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ORIGINAL ARTICLE

A career in numbers: A citation network analysis of the work
of RP Millar and his contribution to GnRH research
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*Centre for Discovery Brain Sciences, Here, we reflect on the long career in neuroendocrinology of a single, highly produc-
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lens of citation metrics. We use citation network analysis in a novel manner to iden-

tify the specific topics to which his papers have made a particular contribution, allow-

the same topic, rather than on the same broad field as generally used to normalise
citations. It appears that citation rates are highest for topics on which Bob has pub-
lished a relatively large number of papers that have become core to a tightly-knit
community of authors that cite each other. This analysis shows that an author's
impact depends on the existence of a receptive community that is alert to the poten-
tial utility of papers from that author, and which uses, amplifies, extends and qualifies
the contents of their papers—activities that entail reciprocal citation between
authors. The obvious conclusion is that a scientist's impact depends on the use that
his or her contemporaries make of his or her contributions, rather than on the contri-
butions in themselves.
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1 | INTRODUCTION

Bob's research career has focussed on a molecular understanding

of the regulation of GnRH actions; it has spanned more than 50 years,

Scientists generally know well the misuses to which citation met-
rics can be put. Nevertheless, they generally pay close attention
to their own citation metrics, being keen to know that their own
work, generated with such pain and angst, has been noticed.
Here, we use the occasion of a Festschrift for Robert P (‘Bob’)
Millar to examine the citations to his oeuvre—and the citations
between his citing papers. Our purpose is neither to praise Bob
nor to bury him in numbers, but to contextualise publication and
citation metrics by a study that tries to evaluate the impact of a
single individual through metrics that are commonly used to
assess scientists.

and has gained him a surfeit of scientific honours. We ask a simple
question, what if anything, do citation metrics tell us about Bob's
impact on his field? Citation and publication metrics are omnipresent

and, despite their well-catalogued limitations,>?

many managers of
science still use them to evaluate scientists and their institutions, and
some scientists apparently use them to decide what papers are worth
reading (and citing).

But how exactly do authors decide what papers to cite? There is
a common assumption that how often researchers are cited reflects
the quality of their work—that their citations reflect ‘excellence and

influence’, in some senses of those terms. But Bruno Latour proposed
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a different answer to this question after spending a year in the labora-
tory of Roger Guillemin at the Salk Institute. There, he had assumed
the role of an anthropologist living amongst the strange tribe of neu-
roendocrinologists. In faux naivete, he noted that while the scientists
thought that their purpose was to discover facts, he ‘doggedly argued
that they were writers and readers in the business of being convinced
and convincing others.” Bruno's account, co-written with Steve Wool-
gar, was published as ‘Laboratory Life: The Construction of Scientific
Facts’.2 It has been cited more than 25,000 times, and its evidently
influential case impelled the conclusion that, when scientists write a
paper, they select references not because of their quality, but because
in some way they advance a claim that is asserted in that paper*
(as also noted by Gilbert®). The strength of support for that claim
might be greater when the reference is in a reputable journal, or from
a well-known scientist, or when it is a recent contribution, or indeed if
it contains strong evidence that supports the claim. On the other
hand, papers that are relevant but which offer evidence that confuses
or contradicts the claim are often neglected. And less well-known sci-
entists are often neglected in favour of the well-known; low ranking
journals in favour of the high ranking; and replication studies, however
large and rigorous, in favour of the better-known early studies, how-
ever small or flawed they may be.6~8

At the time when Laboratory Life was published, there was pres-
sure to measure the productivity of scientists, and perhaps it was nat-
ural to do so by counting the papers that they published. Soon,
however, concerns were raised that this encouraged ‘salami-slicing’—
carving the outcomes of large studies into multiple elements that sat-
isfied the condition of being ‘the smallest publishable unit’.” Accord-
ingly, in UK Research institutes, the metric was adjusted to count the
number of pages published. However, scientists responded by publish-
ing jointly, increasing the apparent output of everyone concerned, but
without affecting the total output,’® and perhaps as an unintended
consequence, sole-author papers became an endangered species. The
next step was to divide the number of pages in each paper by
the number of authors, but since authorship was now irreversibly
compromised by a culture of reciprocation, it was becoming clear that
this metric had been destroyed by those on whom it had been
inflicted. It began to look worryingly as though the only way to tell
how good a paper was would be to read it.

However, bibliometric techniques seemed to offer respite from

1 citations

that refuge of last resort. If, as postulated by Merton,*
acknowledged the debt that each paper owed to its predecessors,
then counting citations would measure a paper's worth. But prob-
lems were apparent from the start of its application to assessment
of science.'? Methodological papers were sometimes cited for
what seemed slight contributions: one paper’® has been cited
more than 40,000 times for proposing a questionnaire that can be
used to determine whether someone is right-handed or left-
handed (see8). Citation counts varied by research field,** in part
due to different referencing conventions; for example, in the
mathematical sciences, papers typically contained few references,
and citations were correspondingly low. The variability also

reflected the age of the field: in new, rapidly growing fields,

citation counts were typically high simply because there were
fewer relevant papers that might be cited.

But, nevertheless, citations hold interest for the ‘science of sci-
ence’.’® Citation networks can capture aspects of the flow of ideas
and the formal use of previous works—and the rise, fall and recon-
struction of communities in a field. Thus, understanding how citations
are used, by whom, and to what end, can help to understand the
social structure of a field and the evolution of its theories and dogmas.
Applying it to neuroendocrinology, we have used citation network
analysis to inform a study of the evolution of the oxytocin field,*¢ to
analyse a controversy about the role of vasopressin in memory, and
to dissect the case for oxytocin as a ‘social hormone’.’

We have already made it clear that we think that citation counts
have no place in the assessment of scientific quality®; anyone who
wants to comment on the quality of Bob's work should read his

papers and use their brains.

2 | METHODS

All citation data described in this paper are derived the Web of Sci-
ence Core Collection (WoS). From this, we identified 477 documents
authored by Bob between 1970 and 2023. Accompanying this docu-
ment is their citation history: they have been cited 21,677 times by
11,138 documents indexed in the WoS. On average, they have 45.4
citations, with a h-index of 77. Removing self-citations leaves 19,256
citations by 10,719 documents.

We constructed a citation network dataset from these documents
and every WoS indexed document that cited them. In this dataset,
11,196 nodes represent documents and 115,834 edges between
nodes represent citation links from a citing to a cited document. We
removed 67 papers for which metadata was incomplete or corrupted,
and focussed on the largest interconnected component, removing
nodes with no connections and clusters detached from the main net-
work. Finally, as the WoS Core Collection includes only a small pro-
portion of all Abstracts presented at Scientific Meetings, and, as they
are rarely cited, contain few references, and their content is often
duplicated in full papers, we excluded them, along with items such as
letters, corrections and editorials. To do so, we removed papers with
<10 references, reducing the dataset to 10,901 nodes and 113,742
edges, of which 389 are papers authored by Bob. Searches in WoS
excluded Meetings Abstracts, other minor items and papers not pub-
lished in English. Topic and title searches on WoS used the specified
term and related terms as identified by WoS.

For each document, we established the indegree (how often it
was cited by other documents in the network), the outdegree (how
many of its references were to other documents in the network), and
the degree—the sum of indegree and outdegree, a measure of its con-
nectedness with other documents in the network. We also parsed in
metadata from WoS, including the total number of citations and refer-
ences per document. We clustered the network by modularity maxi-
misation (a density-based clustering technique) using the Leiden

algorithm.*® Modularity maximisation is used to measure how well a
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FIGURE 1 (A) Papers published by RP (‘Bob’) Millar by year. (B) The number of citations per year to Bob's papers (red) and the number of his

papers that were cited each year (blue). (C) The number of authors in each of Bob's papers analysed: The red line is the linear trendline indicating
an approximate doubling in the mean number of authors per paper over the time period. (D) Citations per year since publication for Bob's papers;
blue lines are means+ SEM. The red line is a negative exponential fitted to the data from 2 years after the date of publication. (E) Normalised
distribution of citations for Bob's papers (blue) and for citing papers (red). Both distributions reflect the fact that a small proportion of papers
attract very many citations; about 15% of Bob's papers receive 50% of all citations to them, and about 12% of the citing papers receive 50% of all

citations to them.

network can be divided into ‘modules’ (clusters), and modularity (Q) is
calculated by comparing the density of edges within communities to
the expected density of edges for a random network with the same
degree distribution. The goal of modularity maximisation is to parti-
tion a network into communities of densely connected nodes, with
the nodes belonging to different communities that are comparatively
sparsely connected. This process led to the identification of 25 clusters
at Q = 0.667 (Resolution = 1; Number of iteration and restarts: 100).
We parsed cluster membership data into the dataset, and annotated
the clusters by reading a sample of the titles and abstracts of papers
within each cluster. We then visualised this network (and subnet-
works) with nodes positioned via a force-directed algorithm designed
for the visualisation of cluster structure in large networks; this algo-
rithm pulls together nodes that share edges, and pushes nodes apart
that do not (see? for more details).

To identify each cluster, we looked at the citing papers with the
highest degree—that is, those with most links (references and/or cita-

tions) to other papers in the network, having established (see below)

that most of these links are to and from other papers in the same clus-
ter. We looked at terms that appeared in the title of papers, as these
are generally particularly salient for the author, whereas keywords
often allude to a broader context. We sought to identify terms that
distinguished between clusters, but two clusters (C3 and C8) both had
‘GnRH’ as the most common title term. Looking at these papers
closely it was evident that C3 was mainly concerned with the varia-
tion of isoforms of GnRH amongst different species, while C8 was

concerned with regulation of its expression.

3 | RESULTS

3.1 | Citation metrics

The 389 retained documents authored by Bob (with 925 different co-
authors from 39 countries) comprise a segue from a sole author 1972

paper on ‘Degradation of spermatozoa in [...] rock hyrax’?®° to a
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FIGURE 2 (A) Mean number of references in the citing papers by year of publication. The red line shows a linear fit to these data with the
equation and R? value as shown. The mean size of reference lists has grown progressively over time, accounting for a corresponding increase in
the mean citation rate of papers. (B) Distributions of reference list sizes for citing papers published in 1980-1989 (blue) and 2010-2019 (red); the
data are normalised to the number of papers with <100 references. (1103 citing papers were published between 1980 and 1989, of these,

993 (85%) had <100 references, and these were mainly research papers. 3781 citing papers were published between 2010 and 2019, of these,
2966 (78%) had <100 references.) In both decades, the size of reference lists follows an approximately normal distribution for papers with <100
references. (C) Mean + SEM number of citations in the 5 years after publication for Bob's papers published in each of the five decades up to
January 2019. Medians are shown in yellow. The large discrepancy between mean and median values reflects a highly skewed distribution of
citations. (D) Mean + SEM citations to Bob's papers (blue) and citing papers (red) by decade of publication. (E) Red circles: Median citations per
citing paper by year of publication; Blue circles: Median citations for Bob's papers by decade of publication. Note that while the mean citations to
Bob's papers are similar to the mean citations to citing papers, the median citations to Bob's papers are much higher than the median citations to
citing papers.

five-author paper in 2023 on ‘Role of Neurokinin B in [...] freshwater citing papers. These distributions are similar to those for papers in the
catfish’.2! The rate of production of the documents was relatively sta- oxytocin field.1®
ble between 1980 and 2022 (Figure 1A). Looking at the papers that cited Bob, the size of their reference
The rate of citations to Bob's papers increased linearly over time; lists increased from a mean (SEM) of 50 + 2 in 1044 papers published
paralleled by an increase in how many were cited each year; in each before 1990 to 91 + 2 in 1616 papers published since 2020, while the
of the years 2010-2020, about 180 of his papers were cited at least median increased from ~30 at the end of the 1970s to ~60 by 2020
once (Figure 1B). The average number of co-authors increased by (Figure 2A). The difference between mean and median reflects a skew
about 2-fold (Figure 1C), but we found no apparent relationship in the distribution of reference list sizes introduced by an initially rela-
between number of authors and citations. tively small, but progressively increasing, proportion of reviews, which
Citations to Bob's papers peaked on average in the second year generally have many more references than research papers. The refer-
after publication, and thereafter the rate of citation declined with a ence list sizes of papers with <100 references (i.e., mainly research
half-life of about 5 years (Figure 1D).2222 The distribution of citations papers) were distributed approximately normally both for papers pub-
to his papers and that of citations to the cited papers both followed a lished in 1980-1989 and for those published in 2010-2019
long-tailed distribution, reflecting an unequal distribution of citations (Figure 2B). In the oxytocin literature, reference lists of research
(Figure 1E): about 20% of Bob's papers receive about 60% of all cita- papers increased from a mean of 27 papers in 1980-1989 to 61 in
tions to them, and the distribution is slightly more unequal for the 2010-2019, close to the median levels observed here.*
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FIGURE 3 Citation network composed of 389 of Bob's papers and 10,512 papers that cited these (n = 10,901; m = 113,742). The node size
is relative to indegree, and the node position was determined by the ForceAtlas2 algorithm. The colours are determined by cluster membership,

as detailed in Table 1.

We then looked at the number of citations received by Bob's
papers in the 5 years after publication by decade of publication
(Figure 2C). The mean increased progressively in the three decades up
to 2009, with a slight fall back in 2010-2019. The overall trend is a
doubling in citations per paper over this period, as expected from the
doubling in the size of reference lists in the same period. The median
is consistently lower than the mean (as also observed for papers in
the oxytocin field?), reflecting the skewed distribution of citations.
However, the median shows little change with time, indicating that
the increased mean reflects increasingly unequal rates of citation—as
also observed in the oxytocin field.2® Comparing Bob's papers with
those that cited them (Figure 2E), there is little difference in the mean
citations in any decade, but the median citations to Bob's papers is

consistently higher (Figure 2F).

A casual interpretation of citation metrics is that they reflect
the ‘impact’ that a paper has had. We could stop here, and just
assume that the citation numbers alone tell us enough—but no
thinking person should find this reasonable. To understand more,
we have to understand what papers cited Bob and in what areas.
Here, we use citation network analysis to identify clusters of
interrelated papers in the network consisting of Bob's papers and
their citing literature. This leverages the convention of referencing
whereby scientists have cultivated the practical habit of referen-
cing papers that are relevant to their papers. This creates a self-
organising structure that pulls together papers into clusters that
reflect specific topics, clusters interwoven by the references they
send out and the citations they receive from other, similar

papers.2*
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TABLE 1 Summary of the 25 clusters shown in Figure 3.
Cluster Nodes Bob's papers Colour
1 2062 103 Blue
2 1960 57 Red
3 1327 62 Light Blue
4 836 23 Green
5 729 12 Orange
6 609 18 Yellow
7 588 15 Pink
8 534 27 Brown
9 485 10 Purple
10 321 14 Lilac
11 245 1 Grey
12 183 5 Grey
13 156 10 Grey
14 135 2 Grey
15 129 3 Grey
16 126 13 Grey
17 112 3 Grey
18 101 3 Grey
19 79 2 Grey
20 66 1 Grey
21 59 1 Grey
22 31 2 Grey
23 13 1 Grey
24 10 0 Grey
25 5 1 Grey

Common keywords

GnRH receptor; GnRH; GnRH-I|

Kisspeptin; KISS1; neurokinin B; GPR54; KNDY

GnRH; GnRH receptor; GnRH-II; olfactory placode

GnlH; RFRP-3; GPR147; LPXRFA

Receptor activation; class B GPCR; chimeric receptor
Kallmann syndrome; hypogonadotropic hypogonadism
Somatostatin, GH releasing factor; dynorphin; GH; LH
Neuropeptide K; GnRH-Associated Peptide; GnRH gene expression
EG-VEGF; prokineticins, BV8

Mole-rat; reproductive suppression

Overtraining syndrome; underperformance; gymnastics
Ovulation induction; polycystic ovarian syndrome; hyperandrogenism
GnRH immunisation; immunocastration; immunocontraception
UTP; ATP; nucleotide receptor; purinoceptor
Endocrine-disrupting chemicals; polychlorinated biphenyls
Exocytosis; PLC; phosphatidylinositol; diacylglycerol

KISS2; GNRH1; GPR54; kisspeptin-10; chub; mackerel

TRH receptor; fluid secretion; Malpighian tubule; CRH; TSH
Medial habenula; Ca%* signalling; mast cells; GnRH

lon mobility-mass spectrometry; peptides; molecular dynamics
Mutation; DNA methylation; P53

African lion; bovine tuberculosis

Vasoinhibin; 16 K prolactin; angiogenesis

Porphyria

K562; HLA Class Il

TABLE 2 Citation metrics of clusters C1-C10. The lead paper of each cluster (second column) was the citing paper with the largest degree.

Bob's papers Citing papers
Total Total

Date of #in citations Outdegree  #in # cited in the citations Indegree (% total Outdegree

lead paper cluster (mean) (mean) cluster network (%) (mean) citations) (mean)
c1 2005%° 103 6320 (61) 2073 (20) 1959 1383 (71%) 68,381 (35) 20,736 (30%) 23,170 (12)
Cc2 20092¢ 57 4121 (72) 934 (16) 1903 1364 (72%) 55,025 (29) 20,245 (37%) 23,569 (12)
Cc3 1983%7 62 3836 (62) 1270 (20) 1265 1006 (80%) 48,105 (38) 17,615 (36%) 20,302 (16)
c4 20008 23 1523 (66) 448 (19) 813 632 (65%) 30,528 (38) 12,345 (25%) 14,552 (18)
C5 2000%° 12 883 (73) 131 (11) 717 466 (64%) 47,335 (66) 3467 (7%) 4139 (6)
cé 1997°° 18 627 (52) 227 (13) 591 379 (64%) 19,443 (33) 4869 (25%) 5701 (10)
c7 198031 15 618 (41) 58 (4) 573 365 (64%) 28,028 (49) 2813 (10%) 3204 (6)
c8 198432 27 838 (31) 138 (5) 507 372 (73%) 23,303 (46) 3657 (16%) 2956 (6)
c9 20113 10 650 (65) 24 (2) 475 257 (54%) 20,101 (42) 1485 (7%) 2103 (4)
c10 19963 14 352 (25) 12 (1) 307 184 (60%) 7992 (26) 1222 (15%) 1727 (6)
Others 48 1463 (30) 167 (3) 1402 791 (56%) 64,103 (46) 4961 (8%) 6835 (5)
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TABLE 3

R Wi LEy- L

Interconnections between clusters. References from (rows) and citations to (columns) each of clusters C1-C10 and all other papers

in the network. The yellow highlighted cells display citations within each cluster.

c1 Cc2 Cc3 Ca C5
c1 21,600 282 1780 155 353
C2 620 21,081 339 998 24
C3 2284 213 17,051 826 61
C4 437 1245 1273 11,569 20
C5 420 22 27 4 3671
Cé 765 498 155 23 144
c7 45 11 81 3 12
(@] 226 80 179 31 1
c9 11 7 5 0 18
c10 24 73 35 72 0
Others 223 534 486 164 26
Cites 26,655 24,046 21,411 13,845 4330

C1: GnRH, translational

C3: GnRH, comparative, fish

Cé Cc7 Cc8 c9 C10 Others References
423 50 428 14 3 155 25,243
553 31 552 30 16 261 24,505

77 163 643 1 22 231 21,572
25 18 181 3 21 208 15,000
84 15 2 5 0 20 4270

4230 0 57 46 1 9 5928

3 3031 63 0 0 13 3262

9 84 2467 0 0 17 3094

58 0 1 2024 0 3 2127

2 1 29 0 1501 2 1739

18 27 37 4 4 2730 4253
5482 3420 4460 2127 1568 3649

C2: Kisspeptin, translational

C4: GnlH, birds

FIGURE 4 Citation network composed of 245 of Bob's papers and 5940 papers that cited these contained in the four largest clusters (C1-
C4) described in Figure 3. The node size is relative to indegree, and the node position was determined by the ForceAtlas2 algorithm. Note that
the four largest clusters are relatively unaffected by removing the smaller clusters from the network, despite eliminating half of all the papers

from the network.

3.2 | Citation network analysis
Figure 3 shows the full citation network, and Table 1 summarises the
25 clusters by common keywords. Nodes in the 10 largest clusters are
coloured, while nodes in the remaining 15 smaller clusters are in grey.
In what follows, we describe these 10 largest clusters, which include
87% of all papers in the network and 93% of all edges (Table 2). For
each cluster, a ‘lead paper’—the citing paper with the highest degree
in the cluster—is cited in Table 2.

The four largest clusters, C1-C4 are all tightly-connected;
their 6185 papers received 217,839 citations, 85,957 (40%) of
which came from the network. The other 4716 papers in the net-

work received a similar number of citations (215,736), but only

13% of these came from the network. For each of the clusters
C1-C4, between 71% and 96% of within-network references were
to other papers in the same cluster and between 77% and 96%
of within-network citations were from papers in the same cluster
(Table 3). Clusters 5-10 are summarised briefly in the next sec-
tion, but here we concentrate on C1-C4 as these are each well-
defined, highly interconnected networks that each appear to cap-
ture a substantial proportion of the core literature on their partic-
ular topic. Given our focus, in Figure 4 we visualise a network
composed only of C1-C4 after rerunning our layout algorithm.
Because the citations to and from these clusters come over-
whelmingly from within these clusters or between these clusters,

the network structure related to these four clusters remains
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largely unchanged, but it is now easier to see the links between

these clusters.

3.3 | Clusters1-4

C1: With 103 of Bob's papers and 1959 citing papers, this cluster is
concerned with translational application of GnRH agonists and antag-
onists. Of the 304 citing papers with degree 240, 142 had ‘GnRH
receptor’ or an equivalent term in the title, and another 30 had titles
that implied studies of GnRH actions on gonadotrophs (including on
calcium signalling, second messenger pathways, receptor desensitisa-
tion, LH gene expression, and actin cytoskeleton remodelling). The
titles of 107 papers indicated that they were on cancers of the ovary,
breast, prostate and endometrium; another 35 papers were on expres-
sion of GnRH or its receptor at these extra-pituitary sites, but did not
mention cancer in the title. Many of these papers addressed how
GnRH agonists or antagonists may be therapeutically helpful, and
another 18 papers mentioned GnRH agonists and/or antagonists in
the title without identifying a particular tissue that was studied. Only
17 of the 304 citing papers studied were included in none of these
subclasses: these included 10 reviews with broad titles.

C2: With 57 of Bob's papers and 1903 citing papers this cluster
has a translational focus on kisspeptin. Of the 302 citing papers with
degree 240, 232 had ‘kisspeptin’ or a directly related term in the title.
The others include many that define the context in which kisspeptin
neurones act, including papers on the properties of GnRH neurones,
on the regulation of luteinising hormone secretion, and on neurokinin
(which is co-localised with kisspeptin). Many others define the transla-
tional context in which kisspeptin agonists or antagonists may be
therapeutically beneficial, including papers on polycystic ovarian syn-
drome, obesity-associated infertility, and precocious puberty. Not all
papers in the network that had kisspeptin in the title belonged to this
cluster; 55 were in C4 (below) and 86 (mainly studies in fish), were in
smaller clusters outwith the 10 clusters described here. This is a large
proportion of the kisspeptin literature: a search on WoS for docu-
ments with kisspeptin (or a related term) in the title returned 3745
documents published before 2024, including 62 RPM documents. The
whole network includes about 32% of all papers published before
2024 that were explicitly focussed on kisspeptin.

C3: with 62 of Bob's papers and 1265 citing papers, this cluster is
focussed on the multiple isoforms of GnRH in different species of fish,
their localisation, regulation and possible function. The lead paper
announced that fish possess a unique GnRH that differs from mam-
malian GnRH in two amino acids. Of the 300 papers with a degree
240, 177 were on GnRH in fish, as inferred from specific terms in the
title, and 59 were on GnRH in other animals, just one of which was in
humans. This cluster contains 62 of Bob's papers, but while 18 are on
GnRH in fish, 29 are on other animals. A search on WoS for papers
with GnRH (or an equivalent term) in the title returned more than
39,000 documents and listed Bob (with 259 documents) as the most
prolific contributor. A search within this set for ‘fish’ as a topic

returned 2060 documents, of which Bob was an author of 19. This

network captures a substantial proportion of the literature on GnRH
in fish, noting that C2 and (to a lesser degree C4) also include papers
on this topic.

C4: with 23 of Bob's papers and 813 citing papers this cluster is
focussed on GnRH inhibitory hormone (GnlH) in birds and its homo-
logues in different species. Of the citing papers, 338 had ‘GnIH’ or a
related term in the title, and another 301 were identifiable by their
title as related to reproductive neuroendocrinology in birds. The
remaining papers included 65 reviews that did not specify a species;
and research papers on reproduction in diverse species of livestock,
fish; mammals including impala, ground-squirrels and bonobos, and
other animals including snakes; frogs and mud crabs. Only three
papers could be identified by their title as concerning humans. A
search on WoS for documents with GnlH (or a related term) in the
title returned 916 documents, so it appears that this cluster contains a
substantial proportion (~39%) of the total GnlIH literature.

C1 and C3 grew from the earliest of Bob's papers. While the
number of citations increased gradually, there was an abrupt increase
in the number of citing papers after 2010: in 2000-2010, 266 + 12
papers cited at least one of Bob's papers compared to 159 + 7 papers
in 1990-1999. This increase is associated with the growth of C2 and
C4 after about 2010 (Figure 5). The kisspeptin field, of which C2 is a
large subset, grew rapidly with the identification of kisspeptin neurons
as regulators of GnRH neuronal activity, and the GnIH field grew rap-
idly at about the same time. Curiously the abrupt emergence of these
new clusters had no visible impact on the year-on-year rate of citation

rates to Bob's papers (Figure 1C).

3.4 | Clusters 5-10

C5: 12 of Bob's papers and 717 citing papers. Of the 41 papers with
degree 230, 24 had ‘G protein-coupled receptor’ in the title; the
others were all on particular G protein coupled receptors—none were
specifically on the GnRH receptor.

Cé: 18 of Bob's papers and 591 citing papers. Of the 100 citing
papers with degree 230, 66 had ‘hypogonadotropic hypogonadism’ or
an equivalent term (e.g., Kallman's syndrome) in the title. The others
were on specific genetic mutations affecting the GnRH system, muta-
tions of other G-protein receptors, the genetic of reproductive disor-
ders, and therapeutic approaches to these diseases.

C7: 15 of Bob's papers and 573 citing papers. Of the 32 papers
with degree 230, 30 had ‘somatostatin’ in the title. Processing of the
somatostatin precursor in the brain yields different forms of somato-
statin with different lengths, and many papers in this cluster address
the biological activity of these different forms.

C8: 27 of Bob's papers and 507 citing papers, most of which were
published before 1996. Of the 48 papers with degree 230, 41 had
GnRH or an equivalent term in the title; 19 of these were explicitly on
GnRH gene expression.

C9: 10 of Bob's papers and 475 citing papers. Of the 30 papers
with degree 220, 13 had prokineticin or a related term in the title; four

of these also had vascular endothelial growth factor (VEGF) in the title
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and another five had VEGF alone in the title; nine had prostaglandin
in the title.

C10: 14 of Bob's papers and 307 citing papers. The lead paper is
on ‘Reproductive suppression in subordinate, non-breeding female
Damaraland mole-rats’.3* Of the 48 papers with degree 220, 40 spec-
ify ‘mole-rat’ in the title and five specify ‘spotted hyena’.

3.5 | Citations by cluster

Bob's 245 papers in C1-C4 were cited 15,800 times for an overall
average of 64/paper; the 5940 citing papers were cited 202,039 times
(34/paper). The size of the difference suggests that Bob's papers may
indeed be relatively highly cited by these clusters, but the difference
partly reflects the fact that the citing papers, in being published later
than Bob's papers, have had less opportunity to be cited.

By contrast, Bob's 96 papers in C5-C10 received 3968 citations
(41/paper), whereas the 3170 citing papers in these clusters received
146,202 citations (46/paper). The 48 of Bob's papers in smaller clus-
ters received 1463 citations (30/paper), whereas the 1402 citing

papers in these clusters received 64,103 citations (46/paper).

4 | DISCUSSION

We set out to study the oeuvre of one scientist, but we find that the
oeuvre is constructed with 925 co-authors. The citations to Bob's
papers—coming from more than 10,000 papers—delineate a large and
loosely affiliated community with some common interests, mainly
concerning aspects of GnRH and its regulation.

The approach that we took in the present analysis is unusual. We
constructed a network from the papers of an individual and the
papers that cited these, as a way of potentially studying the impact of

that individual. We analysed the network by detecting clusters

1990 1995 2000

R Wi LEy- Lo

-

\'4

2005 2010 2015 2020 2025

Year

of interconnected papers, and this identified specific foci of research
interest.

We evaluated the relative citation impact of Bob's papers in each
cluster by comparing them to the papers that cited Bob's papers. We
controlled for effects of publication date by comparing the citations
to Bob's papers and citing papers that were published in the same
time period.

The four largest clusters (C1-C4) were each highly intercon-
nected and appeared to capture a large proportion of the core litera-
ture on their particular topic. They defined very different questions:
C1 and C2 are translational: C1 is concerned with the GnRH receptor
and how agonists and antagonists might be therapeutic tools in treat-
ing cancers of reproductive tissues; C2 with how kisspeptin neurones
behave and how this knowledge can be used to treat conditions asso-
ciated with dysregulated gonadotrophin secretion. By contrast, C3
and C4 have no overt translational focus. C3 is mainly concerned with
the functional roles in fish of the different GnRH isoforms, and C4
with the role of GnlH in avian reproduction.

Bob's 245 papers in clusters C1-C4 were cited (on average)
64 times each compared to 34 times each for the citing papers
(Table 1). By contrast, his 144 papers outside these clusters were
cited 38 times each compared to 46 times each for the citing papers.
We might ask why Bob's papers in clusters C1-C4 are relatively well-
cited (i.e., cited more often than the citing papers in the same cluster)
when his papers in other clusters are not—what makes C1-C4 differ-
ent from the other clusters?

The citations that a paper gathers depends on (1) the opportuni-
ties for it to be cited -the number of relevant papers that will be pub-
lished by the community in the next few years multiplied by the
number of references in those papers; (2) the utility of the paper to
that community—in the sense of how citing it might advance a case
made by the citing author; and (3) name recognition by that commu-
nity of an individual or familiarity with their work. A large, productive

community does not in itself mean that its papers are well cited, but
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some will gain disproportionately many citations. The distribution of

3536 as first charac-

citations is very unequal in all areas of science,
terised by de Solla Price, who recognised that it followed a power
law®” (Figure 2). He proposed that this arose from ‘Cumulative Advan-
tage’, conceiving that the more often a paper is cited, the more it is
noticed; the more it is noticed, the more it is cited, and ultimately the
more it is cited, the more it will be cited, as it reaches ‘totemic’ status,
like celebrities who are famous for being famous, even if no-one can
quite remember why they were famous in the first place.

The pattern of citations to the oeuvre of an individual is thus not
a property of the oeuvre alone, but a construct of the communities
that make use of that oeuvre, and is influenced by many factors,
including the citation conventions of those communities, their under-
standing of which journals are most important, and by the perceived
authority or esteem of various members of those communities. As Gil-
bert put it> ‘...an author, in choosing one collection of papers to cite,
is not only providing support for his own paper, but is also implicitly
displaying his allegiance to a particular section of the scientific
community’.

Communities change over time: they expand and dissolve; some
research questions are either answered or discarded, while others
arise from methodological advances or discoveries, and authors retire
from science for diverse reasons. Time also brings changes in the con-
ventions of publishing and citation. In papers that cited Bob, the aver-
age number of references doubled between the 1980s and the 2020s,
hence, the average number of citations received by a paper published
in the present decade will be twice that received by papers
published in the 1980s. This trend does not merely inflate the cita-
tions of recent papers, but may also increase the inequality of cita-
tions.®® In the 1980s, when all journal articles were published in print,
there was pressure on space, and authors were enjoined to only cite
papers that were directly relevant. Now, authors can be expansive in
their introductions, using their references to establish their knowledge
of the field. This means that more papers are cited,® which appears
democratically virtuous, but this may disproportionately benefit
papers that are already well cited, increasing citation inequality.*® The
increased number of references also reflects the increasing prevalence
of reviews, and many authors use reviews to find the references that
they go on to cite (see***2 for problems associated with this); again
this factor will increase citation inequality.

Papers in C1-C4 were the source of 86,320 references to other
papers in the network and received 85,597 citations in return. This
symmetry is to be expected: in the literature as a whole, the total
number of citations has to approach the total number of references—
and hence the average citation rate will be expected to approach the
average size of reference lists in well-connected clusters. In clusters
C1-C4, 40% of the citations came from papers in these clusters, other
papers in the network (and mostly from papers in the same cluster),
and on average, papers in these clusters referred to 14 other papers
in the network. Cé shares these features (and again in this cluster
Bob's papers are cited more often than the citing papers). However,

for the rest of the network, papers are much less cited by other

papers in the network, and reference far fewer of them. It appears
therefore that a relatively high citation rate comes with being a large
part of a compact cluster, with high rates of mutual citation.

To put it another way, a paper that is very relevant to a particular
topic and has a particular utility in supporting or extending current
understanding, it will be relatively well cited by other papers on that
topic. If the ‘community’ on that topic is small, this will limit how
many citations can accrue—and even if citations are unequal within
the cluster, the scope for high citations remains limited. It appears that
within clusters C1-C4, Bob's papers are well-known and well-cited,
even if their citations do not reach extravagant levels.

Conversely if a paper has no focussed ‘home’ but is tangentially
relevant to a large, dispersed community, then it is less likely to gain
attention—though if it does attract enough citations then the scope
for cumulative advantage may be greater. Thus, when a ‘community’
is large and dispersed, the citation inequality is likely to be greater—
and the mean number of citations will be much higher than the
median. It appears that Bob's papers outside C1-C4 have not (yet)
become core to any other community, at least to the same extent as
those in C1-C4. Of course, C1-C4 contain more of Bob's papers than
most of the other clusters, and this perhaps is important in that multi-
ple contributions on a given theme may raise the profile of all those
contributions within a community.

What should be apparent from this analysis is that it makes no
sense to conceive of the citation impact of an author in isolation; it
depends on the existence of a receptive community that is alert to
the potential utility of papers from that author, and which uses,
amplifies, extends and qualifies the contents of their papers—activities
that entail reciprocal referencing and citation between authors. Bob's
389 papers sent out 18,318 references to 9836 papers and received
18,114 citations from 10,512 papers (after removing Bob's self-cita-
tions), a reciprocity indicative that many of his papers are salient to a
focussed research community.

Bob's contributions appear to be part of the core literature on the
topics identified with C1-C4, but it is only the activities of the other
members of those communities that make them important. It might
be that they judge his contributions to these clusters to have excep-
tional merit—but merit is a multi-dimensional, qualitative concept that
defies naive quantification and has meaning only in the context of a
particular community. Most of the citations to Bob's papers come
from papers that are narrowly focussed on particular questions—and
which extensively reference and cite each other. In other words, the
citation rank of each paper reflects its utility to a particular commu-
nity; so, insofar as its methodological quality is relevant, it is only its
quality according the general standards of that community (which may
be rigorous or lax), not according to any absolute standards.

Citation metrics measure citations; they do not measure quality in
any meaningful sense.? Bob's contributions have been in fields that,
we think, are strong in analytical rigour, experimental methodology,
and intellectual conception. Citation metrics say nothing of these. To
judge the quality of Bob's work, you might, indeed, just have

to read them.
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