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Abstract

An unintended consequence of specialization in science is poor communication across special-
ties. Information developed in one area of research may be of value in another without anyone
becoming aware of the fact. We describe and evaluate interactive software and database search
strategies that facilitate the discovery of previously unknown cross specialty information of
scientific interest. The user begins by searching MEDLINE for article titles that identify a problem
or topic of interest. From downloaded titles the software constructs input for additional database
searches and produces a series of heuristic aids that help the user select a second set of articles
complementary to the first set and from a different area of research. The two sets are complemen-
tary if together they can reveal new useful information that cannot be inferred from either set
alone. The software output further helps the user identify the new information and derive from it a
novel testable hypothesis. We report several successful tests and applications of the system. ©
1997 Elsevier Science B.V.

1. Introduction and background

An important problem in the growth of knowledge is brought to light by the
following type of literature structure: one set of articles ( AB) reports an interesting
association between variables A and B, a different set of articles (BC) reports a
relationship between B and C, but nothing at all has been published concerning a
possible link between A and C, even though such a link if validated would be of
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Fig. 1. A Venn diagram that represents sets of articles, or “literatures’”, A and C, that have no articles in
common. but which are linked through intermediate literatures, B: (i =1, 2...). Such a structure may contain
unnoticed useful information that can be inferred by combining pairs of intersections ABi and BiC.

scientific interest [6,30]. ' For example, ** A" might represent intake of a substance that
induces a specific physiological change B, which in turn influences disease or body
organ C. In broader terms, two literatures such as AB and BC are complementary if
useful information can be inferred by considering them together that cannot be inferred
from either one alone. If, furthermore, the two literatures are mutually isolated in that
the authors and readers of one literature are not acquainted with the other, and vice
versa, as may often be the case for two different specialties, then no one at all may be in
a position to notice the implication that A and C might be related. To detect literature
pairs that are mutually isolated, we examine the citation pattern [7]. If two literatures are
‘““noninteractive”’ —that is, if they have never (or seldom) been cited together, and if
neither cites the other—then it is possible that scientists have not previously considered
both literatures together [25,35]. The two conditions, complementarity and noninterac-
tion, describe a model structure that shows how useful information can remain undiscov-
ered even though its components consist of public knowledge. Fig. 1 illustrates how
multiple intermediate literatures might link a given A and C.

The concept of ‘‘undiscovered public knowledge’ was developed and exemplified in
1986 [28,29] based on an actual structure in the biomedical literature similar to the
AB-BC model shown in Fig. 1. Articles on Raynaud’s disease (C) and articles on
eicosapentaenoic acid (A) when considered together were suggestive that Raynaud
patients might benefit from dietary fish oils rich in eicosapentaenoic acid [29]. One

"A, B, and C refer either to physiological conditions or agents or to the search terms based on them, or to
the literatures that result from the search, the context indicating which meaning is intended. **B’’ may also
stand, generically, for Bi with i=1,2,3...., as in Fig. 1.
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B-linkage, for example, was: dietary eicosapentaenoic acid can decrease blood viscosity
(B); abnormally high blood viscosity has been reported in patients with Raynaud’s
disease. Neither of the two literatures (A, C) cited or mentioned the other, nor has
extensive searching turned up any prior suggestions that dietary fish oils might influence
Raynaud’s disease. An independent clinical trial by medical researchers [2] subsequently
corroborated the predicted beneficial effects, as discussed in [5,37]. This first structure
was found more or less by accident, but inspired an ongoing effort to systematize the
search process [32,36], corroborate and replicate the structure [8], model it [3,36], extend
it [3,4,8], trace historical antecedents [4], and examine citations to the project itself
[27,37].

A second example of complementary noninteractive literatures began with the
literature on migraine (C), and subsequently identified a literature showing that magne-
sium deficiency (A) led to certain physiological effects ( B) that, in a different context,
were associated with migraine [31]. Eleven intermediate effects, B, provided the linkage.
(Two such linkages are, for example: magnesium can inhibit spreading depression in
the cortex, and spreading depression may be implicated in migraine attacks; magnesium
deficient rats have been used as a model of epilepsy, and epilepsy has been associated
with migraine). Remarkably, even though the literatures on magnesium and migraine
that were identified as having extensive indirect linkages consisted of more than 60
articles each, neither literature cited or mentioned the other. Moreover at that time
(1988) there were almost no records in the entire MEDLINE database that contained
both of the words ‘‘migraine’’ and ‘‘magnesium’’. Since 1988 [31], more than 12
different groups of medical researchers have reported a systemic or local magnesium
deficiency in migraine or a favorable response of migraine patients to dietary supple-
mentation with magnesium [21,37]. There is also one recent report of negative results
[26].

To date we have found and described seven examples of complementary pairs of
literatures, using progressively improved methods for finding them [21-24,29,31,33]. In
cach case we discerned a novel testable hypothesis that was implicit in a pair of
literatures considered together, but not previously made explicit in published form. Each
structure was found through extensive searching, exploring, and reading biomedical
literature [34]. The hypotheses evoked by these procedures can be evaluated by: (1) their
inherent plausibility, (2) their acceptance for publication in a refereed biomedical
journal; (3) whether they stimulate biomedical researchers to conduct clinical trials or
laboratory experiments, and (4) whether the hypotheses are corroborated as a result of
such tests. For the two earliest cases [29,31] all four criteria appear to have been met
[2,21.37].

Our goal has been to create interactive software and database search strategies that
can facilitate the discovery of complementary structures in the published literature of
science. The universe of literature or search space under consideration is limited only by
the coverage of the major scientific databases, though we have focused primarily on the
biomedical field and the MEDLINE database (8 million records). In 1991, a systematic
approach to finding complementary structures was outlined and became a point of
departure for software development [36]. The system that has now taken shape is based
on a 3-way interaction between computer software, bibliographic databases, and a
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human operator. The interaction generates information structures that are used heuristi-
cally to guide the search for promising complementary literatures. In this paper we
describe and evaluate the experimental computer software, which we call ARROW-
SMITH, and we explain how it functions within the system.

2. Approach and overview

For the migraine study [31] we analyzed the form of the eleven relationships between
A and B and between B and C that we had found [36, p. 282]. (For example, some
variant of “‘can or might influence’” occurred repeatedly.) It was clear from the outset
that, even if we were able to fit most relationships into a limited number of seemingly
simple patterns, few or none of them were transitive; they were, however, often
suggestive of a plausible new inference. But to recognize relationships within the natural
language text of titles and abstracts and to draw inferences from them requires both
common sense and extensive background knowledge. We have not attempted to
formalize or automate such tasks. Our approach is based instead on automated proce-
dures that present, for human observation, suggestive juxtapositions of natural language
extracts (mainly titles, at present) from database records. We attempt to stimulate, rather
than codify. the discovery process.

The user of the system begins by choosing a question or problem area of scientific
interest that can be associated with a literature, C. The ultimate target of the ensuing
search is a second literature, A, complementary to literature C. Two main procedures (I
and II) implement the foregoing approach in a working experimental system. Procedure
I operates on a single specified *‘source’” literature, C, identified by a database search of
title words or phrases. Fig. 2 is a schematic diagram of title word pathways from
literature C, proceeding via multiple intermediate B-terms that co-occur with title word
“C"’, to various possible target title words denoted Al, A2, A3..., etc., each of which
co-occurs with one or more B-terms. There can be, potentially, thousands of intermedi-
ate B-terms that link to C, and, for each B, thousands of possible candidates for A that
link to B. The problem of searching for one (or a few) initially unknown Ai within the
entire MEDLINE database presents a formidable explosion of possibilities. The interac-
tive system we describe evades this explosion by first restricting, by various means, the
number of different B-linkages to be traversed. From the resulting list of *‘A-candi-
dates’’, the user chooses one Ai judged to be biologically plausible. (Alternatively, the
user may choose A on some other basis and simply bypass Procedure 1.)

Procedure 11 starts anew from two pre-selected literatures, A and C (irrespective of
how A was chosen). Focusing on a single target literature, A, makes it feasible now to
develop a much less restricted list of title word pathways that connect A to C. This
procedure aims to identify all title word pathways that might provide clues to the
presence of complementary arguments within those literatures. The output of Procedure
I, a structured title display (plus journal citation), serves as a heuristic aid to identifying
word linked titles and serves as an organized guide to the literature.

ARROWSMITH (and its user) may be seen as a problem generating system [16,17].
The user chooses a relatively broad initial problem area (e.g. a disease for which neither
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Fig. 2. A schematic diagram of title word pathways that, proceeding from right to left, lead from a source
literature C through intermediate title words { B-terms) or literatures. to one or more title words that can
represent promising target literatures. Ai (i =1,2,...). A ranking algorithm for each A:, based on the total
number of B-pathways that lead to it. is illustrated. The rank numbers (number of paths) are shown in the
leftmost column.

cause nor cure is known) and is guided by Procedure I toward promising complemen-
tary literatures and by Procedure Il toward a series of more specific problems
concerning biological pathways that might constitute mechanisms of action, and ulti-
mately toward a problem presented to the experimentalist in the form of a plausible
testable hypothesis.

2.1. Procedure I: forming a ranked list of A-word candidates

In this section we describe Procedure 1 applied to a specific example in which C is
taken as the pre-1988 literature on migraine.

Step 1. Conduct a MEDLINE search for all titles that contain the word ‘‘migraine’’;
download these titles into a local computer file (FILE C). Derive automaticaily from
FILE C a list of the unique words that it contains (that is, words that co-occur in titles
with *‘migraine’’). This list contains all possible candidates for B-words (including
potentially interesting words such as ‘‘inflammatory’’, *‘platelet’’, ‘‘prostaglandin’’,
““serotonin’’, ‘‘vasospasm’’) but it contains also many unsuitable words. In order to
evade an explosion of search paths and to limit the output to manageable size, four types
of restrictions are introduced, the first being: (i) words that are predictably unsuitable as
B-candidates are excluded (e.g. not only nontopic words such as ‘‘able’’, ‘‘about’’,
“‘above’’, but also words that are vague or too general such as “‘clinical’’, **compara-
tive””, “drugs’’, “‘evidence’’, ‘‘experimental’’, *'role’’, *‘treatment’’, ‘‘studies’’) [36].
A pre-compiled exclusion list, or *‘stoplist™ is provided to the computer. The list is
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human constructed on the basis of judgment applied a priori concerning the suitability
of each word, and at present consists of about 5000 words.

Step 2. Each of the remaining B-word candidates is then searched in MEDLINE to
determine the total number of titles in which it occurs. Restriction (ii): these words are
further screened automatically to retain only those that occur with greater relative
frequency in migraine titles than in titles from MEDLINE as a whole. The latter
frequency 1s determined from the information displayed in the online search which
shows each search statement and the corresponding number of items found. More
specifically, we retain only words for which the probability is small that a random
allocation of words to titles could lead to a number of co-occurrences with ‘‘migraine’”’
equal to or greater than the observed number [1]. (The cutoff probability in our migraine
example is 0.09, as calculated from a Poisson distribution, ignoring multiple occurrences
of a given word within the same title.)

Step 3. We introduce restriction (iii): the human operator examines the filtered list of
B-terms, and removes entries that are judged not suitable—e.g. words that should be put
on the stoplist, or possibly words too broad to be useful in the particular problem
considered. Each word that remains becomes the basis for a new MEDLINE title search.

Restriction (iv) is introduced into the search strategy: each set of records formed by
searching titles for each B-word is to be narrowed down to certain categories of records
(chosen in advance) that are likely to contain target words of particular interest. This
restriction is methodologically important for it provides the user flexibility in conducting
an exploratory process that may in many respects model the process of scientific inquiry
[11]. To date, most of our restriction categories have focused on exogenous agents
because of their potential for experimental manipulation in clinical tests. Thus, cate-
gories such as deficiencies, dietary factors, toxins, or various subcategories of drugs or
environmental factors might be selected, strategies that can be designed and tested in
advance and built into the system [36]. In the present migraine example, the strategy was
designed to restrict the output to dietary factors or deficiencies induced by dietary
deprivation. Detailed search statements are given in [36]. Commands to form the
intersection of the restriction set with each B-word set and a command to form the union
of those intersections (U), are constructed automatically.

Step 4. The resulting search is uploaded into MEDLINE and executed. All titles that
correspond to set U are then downloaded to FILE U in the local computer. FILE U is
converted to a list of word occurrences (potential A-words), again using the stoplist as a
filter, repeating restriction (i). Each A-occurrence is attached to the B-word that
generated it, thus forming an A-B list that is used at a later point. It is also used
immediately to create a list of unique A-words for the database search of Step 5.

Step 5. A database title search is conducted for each unique A-word in order to
determine, for each A, the number of A-word titles within the restriction category.
Repeating restriction (ii): the A-words are filtered according to probabilistic criteria, but
now based on their co-occurrences with each B-word (rather than with **migraine’’).
The A-words thus selected constitute the list of A-candidates. Each candidate is then
assigned a rank according to the number of different B-words in the AB—BC co-occur-
rence linkages in which it participates, as illustrated in Fig. 2. This ranking algorithm is
based on a presumption that the greater the number of B-term linkages, the greater the
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Fig. 3. Top twenty (approx.) entries on the A-candidate lists for migraine, Raynaud’s disease, and Alzheimer’s
disease. produced by Procedure 1 (Fig. 3). The ranking numbers shown in the first column represent the
number of title word pathways connecting A to C. and were generated automatically by the process illustrated
in Fig. 2. Not shown, but included in the actual output, are the B-terms (illustrated in Fig. 2) that contribute to
the rank score.

chance that some of them will be biologically important. The candidate list is displayed
for the human operator to use as a heuristic device (Fig. 3).

Step 6. From the ranked list, expert judgment is brought to bear in choosing words
that appear to be the best candidates for assisting the discovery of complementary
arguments, and so for defining a literature (A) complementary to that of C. Any one
choice of A-word from the candidate list can provide input to Procedure 11 (Section
2.2).

The leftmost list in Fig. 3 shows the first 24 ranked A-terms for our migraine
example. ‘"Magnesium’’ is ranked first. Not only is it of high rank, it is biologically
highly plausible. Magnesium is an essential element in the human diet and is well
known as a modulator of neurotransmission. By these criteria ‘‘magnesium’’ emerged as
the most promising A-word candidate.

Other words on the A-candidate list also might merit further exploration. Some of
them are, however, too broad to be useful if taken alone (‘*hormone’’, ‘‘pressure’”’,
“lipid(s)”’, “‘hepatic’". ‘‘membrane’’). For reasons of practicality, the A-list is at
present limited to single words, even though phrases may often be more appropriate and
informative. However, the titles in which any particular A-word occurs (in FILE U) can
be examined to determine whether a consistently more specific context can be identified.
For example, we found that ‘*hormone’” and its B-linkages referred in most cases to
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‘*growth hormone’’; the B-linkages, however, did not appear to be important cnough to

pursue further. One could determine also whether a single letter such as *‘e’’ refers
consistently to vitamin E, apolipoprotein E, E-coli, or hepatitis E, and so on.

2.2. Procedure [l: forming a list of B-terms and a title display

This procedure develops a greatly expanded list of B-terms for a given A and C. The
probabilistic and category restrictions ((ii) and (iv)) are dropped, and phrases of up to 6
contiguous words are included. ‘**A’’ represents any single agent which may have been
taken from the Procedure 1 list of A-candidates, or “*A’’ may simply be based on an
informed scientific conjecture concerning a possible A—C relationship.

Procedure 11 should always be preceded by a database search for all records that
contain both A and C (not restricting the search to just titles), in order to identify any
A-C or A-B-C relationships that are already explicitly published. Such known
B-linkages should be investigated in advance of executing Procedure 1I to avoid
unknowingly rediscovering them as indirect linkages; Procedure Il can then focus on
relationships that are either novel or at least cannot be found by conventional searching.
Understanding strategies used in conventional searching is important at this point;
finding the ‘‘direct’’ literature is not always straightforward [12,13]. The citation
interaction pattern also can play a key role in determining whether an A—C relationship
exists and is already known, a process described in more detail elsewhere [35].

The output of Procedure 1I is to be a printed display of titles from the A and C
literatures organized according to the words, B, that they have in common. Fig. 4 is a
schematic flowchart of the process that leads to this output, a process that begins with
downloading the two sets of titles (and journal citations) for literatures A and C. For the
migraine application (based on pre-1988 literature), MEDLINE was used to create a
local file (C) of all titles (about 2800) that contain the word ‘‘migraine’’, and a file (A)
of all titles (about 8000) that contain the word ‘‘magnesium’’. No title contained both
words. The computer then produced a list of all words and phrases (about 200, after
excluding stoplist words), called the **B-LIST"’, each of which appeared in at least 2
migraine titles and 2 magnesium titles.

Application of the stoplist to phrases merits further comment. The appropriateness of
the stoplist for many words depends on the context in which they are used. ‘‘Protein’’,
for example, is too broad to be useful, and so is put on the stoplist. But individual
proteins are not, and the names of some of these include the word ‘*protein’’, such as
“*amyloid beta-protein’’ or **protein kinase C*’. We therefore divide the stoplist into two
parts, a short list of prepositions and other connectives and a long (5000-word) list. We
apply only the short stoplist to each word in a phrase. Only if every remaining word in
the phrase is on the long stoplist is the phrase dropped (Fig. 4).

The B-LIST is next edited by removing redundancies and nonuseful terms, resulting,
for the migraine /magnesium case, in cutting the list from 200 to 150 terms. The editing
process in general may include adding, deleting, removing redundancies, or revising
entries in order to compensate for certain limitations in the mechanized rules.

After the editing has been completed, the computer produces a display or printed
output that shows titles within title file A that share B-terms with titles in file C,
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Fig. 4. A schematic flowchart of Procedure 1I. The procedure begins with a downloading of ttles from
literatures A and C, and proceeds to the lower right where an output display is produced as a heuristic aid for
the human user of the system. The display is organized to facilitate comparison of A-titles with C-titles for
each B-term that they have in common, and serves as a guide to the literature.

organized alphabetically by the 150 B-terms. A similar display is created for title file C,
thus facilitating a comparison of titles A (magnesium) with titles C (migraine) that have
one or more B-words or phrases in common. Fig. 5 shows the general format of the
display and some of the more interesting titles selected for their suggestiveness of
complementarity. This title display is the principal product of ARROWSMITH. In our
example it contained altogether about 920 migraine titles and 1350 magnesium titles.

In general, portions of the title display output that appear promising on the basis of
expert judgment then become a heuristic point of departure for reviewing literatures A
and C in order to identify complementary statements or arguments (for example,
AB-BC relationships) that lead to novel testable hypotheses.

Fig. 5. Selected entries from a printed display of the Procedure 1l output for two sets of titles that contain the
word **magnesium’’ (A—Ileft column) or **migraine”” (C —right column). respectively. The headings shown
are B-terms (in alphabetic sequence). Under each B-term are titles containing that term in the two columns of
the display. This arrangement facilitates comparing “*magnesium’’ titles with **migraine’” titles for each
B-term that they have in common. Shown here are examples of B-terms in which biologically meaningful
relationships A= B and B = C are suggested by the titles: citations to the literature are also identified.
Although, for each B-term, only a few titles are shown. in general there may be as many as several hundred.
To avoid excessive output, a limit to the number of titles displayed for any one B-term can be set interactively
by the user.
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