving the cursor onto the
function nodes of the structure-to-function model will
display the definition(s) defined by the terminologies in
UMLS. This display helps users better understand the brain
functions of the queried brain structure. In addition, users

can manipulate the interactive structure-to-function model
by accessing the “Structure-to-Function Model” tab, with
manipulative procedures similar to those in the function-to-
structure model.

BrainKnowledge also automatically extracts roles of the
queried brain structure from the collected literature as
described in The Named Entity Extraction Module. The
retrieved results can be accessed from the “Roles of the
Brain Structure” tab. They are listed by first author, year of
publication, summary, and journal name. This can help
scientists understand the opinions of other neuroscientists
on the roles of specific brain structures.

In order to understand possible associations between brain
structures, BrainKnowledge provides a brain structure co-
occurrence model between different brain structures. In this
model, BrainKnowledge retrieves all brain structures that co-
occur within the queried brain structure in the literature. It also
provides brain functions if the two brain structures also co-
occur within a brain function term in the sentence. This can
help scientists understand which brain functions contribute to
the link. For instance, the amygdala has strong associations
with the hippocampus and they are frequently mentioned in the
literature with the emotion and memory process.

Fig. 5 Screenshot of the references panel. In this case, we show the
sentences that describe the queried function (here, the emotion
function). The top panel shows the retrieved brain structures,

functions, and relevant sentences, and the detailed abstract is shown
in the bottom panel. BrainKnowledge highlights retrieved brain
structures and functions that might capture the interest of the user
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The same brain structure co-occurrence model can also
be applied to two-queried brain structures. In the two-
queried brain structures model, if a brain area co-occurs
within both the two queried brain structures in the same
sentence, we color this brain area yellow. It means these three
brain structures are directly related. On the other hand, if a
brain area co-occurs with the two queried brain structures one
at a time, or co-occurs with only one of the two queried brain
structures, this area bridges an indirect relationship between
the two queried brain structures.We color this brain area white.
An example of a brain structure co-occurrence model for the
amygdala and hippocampus is shown in the An Application
Example: Studies of Affect section.

Integrating fMRI Experimental Data with the Literature
Results

Themost important function in BrainKnowledge is to integrate
the fMRI experimental data with the extracted literature
results. In BrainKnowledge, we provide two subsystems to
integrate fMRI data with information extracted from the
literature. The first subsystem compares the fMRI experimen-

tal data with the mined-literature results (Fig. 7). The second
uses the information extracted from the literature to help
neuroscientists understand the experimental results (Fig. 8).
SPM is a widely used tool for analyzing experimental fMRI
data. However, SPM provides analysis results in the form of
stereotaxic coordinates. It is difficult for users to obtain the
brain structure name from the coordinates. Researchers get
this information by other tools, such as xjview (http://www.
alivelearn.net/xjview/). Hence, BrainKnowledge presents
users with a friendly interface to import a SPM_T file, which
stores the t-test result of a particular contrast, and then obtains
the brain structure name of the activation area and relevant
information extracted from the literature.

In order to compare the SPM statistics with the brain
structures extracted from the literature, users must first select a
brain function of interest from our brain function tree.
BrainKnowledge then processes the SPM statistical files to
get the coordinates of the activated area; that is, the voxels with
T-statistics greater than a user-defined threshold. For retrieving
knowledge from the literature, the 3D coordinates given by
SPM were converted from those of the MNI to Talairach using
the algorithm provided by Brett et al. (2001) and Lancaster et

Fig. 6 Screenshot showing the window for querying by brain structure.
This interface includes 5 tabs that show the brain structure, the roles of the
brain structure, the structure-to-function model, the brain structure model,
and references. Here we perform the query by selecting “amygdala” from
the left panel. a Brain structural names are listed in alphabetical order or

categorized by function; b Three-view 2D MRI images are used to show
both the location and shape of the queried brain structure. c The top five
functions of the structure-to-function model of the queried brain structure.
Moving the cursor over any term will display definition(s) as defined by
the terminologies of UMLS
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al. (2007). In addition, BrainKnowledge retrieves the Talair-
ach labels gathered from both the activation coordinates and
also from the function-to-structure co-occurrence model of the
interested function. BrainKnowledge then provides a list that
shows the matched brain structures between the experimental
results and the literature. Moreover, moving the cursor onto
the brain structure will display the top five relevant functions
retrieved from our structure-to-function co-occurrence model.
This can help neuroscientists become aware of possible new
findings and/or discrepancies in their results.

With the second subsystem, BrainKnowledge overlays the
activation map on anMRI template and visualizes the result in
a multiple-slice view. Users can then simply click on the
activation coordinates to retrieve the selected region’s struc-
tural name and the information related to the activated area,
such as MNI and Talairach coordinates, roles of the activated
area, the top five functions of the activated area, and the top
five functions of the activated area conditioned by the function
of interest. If users want to learn more about any specific brain
structure, they can click on the “More” button to access the
query by brain structure discussed above. All of this
information is automatically extracted from the literature by

our literature extraction and mining module. Using the
information extracted from the literature should help neuro-
scientists interpret and support the results of their experiments.

An Application Example: Studies of Affect

In our literature database, there are 2,224 sentences (20% of
the indexed brain functions in our database) related to
emotion and the related brain structures. Among the 2,224
sentences, 241 sentences were retrieved by direct references
to the keyword “emotion,” 560 sentences were retrieved by
using the brain function dictionary to extend it to
synonymous terms and morphological features, and 1423
sentences referred to the child concepts of emotion.
BrainKnowledge provides a broader concept-based query
as well as a wider range of data than a normal keyword-
based search.

Table 1 presents the experimental tasks and the top 3
brain structures retrieved by BrainKnowledge as being
relevant to emotion and its four child concepts: pain, fright,
happiness, and anger. Their function-to-structure co-

Fig. 7 Screenshot showing the window for integrating fMRI
experimental data with the literature results. a fMRI experimental
result upload panel; b Top 5 brain structures relevant to the interested
function (here with the emotion function); c fMRI results sorted by T-

values. The yellow checks in the list means these brain structures are
relevant to the function of interest in the literature. Moving the cursor
onto the brain structure name will display the top five relevant
functions retrieved from our structure-to-function model
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Table 1 The experimental tasks and brain structures relevant to emotion and its four child concepts: pain, fright, happiness, and anger

Concept Relevant experimental task(s) Top 3 relevant brain
structures

Emotion Affective priming task, Attention-demanding task, Breath-focused attention task, Conscious
spatial monitoring task, Decreased emotional task, Digit-sorting task, Emotional Congruence
task, Emotion Stroop task, Emotion face assessment task, Emotion labeling task, Emotional
processing task, Emotional decision task, Emotional faces encoding task, Emotional face-
matching task, Emotional pictures task, Emotional stress task, Emotional valence Stroop task,
Explicit emotion recognition task, General word task, Geometric shapes task, Immediate
recognition memory test, Labeling task, Letter task, Memory task, Negative emotional faces
task, Passive visual task, Perceptual matching task, Visuospatial processing task, Working
memory task

Amygdala, Insula,
Hippocampus

Pain Attention-demanding task, Counting task, Imagination task, Painful thermal task,
Pressure pain test, Sensory delayed-discrimination task

Insula, Thalamus, Anterior
Cingulate

Fright Roland’s Hometown Walking Task, Dot-probe task, Fearful face task, Geometric shapes
task, Negative emotional faces task, Perceptual matching task, Response inhibition
task, Subsequent memory test

Amygdala, Fusiform Gyrus,
Hippocampus

Happiness Emotion processing task, Face-in-the-crowd task, Visuospatial processing task Amygdala, Hippocampus,
Anterior Cingulate

Anger Face-in-the-crowd task, Geometric shapes task, Implicit task, Negative emotional faces task,
Perceptual matching task

Amygdala, Insula,
Hippocampus

Fig. 8 Screenshot showing the window for visualizing the activation
data in multiple-slice view and using the information extracted from
the literature to help neuroscientists understand the experimental
results. The cursor is clicked on the slice −16 mm at the coordinates
(28,-4,-16) and the position is the amygdala. a The multiple-slice

view; b Information about the coordinates and brain structure name; c
Roles of the activated area (here with the amygdala); d Top 5
functions of the activated area; e Top 5 functions of the activated area
conditioned by the interested function (here with the emotion
function)
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occurrence models are shown in panels (a) to (d), respec-
tively, of Fig. 9. From Table 1, we notice that the amygdala
and hippocampus are all highly relevant to emotion, fright,
happiness, and anger, but not pain. Instead, the amygdala

and hippocampus are only the 4th and the 6th brain
structures, respectively, most relevant to pain (see Fig. 9(b)
function-to structure co-occurrence model of pain). The top
3 most relevant brain structures concerning pain in the

Fig. 9 The function-to-structure co-occurrence models of emotion and its four child concepts. The model for a emotion; b pain; c fright; d
happiness; e anger
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literature are the insula, thalamus, and anterior cingulate.
These associations are consistent with the fMRI experiments
that show the insula, thalamus, and anterior cingulate are all
important to pain and other basic emotions (Botvinick et al.
2005; Maihofner et al. 2005; Williams et al. 2007; Raij et al.
2009; Pogatzki-Zahn et al. 2010). Moreover, the thalamus
plays an important role in relaying and integrating sensory
information (Portas et al. 1998). From the function-to-
structure co-occurrence model of pain, we know that pain
is associated not only with emotion but also sensation or
perception. Notice that, most publicly available vocabulary
sources have no link between “emotion” and “pain.”
Nevertheless, we were able to use UMLS to reconstruct this
link in the literature. Thus, using the retrieved brain
structures relevant to its function might help us validate the
soundness of our brain function tree.

In Fig. 9(a), the function-to-structure co-occurrence model
for emotion showed a clear and strong relationship between
emotion and the amygdala, the insula, and the hippocampus.
This is consistent with previous empirical reports (Adolphs
et al. 1994; Whalen et al. 1998; Phan et al. 2002; Wright et

al. 2002). Furthermore, we applied the association mining
algorithm as described in Knowledge Representation to
discover brain structure patterns from the emotion dataset.
As shown in Fig. 10, with 3% minimum support, the
amygdala and the insula, and the amygdala and the
hippocampus were two frequent association patterns likely
to co-occur with emotion. The amygdala and the hippocam-
pus had an association not only with emotion in general, but
also with fright and happiness in particular. In addition, they
also associated with other functions, such as memory. This
result may imply a functional association between the
amygdala and the hippocampus as well. We then applied
these two brain structures to a brain structure co-occurrence
model (Fig. 11), which shows the association between brain
structures. As shown in Fig. 11, many brain structures, such
as the insula and the thalamus (yellow nodes) have direct
relationships to both the amygdala and the hippocampus. It
is known that the insula, amygdala, and hippocampus co-
occur in both emotion and pain. The brain structure co-
occurrence model might, therefore, have an implication in
the brain connectivity model.

Fig. 10 The process of discovering brain structure patterns from the
emotion dataset. The left panel is the dataset of the studies of affect.
After applying the association mining algorithm, the association
patterns are shown in the top right panel. Furthermore, we can
retrieve more functions that are relevant to the selected association

pattern, as shown in the bottom right panel. From this case, the
amygdala and hippocampus are the frequent association pattern in the
studies of affect and this pattern also co-occurs in other functions such
as memory
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We then used a real experiment dataset to illustrate the
ability of BrainKnowledge to integrate the fMRI experi-
mental data and the literature mining results. This dataset
was from Simpson et al. (2000), who studied BOLD
activation to emotional response to negatively valenced
and neutral pictorial stimuli. It was downloaded from the
Functional Magnetic Resonance Imaging Data Center
(fMRIDC; http://www.fmridc.org) (Van Horn et al. 2001).
We reanalyzed the data with motion correction, normaliza-
tion, and smoothing with SPM using default parameters.
The statistical analysis used a general linear model with the
designed matrix constructed from the instructions provided
by the original authors. We then uploaded the SPM
statistical file, shown in Fig. 7(a), into BrainKnowledge
and chose “emotion” as the function of interest. The system
displayed the top 5 most relevant brain structures to the
function of interest (Fig. 7(b)). Figure 7(c) shows a list of
the activation from the input data. Areas such as the
superior temporal lobe, the cingulate gyrus, and the
amygdala also appeared in the function-to-structure co-
occurrence model of emotion function were marked by the
system. That is, these structures were frequently reported in
the previous studies as involved in affect processing. The

brain structures, such as cingulate gyrus, with a tick mark in
panel (c) but not in panel (b), are those that have a co-
occurrence with emotion but did not make the top 5 list.
The data can be visualized in a multiple-slice view (Fig. 8).
Clicking on an activated area (such as the amygdala at
coordinates (28,-4,-16)) would reveal the relevant informa-
tion extracted by BrainKnowledge. This may help users
know what other neuroscientists think about the selected
area. We then selected the amygdala for a brain function
query and retrieved the structure-to-function co-occurrence
model for the amygdala (Fig. 12(a)). Using our hierarchical
concept-based brain function dictionary, we were able to
show that the amygdala is critical to emotion-related
processing (Fig. 12(b)). This result is consistent with
neurobiological studies (Adolphs et al. 1994, Whalen et

Fig. 11 Brain structure co-occurrence model of the amygdala and
hippocampus. We can see that the insula has a direct relation to both
the amygdala and hippocampus. Here we click on the node “Insula” to
show the brain functions between the insula, amygdala, and

hippocampus, the functions between the insula and amygdala, and
the functions between the insula and hippocampus (shown in the right
panel)

Fig. 12 The structure-to-function co-occurrence model for the
amygdala. a The model with co-occurrence frequency ≥ 3; b The
classifying function by hierarchical brain function tree. The legend
shows the color of high-order concepts in brain function order in terms
of the sum of co-occurrence frequencies of the child nodes. Here we
were able to show that the amygdala is critical to emotion-related
processing

�
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al. 1998; Sergerie et al. 2008; Rhodes et al. 2007). For
instance, the user can see the quote “emotional processing”
from the query (see Fig. 8(c) for the roles of the amygdala).
If users are interested in retrieving more information
regarding a certain function or a brain structure, they can
read the relevant indexed sentences directly from the
original MEDLINE abstracts or even access the full-text
papers via hypertext links (Fig. 5). The purpose of referring
to the original sentence and abstract is to minimize
misinterpretations.

Discussion and Conclusion

There is a critical need for information extraction and
organization from the fMRI literature to help neuroscient-
ists explain and support their findings from their fMRI
experimental results. We have therefore provided a system
(BrainKnowledge) that automatically downloads and
extracts information from the literature in order to generate
brain-function co-occurrence models and discover brain
structure association patterns. The extracted information
and co-occurrence models are then used to support and
interpret fMRI experimental results, thereby helping neuro-
scientists become aware of possible new findings and/or
discrepancies in their results.

The core of BrainKnowledge is based on the literature
extraction and mining module (Hsiao et al. 2009). To the best
of our knowledge, there is currently no adequately compre-
hensive resource for brain function vocabulary that is
appropriate for named entity extraction. Therefore, we
construct a generalized hierarchical concept-based dictionary
of brain functions to serve as our dictionary (Hsiao et al.
2009). This dictionary merged 23 vocabulary sources, such
as MeSH, Psychological Index Terms, and similar resources,
to yield a broader coverage. We then used the UMLS
semantic type to filter out terms in these various vocabulary
sources that are irrelevant to brain functions. Experts in
neuroscience were involved in deciding which semantics or
concepts were not appropriate for our purpose during the
dictionary construction process. Such a method allows us to
construct a fairly accurate dictionary (Hsiao et al. 2009). In
addition, using the hierarchical concept-based dictionary of
brain functions to extend the queried function terms provides
a broader concept-based query as well as a wider range of
data than a normal keyword-based search. Moreover, using
our hierarchical concept-based brain function dictionary to
classify the functions in structure-to-function co-occurrence
models can allow us to study brain functions in a broader,
more holistic way.

In the term-mapping evaluation experiment reported in
our previous study (Hsiao et al. 2009), each expert took
about 5 h to complete the assignment. This result illustrates

how time-consuming and tedious the whole named entity
extraction process can be for human experts. BrainKnowl-
edge can help experts annotate a large number of terms
(such as brain functions, brain structures, and experimental
tasks) and organize information extracted from different
literature to form the brain-function co-occurrence models
in a very short period of time, thus saving scientists
valuable time previously wasted by sorting through all of
the raw data by themselves.

The meta-analysis tools, such as BrainMap, SumsDB,
AMAT, and the Brede database, provide coordinates for
performing meta-analytic research. However, the coordinates
are currently entered by human beings. In BrainKnowledge,
we extract information from PubMed MEDLINE abstracts,
which contain, presumably, the most essential information in
the paper. However, findings in scientific abstracts are almost
always presented by brain name instead of coordinates,
although coordinates do appear in the full text. Thus,
BrainKnowledge only extracts brain names rather than
coordinates. We do acknowledge that abstracts contain only
a summary and, thus, a subset of the total information in a
paper. The current trend is moving towards parsing informa-
tion from the full text literature. In the future, we plan to extend
BrainKnowledge’s capability to include the full text scale in
order to gather more information, although there are still many
difficulties that must be overcome, such as that available
papers are not always in the same file format (i.e., pdf, html,
etc.) nor the same organization or style (e.g. theintroduction-
method-results-discussion, or IMRAD,structure vs. the
introduction-result & discussion-method structure). Future
developments will also be directed towards further expanding
our named entity extraction algorithm to include more
categories beyond the three currently used in this study (brain
structures, brain functions and experimental tasks). Such an
expansion could help augment the meta-analysis of published
material and in turn greatly benefit experts in this field.

The assumption of co-occurrence model is based on
whether or not brain structures and functions are mentioned
together in MEDLINE sentences. When the two frequently
appear together, it implies that there might be an underlying
biological relationship between them. Co-occurrence fre-
quencies, shown on the lines between the terms in the co-
occurrence model, indicate the numbers of sentences in
which the two entities co-occur in a sentence. However, the
order of the frequency in the co-occurrence model does not
necessarily equate to the sequence of brain mechanisms. In
other words, the frequencies in the structure-to-function co-
occurrence model may not describe the range of importance
or the sequence of the functions contributed by the queried
brain structure. Identifying the underlying relationships
such as these will require more work in the future (for
example, further text mining work or more fMRI experi-
ments to examine the relationship should be carried out).
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In summary, we have presented herein a human brain
function mapping knowledge-base (BrainKnowledge) sys-
tem, which combines fMRI datasets with the published
literature in a comprehensive framework for studying
human brain activities. BrainKnowledge provides three
major system features: (1) it allows users to utilize the
brain function tree to search for brain activation models; (2)
it performs queries by brain structures; and (3) it compares
the fMRI data with data extracted from the literature.
Presently, BrainKnowledge provides three co-occurrence
models that allow users to view associations between the
brain and functions in a visual map. Each model has been
generated from a vast amount of extracted Medline
abstracts. In addition, we utilized the association mining
algorithm to discover interesting patterns from the extracted
data. In this study, we have demonstrated the capabilities of
BrainKnowledge and have provided an example with the
studies of affect. The integration of the extracted literature
information into fMRI datasets may be helpful in support-
ing neuroscientists’ research and comparing experimental
results from different studies.

Information Sharing Statement

The software described in this paper can be obtained by
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