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Abstract

Within the field of neuroscience there is need for new information technologies to provide better access to the extensive body of knowledge related to brain research and better support for discovery processes. In scientific research, certain intersections of people, ideas, and techniques lead to advancements, and information plays an important role in this process. This paper reports on case studies that investigate how information fuels progress at three multidisciplinary neuroscience laboratories. The results presented here profile the research environments and information practices of active neuroscientists, and a working information-seeking typology is introduced. New means of quantifying and visualizing data played a role in most of the breakthroughs reported by researchers, and interpreting new experimental findings in relation to previous research is a standard problem. Participants ranked information for solving instrumentation and technique problems as highly important, and a literature mining technique for searching PubMed (Arrowsmith) proved to be of value in their daily work. The mobility of information, a topic of much interest in scientific informatics, was a central theme in the case studies, but "boundary work" and the "newness" of information were also important factors in the discovery process.

Introduction 
Neuroscience is a particularly compelling domain for studying information seeking and use processes in scientific work. It is becoming increasingly difficult for neuroscientists to identify, manage, and process all the information needed for the efficient design and conduct of their research. Within the field there is an acute awareness of the need to develop new technologies to mobilize and synthesize the extensive body of accumulated knowledge to promote new discoveries (Amari et al., 2002; Cragin, 2003; Shepherd et al., 1998). "Neuroscientists are like puzzle builders who must integrate and fit together numerous small pieces of information derived from the hundreds of available techniques," yet they have "incomplete knowledge of how different pieces relate to one another" (Pachura & Martin, 1991, p. 28). This paper reports on a study of this process of integration in neuroscience research and the information activities and resources associated with that work.  

Our approach to investigating information work in the discovery process is based on the "information use environments" (IUE) model developed by Taylor (1991). The IUE model grounds information technology development in the analysis of sets of people within their domain and work setting, the particulars of day-to-day work activities, and the types of problems they encounter. Using an IUE analytic lens, we are assessing the relative importance of different information problems and the roles and value of different types of information at specific points of the research process.

As Gerson (2002) notes, to understand scientific discovery we need to analyze both the conditions under which effective intersections take place and the circumstances that block or retard the formation of fruitful intersections. To this end we are investigating the role of information when 1) advances are made in a line of research and 2) roadblocks deter research progress. Both situations represent significant junctures in the research process that involve information seeking and use options and decisions. Through the systematic analysis of these two types of information-critical situations, we aim to identify the kinds of information support that can improve discovery conditions in neuroscience laboratory research. Anticipating that the types of information needed by neuroscientists will vary depending on the phase of the research, makeup of the research team, and the problem at hand, our intention is to identify modes of research and specific tasks that can benefit from new information tools and services. 

During the course of the project we are conducting case studies in scientific discovery at multidisciplinary neuroscience laboratories, with a focus on information seeking and use. The study objectives are to: 1) identify when and what information is needed in day-to-day neuroscience research work; 2) develop profiles of high impact information and significant information problems; 3) map effective information intersections or combinations of information activities and resources; and 4) analyze boundary work mechanisms in the flow of information between domains. 

At the same time we are monitoring the use of one particular tool, a literature mining technique called Arrowsmith. We are working in cooperation with the Arrowsmith Data Mining Techniques in Neuro-Informatics project (hereafter referred to as the Arrowsmith Project), a five-year NIH funded study directed by Neil Smalheiser, Department of Psychiatry, University of Illinois at Chicago. Arrowsmith is being developed in collaboration with Don Swanson at the University of Chicago and is based on theoretical work first published by Swanson (1986) and subsequent system development (see Smalheiser, N.R. & Swanson, D.R. 1994, 1996, 1998).

This paper reports results from the ongoing case studies, profiling the information use environments at the labs and the scientists’ information practices. A working information-seeking typology is also presented, based on information activities recorded by participants in an electronic lab notebook. As an extension of our previous research on the role of information in interdisciplinary science (Palmer, 1999, 2001), we then discuss a central theme in the case studies—the mobility of information—in relation to the dynamics of scientific discovery. We are especially interested in how information can be better mobilized to support information sharing and collaboration and the development and testing of new hypotheses. The case study sites are conducive to this thrust. The research teams are carrying out different kinds of brain research that involve various high and low tech information technologies and research instrumentation. The scientists face a range of contemporary neuroscience information problems, such as how to combine and share large sets of data and how to find and use information from outside areas of expertise. Moreover, some of the researchers are serving as Arrowsmith field testers by experimenting with its applicability in their daily research activities.

The Arrowsmith project is part of the Human Brain Project, an initiative striving to develop a future neuroscience community that can make full use of existing data through archiving and reuse. This kind of transformation in scientific research requires more than new information technologies, however. The field also needs a greater understanding of how information is used in the research process and an improved climate for collaboration and interdisciplinary interaction. This study contributes to current efforts in neuroinformatics through an analysis of the information sources, activities, and collaborative interactions that have a significant impact on research progress in laboratory brain research.

Methods
Our research approach involves a series of staged and increasingly focused studies at three neuroscience laboratories across the United States, one in the Midwest and two located on one of the coasts. We are collecting data about the people, materials, and processes at each, focusing our attention on situations when information is involved in movement forward in the research process and when research is deterred because of a need for information. These “critical incidents” anchor the case studies to current, consequential information activities.

The case studies are being developed largely through ethnographic techniques, which generate rich, local data on how science and scientific work happen on a daily basis (Fujimura, 1987; Vaughan, 1992). The nature of any project grounded in ethnography is determined by the epistemic posture of the research team, their manner of engagement with the social scene, and the kind of story they are telling (Lindlof, 1995). We are documenting the research process at a level that brings important aspects of information work into view. These include the things that make information useful, difficult to find or use, and the social linkages by which information and knowledge move and coalesce. Our current data collection techniques include: 

Face-to-face and telephone interviews: Interviews are being conducted with principal investigators, other senior and junior research scientists, postdoctoral researchers, and graduate students. Key informants have emerged for nearly all of the cases, with a total of 11 scientists participating at this time. Our interviews with each individual are iterative, increasing in focus and specificity over time. Typically, we conduct 60-90 minute interviews beginning with a general background session to elicit data about the scientist’s projects, their specific interests and responsibilities, the larger lab context and related projects, and basic information seeking and use practices. We then use this background information to inform the next interview, where we probe for project details, specific information incidents, and issues related to our research questions. Subsequent interviews follow the trajectory of the projects and related incidents. We are currently beginning our third round of interviews with many of the researchers and expect to add new participants as cases develop.

Diary entries: An electronic lab notebook was developed by our collaborators on the Arrowsmith Project to collect search data from the participants who are also testing the Arrowsmith system. The notebook contains two forms, an Arrowsmith Diary for searches using the literature mining technique and an Information Activity Diary to record other kinds of information seeking. The diary is playing an important role in identifying critical incidents and providing specifics that complement the interview data. Analysis of these diary entries requires understanding the participants’ research areas and current projects. Therefore, we often return to our background interview transcripts when coding the diary entries, and regularly verify coding decisions in later interviews with the researchers. 

Observation: Observation sessions are being conducted at the laboratory sites, primarily with key informants. These data fill in details on the information activities, resources, and personnel associated with a project. In addition to recording field notes on day-to-day bench work, we have also had the opportunity to photograph legacy computer systems and other experimental apparatus, review organizational charts, and look through microscopes.

Project documents: Materials being actively collected for content analysis include lab notes and experiment documentation, reports, proposals, and publications used or produced by the scientists in the projects being studied. From these sources we will be extracting information about the people and literature referenced by the scientists as well as additional evidence of research progress and information interactions.

Case files consist of transcribed verbatim and descriptive texts of interviews and observations, coded diary entries, and document data. Following grounded theory processes of open and axial coding, we are interpreting the data through iterative, comparative analysis (Strauss and Corbin, 1998). We perform several rounds of descriptive and thematic coding using NVivo, a software package designed for qualitative analysis and theory building. As with similar qualitative approaches, the goal of analysis is to reveal new insights, not produce comprehensive or widely generalizable results (Becker, 1998; Glaser and Strauss, 1967). Individual cases are being analyzed longitudinally to capture progress and changes in research work, and comparative analysis across cases is being conducted to identify commonalities and differences in information practices among the different research teams.

Case Study Results
Distinguishing Features within Labs

The organization of each of the labs and the research techniques applied therein are unique when compared with the others. Each lab supports interdisciplinary research on the function of the brain, although there is little overlap in the researchers' disciplinary specializations or in the focus of their respective lines of research. This section of the paper documents features of the labs: numbers of projects and informants, the physical set-up and types of research conducted, the scientific fields represented, and distinguishing information practices. Figure 1 profiles key features of the different labs related to information seeking and use, knowledge base development, and data management.

At Lab number 1 we currently have two key informants, and we are tracking three projects. The research at this site is focused on computational neuroscience and clinical studies, using computational modeling and functional Magnetic Resonance Imaging (fMRI) techniques, respectively. The projects can be characterized as computational modeling and clinical neuroscience, with the former focused on the development of tools for brain activation models, and the latter investigating reward systems using brain activation techniques. In addition, there are ongoing informatics projects producing tools for data sharing and exploration. Disciplines represented include computer science and computational modeling, neuro-imaging, psychology, and psychiatry. Much of the work takes place in scientists’ offices, which have networked access to the data and analysis tools and digital literature sources. Prominent information work features include frequent re-use of previously analyzed data found in the published literature and an active journal club, where members of several labs meet regularly to review pertinent papers. The knowledge base of the lab is supported through professional development activities that include a strong mentoring program. One informant also takes courses to learn new material outside of his discipline.

Figure 1. Lab Profiles of Information Activities and Resources

	
	Lab 1
	Lab 2
	Lab 3

	Information seeking and use 
	- collection of articles in PDF 

- journal club

- PubCrawler alerting service
	- Endnote “reference library”

- poster abstracts for keeping
     up

- Current Opinion publications 

(annotated bibliographies)

- regular use of clinical 
     literature
	- highly collaborative, 
   frequent informal 
   interactions (e-mail)

- use of databases and 
   mapping  tools

	Knowledge base development
	- professional development and 
   mentoring

- courses in statistics and MRI 
   physics
	- visiting distant labs to learn 
   new  techniques or 
   technologies 
	- high reliance on team 
   member expertise 

	Data management
	- brain images, coordinates of 
  activation, statistical measures of 
  volume and shape

- local desktop computers with 
  visualization, statistical software
	- multi-channel neuronal 
   activity, behavioral data

- Unix-based file system, 
  database, file cabinets for 
  legacy data
	- segmentation data, cell 
  structure images, spine 
  counts

- various techniques linked 
  to multiple projects and  
  collaborations


There are five key informants and four projects being studied at Lab 2. The research focuses on the neural substrate of learning and memory. Using electrophysiology and behavioral methods with small mammals, these researchers investigate interactions among brain subsystems in the acquisition and retention of learned behavior. Disciplines represented across this lab include electrophysiology and behavioral neuroscience, neurophysiology, and neuropsychology. The physical space is spread across two large rooms, which are full of general lab equipment, computers, and animal wheels. It houses a post-doc and two doctoral students, who also supervise undergraduates in the psychology program. Learning and knowledge base development occurs frequently through consultation or informal learning, where the more senior researchers help others with their experiments. Lab members use several techniques for “keeping up” with information. For example, one maintains a “reference library” of conference posters with the software tool Endnote, and another relies on “Current Opinion” publications for reviews. There is regular use of clinical literature to evaluate how their work relates to findings in human subjects. In addition, it is common for lab members to visit distant labs to learn new techniques. 

At Lab 3 we are working with four key informants and following five projects. The site is part of a large biological sciences center that supports microscopy, informatics, and telescience work. In addition to conducting basic research, this lab is organized to support visiting scientists and collaborative activities to allow researchers throughout the field to extend their work beyond the tools or capabilities available in their own facilities. Engineers, physicists, and technicians work together to build computing and microscopy tools for both local and distant work. Other disciplines represented include computer science, anatomy, biochemistry, and neurophysiology. The lab is quite large, with open shared workspaces, small private offices, and several rooms with microscopes and other materials for biological experiments. Several shared databases and web-based tools are available from a central location. Data sharing is part of the lab’s long-term mission, and there are several active data-integration initiatives underway. The work is highly collaborative and distributed, requiring frequent, informal interactions via e-mail, although local interactions are often face-to-face. There is also high-reliance on team-member expertise to develop the knowledge base across the lab.

Practices and Conditions across Labs

Through our interviews, observations, and follow-up questions on diary entries, we have identified information work practices that are common to projects across the labs. The most prominent is the reliance on PubMed.  Every informant reported high frequency use of this resource. PsychINFO is also used across labs (but much less frequently)—even the electrophysiologists consult this literature to make sense of relationships between their animal research and human brain function. Researchers tend to avoid the physical library as much as possible, and personal collections of published papers are common. Review articles are especially important for keeping up with information and for learning in new areas. Conferences also serve this purpose. Senior researchers report that the informal interactions at smaller, specialized meetings are the most important for the exchange of information and making progress on ideas. 

Tools for visualization are becoming essential to the daily work of those doing microscopy and imaging, but they are also being integrated into the routines of other neuroscientists. New means of quantifying and displaying data played a role in most of the research breakthroughs reported by the researchers. Interpretation of experimental data in relation to previous findings is a standard problem. Tools that suggest or expose connections between laboratory findings and the literature, such as Arrowsmith, are important for this kind of assessment. Identifying and assimilating prior research are significant activities that are regularly deterred by the lack of digital access to retrospective literature. Concern continues to grow about interoperability of data systems and terminology. Standard vocabularies, including UMLS and the APA Thesaurus of Psychological Index Terms, are contributing to the development of ontologies to connect separate research specialties to common data systems. We are following this process closely and can see the value of closer collaboration between neuroscience and information science on such initiatives. Although review sources and alerting services such as PubCrawler are considered quite valuable, keeping up with information is constrained by the growth of the field and lack of information flow among basic research specialties and between research and clinical work.

Information Seeking Typology

Diary entries have produced important critical incident stimuli for interviews, but they have also proven to be a valuable source of data for differentiating information activities and analyzing their importance. Figure 2 presents an emergent information seeking typology. Category differentiation has been based on motivating situation or impetus for the reported activity. The second column shows the frequency of diary entries within each category, and the third column documents the number of entries ranked as important to the researcher's ongoing research. 

Figure 2. Information Seeking Typology with Frequency and Importance Rankings

	Categories
	Activity Totals

(diary entries)
	Importance Rankings*

(potentially/definitely) 

	A.  Assessing hypothesis:

Own preliminary hypothesis

           Established hypothesis
	2
	0 / 1

	B.  Assessing local finding relative to literature
	17
	9 / 3

	   C.  Searching for specific information outside domain
	3
	3 / 0

	D.  Searching deeply in literature of own domain
	32
	12 / 6

	E.  Exploring literature in own domain:


General literature reviews

Current awareness efforts 
	18
	4 / 2

	F.  Exploring outside domain
	18
	10 / 3

	G.  Problem-solving:

 Local methods and instrumentation problems

Intellectual problems (specific questions, fact finding)
	11
	1 / 6

	H.  Known-item searching:

Footnote chasing

Known-item search

Known person/author search
	12
	4 / 4

	TOTALS
	113
	43 / 25


*Note: Importance was reported for 91 (81%) of all diary entries.

Eight types of situations have been identified in a total of 113 entries, with 69 reporting Arrowsmith searches and 44 reporting on other information activities. Of the non-Arrowsmith searches, use of PubMed was by far the most prevalent, followed by about equal use of the Internet and other digital resources, including ISI citation indexes, ScienceDirect, and collections of full-text e-journals.

The most frequently reported activity was category D, searching deeply in (one’s) own domain. This category served as a kind of catchall for much of the standard searching performed when researchers are writing papers or proposals. The next most frequently reported searches were categories E and F, exploring literature in own domain and exploring outside domain. In these categories, “exploring” is wide-ranging and inclusive, and “searching” refers to more narrow and selective information seeking. Category B searches, assessing local finding, were similar in frequency to both types of exploring searches. “Assessing” refers to a more specific situation where a particular lab result or hypothesis is being compared or judged.  

Surprisingly, only two Arrowsmith searches to assess a hypothesis (category A) have been reported. The Arrowsmith literature mining technique finds co-occurrences of title words common to two sets of database records to identify complementary yet disjoint or non-interactive sets of literature. The display of these results helps users see new connections in the literature that may lead to plausible hypotheses worth testing (Swanson, 2003).  Of the searches to explore in domain (category E), 88% were performed using Arrowsmith. Follow-up interviews show that researchers perceive some added value in the Arrowsmith alternative for this more typical exploratory literature searching traditionally performed in PubMed. However, a number of these searches are instances of researchers tinkering with the new tool to get a better sense of what it does. 

More in line with the original aims of this literature mining tool, all but three of the out of domain searches (categories C and F) were performed on Arrowsmith, and there have been few reports of Arrowsmith being used for specific problem-solving searches (category G), where a particular question needs to be answered or a fact found before research can move forward. The information needed in category G situations was most often related to equipment or technique, however we have also documented instances when the information sought was intellectual rather than instrumental in nature. PubMed and general Internet searches were the most common sources for problem-solving. Eighty-two percent of problem solving entries included an importance ranking, and 78% percent of those were potentially or definitely important. Appropriately, no known-item searches have been performed using Arrowsmith. However, 75% of known-item searches reported in the information activity entries included an importance ranking, and of those 89% were considered potentially or definitely important. 

The categories in Figure 2 also represent differences in information seeking outcomes. For example, deep in-domain searches (category D) often resulted in articles and reference lists where one concept or hypothesis was of interest and probed further by the scientist. However, exploring outside domain (category F) typically produced a more diverse collection of general or background literature that was difficult to evaluate in terms of scope and relevance. Known-item searches were generally for information on particular scientists and their publications. When scientists were trying to assess a finding from a laboratory experiment relative to the published literature (category B), the novelty of the information was central. At this point researchers needed to differentiate between research they already knew about and that which represented new findings, concepts, or processes.  

Many models of information seeking are concerned with the process or activity of the search per se, but the aim of our analysis is to further identify the kinds of information and the attributes of information that are required at particular points in the trajectory of research. Our data show that some activities documented in the diary entries fit into Belkin’s (1980) Anomalous States of Knowledge (ASK) model. That is, some searches cannot be readily specified due, for example, to a cognitive gap or an inability to express the need “appropriately in the system’s terms” (p. 138). But, as noted in Belkin, Oddy & Brooks (1982), there are other searches initiated, such as those that address specific and articulated questions or needs. 

We will continue to expand and refine the typology as new diary entries are analyzed. Our understanding of information interactions and their impact will grow as we follow up with researchers on their research progress and problems. For example, the importance rankings submitted represent impressions near the time that the activity was conducted. Through follow-up interviews we are monitoring changes or latency in importance and how the information found is being combined and integrated with other information.

Discussion and Conclusion

Through the careful documentation of the situations when information is needed, and the outcomes of looking for and finding that information, we are mapping the critical information intersections in neuroscience research. As suggested above, these intersections are sometimes created through a puzzle building process, however that concept alone does not adequately capture the nuanced repertoire of information work involved in solving the scientific problems addressed by the lab scientists. Researchers assess their own work and that of others, explore widely and build background knowledge, solve short-term instrumental problems, and sort out complex intellectual linkages. And, for most of these purposes it is easier and faster to gather and work with information that is mobile.


Things that enable information to be moved and combined promote the accumulation of scattered knowledge. Arrowsmith is unique in its ability to mobilize masses of bibliographic data to combine and test ideas, and we have observed that participants sometimes choose to mine literature in this way rather than search by traditional means. General Internet searching is also utilized to review or locate items in the larger open market of information, but at present the efficacy of this process is limited since refinement, manipulation, and analysis functions are not well supported. Researchers consider digital repositories of e-journals indispensable, however our data show instances where scientists or their students would have worked with more complete information if they had access to retrospective literature in digital form. 

For discovery, new visualization techniques seem to hold the greatest promise. The case studies document important advancements through this type of data mobility, such as a new type of receptor that was discovered through a 3-D cell reconstruction technique. One lab is also involved in a project to layer tools (including Arrowsmith) on top of 3-D digital brain atlases to support literature searching through visual representation of brain anatomy. The ontology work being carried out in informatics projects at the labs represents a different type of mobility effort. Here, existing standards such as UMLS and the APA thesaurus are the anchors for pulling together literature and data from separate sources. Both the layering of tools and the ontologies are examples of general purpose systems explicitly designed to facilitate information intersections. Where the literature databases are being linked into these combined resources, there is a need to be able to manipulate scientific articles at a more granular level. It is evident from the way scientists search for information, and from how they talk about their information seeking, that parts of journal articles containing specifics on protocol, instrumentation, measurement, and results need to be searchable and mobile, especially for problem-solving situations.

Even scientists who work from a highly disciplinary core produce innovations by drawing from the periphery or margins of their domains (Chubin, 1976). Mobility allows for movement of information from the periphery to the core of a research area, and vise versa, and for interdisciplinary work it is especially important to be able to gather and coalesce scattered information. The researchers' extensive reliance on PubMed raises questions about how much relevant information is being missed. While PubMed covers many fields of biomedicine, for problems in neuroscience the scientific margins may reach into other databases covering topics such as nutrition or kinesiology. The transfer of information between basic research and clinical domains is another important concern. For example, researchers are seeking ways to combine searches across PubMed and PsychINFO.  In addition, the small, specialized conferences that senior scientists find so valuable can be essential venues for bringing together expertise and knowledge from both areas. These tend to be the most interdisciplinary and problem-focused meetings, centered perhaps on a disease or phenomenon, but they are exclusive, providing productive information exchange for only a small number of researchers. 

Information mobility is an important concept that is receiving much attention in scientific informatics communities. Yet, other information factors are also at play in the discovery process, especially in situations where important breakthroughs transpire. While a full discussion of these factors is beyond the scope of this paper, two—boundary work and newness—are worth introducing here because they are closely tied to mobility. The movement of information across intellectual, physical, and organizational boundaries requires that information be mobile, but it also requires boundary work (Fisher, 1990). Researchers must be skilled at finding and integrating information that is scattered or far afield. For example, the case studies have demonstrated that anatomists and anatomical knowledge are playing pivotal boundary functions, in part because of their relevance to all sectors of the field. In researchers’ information seeking, the newness of the information found is associated with its impact. Our data reveal a continuum of newness that is aligned more with the stage of research than with recency, ranging from unexpected experimental findings to the identification of cognate studies and researchers. Newness is situational, and clearly there is high value in that which is not completely new but fills out a scientist’s understanding of complementary research areas. Moreover, even a small bit of new knowledge can eventually lead to a shift or controversy in the field. As this project continues, we will be able to further articulate what, when, and how information intersects in the discovery process in neuroscience and how to better support mobility of information, boundary work, and the discovery of "new" information.
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