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Abstract

Between 1991 and 2010, 45 scientists were honored with Nobel prizes in Physiology
or Medicine. It is shown that these 45 Nobel laureates are separated, on average, by
at most 2.8 co-authorship steps from at least one cross-disciplinary broker, defined as
a researcher who has published co-authored papers both in some biomedical discipline
and in some non-biomedical discipline. If Nobel laureates in Physiology or Medicine
and their immediate collaborators can be regarded as forming the intuitive “center”
of the biomedical sciences, then at least for this 20-year sample of Nobel laureates, the
center of the biomedical sciences within the co-authorship graph of all of the sciences
is closer to the edges of multiple non-biomedical disciplines than typical biomedical
researchers are to each other.

Keywords: Biomedicine; Co-authorship graphs; Cross-disciplinary brokerage; Graph cen-
trality; Preferential attachment
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1 Introduction

It is intuitively tempting to visualize scientific disciplines as spheres, with highly produc-
tive, well-funded intellectual and political leaders such as Nobel laureates occupying their
centers and less productive, less well-funded researchers being increasingly peripheral. As
preferential attachment mechanisms as well as the economics of employment tend to give
the well-known and well-funded more collaborators than the less well-known and less well-
funded (e.g. Barabási and Alberts, 1999; Barabási et al., 2002), one can expect the average
degree of vertices in the co-authorship graph of a spherical discipline to decrease as one
moves from the center to the periphery. On this intuitive view, one can expect typical pairs
of the most peripheral researchers to be separated by roughly the graph diameter from each
other, and by roughly half of the graph diameter from the center (for formal definitions of
graph-theoretic concepts, see Diestel, 2010, or for a briefer, application-specific summary,
Börner, Sanyal and Vespignani, 2007). In this case, most co-authorship paths between
peripheral researchers would traverse or at least pass near the center, so degree, distance
and betweenness centrality would all at least roughly coincide (see e.g. Freeman, 1978/79,
Borgatti and Everett, 2006 or Landherr, Friedl and Heidemann, 2010 for definitions and
comparisons of these centrality measures). Cross-disciplinary brokers would be periph-
eral researchers in one discipline who interact ocassionally with peripheral researchers in
another discipline, and who have little influence on the discipline’s overall evolution. As
co-authorship connections between researchers are influenced by factors such as geography,
academic lineage, personalities, institutional structure and inter-institutional relations, and
even international politics as well as by attachment preferences, this intuitive picture of
disciplines as spherical is clearly an over-simplification of the fine structure of disciplinary
co-authorship graphs. However, it appears to guide much of the institutional management
of science, and seems accurately to describe disciplinary organizations and boundaries that
appear surprisingly refractory to managerial initiatives toward interdisciplinarity (e.g. Ja-
cobs and Frickel, 2009).

Even a cursory examination of the documented Erdős numbers - the minimal co-authorship
distances from the late mathematician Paul Erdős - of Nobel laureates, however, challenges
this intuitive picture of disciplines as spheres. The Erdős numbers of Nobel laureates in
Physics, Chemistry, Economics, and Physiology or Medicine, where known (De Castro and
Grossman, 1999; see http://www.oakland.edu/enp/erdpaths/ for more current data), tend
to be closer to the average co-authorship distances between researchers in their respective
disciplines than to half of the relevant graph diameters. Physics, for example, had a graph
diameter of 20 and an average co-authorship distance between researchers of 5.9 in the
latter half of the 1990s; the corresponding numbers for biomedical science are 24 and 4.6
(Newman, 2001, Table 1). The average Erdős numbers during the somewhat larger period
1991 to 2005 for the incomplete sample of Nobel laureates documented by the Erdős Number
Project are 5.4 for physicists and 3.8 for biomedical scientists.1 These Nobel laureates are,
therefore, considerably closer to the boundaries separating their respective disciplines from

1Data from http://www.oakland.edu/enp/erdpaths/, accessed June 28, 2014
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mathematics than half of the relevant graph diameter and hence are considerably closer
than the spherical model would predict; if these Nobel laureates indeed occupy the centers
of their respective disciplines, their disciplines cannot be co-authorship spheres.

That mathematics is not a special case is suggested by recent work that examined co-
authorship paths that begin in one discipline, traverse another discipline and end in a
third discipline. Co-authorship paths with lengths less than three can be found that tra-
verse subdisciplines as diverse as discrete mathematics, nuclear physics, macroeconomics
and theoretical computer science (Fields, 2014a). While such short subdiscipline-crossing
paths are exceptional, their existence indicates that cross-disciplinary brokers can at least
sometimes be found in close proximity. These cross-disciplinary brokers are, moreover,
typically highly-collaborative, highly-cited researchers and are in some cases Nobel laure-
ates, including Francis Crick (Physiology or Medicine, 1962), Richard Feynman (Physics,
1965), Max Delbrück (Physiology or Medicine, 1969), Murray Gell-Mann (Physics, 1969)
and Herbert Simon (Economics, 1978). This result suggests an alternative picture in which
the co-authorship graphs of disciplines are highly non-spherical, with their “centers” in rel-
atively close mutual proximity and their most peripheral researchers located not just half
but possibly approaching a full graph diameter away from their respective centers.

The present paper tests the validity of this alternative picture of disciplinary co-authorship
graphs by asking how close Nobel laureates in Physiology or Medicine are to cross-disciplinary
brokers and hence to researchers in some other discipline. By analyzing citations in the
biomedical literature by source discipline, Chen, Arsenault, Gingras and Larivière (2014)
have recently demonstrated both the successive emergence, between 1910 and 2010, of the
core disciplines of current biomedical science and the influence of other disciplines on this
process. The work presented here complements this previous study by examining direct co-
authorship connections between biomedical researchers and scientists with different disci-
plinary backgrounds. It shows, in particular, that such direct cross-disciplinary connections
are at least sometimes made in close proximity to Nobel laureates.

For the present purposes, a “cross-disciplinary broker” is defined as a researcher who
has published co-authored papers meeting the selection criteria outlined below both in
biomedicine, the broad domain of scientific work honored by Nobel Prizes in Physiology
or Medicine, and in some non-biomedical discipline. As will be seen below, the general
discipline of biomedicine includes the five Klavans and Boyack (2009) “consensus” disci-
plines of Biology, Biochemistry (though biochemists are also sometimes awarded Nobel
Prizes in Chemistry), Infectious Disease, Medical Specialties and Neuroscience (capital-
ization is used throughout to indicate Klavans and Boyack consensus disciplines). The
other 11 Klavans and Boyack consensus disciplines are considered to be “distinct disci-
plines” from biomedicine for the purposes of identifying cross-disciplinary brokers. The
traditional biological subdisciplines of taxonomy, phylogeny and systematics are also con-
sidered to compose a “distinct discipline” here termed “evolutionary biology.” Nobel Prizes
in Physiology or Medicine are not awarded for research in this discipline. Administrative
divisions between academic departments emphasizing laboratory studies using the tools
of molecular biology and biochemistry and those emphasizing field and museum studies
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using observational methods, which began to appear as early as the mid-1970s, moreover
assure that many biomedically-oriented biologists have little exposure to these traditional,
evolutionarily-oriented parts of biology. Hence for the purposes of this study, a cross-
disciplinary broker is someone who has published co-authored papers in at least one of
the five “biomedical” Klavans and Boyack consensus disciplines, and has also published
co-authored papers either in at least one of the other 11 Klavans and Boyack consensus
disciplines or in evolutionary biology. No a priori restriction is placed on the relative tim-
ing of these papers, so individuals who qualify as brokers due to field mobility are not
distinguished a priori from those who publish in multiple fields in parallel; this question of
mobility versus parallelism will be considered further below.

To minimize ascertainment bias, co-authorship connections of all Physiology or Medicine
Nobel laureates between 1991 and 2010 are examined. The specializations of these 45
laureates range from genetics and molecular biology through cell and developmental biology,
virology, microbiology and neuroscience to reproductive physiology. Both the extent to
which these Nobel laureates collaborate among themselves and hence form a coherent,
highly connected “center” of the biomedical sciences and the co-authorship distances from
these Nobel laureates to cross-disciplinary brokers as defined above are examined. Co-
authorship data are also presented for 12 additional Nobel laureates, nine in Physiology or
Medicine and three in Chemistry, who are closely connected to the 1991 - 2010 cohort. As
the graph search methods used are heuristic as described below, all co-authorship distances
reported are upper limits. These upper-limit measurements show, first, that the Klavans
and Boyack disciplines of Biology, Biochemistry, Infectious Disease, Medical Specialties
and Neuroscience are essentially indistinguishable at the level of co-authorship connections
between Nobel laureates; specialists in these disciplines cannot even be identified as forming
exclusive disciplinary cliques. Second, they show that Nobel laureates in these disciplines
are closely connected, via cross-disciplinary brokers, to at least ten other disciplines ranging
from mathematics to philosophy; indeed they are closer, on average, to researchers in at
least one other discipline than they are, on average, to other biomedical researchers. Hence
if these biomedical Nobel laureates can be regarded as “central” to biomedicine - as surely
they can be on any socially or politically meaningful notion of centrality - then at least in
terms of co-authorship, the “center” of biomedicine is surprisingly close to the “edge” of
biomedicine. Even when they are considered together, therefore, the biomedical disciplines
do not form a co-authorship sphere.

2 Data and Methods

Names and specializations of Nobel laureates in Physiology or Medicine were obtained
from Nobelprize.org.2 Co-authorship data for Nobel laureates and their co-authors were
obtained by manual searches of Google ScholarTMbetween January and June, 2014. The
use of Google ScholarTM for bibliometric analysis has been controversial; recent large-scale

2http://www.nobelprize.org/nobel prizes/medicine/laureates/
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studies indicate high coverage of the literature (e.g. Harzing, 2013) but with low quality
control compared to commercial indices (e.g. Aguillo, 2012). Only primary and secondary
research papers, review articles, research-based science-policy papers and scholarly books
were included in the present analysis; otherwise-unpublished technical reports, textbooks,
joint editing of collections, and editorial or opinion pieces were not included. Excluding
these “grey literature” sources may lead to over-estimation of co-authorship distances, but
cannot lead to under-estimation of such distances. All publications employed to establish
co-authorship connections are listed in Appendix 1 so that their titles, co-authors and
sources may be examined.

Nobel laureates tend to have many - often hundreds - of co-authors, who may themselves
have hundreds co-authors. To make searches for co-authorship paths from laureates to either
other laureates or brokers reasonably efficient in the face of this complexity, co-authorship
paths from laureates that traverse other authors known to be near either cross-disciplinary
brokers or other Nobel laureates were followed preferentially. The present author is himself
a cross-disciplinary broker who specialized for several years in bioinformatics; the search
process employed here may, therefore, be biased toward identifying other cross-disciplinary
brokers associated with bioinformatics over brokers with other backgrounds or specialities.
Searches were generally terminated when some cross-disciplinary broker with co-authored
publications in at least one non-biomedical discipline as defined above was encountered;
where relevant to the main objective of establishing upper limits on laureate-broker dis-
tances, co-authorship connections between Nobel laureates and between identified brokers
were also considered. This search procedure effectively implements a greedy heuristic and
cannot be regarded as globally optimal; it is possible, in particular, that more exhaustive
search techniques might reveal additional cross-disciplinary brokers at distances equal to
or even smaller than those reported here. All repoprted co-authorship distances that are
greater than one must, therefore, be viewed as upper limits only.

Upper limits on co-authorship distances were measured by counting co-authored publica-
tions along the shortest paths found connecting individuals of interest in the co-authorship
graph; distances were not weighted by citation counts, numbers of joint publications be-
tween pairs of authors, or other specialized metrics. Where necessary, authors with similar
names were disambiguated by tracing their histories of institutional appointments. Cita-
tions counts are reported where particularly significant; these counts were obtained from
Google ScholarTM in early June, 2014. It should be noted that the method used here sys-
tematically underestimates interdisciplinarity by discounting all single-author publications.
As single-author publications are increasingly rare in the sciences (Porter and Rafols, 2009),
any effect of this bias is expected to be small.

3 Results

The primary results of this analysis are presented as co-authorship subgraphs demonstrating
laureate-to-broker connections (Figs. 1 - 13) to facilitate a visual grasp of laureate-to-broker
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distances; a summary is presented in tabular form in Appendix 2. Nobel laureates are
indicated by a “*” and a two-digit award date. Researchers other than Nobel laureates
are included in these subgraphs only to indicate minimal identified co-authorship paths
between laureates or between laureates and cross-disciplinary brokers, or when they serve
as brokers. Cross-disciplinary brokers are indicated by an edge connecting to an italicized
discipline name, e.g. Physics ; in these cases a representative publication in the indicated
discipline co-authored by the broker is provided. Subgraphs were constructed for each
year’s Nobel laureates in Physiology or Medicine, ordered by award year, unless that year’s
laureates have already been included in a previous subgraph. Like the search procedure
employed, this method of subgraph construction effectively implements a greedy heuristic
that may overestimate, but cannot underestimate, the upper limits on laureate-to-broker
co-authorship distances that are of interest.

Many if not most of the researchers shown in these subgraphs have well over 100 col-
laborators and some of the papers shown as edges have well over 100 co-authors; hence
these subgraphs are far less complex than the region of the complete co-authorship graph
from which they are abstracted. As these subgraphs are drawn for the specific purpose
of displaying identified inter-laureate and laureate-to-broker connections, they cannot be
regarded as representative of the structure of the co-authorship graph as a whole, and for-
mal measures of centrality or of other features of the full co-authorship graph cannot be
considered meaningful when applied only to these subgraphs. The subgraphs shown may all
be joined along shared vertices to construct a single connected subgraph linking laureates
to brokers; join vertices are indicated explicitly. Some of the co-author pairs shown have
co-authored multiple papers together (e.g. at least 50 in the case of Hamilton Smith and J.
Craig Venter); in such cases, a prominent paper also co-authored by other authors included
as vertices in one or more subgraphs is chosen for display. Papers are employed as edges in
multiple subgraphs where possible, allowing the subgraphs to be joined along shared edges
as well as shared vertices as discussed in specific cases below. Inferred upper limits on the
Erdős numbers of all laureates are included in the tabular results provided in Appendix
2. Notable citation counts and qualitative data relevant to centrality are provided in the
accompanying text.
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Fig. 1: 1991: Erwin Neher and Bert Sakmann. Labels are: (a) Hamill et al., 1991;
(b) Markram et al., 1997; (c) Schuster and Just, 2006; (d) Niebur et al., 1991; (e)
Anastassiou et al., 2011; (f) Li and Itti, 2011; (g) Itti, Koch and Niebur, 1998; (h)
Crick and Koch, 1990; (i) Itti and Baldi, 2006; (j) Baldi and Rinott, 1989; (k)
Watson and Crick, 1953.

The 1991 Nobel Prize in Physiology or Medicine was awarded to Bert Sakmann and Er-
win Neher for their development of the patch-clamp technique, a novel and significant
application of cell biological methods to neuroscience. The paper of Hamill et al. (1991)
introduced this technique and has received 17,154 citations. Markram et al. (1997) is one
of many papers applying these methods to characterize interneuronal signalling; it links
the Klavans and Boyack (2009) consensus disciplines of Biology - here, cell biology - and
Neuroscience. As is well-known, James Watson and Francis Crick shared the 1962 Nobel
Prize in Physiology or Medicine, with Maurice Wilkins, for their characterization of the
double-helix structure of DNA; Watson and Crick (1953) has 9,703 citations. Some years
later, Crick turned his attention to neuroscience; Crick and Koch (1990) introduced an
influential neurobiological account of conscious awareness and has 1,631 citations. Crick
is, therefore, another connection between Biology - in this case, molecular biology - and
Neuroscience.

The co-authorship links shown in Fig. 1 place upper limits of two, three, three and four, re-
spectively, on the maximum co-authorship distances between Nobel laureates Francis Crick,
James Watson, Bert Sakmann and Erwin Neher and the borders between the biomedical
sciences and the Klavans and Boyack consensus disciplines of Physics and Computer Sci-
ence. It also shows, incidently, that the Physics - Computer Science distance is only two
co-authorship steps, and that Computer Science is separated from a third Klavans and
Boyack consensus discipline, Mathematics, by just one co-authorship step. As Pierre Baldi
has an Erdős number of two (http://www.oakland.edu/enp/thedata/), the Erdős numbers
of Sakmann and Neher are at most six and seven, respectively. Both Watson and Crick
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have Erdős numbers of at most four (http://www.oakland.edu/enp/erdpaths/).

Christof Koch is Chief Scientific Officer of the Allen Institute for Brain Science and is well-
known in neural modelling circles; Itti, Koch and Niebur (1998) describes a computational
model of visual attention and has 5,227 citations. Henry Markram currently directs the
European Human Brain Project, a multi-national effort to fully characterize human cere-
bral cell types and connectivity. Both can be considered central figures in contemporary
neuroscience; their proximity to the borders between the biomedical sciences and Physics,
Computer Science and Mathematics is, therefore, significant in the present context.

Fig. 9
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Fig. 2: 1992: Edmond H. Fischer and Edwin G. Krebs. Labels are: (a) Malumbres
et al., 2009; (b) Mollinari et al., 2002; (c) Job, Fischer and Margolis, 1981; (d) Huang
et al., 1995; (e) Fischer and Krebs, 1958; (f) Scott et al., 1987; (g) Zoller, Kerlavage
and Taylor, 1979; (h) Fleischmann et al., 1995; (i) Farris et al., 1994; (j) Natale et al.,
2011; (k) Kitching et al., 1978; (l) DeYong, Findley and Fields, 1992; (m) Dietrich and
Fields, 1996; (n) Grenon and Smith, 2004; (o) Mulligan, Simons and Smith, 1984.

The 1992 Nobel Prize in Physiology or Medicine honors the characterization, by Edmond

8



Fischer and Edwin Krebs, of protein phosphorylation as a ubiquitous regulator of bio-
chemical activity; Fischer and Krebs (1958) reports some of this work in the Journal of

Biological Chemistry. Figure 2 thus links the Klavans and Boyack (2009) consensus disci-
pline of Biochemistry to neuroscience, cell biology and molecular biology, the specialties of
Nobel laureates Eric Kandel, Tim Hunt, and Hamilton Smith respectively. It also shows
that Hamilton Smith is only one co-authorship step away from four boundaries between
biomedicine and other disciplines: those of evolutionary biology, physics, electrical engineer-
ing and cognitive science, and is only two co-authorship steps from the boundries between
biomedicine and philosophy or computer science. Edwin Krebs, Edmond Fischer and Eric
Kandel are, therefore, separated from the first four borders by no more than three, four
and four co-authorship steps, respectively, and are separated from the latter two borders
by no more than four, five and five co-authorship steps, respectively. As Hamilton Smith
and Eric Kandel have Erdős numbers of at most three (Fields, 2014b) and four (see Fig. 8)
respectively, Krebs and Fischer have Erdős numbers of at most six and seven, respectively.

As discussed earlier, evolutionary biology is a component of the Klavans and Boyack consen-
sus discipline of Biology, but is not part of biomedicine. Klavans and Boyack include electri-
cal engineering in their consensus discipline of Computer Science; they are named separately
here to distinguish the hardware-oriented work of DeYong, Findley and Fields (1992), which
describes the design and testing of novel integrated circuits, from the algorithm-oriented
work of Grenon and Smith (2004) or Li and Itti (2011) from Fig. 1. Cognitive science is an
amalgam of components from the Klavans and Boyack disciplines of Psychology (mainly
cognitive psychology), Computer Science (artificial intelligence), Social Sciences (anthro-
pology and linguistics) and Humanities (philosophy of mind). Philosophy - in Barry Smith’s
case, ontology - is a part of the Klavans and Boyack discipline of Humanities. Figures 1
and 2 together, therefore, already demonstrate links between biomedicine and six of the
other 11 Klavans and Boyack consensus disciplines.
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k
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Jack Szostak*(09)

o
o

o

p

Elizabeth Blackburn*(09)

Carol Greider*(09)

Tom Cech*(89)

Fig. 3: 1993: Richard J. Roberts and Phillip A. Sharp; 2009: Elizabeth H. Blackburn,
Carol W. Greider and Jack W. Szostak. Labels are: (a) Akil et al., 2010; (b) Kandel
and Schwartz, 1982; (c) Berg et al., 1974; (d) Nathans et al., 1962; (e) Zinder and Leder-
berg, 1952; (f) Singh et al., 1986; (g) Smith and Nathans, 1973; (h) Adams et al., 2000;
(i) Padgett et al., 1983; (j) Manley et al., 1980; (k) Venter et al., 2001; (l) Fleischmann
et al., 1995; (m) Mount et al., 1992; (n) Roberts and Szostak, 1997; (o) Blackburn,
Greider and Szostak, 2006; (p) Burke et al., 1987.

This subgraph of 14 Nobel laureates, including Chemistry laureate Tom Cech, and five
of their collaborators spans 50 years of Nobel prizes and forms a natural “center” of the
biomedical sciences to which the other Nobel laureates between 1991 and 2010 may be
referred. It joins directly with 11 of the other 12 subgraphs presented here. The three-
laureate clique defined by Akil et al. (2010) links neuroscientist Eric Kandel with geneticist
Sydney Brenner and molecular biologist James Watson. The four-clique defined by Berg
et al. (1974) links molecular biologists Watson and Dan Nathans to David Baltimore,
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who received his 1975 Nobel Prize for work in virology. Roberts and Szostak (1997) links
molecular biologist Richard Roberts to cell biologist Jack Szostak; Burke et al. (1987) links
Szostak to biochemist Tom Cech. The Klavans and Boyack (2009) consensus disciplines of
Biology, Biochemistry, Infectious Disease and Neuroscience are, therefore, all represented
by Nobel laureates in this subgraph.

Figure 3 also shows that Dan Nathans, Phillip Sharp and Richard Roberts are within
two co-authorship steps of the disciplinary borders crossed by the present author, and
that Nathans and Roberts are within two co-authorship steps of the disciplinary border
crossed by Carol Bult (cf Fig. 2). It places upper limits of four on the Erdős numbers of
Nathans and Roberts, five on those of Jack Szostak and Phillip Sharp, and six on those of
Elizabeth Blackburn, Carol Greider and Tom Cech. The Erdős numbers of Sydney Brenner
and Andrew Fire are at most four, while that of David Baltimore is at most five (Fields,
2014b). As Hamilton Smith and James Watson have Erdős numbers of at most three and
four as noted earlier, that of Joshua Lederberg is at most six (Lederberg’s Erdős number
is in fact at most 5; see http://www.oakland.edu/enp/erdpaths/).

Figure 3 includes three major papers of the Human Genome Project. Venter et al. (2001) is
one of two initial reports of the complete sequence of the human genome and has garnered
12,061 citations. Adams et al. (2000) reports the complete sequence of the Drosophila

melanogaster (fruit fly) genome and has 5,074 citations. Fleischmann et al. (1995), also
shown as edge “h” in Fig. 2, reports the first complete sequence of a microbial genome and
has 5,214 citations. Fleischmann et al. (1995) has 40 co-authors while Adams et al. (2000)
and Venter et al. (2001) both have well over 100, providing a glimpse of the complexity
of the full co-authorship graph from which the subgraphs shown are abstracted. J. Craig
Venter, whose connections with additional Nobel laureates are shown in Fig. 12, is a pioneer
in high-throughput, highly-automated DNA sequencing for whole-genome characterization,
environmental sequencing to discover new organisms, and synthetic biology. Currently
President of the J. Craig Venter Institute, he is a central figure in both biomedical research
and the biotechnology industry.
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Fig. 4: 1994: Alfred G. Gilman and Martin Rodbell; 1995: Edward B. Lewis, Christiane
Nüsslein-Volhard and Eric F. Wieschaus. Labels are: (a) Erdős et al., 1999; (b) Pohl, Birn-
baumer and Rodbell, 1971; (c) Rogozin et al., 2002; (d) Montell, Birnbaumer and Flockerzi,
2002; (e) Daigle et al., 2002; (f) Gardner et al., 1998; (g) Adams et al., 2000; (h) Montell
and Rubin, 1989; (i) Coleman et al., 1994; (j) Rubin and Lewis, 2000; (k) Freissmuth,
Casey and Gilman, 1989; (l) Karch et al., 1985; (m) Bahmanyar et al., 2008; (n) Fleischmann
et al., 1995; (o) Peifer and Wieschaus, 1990; (p) O’Toole, Giddings, McIntosh and Dutcher,
2003; (q) Nüsslein-Volhard and Wieschaus, 1980; (r) Li et al., 2004; (s) Ray, Arora, Nüsslein-
Volhard and Gelbart, 1991; (t) Schneider, Stormo, Gold and Ehrenfeucht, 1986; (u) Mount
et al., 1992; (v) Drosophila 12 Genomes Consortium, 2007; (w) Ehrenfeucht and Rozenberg,
1990; (x) Ott, Grebogi and Yorke, 1990; (y) Farrell and Lander, 1989; (z) Arratia and Lander,
1990; (aa) Lander et al., 2001; (bb) Lander, Mesirov and Taylor, 1989.
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This remarkable subgraph links cell biologists Alfred Gilman and Martin Rodbell, hon-
ored in 1994 for their work in cellular signal transduction, to Drosophila geneticists Ed-
ward Lewis, Christiane Nüsslein-Volhard and Eric Wieschaus, who shared the 1995 Nobel
Prize for work in developmental genetics. It also illustrates the effect of genome-level bi-
ology, here represented by Adams et al. (2000), Lander et al. (2001) and Drosophila

12 Genomes Consortium (2007), on the historically somewhat insular Drosophila genet-
ics community. Figure 4 also shows that Nobel laureate Alfred Gilman is at most three
co-authorship steps of mathematician László Székely, a direct collaborator of Paul Erdős
(http://www.oakland.edu/enp/thedata/), giving Gilman an Erdős number of at most four.
Via Eugene Koonin’s co-authorship of Lander et al. (2001), Gilman is three co-authorship
steps from the three disciplinary boundaries crossed by Eric Lander. Like Koonin’s, Lan-
der’s Erdős number is two (http://www.oakland.edu/enp/thedata/), confirming Gilman’s
Erdős number of at most four by a second route. Nobel laureates Christiane Nüsslein-
Volhard, Eric Wieschaus, Edward Lewis, and Martin Rodbell receive Erdős numbers of at
most four, five, five and seven, respectively, via Lander, Koonin or both. Besides these
connections with mathematics, Nüsslein-Volhard, Wieschaus and Lewis are within two,
three and three co-authorship steps, respectively, of physicist James Yorke, a well-known
chaos theorist, as well as three, four and three co-authorship steps, respectively, of the
present author. This subgraph also shows that biomedical science can be traversed, from
physics to mathematics, in four co-authorship steps (Yorke to Székely), three co-authorship
steps (Fields to either Székely or Lander), two co-authorship steps (Fields to Ehrenfeucht),
or even one co-authorship step (Yorke to Lander), traversal widths comparable to those
demonstrated in Fields (2014a) using different co-authorship paths.

Cross-disciplinary broker Eric Lander earned his D.Phil. in mathematics, was one of the
founders, in the late 1980s, of the new subdiscipline of bioinformatics, and served as Director
of the Whitehead Institute during the initial stage of the Human Genome Project. He is
the first author of Lander et al. (2001), the other of the two initial reports of the complete
sequence of the human genome, which appeared in the same week as Venter et al. (2001)
and has garnered 16,575 citations. Currently Director of the Broad Institute, he is central
to biomedicine on any reasonable definition of centrality. Here he provides additional links
from biomedicine to the Klavans and Boyack (2009) disciplines of Mathematics, Computer
Science and Social Sciences.
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Fig. 2,3,8 Fig. 3,12 Fig. 1

Fig. 5: 1996: Peter C. Doherty and Rolf M. Zinkernagel. Labels are: (a) Tsien et al.,
1996; (b) Ashton-Rickardt et al., 1994; (c) McHugh et al., 2007; (d) Van Kaert et al.,
1994; (e) Zinkernagel and Doherty, 1979; (f) Meffert et al., 2003; (g) Han et al., 2003.

The 1996 Nobel Prize in Physiology or Medicine honored Peter Doherty and Rolf Zinker-
nagel for their work in immunology; Susumu Tonegawa’s 1987 Nobel Prize similarly honors
work in immunology. Figure 5 thus connects immunology, a subdiscipline of Klavans and
Boyacks’s (2009) consensus discipline of Medical Specialties, with the Klavans and Boyack
disciplines of Neuroscience (via Eric Kandel) and Infectious Disease (via David Baltimore).
Given Eric Kandel’s Erdős number of at most four, this subgraph gives Erdős numbers
of at most five to Susumu Tonegawa and at most six to both Rolf Zinkernagel and Peter
Doherty. It also connects these Nobel laureates to both physics and computer science via
Christof Koch’s connections (see Fig. 1).
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Fig. 6: 1997: Stanley B. Prusiner; 1999: Günter Blobel; 2007: Mario R. Capecchi.
Labels are: (a) Gould and Lewontin, 1979; (b) Distel et al., 1996; (c) Saiki et al., 1985;
(d) Oesch et al., 1985; (e) Boehnke, Arnheim, Li and Collins, 1989; (f) Manolio et al.,
2009; (g) Lander et al., 2001; (h) Austin et al., 2004; (i) McCombie et al., 1992; (j)
Collins and Watson, 2003.

This subgraph illustrates the central position in biomedicine of Francis Collins, currently
Director of the U. S. National Institutes of Health. It connects Collins to seven Nobel
laureates, including biochemist Kary Mullis, a laureate in Chemistry. Günter Blobel’s
specialty is cell biology, Mario Capecchi’s is molecular biology and John Sulston’s is genetics.
Stanley Prusiner’s Nobel Prize honors his discovery that prions are infectious agents, while
Harold Varmus’ honors work in oncology. Figure 6 thus connects Nobel laureates in the
Klavans and Boyack disciplines of Biology, Biochemistry, Infectious Disease and Medical
Specialties. As Francis Collins is only one co-authorship step from the disciplines of both
Eric Lander and the present author, all of these Nobel laureates are close to multiple cross-
disciplinary boundaries. Nobel Laureate Günter Blobel, two steps from Collins, is only
one co-authorship step from the boundary between biomedical science and evolutionary
biology, having co-authored a paper with well-known evolutionary biologist Stephen J.
Gould, a cross-disciplinary broker who also did significant work in Blobel’s field of cell
biology. Eric Lander’s Erdős number of two confers low Erdős numbers on all of the other
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scientists in this subgraph. The largest clique in this subgraph is that defined by Lander et
al. (2001), which as noted earlier is one of the two initial reports of the complete sequence
of the human genome. All co-authors of this paper are also co-authors of Eugene Koonin,
and hence link to Fig. 4 through Koonin as well as Lander.
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Fig. 7: 1998: Robert F. Furchgott, Louis J. Ignarro and Ferid Murad. Labels are:
(a) Blair et al., 1948; (b) Furchgott, Sleator and de Gubareff, 1960; (c) Olney, Fuller
and de Gubareff, 1979; (d) Olney, Newcomer and Farber, 1999; (e) Newcomer et al., 1999;
(f) Lee et al., 2012; (g) McCombie et al., 1992; (h) Schein et al., 1993; (i) Grishok et al.,
2001; (j) Ruvkun et al., 1989; (k) Ogg et al., 1997; (l) Tolias et al., 2005; (m) Burette
et al., 2002; (n) Förstermann et al., 1991; (o) Schmidt et al., 1996; (p) Ignarro et al., 1993;
(q) Wink et al., 1998.

The 1998 Nobel Prize in Physiology and Medicine honored the discovery that nitric oxide
(NO) serves as a signalling molecule in the cardiovascular system. The research leading to
this discovery employed biochemical methods far removed from those of molecular biology
and genetics; the Nobel laureates of 1998 are correspondingly far, in terms of co-authorship,
from the “center” shown in Fig. 3. Like Hamilton Smith in Fig. 2 or Günter Blobel in
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Fig. 6, Nobel laureate Richard Furchgott is only one co-authorship step from the boundary
of biomedical science, having co-authored several papers with physicist-turned-physiologist
William Sleator, Jr. Laureates Ferid Murad and Louis Ignarro, however, appear to be at
least six and eight co-authorship steps, respectively, from the edges of biomedicine. The
Erdős numbers of the 1998 laureates are also among the highest in the 1991-2010 time
period. As the present author has an Erdős number of at most three,3 Richard Furchgott’s
is at most nine, although it may be smaller due to paths to Erdős within physics. John
Sulston’s Erdős number is at most three (Fields, 2014b); Ferid Murad’s Erdős number is,
therefore, at most eight and Louis Ignarro’s is at most ten.

3See http://chrisfieldsresearch.com/erdos.htm for supporting data.
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Fig. 8: 2000: Arvid Carlsson, Paul Greengard and Eric R. Kandel; 2003: Peter Mansfield;
2004: Richard Axel and Linda B. Buck; 2007: Oliver Smithies. Labels are: (a) Kegeles
et al., 2000; (b) Baker et al., 1994; (c) Mansfield and Grannell, 1973; (d) Petridou et al.,
2009; (e) Innis et al., 2007; (f) Hervé et al., 2011; (g) Fox, Raichle, Mintun and Dence, 1988;
(h) Mazziotta et al., 2001; (i) Petersen et al., 1988; (j) Posner, Snyder and Davidson, 1980;
(k) Albright, Jessell, Kandel and Posner, 2000; (l) Castellucci et al., 1980; (m) Scheller et al.,
1982; (n) Buck and Axel, 1991; (o) Argarana et al., 1986; (p) Wigler et al., 1979; (q) Ressler,
Sullivan and Buck, 1994; (r) Alon et al., 2006; (s) Efstratiadis et al., 1980; (t) Myers, Ressler
and Davis, 2006; (u) Alon and Spencer, 2000.

Nobel laureate Peter Mansfield, one of the developers of biomedical magnetic resonance
imaging (MRI), is a cross-disciplinary broker in Fig. 8, as is his collaborator Penny Gow-
land, currently a Professor of Physics at the University of Nottingham. Even more strik-
ingly, cognitive psychologist Michael Posner is traversed by what appears to be the shortest
co-authorship path between biomedical Nobel laureates Arvid Carlsson and Peter Mans-
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field on the one hand and Eric Kandel and his collaborators - and hence the “center” of
the biomedical sciences shown in Fig. 3 - on the other. This subgraph shows that Eric
Kandel is only one co-authorship step from the boundary between the biomedical sciences
and the Klavans and Boyack discipline of Psychology and only three steps from the bound-
ary with Mathematics. As Charles Cantor is a co-author, with Francis Collins, of Smith
et al. (1987), this subgraph is also linked to Fig. 6 and hence to the cross-disciplinary
connections of both Eric Lander and the present author. Noga Alon’s Erdős number of one
(http://www.oakland.edu/enp/thedata/) gives Richard Axel an Erdős number of three and
Kandel an Erdős number of four as noted earlier. Linda Buck, therefore, also has Erdős
number four, while Paul Greengard and Oliver Smithies have Erdős numbers of at most
five. This subgraph gives both Arvid Carlsson and Peter Mansfield Erdős numbers of at
most nine, although Mansfield’s may be lower via co-authors in the experimental physics
community.

Fig. 2,3,4,6,7,10,11,12

Fig. 4,6,12,13

Fig. 2Tim Hunt*(01)
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Eugene Koonin
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Chris Fields

e

Eric Lander
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Kim Nasmyth
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Linda Breeden
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Richard McCombie
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D. Carleton Gajdusek*(76) Leland Hartwell*(01) Gary Stormo

l m

Susan Dutcher Fig. 4

Fig. 9: 2001: Leland H. Hartwell, Tim Hunt and Paul M. Nurse. Labels are: (a) Lander
et al., 2001; (b) Uhlmann et al., 2000; (c) Nasmyth and Hunt, 1993; (d) Breeden and
Nasmyth, 1985; (e) McCombie et al., 1992; (f) Wood et al., 2002; (g) Nurse, Thuriaux and
Nasmyth, 1976; (h) Yarus et al., 1986; (i) Goldfarb et al., 1991; (j) Nurse, Masui and
Hartwell, 1998; (k) Schneider, Stormo, Yarus and Gold, 1984; (l) Dutcher and Hartwell,
1982; (m) Li et al., 2004.

Figure 9 shows that Nobel laureates Leland Hartwell, Tim Hunt and Paul Nurse, honored
in 2001 for their work on the genetics of the cell-division cycle, are within three, four
and two co-authorship links, respectively, of the disciplinary boundaries crossed by both
Eric Lander and the present author. They have Erdős numbers of five, four and four,
respectively, via Eric Lander, Eugene Koonin or both. D. Carleton Gajdusek, a specialist
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in tropical medicine, received the 1976 Nobel Prize in Physiology and Medicine for his work
on what would later be recognized as prion diseases; Fig. 9 shows that he is only two
co-authorship links from multiple disciplinary boundaries, and gives him an Erdős number
of at most four.

Fig. 3
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Fig. 10: 2002: Sydney Brenner, H. Robert Horvitz and John E. Sulston; 2006: Andrew Z.
Fire and Craig C. Mello. Labels are: (a) Chalfie et al., 1985; (b) Xue, Finney, Ruvkun and
Chalfie, 1992; (c) Ruvkun et al., 1989; (d) Fleming et al., 1997; (e) Herr et al., 1988; (f)
Grishok et al., 2001; (g) Dupuy et al., 2007; (h) Schein et al., 1993; (i) Buldyrev et al., 1992;
(j) Barabási and Albert, 1999.

This subgraph of seven Nobel laureates, including Chemistry laureate Martin Chalfie,
demonstrates the important role of the nematode worm Caenorhabditis elegans, the sub-
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ject of all of the papers shown here except those of Albert-László Barabási that are not in
biomedical science, in the late 20th century development of molecular genetics and genomics.
It also shows that these Nobel laureates are all close to the borders between biomedicine
and both physics and the theory of networks, an emerging discipline with components from
the Klavans and Boyack (2009) disciplines of Social Sciences, Mathematics and Physics.
As both John Sulston and the present author have Erdős numbers of three, all of the sci-
entists in this subgraph also have low Erdős numbers. Grishok et al. (2001) is one of the
first papers describing the gene-regulating function of small RNAs and has 1,546 citations.
The most highly-cited paper in this subgraph, however, is the pioneering work of Barabási
and Albert (1999) on scale-free networks; with 20,121 citations, this paper is the most
highly-cited work included in the present study.
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Chris Fields
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Fig. 11: 2003: Paul C. Lauterbur. Labels are: (a) Meral, Royston and Magin, 2010; (b)
Peck, Magin and Lauterbur, 1995; (c) Swain et al., 2003; (d) Wallace et al., 1995; (e)
Irizarry et al., 1996; (f) Rosen et al., 1993; (g) McCombie et al., 1992.

Paul Lauterbur’s Nobel Prize honors his contribution to the development of biomedical
MRI; his proximity to the boundary between biomedicine and materials science, a amal-
gam of the Klavans and Boyack (2009) consensus disciplines of Physics, Chemistry and
Engineering, is not surprising. His co-authorship connection to the present author gives
him an Erdős number of at most eight. Note the reappearance in this graph of McCombie
et al. (1992), which also serves as an edge in Figs. 6, 7 and 9; this paper links both J.
Craig Venter and Francis Collins, as well as Richard McCombie, to Fig. 11.
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Fig. 12: 2005: Barry J. Marshall and J. Robin Warren; 2008: Harald zur Hausen,
Françoise Barré-Sinoussi and Luc Montagnier. Labels are: (a) Marshall and Warren,
1984; (b) Yamada et al., 1994; (c) Gallo et al., 1983; (d) Broder et al., 1985; (e)
Klausner et al., 2003; (f) Venter et al., 2001; (g) Adams et al., 1995; (h) Gallo et al.,
1988; (i) Haseltine et al., 1976; (j) Schuler et al., 1996; (k) Chinwalla et al., 2002;
(l) Barré-Sinoussi et al., 1983.

This subgraph shows that Nobel laureates David Baltimore and Luc Montagnier are only
two co-authorship steps from the cross-disciplinary boundaries crossed by Carol Bult, Eric
Lander and the present author, while Françoise Barré-Sinoussi, Harald zur Hausen, Barry
Marshall and Robin Warren are three, three, four and five steps from these boundaries,
respectively. The Erdős numbers of Montagnier, zur Hausen, Barré-Sinoussi, Marshall and
Warren are at most five, five, six, six and seven, respectively, via Eric Lander. Anthony
Fauci is Director of the U.S. National Institute of Allergies and Infectious Disease, while
Samuel Broder is a former Director of the U.S. National Cancer Institute; these scientists
are, therefore, also central figures in the biomedical sciences.
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Fig. 13: 2007: Martin J. Evans; 2010: Robert G. Edwards. Labels are: (a) Bavister,
Edwards and Steptoe, 1969; (b) Gooi et al., 1981; (c) Evsikov et al., 2004; (d) Bavister
and Yanagimachi, 1997; (e) Shows et al., 1987; (f) Chinwalla et al., 2002; (g) Humpherys
et al., 2002; (h) Lander et al., 2001.

Martin Evans is the third of the 2007 Nobel laureates in Physiology or Medicine, all honored
for their research on stem cells. He is only two co-authorship steps from evolutionary biology
via Carol Bult, and is three steps from the disciplines of Eric Lander. Evans’ Erdős number
is at most five, via Lander. The 2010 Nobel Prize in Physiology or Medicine honored
Robert Edward’s development of human in vitro fertilization. His closest connection to the
“center” defined by Fig. 3 is via Eric Lander, also giving him an Erdős number of at most
five.

4 Discussion

The co-authorship data shown in Figs. 1 - 13 can be summarized as follows. The 45 Nobel
laureates in Physiology or Medicine between 1991 and 2010 are separated, on average, from
at least one other Nobel laureate in this set by at most dl = 2.0 co-authorship steps and
from a cross-displinary broker by at most db = 2.8 co-authorship steps (see Appendix 2,
Tables 1 and 2 for complete data). For the 1991 - 2000 decade only, the average upper
limits are dl = 2.2 and db = 3.2; for the 2001 - 2010 decade only, the average upper limits
are dl = 1.7 and db = 2.5. Hence these Nobel laureates are, on average, less than one
co-authorship step more distant from a boundary of their discipline of biomedical science
than they are from at least one other laureate, and this distance relation is roughly constant
in time. For comparison, the other 12 Nobel laureates appearing in Figs. 1 - 13, together
with Max Delbrück, a physicist who was one of the founders of molecular biology (Fields,
2014a), have an average dl = 1.3 and db = 2.2 (Appendix 2, Table 3).
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It should be emphasized that the co-authorship distances obtained here are upper limits as
discussed above. It should also be noted that the definition of “cross-disciplinary broker”
employed here is very stringent. If a “cross-disciplinary broker” was considered to be some-
one who has collaborated with a researcher in another discipline, as opposed to someone
who has published co-authored papers in multiple disciplines, then the difference of one
co-authorship step between the average dl and the average db reported here would vanish.

The average Erdős number of the 45 Nobel laureates in Physiology or Medicine between 1991
and 2010 is 5.5; it is 6.0 for the 1991 - 2000 cohort and 5.1 for the 2001 - 2010 cohort. For
comparison, the average Erdős number of the 13 Nobel laureates in Physics between 1991
and 2010 listed by the Erdős Number Project (http://www.oakland.edu/enp/erdpaths/;
accessed June 29, 2014) is 5.5, while the average Erdős number of mathematicians as of
Grossman (2005) was 4.7. The average Erdős number of the 13 other Nobel laureates
considered here is significantly lower than that of the 1991 - 2010 laureates, at 4.5.

That the 1991 - 2010 Nobel laureates in Physiology or Medicine form a closely-connected
cluster is already suggested by their average dl of 2.0. The structure of this cluster becomes
evident in Fig. 14, which shows the average upper-limit distances from Nobel laureates
in Physiology or Medicine, by award year, to some researcher in the informal “center” of
biomedicine defined by Fig. 3. The 20-year mean upper-limit distance of Nobel laureates
from this subgraph is only 2.7 co-authorship steps, considerably smaller that the average co-
authorship distance of 4.6 between authors of papers listed in Medline, an index representing
biomedicine broadly, between 1995 and 1999 (Newman, 2001). The large-distance outliers
in Fig. 14 are of interest: the Nobel prizes of 1991, 1998, 2003 and 2009 were all awarded
for work in areas relatively distant from the core area of molecular genetics represented by
Fig. 3.
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Fig. 14: Summary of Figs. 1 - 13, showing the average co-authorship distances
(vertical axis) of each year’s Nobel laureates in Physiology or Medicine from the
informal “center” shown in Fig. 3. The 20-year mean distance (dashed line) is 2.7.

The specializations of the Nobel laureates considered here vary widely within the broad
domain of biomedicine. Direct co-authorship connections between Nobel laureates in dif-
ferent Klavans and Boyack (2009) consensus disciplines are shown in Fig. 15a; at most
two-step (i.e. average dl) connections between laureates in different Klavans and Boyack
disciplines are shown in Fig. 15b. These graphs show that, at the level of Nobel laureates,
the Klavans and Boyack consensus disciplines of Biology, Biochemistry, Infectious Disease,
Medical Specialties and Neuroscience are connected even at a co-authorship distance of
one, and that all but Biochemistry form a complete graph at length two. The maximum
co-authorship distances from Nobel laureates specialized in Biochemistry to laureates in
Medical Specialties or Infectious Disease are three and four, respectively, in this sample.
These numbers can again be compared with the average distance of 4.6 between authors of
papers listed in Medline between 1995 and 1999 (Newman, 2001). Newman (2001) reported
lower within-discipline clustering in biomedicine than in physics or computer science; the
present results are consistent with this observation.
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Fig.15: One-step (a) and two-step (b) connections between Nobel laureates in distinct
Klavans and Boyack (2009) consensus disciplines. B = Biology; BCh = Biochemistry; ID =
Infectious Disease; MS = Medical Specialties and N = Neuroscience.

The 19 cross-disciplinary brokers identified here represent 11 distinct disciplines or sub-
disciplines and eight Klavans and Boyack consensus disciplines: Biology (evolutionary),
Computer Science (including electrical engineering), Engineering, Humanities, Mathemat-
ics, Physics, Psychology and Social Sciences. Seven (37 %) of the identified brokers are
physicists or have published in physics; five (26 %) are mathematicians or have published
in mathematics. Twenty-nine (64 %) of the 1991 - 2010 Nobel laureates are either closest
to physics, or are as close to physics as they are to any other non-bioscience discipline,
while 26 (58 %) are either closest to mathematics, or as close to mathematics as to any
other non-bioscience discipline. The distributions of upper-limit distances from physics and
mathematics for all 45 Nobel laureates in Physiology or Medicine between 1991 and 2010
are shown in Fig. 16; only two (4 %), Louis Ignarro and Ferid Murad, are more than five
co-authorship steps from the boundaries of both of these disciplines. As noted earlier, the
search procedure employed here may be biased toward brokers who have published research
in bioinformatics, an inter-disciplinary specialty that attracted both physicists and math-
ematicians to biology and that played a key enabling role in the human genome project
(e.g. Fields, 2014b). The upper-limit distance results shown in Fig. 16 cannot, however,
be considered artifacts of such a bias.
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Fig. 16: Numbers of 1991 - 2010 Nobel laureates (vertical axis) by co-authorship distance
(horizontal axis) from physics (gray bars) or mathematics (open bars).

The co-authorship diameter of physics between 1995 and 1999 was 20 while the average
co-authorship distance between physics researchers was 5.9 (Newman, 2001); hence Nobel
laureates in Physiology or Medicine were, on average, closer to physics during this period
than physicists were, again on average, to each other. The average co-authorship distance
between mathematicians between 1940 and 1999 was 7.8 (Grossman, 2005); assuming that
this number did not decrease by half for the partially overlapping interval 1991 - 2010,
Nobel laureates in Physiology or Medicine were, on average, also closer to mathematics
during this period than mathematicians were to each other. It is also interesting that a
consideration of co-authorship reveals the significant impact of mathematics on late 20th

century biomedicine well before it is evident from citation analysis; Chen et al. (2014) show
citations from the biomedical literature to the mathematics literature beginning in 1993
(their Fig. 8), well after the landmark mathematically-oriented papers of, e.g. Schneider et
al. (1986) or Lander and Waterman (1988).

The boundaries separating the biomedical sciences from physics and mathematics described
here have an interesting asymmetry: while the mathematicians described all have low Erdős
numbers and hence are closely connected within mathematics, the physicists are in some
cases far closer to each other via collaborations with biologists than they are within physics.
For example, James Yorke and the present author share two co-authors who are biologists
(Stephen Mount and Ewan Kirkness), but their apparent closest connection within physics
requires eight co-authorship steps (data not shown). Albert-László Barabási is similarly
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separated from the present author by only two steps in biology as shown in Fig. 10, but by
ten steps in physics and network theory. For comparison, Yorke and Barabási are separated
by four steps, via the present author, within biology and also by four steps within physics
and network theory. The co-authorship distance from H. G. Schuster to the present author
is five within biology, but six within physics. On the other hand, William Sleator, Jr. is
separated from the present author by six co-authorship steps in biology and five within
physics; Sleator is separated from H. G. Schuster by at most eight steps in biology and at
most seven steps in physics. Such shortcuts across biology are not restricted to physicists.
Evolutionary biologist Stephen J. Gould is only four co-authorship steps from the present
author in Fig. 6 and hence five steps from Carol Bult. He is six steps from Bult on a path
within evolutionary biology, and five steps from the present author on a path traversing
evolutionary biology, philosophy and cognitive science. Philosopher Barry Smith is only
two steps from the present author in Fig. 2, but eight steps away on a path traversing
computer science and artificial intelligence.

The criteria for co-authorship used here are time-independent; hence the present analy-
sis is insensitive to the relative timing of the identified brokers’ publications in different
disciplines. It does not, in particular, distinguish brokers who exhibit field mobility from
those who work in multiple fields in parallel over an extended period, or those who cross
disciplinary boundaries only briefly. Of the brokers considered here, William Sleator, Jr. is
perhaps the clearest example of field mobility, having moved from nuclear physics to muscle
physiology in 1948. Eric Lander’s publications in computer science, economics and mathe-
matics were brief, early-career excursions into other disciplines; his focus has remained on
molecular genetics and genomics since then. James Yorke, on the other hand, pursued bio-
logical questions extensively in the 1970s and again in the 2000s, all while continuing work
in physics. H. G. Schuster worked on biological problems throughout the 1990s, again in
parallel with work in physics. Albert-László Barabási’s work in biology similarly parallels
work in both the fundamentals of network theory and other areas to which the theory may
be applied. The career of the present author started in physics, moved to cognitive science
and bioinformatics in parallel, and has returned to physics more recently. Field mobility
is not, therefore, a sufficient explanation of the cross-disciplinary interactions described
here, and so is not a sufficient explanation for the exceptional closeness of biomedical Nobel
laureates to the boundaries of their discipline.

5 Conclusion

Nobel laureates provide an elite and tractable sample with which to investigate interdisci-
plinarity at high resolution. It has been shown here that Nobel laureates in Physiology or
Medicine between 1991 and 2010 are close, as measured by co-authorship distance, not only
to the disciplinary boundaries within the broad area of biomedicine, but also to the bound-
aries between biomedicine and a wide range of non-biomedical disciplines. On average,
these 45 Nobel laureates are less than three co-authorship steps from some non-biomedical
discipline; 96 % are less than five steps from at least one physicist or mathematician. As
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biomedical scientists were separated from each other by an average of 4.6 co-authorship
steps during the first half of this period (Newman, 2001), the 1991 - 2010 Nobel laureates
in biomedicine appear to be closer to the edge of their discipline than they are to most
of their biomedical colleagues. To the extent that these Nobel laureates, together with
the major institute directors and other prominent scientists with whom they collaborate,
form the “center” of biomedicine between 1991 and 2010, this center is close to the edge
of biomedicine in co-authorship terms. Biomedicine cannot, therefore, be regarded as a
co-authorship sphere.

This finding for Nobel laureates in biomedicine is consistent with the observation of short co-
authorship paths, all of which include either Nobel laureates or other prominent scientists,
traversing many distinct Klavans and Boyack (2009) consensus disciplines (Fields, 2014a).
It thus supports the suggestion of Fields (2014a) that the co-authorship centers of many if
not most scientific disciplines, as least as defined by the presence of Nobel laureates and
other scientific and political leaders, may be close to multiple disciplinary boundaries. If
this is the case, scientific disciplines in general are not co-authorship spheres.

One can, clearly, ask whether the present results are not due to ascertainment bias. The
1991 - 2010 timeframe considered here encompasses all but the earliest planning stages
of the Human Genome Project as well as the subsequent rise of “systems biology.” The
first decade of this period was the “Decade of the Brain” in the United States, an ini-
tial major effort in the neurosciences, while the second decade saw major progress in the
neurosciences internationally. As genomics, systems biology and neuroscience all tend to
generate large data sets that require significant computational analysis, it is perhaps not
surprising that physicists, mathematicians, computer scientists and other researchers from
outside biomedicine have been heavily involved in these areas. Indeed, the development of
modern, biochemically-oriented medicine from the 1920s to the 1950s and the emergence of
molecular biology in the 1960s and 1970s may indicate that biomedicine has been in such
a transitional state since soon after Nobel prizes and the modern research university were
introduced; the citation analysis of Chen et al. (2014) supports this view. Nobel laureates
in Physiology and Medicine may, therefore, be an intrinsically biased sample. While the low
Erdős numbers of Nobel laureates in other disciplines, the fact that some Nobel laureates
in other disciplines are also cross-disciplinary brokers, and preliminary results suggesting
that Nobel laureates in Physics are also “close to the edge” during the relevant timeframe
(Fields, in prep.) all support biomedicine being typical instead of exceptional, only further
high-resolution studies can settle this question.
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Appendix 2: Tabular results

The following tables summarize the results depicted in Figs. 1-13 and described in the
text. Note that the distances reported are in some cases along paths traversing multiple
subgraphs.

Year Laureate Specialty dl nl db nb Discipline(s) nE via

1991 Erwin Neher Cell Biology 1 1 4 2 CS, P 7 P. Baldi*
Bert Sakmann Cell Biology 1 1 3 2 CS, P 6 P. Baldi*

1992 Edmond Fischer Biochemistry 1 1 4 2 CgS, EB, EE, P 7 H. Smith†
Edwin Krebs Biochemistry 1 1 3 2 CgS, EB, EE, P 6 H. Smith†

1993 Richard Roberts Mol. Biology 1 2 2 3 CS, CgS, E, EB, EE, M, P 4 H. Smith†
Phillip Sharp Mol. Biology 1 2 2 1 CgS, EE, P 5 H. Smith†

1994 Alfred Gilman Cell Biology 3 1 3 2 CS, E, M 4 E. Koonin*
Martin Rodbell Cell Biology 4 1 5 2 CS, CgS, E, EE, M, P 7 E. Lander*

1995 Edward Lewis Genetics 2 2 3 3 CS, CgS, E, EE, M, P 5 E. Lander*
Eric Wieschaus Genetics 1 1 3 2 CS, E, M, P 5 E. Lander*
Christiane Genetics 1 1 2 2 CS, E, M, P 4 E. Lander*
Nüsslein-Volhard

1996 Peter Doherty Immunology 1 2 4 2 CS, P 6 E. Kandel†
Rolf Zinkernagel Immunology 1 2 4 2 CS, P 6 E. Kandel†

1997 Stanley Prusiner Biochemistry 3 4 3 2 CS, CgS, E, EE, M, P 5 E. Lander*
1998 Robert Furchgott Biochemistry 7 1 1 1 P 9 F. Collins†

Louis Ignarro Biochemistry 4 1 8 2 CS, CgS, E, EE, M, P 10 J. Sulston†
Ferid Murad Biochemistry 4 1 6 2 CS, CgS, E, EE, M, P 8 J. Sulston†

1999 Günter Blobel Cell Biology 3 4 1 1 EB 5 E. Lander*
2000 Arvid Carlsson Neuroscience 5 1 4 1 Psy 9 E. Kandel†

Paul Greengard Neuroscience 1 1 2 1 Psy 5 E. Kandel†
Eric Kandel Neuroscience 1 5 1 1 Psy 4 C. Cantor*

Table 1: Nobel laureates in Physiology or Medicine, 1991-2000. Symbols are: dl = co-
authorship distance to nearest other Nobel laureate; nl = number of Nobel laureates at
distance dl; db = co-authorship distance to nearest cross-disciplinary broker; nb = num-
ber of brokers at distance db; nE = Erdős number. Discipline codes are: CS = Com-
puter Science; CgS = Cognitive Science; E = Economics; EB = Evolutionary Biology;
EE = Electrical Engineering; M = mathematics; MS = Materials Science; NT = Net-
work Theory; P = Physics; Psy = Psychology. Erdős number “via” references are: * =
http://www.oakland.edu/enp/thedata/, ** = http://www.oakland.edu/enp/erdpaths/ or
†= Fields (2014b).

43



Year Laureate Specialty dl nl db nb Discipline(s) nE via

2001 Leland Hartwell Cell Biol. 1 1 3 2 CS, CgS, E, EE, M, P 5 E. Koonin*
Tim Hunt Cell Biol. 2 1 3 1 CS, E, M 4 E. Koonin*
Paul Nurse Cell Biol. 1 1 2 2 CS, CgS, E, EE, M, P 4 E. Koonin*

2002 Sydney Brenner Genetics 1 4 2 1 CS, E, M 4 E. Lander*
Robert Horvitz Genetics 1 2 2 1 CS, E, M 4 E. Lander*
John Sulston Genetics 1 3 1 1 CS, E, M 3 E. Lander*

2003 Paul Lauterbur Medicine 6 1 1 1 MS 8 F. Collins†
Peter Mansfield Medicine 5 1 0 1 P 9 E. Kandel†

2004 Richard Axel Neuroscience 1 2 2 3 M, Psy 3 C. Cantor*
Linda Buck Neuroscience 1 1 1 1 Psy 4 C. Cantor*

2005 Barry Marshall Medicine 1 1 4 3 CS, CgS, E, EB, EE, M, P 6 C. Venter†
Robin Warren Medicine 1 1 5 3 CS, CgS, E, EB, EE, M, P 7 C. Venter†

2006 Andrew Fire Mol. Biology 1 2 2 3 CS, CgS, E, EE, M, NT, P 4 E. Lander*
Craig Mello Mol. Biology 1 1 2 2 CgS, EE, NT, P 5 E. Lander*

2007 Mario Capecchi Cell Biology 1 1 2 2 CS, CgS, E, EE, M, P 4 F. Collins†
Martin Evans Cell Biology 3 1 2 1 EB 5 E. Lander*
Oliver Smithies Cell Biology 2 1 4 3 M, Psy 5 C. Cantor*

2008 Françoise Virology 1 1 3 2 EB, EE, CgS, P 6 C. Venter†
Barré-Sinoussi
Luc Montagnier Virology 1 1 2 2 EB, EE, CgS, P 5 C. Venter†
Harald zur Hausen Virology 2 1 3 3 CS, CgS, E, EB, EE, M, P 5 C. Venter†

2009 Elizabeth Blackburn Mol. Biology 1 2 4 3 CS, CgS, E, EB, EE, M, P 6 H. Smith†
Carol Greider Mol. Biology 1 2 4 3 CS, CgS, E, EB, EE, M, P 6 H. Smith†
Jack Szostak Mol. Biology 1 4 3 3 CS, CgS, E, EB, EE, M, P 5 H. Smith†

2010 Robert Edwards Medicine 4 1 3 1 CS, E, M 5 E. Lander*

Table 2: Nobel laureates in Physiology or Medicine, 2001-2010. Symbols are as in Table 1.
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Year Laureate Specialty dl nl db nb Discipline(s) nE via

1958 Joshua Lederberg Genetics 2 3 4 3 CS, CgS, E, EB, EE, M, P 5 **
1962 Francis Crick Mol. Biology 1 1 2 2 CS, P 4 C. Koch‡

James Watson Mol. Biology 1 4 2 2 CS, CgS, E, EE, M, P 4 E. Lander*
1969 Max Delbrück Genetics 1 1 0 1 P 7 **
1975 David Baltimore Virology 1 2 2 2 CgS, EB, EE, P 3 C. Venter†
1976 D. Carleton Gajdusek Medicine 2 1 2 2 CS, CgS, E, EE, M, P 4 E. Lander*
1978 Dan Nathans Mol. Biol. 1 1 2 2 CgS, EB, EE, P 4 H. Smith†

Hamilton Smith Mol. Biology 1 2 1 2 CgS, EB, EE, P 3 E. Koonin*
1987 Susumu Tonegawa Immunology 1 3 3 2 CS, P 5 E. Kandel†
1989 Tom Cech Biochemistry 1 1 4 3 CS, CgS, E, EB, EE, M, P 6 H. Smith†
1989 Harold Varmus Oncology 1 1 2 2 CS, CgS, E, EE, M, P 4 F. Collins†
1993 Kary Mullis Biochemistry 3 4 3 2 CS, CgS, E, EE, M, P 5 F. Collins†
2008 Martin Chalfie Biochemistry 1 2 2 1 CS, E, M 4 J. Sulston†

Table 3: Other Nobel laureates included in the discussion. Symbols are as in Table 1,
except ‡ = via Jonathan Harel*.
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