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ABSTRACT 
THEPROBLEM OF HOW TO FIND INTERESTING but previously unknown im- 
plicit information within the scientific literature is addressed. Useful in- 
formation can go unnoticed by anyone, even its creators, if it can be in- 
ferred only by considering together two (or more) separate articles nei- 
ther of which cites the other and which have no authors in common. The 
two articles (or two sets ofarticles) are in that case said to be complemen- 
tary and noninteractive. During the past twelve years, this project has 
uncovered and reported numerous complementary relationships in the 
biomedical literature that have led to new information of scientific inter- 
est. Several of these literature-based discoveries subsequently have been 
corroborated through clinical or laboratory investigations. We describe 
how to use software that can create suggestive juxtapositions of Medline 
records, the purpose being to help biomedical researchers detect new 
and useful relationships. This software, called Arrowsmith, has also proved 
valuable as a tool for investigating patterns of complementary relation- 
ships in natural language text (Arrowsmith can be used free of charge at 
http://kiwi.uchicago.edu). 

INTRODUCTION 
The juxtaposition of certain natural language text passages from dif- 

ferent biomedical journal articles can reveal or suggest new information 
not contained in the original passages considered separately. For example, 
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one article might report an association or link between substance A and 
some physiological parameter or property B while another reports a rela- 
tionship between B and disease C. If nothing has been published con- 
cerning a link between A and C via B, then to bring together the separate 
articles on A-B and B-C may suggest a novel AC relationship of scientific 
interest. There are now about 9 million records in the Medline database, 
and hence about 40 trillion (40,000,000,000,000) possible pairings of 
records. Clearly the vast majority of record pairs and article pairs have 
never been considered together. It is plausible to think that there are 
many undiscovered implicit relationships within the biomedical literature, 
at least some of which might be important (Swanson, 1993, pp. 611-19). 
It is important, therefore, to develop systematic methods for finding them. 

The possibility of literature-based discovery implied by the above model 
underscores two important properties of sets of scientific articles- 
complementarity and noninteractivity. Two sets of articles are defined 
here as complementary if together they can reveal useful information not 
apparent in the two sets considered separately; two sets are defined as 
noninteractive if they are disjoint and if no article in either set cites, or is 
co-cited with, any member of the other set (Swanson, l987,1990a, 1991). 

The first three examples of “undiscovered public knowledge” 
(Swanson, 1986a, 1986b, 1988,1990~) demonstrated that complementary 
noninteractive structures actually do exist within the biomedical litera- 
ture and can lead to the discovery of apparently new and interesting im- 
plicit relationships. In at least two of these cases (Swanson, 1986a, 1988) 
the hypothesis was subsequently corroborated experimentally by medical 
researchers. We have cited and discussed these corroborations elsewhere 
(Swanson, 1993; Smalheiser & Swanson, 1994). The hypothesis advanced 
in Swanson (1990c)-that the anabolic effects of arginine are brought 
about by systemic or local release of somatomedin C-has also received 
direct supporting evidence in three recent studies (see Kirk, 1993; Hurson, 
1995; Chevalley, 1998); a fourth study by Corpas (1993) reported negative 
results. Gordon and Lindsay (1996) re-examined, replicated, and extended 
Swanson’s work (1986a). 

The above structures were found through innovative, partially sys- 
tematic, database search strategies (Swanson, 1989a, 1989b). Computer- 
assisted processing of the downloaded output enhanced the user’s ability 
to discover novel implicit relationships (Swanson, 1991). This software 
evolved into a system called Arrowsmith that processes article records down- 
loaded from large bibliographic databases such as Medline. Text passages 
within database records provide the raw material that suggests or points 
to underlying linkages (such as AB and BG above) between separately 
published scientific findings or arguments. Our goal has been to create a 
research tool for studying complementary noninteractive structures in the 
scientific literature and at the same time to create a working system useful 
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to biomedical scientists (Swanson, 1991; Swanson & Smalheiser, 1997; 
Smalheiser & Swanson, 199Rb). 

With the help of Arrowsmith, we have developed five additional ex- 
amples of complementary noninteractive literature structures (Swanson 
& Smalheiser, 199’7; Smalheiser 8c Swanson, 1994, 1996a, 1996b, 1998a), 
each of which led to a novel, plausible, and testable medical hypothesis. 
One of these studies (Smalheiser & Swanson, 199th) elicited publication 
of a concurring letter from an author whose work was the basis for a new 
hypothesis that we proposed (Ross, 1998). 

THEPROCESSOF INFERKINGTEXTLINKAGES 
Given two Medline titles that appear to be linked, the process of in- 

ferring a biologically meaningful linkage may be more subtle than it seems 
at first sight. We consider here examples taken from Swanson (1988): 

1. “The Relation of Migraine and Epilepsy” (p. 551) 
2. 	“Preliminary Report: The Magnesium-Deficient Rat as a Model of Epi- 

lepsy” (p. 556). 

The two titles taken together appear to provide a link, via epilepsy, 
between migraine and magnesium deficiency (epilepsy being just one of 
the eleven links reported). The role of‘Arrowsmith in this example is only 
to bring the two titles together in order to create a suggestive juxtaposi- 
tion. Whether the relationship thus revealed might merit further investi- 
gation then depends on human judgment. Such judgment in general 
would be difficult to replace by a computer procedure, for it almost inevi- 
tably entails certain background knowledge, context, and presuppositions 
that are commonly, though perhaps not always consciously, brought to 
bear by the user. For example, the word “model” in the second title is 
understood against a substantive background of information about ani- 
mal models of human disease, and in that context implies that magne- 
sium deficiency causes a disorder resembling epilepsy in the rat. Several 
hundred analogous title pairs were examined in the course of the mi- 
graine-magnesium study, for most of which the linkage was less obvious 
than in the case above. The user often must make just an educated guess 
as to which leads are most promising (Swanson, 1991). 

The problem we identify in this example therefore is not how or 
whether to draw an inference about the possible effect of magnesium 
on migraine, given the above two titles, but rather how these two titles 
(or Medline records), and other pairs analogous to them, could have 
been found and brought together in the first place without knowing in 
advance about any specific link such as epilepsy. That task cannot be 
done using only a conventional Medline search. However, if one first 
uses Medline to form a local file consisting of all titles with “migraine,” 
and a second file that consists of all titles with “magnesium,” then a 
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straightforward computer procedure can produce a list of all words com- 
mon to the two sets of titles. “Epilepsy” would be on the list. One can 
think of this procedure, which Arrowsmith takes as its point of depar- 
ture, as a “higher order Medline search.” Arrowsmith then automati- 
cally filters out noninteresting words (by means of an exclusion list, or 
stoplist, compiled in advance and built into the system), makes certain 
morphological transformations (such as plural to singular), constructs 
and matches phrases, and otherwise exploits information from the 
Medline record to juxtapose pairs of text passages for the user to con- 
sider as possibly complementary. (Arrowsmith can process abstracts as 
well as titles but, for files of more than 1,000 or so records, it is more 
efficient and more effective to search, download, and subsequently ex- 
amine just titles. The restricted context makes it easy to see and assess 
the A-B relationships when both A and B are in a title and similarly for 
B-C.) Any inferences about the significance or nature of the linkage 
between the above two titles, once they have been brought together, are 
left to the user. Arrowsmith, by creating suggestive juxtapositions of 
database records, is an aid to scientific discovery but not in itself a mecha- 
nism of scientific discovery. 

AUTOMATIC OF A CANDIDATEGENERATION LISTFOR A 
Arrowsmith can also do more than help uncover linkages between an 

initially given A and C. Assume that at the outset only C, the disease 
under investigation, is given, and the user does not have in mind a spe- 
cific hypothesis for A (an agent that might act as cause or cure). Then, 
instead of a specific A, a broad category (AA) may be chosen; such a choice 
can be simple and effective. In general, categories of exogenous sub- 
stances that may enter the body and might conceivably have beneficial or 
adverse effects on C are of interest. Especially important are dietary fac- 
tors (or deficiencies), toxins, and categories of pharmaceutical agents or 
their targets (Swanson, 1991). Arrowsmith can then begin with Medline 
files for C and AA and from these derive a list of specific candidates for A. 
For example, Arrowsmith was able to start with pre-1988 literature on “mi- 
graine” as C, use a category based on dietary or deficiency factors (AA), 
and produce “magnesium” as a top-ranking candidate for A (Swanson, 
1991; Swanson & Smalheiser, 1997). 

DIRECTA-C SEARCHAS FIRSTSTEP 
It is important for the user who wishes to investigate indirect or im- 

plicit connections between A and C to understand that the first step- 
prior to using Arrowsmith-is to find all articles that are explicitly about 
both A AND C by means of a conventional or “direct” Medline search. 
Insofar as indirect linkages are already known (i.e., published), one would 
expect to find a discussion of them in articles belonging to the A-C 
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intersection. Failure to understand the contents of the AG intersection 
may result in failure to distinguish new from old in the Arrowsmith out- 
put. 

To conduct a good direct search, some skill and experience with 
Medline searching is required and in particular familiarity with the medi- 
cal subject heading (MeSH) hierarchical structure, the superimposed sub- 
heading structure, and the organization of the Medline record. Search- 
ing of other major biomedical databases, including BIOSIS, EMBASE, and 
the Science Citation Index, is also important. In some cases, the exist- 
ence of a sizable direct literature does not necessarily imply that the A 
and C literatures are well-integrated. For example, in our study of magne- 
sium in the central nervous system, we found a substantial direct litera- 
ture. But a citation analysis revealed a highly fragmented structure, not at 
all characteristic of researchers investigating a common problem who cite 
each other, and are co-cited, extensively (Smalheiser & Swanson, 1994, 
pp. 5-8). In other cases, we encountered small direct literatures that have 
never been cited at all in one or the other of the A or C literatures, indi- 
cating that new connections were published but then ignored. Our expe- 
rience underscores the importance of conventional database searching 
and citation analysis prior to using Arrowsmith for a literature-synthesis 
study. 

In any event, in the more straightforward case in which a well-con- 
structed direct search turns up little or nothing in any of the major appro- 
priate databases, a conventional database search cannot then go any fur- 
ther toward discovering unknown indirect links such as epilepsy in the 
above example. Arrowsmith is designed to solve that problem. We next 
explain what Arrowsmith does and how to use it on the Internet. 

ARROWSMITH ON THE WEB 
Arrowsmith may be used free of charge at the Web site: http:// 

kiwi.uchicago.edu. The input to Arrowsmith consists of two files that the 
user first creates by searching Medline and downloading the resulting 
records to the user's local computer. We refer to these two local files as 
File A and File C, both of which must then be transmitted to the server 
kiwiuchicago in order to be processed by Arrowsmith. Uploading local 
files to a remote server can be implemented using Netscape. 

Prepam'ng the Input Files 
The user begins with some problem (which may be a medical disor- 

der of unknown cause, such as migraine) and conducts a Medline search 
for records about that disorder (a title-word search is preferable for large 
files), then downloads the resulting records or titles to a local File C. Simi-
larly, a second Medline search creates a target literature, A (such as mag- 
nesium), or some broader category (AA), that is downloaded to File A. 
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The intersection A AND C is presumed to have been investigated before- 
hand as noted above. The Arrowsmith software operates in five stages. 
The user normally will exit after each stage and reconnect at a later stage 
when results are ready (e-mail addresses are used to identify individual 
files and results). 

Stage 1: Transmitting the Two Input Files to the Server kiwiuchicago 
The kiwi Web site is designed to accept large files transmitted by 

Netscape. The user provides the local pathname/filename. After 
Arrowsmith receives File C and File A, it creates a list of all “important” 
words and phrases common to the two files. This list of terms provides 
the source for intermediate linkages (B) between A and C. The distinc- 
tion between words that are “important” and words that are not is imple- 
mented by means of a large stoplist (words to be excluded) compiled in 
advance by applying human judgment and then built into Arrowsmith for 
all applications. Certain variant word forms are also matched. The out- 
put of this stage is a preliminary list of B-terms made available to the user 
(at Stage 2) five to thirty minutes (depending on file sizes) after Files C 
and A are received. 

Stage 2: Editing the B-List 
The preliminary B-list may contain several hundred terms and should 

be edited by the user. Notwithstanding the stoplist filter, the B-list often 
contains many terms that the user would not consider of potential inter- 
est as linkages in light of the particular problem at hand. At the Web site, 
the preliminary B-list appears in a scrollable “option” window that permits 
multiple selection of terms. The selected (highlighted) terms are then 
automatically deleted from the B-list. 

Stage 3: Organized Display of Medline &cords as Output 
The edited B-list is displayed in a window in which each B-term is a 

pointer to the subset of Medline records from File A containing that term, 
a subset called the “AB”records. Each AB display contains a pointer to 
the corresponding set of BC records, thus facilitating a systematic, orga- 
nized process of point-and-click browsing of Medline records. For each B-
term, the corresponding AB records are, in effect, juxtaposed with BC 
records to help the user notice a possible AC relationship. Successful use 
of Arrowsmith depends on the user’s subject knowledge, ingenuity, and 
ability to see promising connections suggested by comparing AB records 
with BC records for each B, as illustrated earlier in comparing a magne- 
sium-epilepsy title with an epilepsy-migraine title. 

An online example of Arrowsmith title-browsing has been prepared 
as an interactive demonstration (dem2) at Stage 3 of the kiwi Web site. 
The example is based on 2,800 migraine titles and 8,000 magnesium titles 
(all pre-1988, the time frame of the original study [Swanson, 19881). The 
computer-produced B-list consisted of 260 terms and was edited manually 
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to about 100 terms. The user may click on any term in the B-list to see the 
corresponding magnesium titles, then click on BC to see the migraine 
titles for that same B-term. The next two stages show what can be done if 
the user had not considered magnesium at the outset as a possible solu- 
tion to the migraine problem. 

Stage 4: Ranking Individual “A”Terms 
Stages 4 and 5 do not apply if File A, above, was based on a specific 

substance (such as magnesium). However, if File A was created by searching 
a broader category (such as dietary substances), then we refer to it here as 
File Ah and it becomes of interest to identify more specific A-terms that 
occur in the records within the AA category. Arrowsmith derives, from 
the AAB records, a list of words and phrases that become candidates for 
these more specific terms. The list of candidates is called the A-list. Each 
term on the A-list is associated with all B-terms that co-occur with it in the 
AAB records. 

The A-list terms are then ranked by the number of their associated 
terms from the B-list. This method is a simplified version of the ranking 
method discussed in Swanson and Smalheiser (1997). Thus, the output 
of Stage 4 is a (preliminary) ranked A-list. Returning to our example 
using “migraine” to create File C and a dietary/deficiency category to 
create File AA, the word “magnesium” appeared at the top of the result- 
ing A-list. 

Stage 5:Editing and Grouping Terns on the A-List 
As was the case for the B-list, the A-list may contain many terms of 

no interest that should be manually deleted, and it may contain syn- 
onyms or related terms that should be grouped together for purposes of 
ranking. Stage 5 presents the A-list within a scrollable option window 
that permits multiple selection. Two modes of‘operation are offered-a 
deletion mode and a grouping mode. In the first mode, all terms se- 
lected are deleted just as in Stage 2 .  In the second mode, all terms 
selected by the user are grouped together and treated as synonymous 
for the purpose of ranking. For example, the A-list might contain ascor- 
bate, ascorbic acid, and vitamin C. In one pass through the window, 
clicking on these three terms will create a group in which all associated 
B-terms from each of the three are combined into a single new total; 
repeating the ranking procedure then gives the group a higher rank 
than any of its component A-terms. Or the user may choose to form a 
broader grouping such as all terms that refer to antioxidants, which would 
include the vitamin C terms above. Alternation between the deletion 
mode and the grouping mode is permitted using each mode as many 
times as desired. The final A-list is then reranked. 

Nothing in the foregoing process determines whether any term on 
the A-list does or does not co-occur directly with C in Medline records; 



SWANSON AND SMALHEISER/ARROWSMITH 55 

such co-occurrence should be separately determined by means of a con- 
ventional Medline search. Extensive co-occurrence probably indicates that 
the relationship with C is already well known, and so the A-term in question 
may not be of further interest (however, see the earlier discussion of the 
direct search and the possibility of encountering fragmented structures). 

The sole purpose of the A-list is to offer some automatically gener- 
ated promising choices of specific A-terms for the user’s consideration. 
Once the user has chosen a single specific A (such as magnesium) that 
seems promising as the basis for File A, then the next step is to re-run 
Arrowsmith beginning again at Stage 1. The category restriction may be 
omitted altogether (thus leading to the largest B-list for the A and C un-
der consideration) or it (or perhaps a revised version) may be included as 
part of the Medline search that creates File A. 

SYNONYM SUBJECTRECOGNITION AND THE ROLEOF MEDICAL 
HEADINGS(MeSH) 

Thc heart of Arrowsmith is the computerized process of finding and 
matching words and phrases that occur in both input files (Files A, C) as 
an approach to helping the user identify complementary passages of text 
from titles or abstracts. In addition to matching identical terms, ’4rrowsmith 
also matches certain morphological vdriants, including most cases of sin- 
gular versus plural, and it can identift. synonyms insofar as they are in- 
dexed by a common subject heading (MeSH). To take advantage of the 
synonym matching capability, MeSH terms must be included for each 
record in the input files A and C. 

The output of the matching process consists of a list of terms (the B- 
list) that itself may contain synonyms or context-dependent equivalencies 
that the user may wish to take into account. A future yersion ofArrowsmith 
will provide more assistance by presenting to the user a list of word (and 
phrase) pairs that are candidates for synonyms or “surrogate synonyms” 
(sometimes called “searchonyms”) that could serve as an aid to editing 
(Stage 2, 5 ) , browsing (Stage 3) ,  and forming groups (Stage 5 ) .  Words 
will be paired if they tend to appear in similar contexts as defined with the 
help of statistics based on second order co-occurrence data. Two words 
that are synonymous or equivalent tend not to co-occur in a highly re- 
stricted context such as a title and so do not have a strong first order title 
co-occurrence correlation. But their tendency to occur in similar con- 
texts gives rise to relatively stronger second order title co-occurrence cor- 
relation. 

Synonyms, searchonyms, variant word forms, and co-occurrence sta- 
tistics can at best provide only a partial solution to the difficult problems 
of detecting complementary or suggestive pairs of text passages, but 
Arrowsmith is especially valuable for developing and testing improved 
approaches and techniques. 
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PATTERNSOF COMPLEMENTARITYANT) SUGGESTIVITY 
“A causes B, B causes C; hence A causes C” can be taken as a para- 

digm for complementarity, but it is an idealization. &, we have gained 
experience using Arrowsmith, it has become clear that transitivity is almost 
never assured, and we have to settle for the less formal arid less tidy idea 
of suggestibility (Swanson, 1991). The problcms of suggestivity and 
complementarity as expressed in natural language text are complex and 
subtle. Nonetheless, Arrowsmith is now able to produce large numbers of 
suggestive juxtapositions of Medline titles or records, and it is reasonable 
to expect further improvement with the accumulation of additional inel- 
egant ad hoc empirical rules with little else to recommend them except 
that they seem to work. 

In studying links that actually occur in the natural language text of 
title words and phrases, we have identified a few regularities or patterns 
that may become the basis for useful rules. For example, the A-B and B-C 
relationships largely fall into three groups that can be called “influence,” 
“similarity,” and “focus.” The concept of “influence” (ofA on B or B on 
C) can be expressed by many different words, including: increases, de- 
creases, attenuates, reduces, promotes, inhibits, ameliorates, exacerbates, 
enhances, causes, accelerates, facilitates, triggers, catalyzes, competes with, 
interferes with, or acts synergistically. The direction of influence may also 
be reversed, with B influencing A. The software is indifferent and sym- 
metric with respect to the direction of any relationship. The concept of 
“similarity” can be important either alone (A is siniilar to B and B is simi- 
lar to C) or in conjunction with “influence”: A influences B and B is simi- 
lar to C, thus suggesting that A might influence C: (e.g., magnesium defi- 
ciency triggers or exacerbates epileptiform seizures; migraine in some re- 
spects is similar to epilepsy, suggesting therefore that magnesium defi- 
ciency may trigger or exacerbate migraine attacks). The category “focus” 
refers loosely to a cluster of relationships between some disease and its 
manifestations in specific cell types, processes, mechanisms, pathways, 
markers, and organs, or at any anatomic locale at which a focal pathology 
is a characteristic kature. “A” may be a drug or other substance that is 
active at such a focus, B, in which case the “influence” category probably 
applies. The relationship between a disease and its manifestations (e.g., 
pathologic markers for it) may be more difficult to categorize, so “focus” 
is used simply as a tentative collective name for possibly several types of 
relationship. 

For example, indomethacin inhibits a variety of cholinergic responses; 
cholinergic deficits are characteristic of Alzheimer’s disease. (Thus in- 
domethacin, which is thought to have a protective effect in Alzheimer 
patients on the basis of clinical trials, might also have unexpected adverse 
effects [Smalheiser & Swanson, 1996al.) 

The foregoing regularities notwithstanding, natural language is richly 
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expressive, and the variety of ways in which meaningful biological link- 
ages can be suggested to the expert human observer may be so great as to 
defeat any attempt to formalize and automate thc recognition and infer- 
ence process. Arrowsmith in its present form does not attempt to do so 
but instead is designed to organize and display records so as to facilitate 
human recognition of implicit connections. Investigating patterns of 
complementarity, however, may lead to richer and improved displays of 
information to the user and so perhaps to improved stimulation of hy- 
potheses. Arrowsmith is not only a practical tool that can aid the biomedi- 
cal researcher, it is also a research tool for investigating the problems of 
finding and identifying natural language text linkages. 

THEROLE OF HUMANINTELLIGENCE 
At several points in the procedure, Arrowsmith receives a boost from 

human input that helps it perform as if it were intelligent. The first 
boost is the choice of the problem and its literature C, plus the choice of 
A as a specific target, or AA as a more general target category. Using A, 
AA,and C to construct a good Medline search also requires knowledge, 
experience, andjudgment at the outset. The second boost is the stoplist 
filter, which greatly reduces the number of useless connections that oth- 
erwise would clutter the output. The stoplist is compiled using human 
judgment (and guesswork) concerning which words probably could not 
play any useful role in forming biologically meaningful and helpful link- 
ages. It is intended as a one-time compilation, not ad hoc for each 
Arrowsmith application, but the stoplist does grow as the human com- 
piler gains experience with Arrowsmith and now includes about 7,000 
words. The remaining boosts come from the user in editing the B-list 
and A-list and in forming groups within the A-list. Finally, given the 
juxtaposed AB-BC titles or abstracts, any identification of promising im- 
plicit linkages of biological importance depends on the knowledge and 
perspicacity of the user. 

ASSESSMENTS BY OTHERSOF ARROWSMITH 
This project has been analyzed, enhanced, and extended in a num-

ber of recent papers (Chen, 1993; Cory, 1998; Davies, 1989; Finn, 1998; 
Garfield, 1994; Gordon & Lindsay, 1996; Gordon & Dumais, 1998; Kostoff, 
1998; Rikken, 1998; Spasser, 1997). Analogous work on computer-gener- 
ated discovery in chemical reaction pathways has also been reported 
(Valdes-Perez 1994). Valdes-Perez (1999) has assessed four successful com- 
puter-assisted discovery programs in chemistry (MECHEM) , medicine 
(ARROWSMITH), mathematics (GRAFFITI), and linguistics (MPD/KIN- 
SHIP). He explains why he believes that each of them has produced re- 
sults that are novel, interesting, plausible, and intelligible. 
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