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As the quantity of scientific literature continues to soar,
scientists struggle to keep up with new findings, even
in narrow areas of expertise. Although advances in
information retrieval have eased the task of finding
relevant articles, scientists now must face the challenge
of aggregating information from within the retrieved set
of documents. Our study explores the user behavior
and information requirements of scientists as they
interact with medical literature to answer research
questions. We found that although their information
needs were clearly defined, they still refined the
retrieval, extraction, and analysis phases of a process
that we have called information synthesis. We also
found that they actively collaborated throughout the
process. We describe their behavior and introduce our
design and progress towards our tool METIS (Multi-user
ExTraction and Information Synthesis) that will support
the collaborative information synthesis process used
by public health and biomedical scientists. 

1 Introduction
The recent increase in electronically available articles holds
great promise for scientists in medicine and public health,
who have a long tradition of using the results of previous
studies to gain insight into new research questions.
However access to scientific text is a necessary, but not
sufficient criterion to answer research questions to advance
science. It is rarely the case that a single article will answer
a research question completely. Instead, scientists must
integrate information from multiple studies, which differ in
sample size, populations, interventions, and often in their
conclusions. We consider information access within a
larger framework that we call information synthesis.
Information synthesis is a process used to answer a
research question by integrating findings from multiple
documents. Using an iterative process, scientists retrieve
documents, extract the required information from those
documents and analyze the extracted details. 

    Our research explores (1) user behaviors exhibited by
scientists in medicine and public health as they use
biomedical literature to achieve their research goals, (2) the
information requirements implied by their work practices,
and (3) the development and evaluation of information
technology that supports the user behavior and information
requirements identified in 1 and 2. Our goal is to enable
scientists to incorporate new findings reported in medical
literature, faster and more comprehensively than the current
manual approaches allow. To gain the insight necessary to
achieve this goal we conducted a user study to understand
the context surrounding the information synthesis process. 
     To illustrate the inadequacies of the manual approach
currently employed to integrate findings, we provide an
overview of the systematic review process, an instance of
the information synthesis process. A recent survey
indicated that the time between an initial idea for a
systematic review and its later publication is 28 months
(Petrosino 1999)1. To make the scientist’s job even more
difficult, during a typical 28-month period, the National
Library of Medicine adds approximately 933,000 articles to
MEDLINE, the premier citation database for public health
and medicine (NLM 2002). Although not all these articles
will relate to one review, they contribute to the scientist’s
information overload problem. For example, if we
conducted a systematic review to evaluate the effect of
breast cancer risk attributable to smoking, it would be
difficult but paramount to consider the approximately
12,600 articles that are typically published on breast cancer
during the 28 months required to conduct the review. To
reduce this information overload problem, scientists often
reduce the number of articles included in their analysis by
constraining the research question. However, this reduction
could introduce undesirable biases, and thus reduce the
validity of the result. Such delays and biases could directly
impact public health. As the number of articles published
each year continues to increase, the current manual

                                                          
1 Based on 14 lead authors who conducted reviews as part of the

Cochrane Collaboration.  Participants are generally not paid for
their time, which might cause this estimate to be slightly
exaggerated.



approaches will become even more difficult to use than
they already are.

Our study is a first step towards both understanding the
information synthesis process and developing tools to assist
scientists with that process. We present both our
characterizations of user behavior during information
synthesis, and our design and implementation progress
towards a Multi-user ExTraction and Information
Synthesis (METIS) system that will support the user
behavior we observed.

2 Related Work
Many researchers have investigated information needs in
the domain of medicine. Studies have reported the
information behavior of a variety of people, such as
physicians (Smith 1996), nurses (Lange 1993), and even
patients (Leydon, Boulton et al. 2000) in settings as diverse
as rural clinics (Bowden, Kromer et al. 1994) and academic
medical centers (Woolf and Benson 1989). Researchers
have used various methods, such as observations (Forsythe
1998), surveys (Williamson, German et al. 1989), and
interviews (usually based on the critical-incident technique)
(Northup, Moore-West et al. 1983). Although we have
learned much about information behavior in these clinical
settings, little work has been done to understand the
information needs of public health and medical scientists in
a research setting. Our work examines this important user
group for the task of information synthesis.

Researchers in information science have studied the
general process of information seeking. Although our
findings are consistent with much of that research, we focus
more on the use of the information than most models have.
Our findings are most consistent with those of Leckie &
Pettigrew (Leckie and Pettigrew 1997), Ellis (Ellis 1989)
(particularly his characteristic of extracting as part of the
search process), and Kulthau (Kuhlthau 1991). However,
we focus much less on the affective aspects of Kulthau’s
six-stage seeking process, because emotions are less
apparent in work settings, and we delve deeper into the last
two steps from her model: the collection and presentation
of the information, in this case, for the particular task of
information synthesis. 

Collaboration with respect to integrating information is
an aspect of information behavior that the research
community has largely neglected. Most previous research
has focused on collaboration from the perspective of the
person with an information need collaborating with an
experienced searcher (such as a librarian) to address the
first individual's need (Fowell and Levy 1995). In contrast,
we observed collaboration among equally experienced
members of medical research teams. Systems have been
developed to support this type of collaboration (Procter,
Goldenberg et al. 1998), but few support teams that
collaborate to search for as well as use documents. A few
exceptions are for systems that support collaborative
browsing among many individuals (Nichols, Pemberton et

al. 2000; Twidale and Nichols 1998). Their focus is on
supporting the browsing process by allowing collaborators
to see a trace of all the documents that users’ visited. In the
setting that we study, the research question, and thus, their
information need, is well defined, and therefore more
appropriate for searching, rather than such browsing
activities. Recently, the National Science Foundation
funded a joint project with members from the University of
Washington, Microsoft, Boeing, and Risø National
Laboratory to explore collaborative information seeking,
but their focus is on engineering and software-development
teams (Fidel, Bruce et al. 2000).

From a computer-science perspective, the information
synthesis process is a type of multiple document
summarization. Several computer-science researchers have
developed multi-document summarization systems (Mani
and Bloedorn 1999; McKeown and Radev 1995). These
systems use natural language processing techniques to
extract representative sentences and connect them into a
textual summary, or to generate new sentences for the text
summary based on the content of representative sentences.
However, scientists in public health and medicine care little
about the natural-language sentences and paragraphs; they
are more interested in extracting specific, quantitative, and
qualitative values from the text and the techniques used to
integrate that extracted information.

We are aware of one other approach that proposes to
support information synthesis in a medical setting (Sim
1998; Sim, Owens et al. 2001). In their model, authors
would submit the results of a clinical trial as both a
database entry to a "trial bank" in addition to the published
article. This approach has not yet considered how to
incorporate material published before the trial bank or how
such an approach would work with different types of
studies, such as cohort studies.

Although researchers have explored the development of
extraction techniques, few consider the context or behavior
of users who would use this technology. Exceptions include
such as the Alembic Workbench (Day, Aberdeen et al.
1997) and a system that interactively created rules to
extract information from text (Caruana, Hodor et al. 2000).
The Automatic Content Extraction (ACE) program
supports the development of extraction techniques that
operate on news articles, speech and images sources
(Doddington 2000). Motivated by the human genome
project, scientists have developed techniques to extract
biological information such as, protein names (Fukua,
Tsunoda et al. 1998), protein structures (Humphreys,
Demetriou et al. 2000), and molecular pathways (Friedman,
Kra et al. 2001). In the clinical domain, the Medical
Language Extraction and Encoding System (MedLEE) was
developed for radiology reports (Friedman, Alderson et al.
1994) and later applied to identify suspicious
mammography findings (Jain and Friedman 1997). 



3 Data Collection Methodology 
We base our characterizations of user behavior on three
sources of information: documents, formal training, and
observations and interviews of scientists in public health
and medicine. 

3.1 Document Analysis
During our observations and interviews, we actively read
material about the systematic review process. Our primary
sources of information were documents produced by the
Cochrane Collaboration (Clarke and Oxman 2001) and
Health Technology Assessment (HTA) (Sutton, Abrams
et al. 1998). The Cochrane Collaboration (CC) is a world
leader at conducting and providing access to systematic
reviews related to biomedical literature
(http://www.cochrane.org). We supplemented these
documents with books (Hunter and Schmidt 1990;
Ingelfinger, Mosteller et al. 1994; Lipsey and Wilson 2000;
Petitti 2000) and articles (Bartolucci 1999; Davies and
Crombie 1998; DerSimonian and Laird 1986; Engels,
Schmid et al. 2000; Petrosino 1999; Stroup, Berlin et al.
2000). 

Recommendations of the information that should be
included in a study that has synthesized information
provided us with insight into the types of information that
scientists require. We found recommendations from three
working groups that described the type of information that
should be included in three kinds of articles used. The
Asilomar Working Group provided a checklist for reports
of clinical trials, (Asilomar Working Group, 1996). The
second group, QUOROM, recommended information that
should be included in a medical meta-analysis (Moher,
Cook et al. 2000; Moher, Cook et al. 1999) and public
health meta-analysis (Stroup, Berlin et al. 2000). The last
group, CONSORT made recommendations for information
reported for randomized clinical trials (Begg, Cho et al.
1996),(Moher, Schultz et al. 2001). 

3.2 Formal Training
To accelerate our familiarity with the systematic review
process, the first author attended a presentation and short
course. The presentation given at the University of
California, conducted by Dr. Adams, was an open lecture
that discussed systematic reviews. The short course focused
on meta-analytic techniques and was conducted during a
half-day by Dr. Olkin as part of a Decision Making
Conference in San Diego (Olkin 2001).

3.3 Observations
The main component of our study of researchers’
information behavior centered on our observations of them
at work. We identified two groups of scientists who use
medical literature extensively in their work. The first group
we refer to as the medical group, who performed their
study at the Susan Samueli Center for Complementary
and Alternative Medicine (CAM). The second group we
refer to as the public health group, who worked for the

Health Priorities Research Group in the School of Social
Ecology at the University of California, Irvine. We now
describe the tasks undertaken by each group, and the
techniques we used to observe their information behavior.

3.3.1 Medical Group
We began observing the medical scientists at their first
organizational meeting in June 2001. The groups' purpose
was to conduct non-biased, rigorous reviews of medical
literature related to complementary and alternative
approaches to medicine. We did not attend, but have access
to the minutes of the search strategy meetings. The first
author attended the methodology meetings, where the group
defined the information required from each article. E-mail
was used to distribute minutes of each meeting.

With the exception of the bio-statistician, the group had
established membership before we began observing their
behavior. Group membership was comprised of two experts
in the area of spinal manipulation (the focus of the review),
a medical librarian, and four experts in other areas of
complementary and alternative medicine. This team
satisfied their pre-defined criteria to include expertise in the
areas of methodology, information science, biostatistics,
health services, clinical research, and clinical content. One
of the spinal manipulation experts had extensive experience
with the systematic review process. 

The group conducted a systematic review to answer the
research question What is the reliability of spinal palpatory
procedure(s)? Although it was clear that the review would
include spinal manipulation, coming up with the specific
research question within the area of spinal manipulation
was a collaborative exercise. Other candidate questions
included What is the effectiveness of osteopathic spinal
manipulation for low back pain? and What is the validity of
spinal palpatory procedure for screening and diagnosis of
patients with spinal neuro-muscular dysfunction? The
group has planned to conduct a review on the latter
research question after they complete the pending
reliability review, which demonstrates the iterative nature
of the information synthesis process.

In addition to defining the research question clearly, the
group also decided the kind of analysis that they would
perform. During the very early stages, the group considered
using a meta-analysis, a quantitative, statistical approach
to synthesize information from multiple studies. However,
their analysis was refined to a qualitative systematic review
because there were an insufficient number of studies that
met the criteria for a meta-analysis. This demonstrates the
iterative nature of the information synthesis process.

The experts in spinal manipulation provided the initial
search terms to initiate the retrieval process. The librarian-
contributed expertise was to identify multiple databases and
manipulate the search string to use on each. Eleven
databases were used to collect citations: Pubmed
MEDLINE, Ovid Mantis, CINAHL, EmBase, Web of
Science, OCLC PaperFirst, Biosis Preview, Index to



Chiropractic Literature, PEDro (Physiotherapy Evidence
Database), Cochrane Library and  MD consult. For each
database, the librarian e-mailed citation details, including
the title and abstract to the entire group for review. During
weekly meetings, group members provided additional
search terms to the librarian and exchanged articles. Once
the group was satisfied that they had identified all relevant
citations, they augmented the citations by manually
searching the references and by requesting additional
recommendations from experts in the field. The group
provided each external expert with a complete bibliography
of citations collected thus far, and asked them to
recommend additional literature, including gray literature,
work that has not yet been published. A combination of
electronic and manual search strategies were necessary to
ensure the identification of all potentially relevant articles.

Towards the end of the search process, the medical group
began face-to-face discussions and interactions via e-mail
to define what information they would extract from each
article. They used samples from other spinal manipulation
reviews, the CC, HTA, and their own expertise in the spinal
manipulation and alternative medicine to identify the
information required for each article. To verify that the
extraction requirements were clearly stated, three group
members and a spinal-manipulation expert who had not
been involved with the development of the extraction rules,
used the rules to extract information from three articles.
They were satisfied that the extraction rules were clear
because they all extracted similar information. The people
would extract information for each study. Once each person
had extracted the details, they would compare results and if
the extracted item differed, each group member would
explain their rationale. If the differences could not be
resolved within the sub-group, a fourth person would
consider the evidence and make the final decision. This
verification phase indicates the importance of high
precision during extraction.

In addition to a qualitative analysis, the group assigned a
quality score to each article. This score captured the
presence or absence of information and a weight indicating
the importance of each information element. For example,
the information Examiners were blinded to clinical
presentations had a quality score of eight, while reporting
the age or ethnicity of patients had quality scores of one.
The quality score was the sum of each information element.

3.3.2 Public Health Group
Scientists in public health conduct research that correlates
peoples’ behavior or public policy to diseases, as opposed
to medical group, which typically concentrate on finding
better treatments or diagnostic tests. This public health
group already had experience at extracting information to
obtain data for their database of life-saving metrics and cost
effectiveness (Tengs, Adams et al. 1995). The first author
observed their behavior by working in the same office for
two days a week during the summer of 2001. Although we
observed behavior for other projects that required the

extraction of information from articles, we based our
analysis on a completed meta-analysis that explored the
relationship between smoking and impotence. 

 The first author discussed the impotence study with the
director, statistician, and research assistants involved in the
retrieval of articles and extraction of information. This
group designed a search strategy to reduce the effect of
publication bias. Specifically, they considered all studies on
impotence, and then a research assistant manually
identified articles that reported tobacco use, a process that
took approximately two person months (N. Williams,
Personal Communication). A good systematic review will
report the article selection criteria. This study considered
1008 articles that (1) had either “impotence” or “erectile
dysfunction” in the title; (2) were not reviews, letters,
comments, editorials, or news; (3) involved human, not
animal, subjects; (4) were published in 1980 or later; and
(5) that clinical trial that were performed in the United
States (Tengs and Osgood 2001). 

After the articles were retrieved a different group
member read each article and recorded (1) the total number
of impotent subjects, (2) the number of impotent men who
were current smokers, (3) the definition of impotence used
in the study, (4) the definition of smoking used in the study,
(5) mean, standard deviation, and range of ages in the
subject population, (6) the geographic location of the study,
(7) the time period over which assessment occurred, and (8)
whether the article mentioned smoking in the abstract.
(ibid.). This manual process took approximately three hours
per study (T.Tengs, Personal Communication).

Another group member, who was not involved in the
retrieval or extraction phases preprocessed data from the
Behavioral Risk Factors Surveillance System (BRFSS)
(BRFSS 2001). This data was used to identify the smoking
rate of men with a similar age distribution, year and
geographic location of each article.  

To put the current manual techniques in context consider
exploring the relationship between smoking and breast
cancer using a search approach adopted by the public
health group. A search for documents in MEDLINE for
articles that (1) have a keyword of breast neoplasms; (2) are
not a review article or letter; (3) involve human subjects;
and (4) were published since 1980, yields approximately
70,000 articles. If it takes the same amount of time to
identify breast cancer articles that reported tobacco usage,
as impotence articles, then it would take 11.5 person years
to identify the breast cancer articles that are required for the
study. If a similar proportion of breast cancer articles report
tobacco use as impotence articles, it would take
approximately 1.8 person years to extract the information
from these studies. Based on the average annual number of
articles produced over the last ten years, approximately
72,000 articles on breast cancer would be published during
the 13.3 person years it would take to perform our review.
It is not surprising that no one has conducted this review,
despite the potential impact of the result. 



3.4 Interviews
During the preliminary meetings, members from both
groups answered many questions regarding the IS process
in general, the development of a search string, the data-
extraction and analysis methodologies. In addition to
participating at meetings and seeking clarification, the first
author conducted a 20-minute interview with the expert in
spinal manipulation from the medical group (who had
previous meta-analysis experience), and a 45-minute
interview with both the primary author and the statistician
from the public health group. We sent additional questions
to the statistician via e-mail and discussed via telephone the
details of the BRFSS preprocessing. To determine an
estimate of the amount of time they took to search, we
discussed the search process with the staff member who
manually searched the articles.

4 The Information Synthesis Process
Our study resulted in a detailed picture of the information-
synthesis process in the context of scientists in medicine
and public health. We learned that these scientists need and
use explicit, rigorous, non-biased, and repeatable methods
to identify, extract, and analyze information. Although
these traits are the cornerstone of a systematic review of
biomedical literature, they clearly are true of good
scientists in other disciplines. 

As shown in figure 1, the research question is central to
the information synthesis process. Although the strategy for
answering the research question was refined during the
process, we observed that the research question drove the
requirements of the retrieval, extraction, and analysis
phases. The research question asked by the public health
and medical groups were What is the link between smoking
use and impotence? and What is the reliability of spinal
palpatory procedures? 

In contrast to our information synthesis model, Davis and
Crombie have defined a 5-step process that describes the
systematic review process as  (1) defining the appropriate

question (2) searching the literature (3) assessing the
retrieved studies (4) combining study results, and (5)
placing the findings in context (Davies and Crombie 1998). 

During the retrieval phase, scientists require all
potentially relevant articles; thus, recall is critical.
Scientists use multiple databases and search strategies to
collect possibly relevant citations, however we observed
that they also augment the electronically available citations
with hand-searched citations (those taken from the
references of an article) and gray literature (i.e., articles that
have been written but not yet published). Gray literature is
obtained by asking experts in the domain.  This process
emphasizes the importance of recall during information
synthesis and informal collaboration with experts.

Although scientists should consider all articles that relate
to the research question, this does not imply that all articles
are included in the analysis. In addition to the search
strategy, scientists develop inclusion criteria and exclusion
criteria. For example, the public health group considered all
articles that contained “impotence” or “erectile
dysfunction" in the title, however articles were only
included in the study if they reported the smoking rate.
Both groups included the search and inclusion criterions in
their final manuscript.

Towards the end of the retrieval phase, the medical group
developed a methodology to measure article quality. This
score, which is based on the presence of information and a
weight associated which that information, is used to
categorize articles during the analysis. For example,
scientists may find differences between findings depending
on their low, medium or high quality.

After scientists develop the data extraction form, they use
a manual process to ensure that the information extracted is
accurate. Both groups verified the information extracted
before use. The context of a document was important for
this step. For example, many tables in scientific studies
adjust for factors such as age and gender. When extracting
information from such a table, group members consider
these adjustments to ensure accuracy. This process ensures
that the required precision is obtained during the extraction
phase of IS. 

We observed that scientists refined the extraction
criterion after performing preliminary analyses. For
example, the second group constrained articles to only
those from the United States, after it became clear that only
those studies would be included in the final analysis. This
decision had consequences both to the generality of the
research question and to the studies that would be included.
From an information retrieval perspective, this corresponds
to a change in retrieval criterion.

The last step in the process is to analyze the information
and present a coherent summary of the articles that were
included in the review. The medical group, who are still
preparing their final report, have currently adopted a

Figure 1 – The Information Synthesis Process. Scientists
collect articles, extract information from those articles, and
analyze the extracted information. The result of each phase
enables scientists to refine the search criteria and extraction
requirements. The availability of information influences the
type of analysis conducted.

Retrieval Analysis

Extraction

Research
Question



qualitative approach. They will compare and contrast the
quality and outcome of articles. The public health group
adopted a quantitative approach and conducted a random
effects meta-analysis (DerSimonian and Laird 1986), after
pre-processing both the information extracted from articles
and the data retrieved from the BRFSS. The choice of
analysis technique is influenced by other phases of the IS
process. Specifically, the medical group adjusted their
analysis due to a limited number of documents, the public
health group made adjustments based on the information
within the documents.

5 Functional Requirements
We have characterized the user behavior that we observed
by the level of collaboration and by the iterative
refinements that the scientists made during each phase of
the information synthesis process. In addition to access, a
system must support these behaviors if it is to enable
scientists to incorporate new findings reported in medical
literature, faster and more comprehensively than the current
manual approaches allow.

In addition to the behavior exhibited by group members,
we found regularities in the type of information used by
each group of scientists. We also identified regularities in
the location of this required information within an article.
These regularities suggest that automating the extraction
phase of the IS process is possible. We provide a
categorization of the facts required by scientists during IS
in section 5.3. 

5.1 Collaboration
The first user behavior that we observed was that group
members actively collaborated throughout the information
synthesis process. This behavior was particularly apparent
in the medical group, where each group member
contributed distinct but complementary skills. 

We were curious to see if other systematic reviews of
medical literature involved a team approach. To answer this
question, we collected all meta-analyses published in
MEDLINE between 1990 and 1996 in the top medical
journals2. Of the 147 studies that satisfied this criterion,
132 had multiple authors. This large portion of multi-
authored papers supports our finding that a systematic
review of biomedical literature is a collaborative exercise. 

In addition to recognizing that users collaborate, it is
equally important to identify how and on which tasks this
collaboration takes place. We refer again to figure 1 to
describe the collaborative activity during each phase of IS.

                                                          
2 Based on a previous empirical analysis of meta-analysis (Engels,

Schmid, et al., 2000). we used the Annals of Internal Medicine,
Archives of Internal Medicine, British Medical Journal,
Circulation, Journal of the American Medical Association,
Lancet and New England Journal of Medicine.

(1) Developing the Research Question
Although both groups had a general area of focus, the
process of defining the specific research question to be
answered was highly collaborative. Users held face-to-face
meetings to discuss and refine candidate research questions.
Group members from the medical group often bought
published articles and books to clarify issues discussed
during the previous meeting. The clinical experts played a
major role during the formulation of the research question
to ensure that it did not duplicate a previous study and
addressed an area that was important from a clinical
perspective.
(2) Retrieval

In the medical group, the librarian and experts in spinal
manipulation collaborated to ensure that the retrieval phase
was comprehensive. They updated search strings and
database choices and incorporated feedback from all group
members. Recall that three group members read each
article. The first group member to read the article hand
searched the references to provide the medical librarian
with additional citations. The librarian then obtained and
distributed the new article to the group members. In this
way, the expertise of the domain expert was coupled with
the retrieval expertise of the librarian to ensure that all
relevant articles were collected. 

In the public health group, the primary investigator and a
research assistant collaborated to develop a search string
that would ensure that they retrieved all relevant articles.
Unlike the area of complementary and alternative medicine,
MEDLINE contains much of literature in public health.
Another group member collected the full text of each
citation from MEDLINE from the University libraries.

We also observed a passive collaboration between the
group members and researchers from previous studies.
Specifically authors of a systematic review make their
search strategy explicit in their published manuscript. In
this way, group members collaborated with authors of
previously published systematic reviews to develop their
search strategy. Recommendations from the HTA and CC
were also considered.
(3) Extraction 
A recommendation of what should be included in a
systematic review provided us with insight into the kind of
information to extract. We found that scientists use either
their own previous studies, similar studies from the
literature, or external sources (such as the HTA or CC) to
create a document that specifies what data should be
extracted, the extraction form. These extraction forms
include a combination of general and specific information
types. For example, scientists who are conducting a
systematic review of the relationship between tobacco use
and breast cancer must extract general information, such as
the subjects' age and location of the study, in addition to
review-specific information, such as their smoking rate. 



The medical group developed the data extraction form
and the weights assigned to each unit of information
collaboratively. Experts in spinal manipulation and the
statistician contributed most these decisions, which they
discussed at length.

A critical part of assessing the quality of each article was
verifying that the extracted information. Although group
members often extracted the information independently, the
accuracy was verified collaboratively. Members from the
medical group resolved differences using discussion. If a
difference could not be resolved, a fourth group member
would hear the justifications for each response and make
the final decision. The public health group conducted a
similar verification process.
(4) Analysis 
The methodology used to combine results depends on the
type of analysis conducted. A systematic review is either
qualitative or quantitative. In the case of a quantitative
review, a meta-analysis is often used. A meta-analysis
weights the contribution of each article based on the
variance in the study (The details of this analysis are
beyond the scope of this paper). Scientists conducting a
qualitative evaluation will typically present the results with
respect to the quality of an article. Although the bio-
statistician played an important role defining the statistical
integration of information, determining the control items
was a collaborative process. For example, there are many
known risk factors associated with impotence. The public
health group selected a control population using age,
geographical location and the date of the study. Each of the
information items was used when combining the studies to
obtain insight into the over-all effect of tobacco usage and
impotence.

Both groups collaborated during the development of the
manuscript to place the findings in context. In addition to
partitioning articles into included and excluded categories
based on the inclusion criteria; the medical group also
collected background articles. These articles discussed
similar research questions, but did not satisfy the inclusion
criteria. The researchers used those articles to put the
findings of the study in context. Collaboration took part by
writing and editing the final manuscript. Experts in other
areas of complementary and alternative medicine ensured
that a general reader (as opposed to an expert in spinal
manipulation) could also understand the final manuscript.

5.2 Retrieval, Extraction and Analysis
Refinement

Although the users we studied had well-defined
information needs, we observed a continuous refinement of
the retrieval, extraction and analysis phases of the IS
process. Scientists documented this evolution, particularly
the search strategy, because tradition requires that they
provide these details when communicating the results of the
synthesis to other scientists.

One artifact that reflected this refinement during retrieval
was the database of citations. In the medical group, the
medical librarian supplied the title and abstract of each
article to each domain expert who would read the abstract
and propose additional query terms. She would then collect
additional articles obtained using these terms and repeat the
process. Despite a well-defined search strategy, the
development of the queries used to retrieve citations still
required refinement. 

The scientists also refined the type of analysis performed
based on the availability of information. As the public
health group explored the relationship between smoking
and impotence, they noticed that many articles also
reported alcohol consumption. Alcohol consumption was
not added to the final analysis because an insufficient
number of articles reported the combination of smoking
and alcohol, i.e. alcohol and tobacco were considered
independently in the source articles. Similarly, the medical
group had considered analyzing the articles using a meta-
analysis, however there were insufficient randomized
clinical trials related to their research question to conduct
this analysis, so they analyzed the studies using a
systematic review. Studying how users refine the analysis
based on the availability of information is only possible
when both of these phases are considered as part of a larger
process. The IS model offers this context.

We also observed an interesting interaction between the
retrieval and extraction phases in the public health group.
The public health group required all studies on impotence
where the article also reported current tobacco usage. Had
they been able to specify this selection criterion as part of
their query then, they would not have had to identify those
articles manually. This suggests that the retrieval and
extraction phrases of the IS process can be tightly coupled.

5.3 Information Requirements
In addition to how scientists use the medical literature, we
were surprised to find that regularities in the type of
information required by public health and biomedical
scientists during information synthesis. Certain information
extracted for the analysis of impotence and smoking was
also required for the analysis on spinal manipulation.
Further, that data extraction forms available from the HTA
and CC had overlapping information requirements. We
identified four categories of information required for IS,
which we base primarily on the public health study (see
Figure 2). Although the specific details extracted will of
course vary based on the actual review, we anticipate that
these characteristics will generalize to other reviews of
medical literature. We have categorized the types of
information required by scientists for information synthesis
into four categories: information related to the study,
population group, intervention or risk factor and the
medical condition. We include this list to demonstrate that
regularities in the type of information required for
information synthesis exist. We ordered the categories in
increasing specificity to a review.



The location of information within an article has
implications to indexing, retrieval and extraction strategies.
We found that information used during information
synthesis is often only located within the body of a
document, rather than in the title or abstract that are often

used to index articles. We also observed that several facts
required for information synthesis are located within the
first or second tables within a document, such as the age
and gender of subjects. This suggests that extraction
algorithms could exploit the regularities within a document.

1. Information related to the study
� Number of subjects with medical condition (e.g., number of patients who are impotent)
� Year of publication and that data was collection
� Geographical location of the study (e.g., city, state, country) 

2. Information related to the population group
� Gender of participants (e.g., female, male)
� Ethnicity
� Age of participants (including mean, average, standard deviation where available)

3. Information related to the intervention or risk factor
� Details of the intervention or risk factor (e.g., kind of palpation or type of tobacco (cigarettes, pipe))
� Amount of exposure to the intervention or risk factor (e.g., number of palpation's, time smoked)
� Confounding factors related to intervention or risk-factor (e.g., alcohol consumption)

4. Information related to the medical condition
� Location of condition (e.g., cervical, thoracic, lumbar)
� Severity of disease (e.g., mild, moderate or severe pain)
� Confounding factors related to other medical conditions (e.g. heart disease, ovarian cancer)

Figure 2 – Information Requirements of Information Synthesis.   Despite the variation in the types of articles used by different
groups, we found regularity in the type of information that scientists extracted from those articles. Items 1 and 2 appear to
generalize to other areas of medicine, while items 3 and 4 are specific to a particular study.

6 METIS Design 
We call our system METIS because in Greek mythology,
the titaness Metis presided over all wisdom and knowledge,
and we hope METIS will help scientists preside over the
wisdom and knowledge in their field. We now describe our
vision of the METIS system and our progress towards
achieving full functionality to support the behavior that we
observed during the information-synthesis process (Figure
3 provides a graphical representation of functionality.)

6.1 Design Overview
METIS is an integrated retrieval and extraction system to
provide support for the information behaviors that we
defined in Section 5. Our goal is to implement a system that
will enable scientists to perform information synthesis of
biomedical literature more effectively and more
comprehensively than current manual approaches allow.
Our long term goal is for scientists to use this semi-
automated approach to conduct reviews on research
questions that current manual processing techniques have
only partially answered because manual techniques were
too time consuming.

The system is comprised of three distinct, but integrated
components: retrieval, extraction, and analysis. Based on
the user behavior that we observed, METIS also supports
user collaboration and iteration between the different
components, which we describe further in Sections 6.2-6.4. 

Because a central finding of our study was that group
members actively collaborated throughout the information
synthesis process, we decided to include basic support for
such collaboration in the system. The collaboration that we
observed was synchronous and group members were co-
located; however, we do not believe that these constraints
are required to perform information synthesis of biomedical
literature. 

The METIS design centers on providing remote,
asynchronous access to artifacts used throughout the
information synthesis process. These artifacts include the
citation database, full-text articles (both related to the
methodology and the actual study), data extraction forms, a
database of extracted information, meeting minutes, and
drafts of the final manuscript. 

Simply providing access to artifacts does not support the
refinement between retrieval, extraction, and analysis
phases. We are constructing an interactive extraction
component that will enable multiple users to verify
information that the system has automatically extracted.
This component will provide users with the context of the
document. Although some aspects of the process appear
well suited to remote, asynchronous collaboration, we
believe that this system would also support face-to-face
meetings. We will evaluate the interactive component of
the system by working with scientists to explore the
relationship between smoking and breast cancer.



6.2 Retrieval
As you might expect from the name Multi-user ExTraction
and Information Synthesis, our work focuses more on
extraction and analysis, and less on retrieval. Retrieval is
reflected in the design because the recall performance
during this phase is critical to the validity of the IS process.
To support the iterative process that we observed, METIS
must enable users to refine their retrieval strategy after they
have performed later phases of the information synthesis
process.

We have modularized the tasks of collecting citations and
the full text of articles. Although we anticipate that the
current trend toward electronic publishing will continue, it
is inevitable that articles required for analysis (such as
those in the gray literature) will not be available
electronically. 

We partitioned the citation details from the queries to
reduce redundancy. Scientists have access to multiple
citation databases (such as those used by the medical group
related that we described in section 3.3.1) and there is
inevitably overlap between these sources. We plan to

explore CORBA technology to access citation databases in
future versions. The combination of the citation database
and access to full text would enable automation of
searching references, and removal of duplicates that
scientists currently perform manually. Scientists could also
use this database to add citations in their final manuscript. 

Reporting the query used is an important component of
the systematic review process, so scientists already make
sure that they accurately record the query string used.
METIS will follow this habit, and the trend in information
retrieval systems that enable queries to be saved, such as
Wiley Interscience interface. We anticipate that scientists
will be required to search multiple databases. Thus, future
versions of METIS will enable scientists to store and refine
queries to multiple databases, and maintain citation
information from those databases. 

The METIS component that retrieves citations from
MEDLINE for a given search criterion is complete. This
module, written in Java uses the Application Programmers
Interface (API) provided by the National Library of
Medicine. Augmenting this code with the query constraints

Figure 3 – METIS System Architecture.  METIS is an integrated retrieval and extraction system that enables scientists to perform a
systematic review of biomedical literature more effectively than the current manual approaches. METIS extracts information from
within the full text of articles, and then enables users to verify that information. The system then enables the information to be
analyzed using a random effects meta-analysis.
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available from the CC to retrieve only those articles from
MEDLINE that are suitable for a medical meta-analysis
should be simple (Clarke and Oxman 2001). However,
these constraints do not apply to our public-health meta-
analysis on smoking and breast cancer; thus, we have not
included it in our current implementation. 

Based on our observation that information required by
scientists is located within a document, it is critical that
METIS has the full text of biomedical articles available,
rather than only the title and abstract. The current pseudo-
standard format for peer-reviewed articles is PDF. We have
implemented a METIS component that translates PDF files
into HTML and from HTML into ASCII text. Our
motivation for building this module was that we have PDF
and HTML files available, and we wanted to transform
both into a standard representation for the extraction
algorithms. 

Our plan is that the METIS system will pre-process
articles as they are downloaded and store the results locally.
The system will show the local copy to users during the
extraction process, because the document context is
required to verify the extracted information. 

6.3 Extraction
A major focus of our work has been to develop techniques
that automatically extract information required for
information synthesis directly from text. We focused on
this task because we observed that scientists extract several
kinds of information that are independent of the study they
are conducting, such as information related to the study
design and population groups. Although other kinds of
information, such as the treatment or risk factor and the
disease are specific to the study, we are exploring the use of
a medical language system to make these extraction
algorithms more general. 

In addition to understanding the types of information
required for information synthesis, we also gained insights
into regularities in the way that authors described this
information in an biomedical article. This has enabled us to
develop algorithms based on heuristics to extract
information from text. We have completed the METIS
extraction components that extract the age of patients, their
smoking status, gender, location of the study, and year that
the study took place. We are in the process of evaluating
these algorithms on 884 breast cancer articles that we have
available in electronic form. 

To support the collaboration that we observed on the
verification task, METIS will enable multiple users to
check that the information extracted is accurate. A
completely automated extraction process would be
unsuccessful because accuracy is critical in public health
and medicine domain. We will build on techniques and
interfaces developed by the information extraction
communities, We are currently reviewing the interface of
this component with experts in breast cancer.

6.4 Analysis
The METIS system will enable scientists to verify the
information extracted, as required by the current manual
processes. The system would provide users with access to
the document content during the verification phase.
Scientists must also determine the appropriate
transformations, such as converting an odds-ratio to a
relative-risk, because these transformations are specific to
the research question. 

Basic summary information, such as a list of the
information extracted from each will enable scientists to
refine extraction and retrieval requirements. This
information will enable scientists to determine controls
during the analysis. For example, the public health group
would have detected the lack of alcohol information
reported. 

Lastly, the METIS system will provide a visual
representation of the final analysis. We have completed a
METIS component to conduct a random-effects meta-
analysis (DerSimonian and Laird 1986). We chose this type
of meta-analysis because it accounts for heterogeneity and
empirical analysis suggests that it is more conservative than
other meta-analysis approaches (Ellison, Zhang et al.
2001). 

7 Conclusion
The goal of our study was twofold: to gain an
understanding of how scientists in public health and
medicine use the biomedical literature to answer research
questions, and to design a system that supports those user
behaviors and information requirements. We found that the
process used by scientists incorporates retrieval, extraction
and analysis phases, which researchers have typically
studied in isolation. The information synthesis model that
we have proposed provides a model to explore interactions
between these phases.

We found that that users actively collaborated throughout
the information synthesis process, and our design of the
METIS system reflects this finding. Other findings that
heavily influenced our system design were that scientists
need both automated and manual mechanisms to perform a
comprehensive search of documents related to the research
question, and to verify the accuracy of the information
extracted. 

We observed that information retrieval is just one phase
of a larger process, that we call information synthesis, and
that scientists iterate between the retrieval, extraction, and
analysis phases throughout this process. We also found that
although scientists have clear, well-defined information
need, they were unable to avoid the problem of information
overload. Further that scientists refined their retrieval
strategies. To support the user behavior that we observed,
and thus, to reduce information overload, we propose that a
system also needs to support the extraction and analysis
phases of the information synthesis process.



This paper reports a first step towards understanding how
scientists use literature in the in the context of their work
and the implications toward a system design that would
support their user behavior and information requirements.
We will continue to work with scientists as we complete
the implementation and evaluation of METIS, a system for
Multi-User Extraction and Information Synthesis.
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