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A Co-Citation Model of a Scientific
Specialty: A Longitudinal Study of
Collagen Research

Henry G. Small

The phenomenon of specialization in science is receiving increasing
attention as it becomes clear that the ‘specialty’ is the principal mode of
social and cognitive organization in modern science. Recently, there
have been some attempts to formulate theories of specialty growth
and change.! Before sufficient evidence can accumulate to confirm
or refute these theories, it seems likely that systematic and consistent
methodological frameworks must be developed. The specialty of
collagen research is presented here as the vehicle for exploring the
possibilities of one such methodology. Collagen research was selected
because its recent history illustrates what is possibly an important
type of specialty change — namely, that of rapid shift in research
focus, or what might be loosely termed ‘revolutionary’ change.

In this paper I outline a general method for the study of specialty
change, based upon citation data. The point of departure is a system
which clusters highly cited documents, using their frequency of co-
citation as a measure of association.? This system uses the magnetic
tape version of the Science Citation Index (SCI) as its data base. The
clusters obtained from the SCI have been found to correspond to
narrow subject matter groupings and it has been suggested that these
reflect the social and cognitive structures of research specialties. The
collagen specialty was selected from roughly 1,000 clusters identified
by applying this algorithm to the SCI.3
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The methodology differs in a fundamental way from most other
approaches to specialty development which use scientific literature as
an integral part of the analysis. In many previous studies,® the first
step is the creation of a bibliography extending over time for the
specialty in question. Either an existing bibliography is used, or subject
experts are called upon to comb the literature and select relevant items.
The bibliography then becomes the data base for subsequent analyses
of the specialty, including its growth and structural characteristics. To
the extent that this approach is based upon subjective decisions of
relevance by the individual(s) compiling the bibliography, the analysis is
open to criticism for possible bias and lack of reproducibility. The
principal difficulty with this approach is that it is almost impossible to
establish precise criteria as to what should or should not be included
within the boundaries of the subject, and the temptation is to apply
present-day criteria to earlier literature. The method employed here, on
the other hand, uses a clustering algorithm to establish these bound-
aries; it involves no subjective decisions on what is to be included or
excluded from the specialty literature.

An important precursor study which used citiation data to examine
the historical development of work on the genetic code was that of
Garfield, Sher and Torpie.’ Citations from key papers to earlier key
papers led to the construction of what Garfield has called an ‘historical
map’ for the field. The citation history was then compared with a con-
ventional history of the events, as a means of validation. This study was
perhaps the earliest to show the potential of citation analysis for
reconstructing the history of scientific fields. But the methodology I
use differs in some important respects. First, the means of linking
papers is not by direct citation of one paper by another, but by the
citing of papers together by later papers. The historical progression is
then modeled, not as a flow chart of ‘critical events’, but as a changing
cluster of such events. Second, Garfield, Sher and Torpie could com-
pare their results with an already existing ‘history’ of the research
area; but a study of the collagen specialty must rely on a survey of
specialists for validation, since no such history is available.

The underlying assumption for a citation model of specialty develop-
ment is that a shift in the cognitive and/or social state of a specialty is
reflected in a shift in the citation patterns of the specialists. This seems
plausible since the literature available to and cited by scientists is the
result of many interlocking social and intellectual influences. In a
different guise this hypothesis was mentioned in passing by Kuhn:
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.. if I am right that each scientific revolution alters the historical perspective
of the community that experiences it, then that change of perspective should
affect the structure of post revolutionary textbooks and research publications.
One such effect — a shift in the distribution of the technical literature cited in
the footnotes to research reports — ought to be studicd as a possible index to
the occurrence of revolutions.®

Despite the extensive discussions of ‘revolutions’ in science by philo-
sophers and historians, Kuhn’s suggestion was not followed up. Most
discussions of revolutions or conceptual shifts in science have relied on
non-quantitative historical analysis. Citation data promise to provide a
quantitative indicator of such events.”

METHODOLOGY

The initial step in the clustering methodology is to select all documents
cited 15 times or more in an annual Science Citation Index (SCI). The
threshold of 15 was sclected primarily for convenience in computer
processing, although, in practice, any threshold may be used. The
assumption underlying this procedure is that highly cited papers are
‘markers’ or symbols of important concepts and methods in science
and represent the current loci of consensus in the scientific community.

The next step is to find all the co-citations among the highly cited
documents selected; that is, the number of times each has been cited
together with the others. It is assumed that co-citation is a rough
measure of association between concepts symbolized by the highly
cited papers. Finally, the entire set of co-cited document pairs is input
to a singleink clustering programme, and all clusters are extracted at
a specified level of co-citation. In the present case, in order to be
clustered together, documents had to be co-cited 11 times or more
(‘level 117). Therefore, a cluster is complete when no other documents
exist in the file which are co-cited 11 times with any document already
in the cluster. This algorithm is one approach, and perhaps the simplest,
to the discovery of local ‘densities’ in the citation network. Any thres-
hold of co-citation may be used in practice, but what is appropriate
for one specialty may not be appropriate for another. The threshold of
11 was used because it produces a large number of clusters, with the
largest not exceeding about 100 documents. At level 11, an annual
SCI yields roughly 900 clusters containing two or more highly cited
documents, with a mean cluster size of about five documents.

The question of what is an ‘appropriate’ threshold for a specialty is
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a difficult one, since adequate significance tests for clusters have not
yet been developed. Nevertheless, some heuristic guides are available.
Ideally, I would like to vary the clustering level incrementally over a
wide range, while observing a single cluster. If the cluster is a discrete
area, it will add documents only gradually as the level is lowered. At
some point there will be a sharp increase in cluster size corresponding
to the level at which the specialty joins with other specialties to form a
macrocluster. The ideal level for that specialty is just above this point.
In practice, such ‘fine tuning’ of clusters is not economically feasible,
and I have settled for a compromise level for all clusters. This is
acceptable if none of the clusters in the file has reached the macro-
cluster stage. It means, however, that for some areas I err on the side of
under-inclusion of documents, although the ones included are the most
relevant (low recall, high precision). In the broadest sense, of course,
the thresholds (and indeed the entire clustering procedure) should be
regarded as a ‘model’ which requires rigorous testing.

For any cluster, a symmetric matrix of co-citations may be con-
structed showing how often any document in the cluster is co-cited
with every other document. A further transformation can then be
performed upon the co-citation frequencies which converts them into
‘distances’. This procedure assigns to each highly cited document a
normal probability ‘hill’ in two dimensions, whose volume is equal to
the citation frequency of the document. The frequency of co-citation
of two documents is then set equal to the volume of overlap between
the two document hills.® The ‘distance’ between the documents is then
given by the distance between the centres of the two hills. The
distances between documents in a cluster are analyzed by a metric
scaling algorithm® which assigns relative locations to the documents in
two dimensional space. This configuration is plotted as a contour
diagram.

The hypothesis explored in this paper is that the scaled configur-
ation of highly cited and co-cited papers in a cluster is a concrete
representation of the cognitive structure, ‘subject space,’ or current
‘paradigm’ of the specialty, and that the authors of the highly cited
papers constitute the élite, or ‘leading’ scientists of the specialty.
The authors of citing papers then comprise a subgroup of the current
practitioners in the specialty. I will not be concerned with this latter
group; rather, I will focus on how the cognitive structure of the
specialty changes over time. Nor will I be concerned with the relation-
ships of the collagen cluster to other clusters and specialties. Although
such linkages exist and serve to place collagen in its context within the
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structure of biomedicine, the changes occurring within the specialty
appear to be more significant (at least in this case) than the changes in
its relationships with other biomedical specialties.

Change can be studied by carrying out the identical clustering pro-
cedure on successive annual cumulations of the SCI. The 1970, 1971,
1972, 1973, and 1974 files of the SCI were clustered at identical
thresholds (that is, 15 citations per document per year, and 11 co-
citations per document pair per year). By using the same thresholds
each year the growth of the specialty can be gauged in terms of the
growth of the cluster. The problem then is to match up the clusters
obtained in successive years. A cluster is considered to have ‘continued’
if at least one of its highly cited documents is contained in a cluster
the following year. In general, for any cluster in year 1 there are three
possibilities in year 2:

1. None of the documents in the year 1 cluster are found in any

cluster in year 2.
2. One or more of the documents in the cluster in year 1 are found
in a single cluster in year 2.
3. The documents in the year 1 cluster may diffuse into two or
more clusters in year 2.
Clearly, a mirror image of these possibilities exists for a cluster in year
2: it might be new; have continued in a simple fashion from a single
cluster; or have formed from two or more earlier clusters. There are also
degrees to which continuity can exist; from only one document being
passed on to the next year’s cluster, to all documents persisting to the
next year. It is useful to introduce a ‘Stability Index’ (SI) to reflect the
degree of continuity of clusters.'® The SI of a continuous series of
clusters over a period of N years is defined as

N
Gl
i=1

where the numerator represents the number of documents which
persist in the cluster over N years, and the denominator, the total
number of distinct documents which appear in the sequence of
clusters.'!

For collagen, the sequence of clusters for 1970-74 is giver: in Figure
1. This pattern was obtained by application of the thresholdi (15 cit-
ations and 11 co-citations) to each annual SCI (1970-74), 1rd finding
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Figure 1. Collagen Clusters 1970-74
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clusters with common cited documents in each successive year. Each
box contains the number of cited documents in a cluster in a particular
year; on the lines connecting the boxes are the numbers of documents
common to clusters in adjacent years. Figure 1 shows that in 1974 two
previously separate cluster series (series 1 and series 2) merge into a
single large cluster with 24 documents. This pattern will later be inter-
preted as the joining of two lines of research on collagen.

Figure 1 presents SI values for the succession of collagen clusters,
for both two and three year intervals (N=2 and 3). (Series 1 and 2 have
been merged into a single strand for this calculation.) The maximum
SI value is one, and as N increases (i.e. longer spans of time are taken)
the SI value, in general, decreases. Note that the SI for the three years
1971-72-73 is zero; in other words, not one document continues in
the cluster over those three years, although there are continuing docu-
ments from 1971 to 1972 and from 1972 to 1973. This finding will
later be interpreted as a ‘conceptual shift’ in the specialty.

HISTORICAL BACKGROUND

Before analyzing the citation maps, an account of recent events in
collagen research is necessary. This account has been constructed from
published papers and interviews with collagen researchers.

It is often argued that the importance of collagen lies in the abun-
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dance of this protein in the human body, where it is the major con-
stitutent of connective tissue. In the 1920s and 1930s, the protein
was studied by the technique of electron diffraction.'? Later in the
1950s, electron microscopy was used to study the structure of the
collagen fibre. Early studies centred on the question of structure (or,
as one important pioneer expressed it, ‘the molecular and macro-
molecular morphology’) of collagen.!® During the 1950s, X-ray
diffraction suggested that the structure of collagen was a ‘triple-
stranded, coiled-coil’.!* Before 1969, the typical collagen was thought
to consist of two identical strands (both designated ‘alpha 1°) plus a
third strand (‘alpha 2’). Much of the work of the 1960s attempted to
determine the structure of the alpha 1 and alpha 2 chains, including
their amino acid sequences. The composition and nature of the cross
linkages holding the helical chains together were also investigated.
This work is still going on, and it is important to note that the structure
of collagen is still not fully resolved.

Collagen investigators generally believe that biochemical method-
ologies have played a key, if not decisive, role in the advance of
collagen research since World War II. In the 1960s, two critical
methodologies were applied to collagen. The first was the use of
cyanogen bromide (CNBr) to cleave the molecule into smaller protein
sub-units;' * the second was the use of the carboxymethyl cellulose
chromatography column (CMC column) for separating the component
molecular chains of collagen.'® A major discovery was made by Miller in
1969,'7 when he found a genetic type of collagen consisting only of
alpha 1 chains. The discovery stimulated the search for further types of
collagen and several have been found to date.

The events of 1970-71 have been described as ‘a great leap forward
in our understanding of collagen’.!® They began in 1970 with the
presentation of results at a meeting of the Federation of American
Societies of Experimental Biology by Layman, McGoodwin and
Martin, from the National Institute for Dental Research.!® A number
of earlier researchers had postulated, on a theoretical basis, the
existence of a soluble precursor molecule for collagen.?® Martin’s group
provided the first clear evidence for a soluble precursor. Shortly after
they had completed their work, Martin gave a seminar for the group
under Paul Bornstein at the University of Washington in Seattle. There
Martin learned of an independently obtained but related finding by the
Bornstein group which provided further evidence for the precursor

molecule. Bornstein called the substance ‘procollagen’, and presented
his results in a paper’! which appeared shortly after one by the Martin
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group,?? in the spring of 1971. A simultaneous and, as it turned out,
related discovery was made by researchers in Belgium,??® where a new
disease of cattle was characterized as a defect of collagen, causing a
weakness of the skin called ‘dermatosparaxis’. Karl Piez, also of the US
National Institute of Dental Research, was visiting the Belgian
laboratory at this time and was able to convey the news of the Martin
and Bornstein work to the Belgian researchers. They concluded that
their defective collagen in the skin of cattle was a form of procollagen.

A number of studies followed in quick succession during 1971,
providing supporting evidence for the new substance, procollagen. The
prompt acceptance of its discovery by the community was, perhaps,
facilitated by the long history of theoretical speculations which
predicted the existence of a soluble precursor. These discussions went
back to at least 1960:>% the most recent had been published almost
simultaneously with the Martin discovery paper in 1971, although
without knowledge of any of the new data.?®

A number of social factors seem to be important in the development
of the specialty, although no systematic effort has been made to collect
such data. Gross has described the specialty as involving ‘a small but
intensely interested group of investigators’.?® Specialists reported in
interviews that very close informal communication exists between
researchers in the field, and that there are frequent exchanges of
personnel between a small number of ‘key research centres’. A small
‘core’ of specialists is regarded as constituting the founders and
intellectual forebears of the specialty. An example of a ‘key research
centre’ is the National Institute for Dental Research (NIDR) in Bethesda,
Maryland, which is one of the US National Institutes of Health. A
veteran researcher on collagen at NIDR is Karl Piez. A large number of
researchers have visited or received training in this laboratory. NIDR
has, in a sense, played the role of a training centre for specialists in
collagen research, who have later gone out to set up their own labora-
tories to work on collagen.

During the earlier period, the specialty was marked by what appears
to be generally low esteem. Collagen was regarded as a rather inert
and uninteresting molecule. Evidence of this attitude is provided by
James Watson in his Nobel address.?” When Watson was working on
DNA at Cambridge he was worried that the structure of DNA might
turn out to be as ‘dull’ and unexciting as that of collagen. Perhaps this
‘dull’ image discouraged new recruits to the specialty while, at the same
time, it increased the dedication of those who were already committed
to this research.
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In the last few years (1970-74) the specialty has grown in size rather
dramatically. It has become impossible, for example, for all active
researchers to attend a single Gordon conference. One specialist
reported that with the breakdown in the sense of a small community,
there has also been an increase in competition among researchers. The
image of collagen research has also improved. Recent advances,
especially in methodology, have made possible a transfer of knowledge
from basic biology to medical fields such as ageing, heart and lung
disease, cancer and arthritis. Collagen has become a model system in
biochemistry with far reaching implications for medicine.

COLLAGEN MAPS: 1970-74

Figures 2 to 6 are contour maps of the series 1 collagen clusters from
1970 to 1974, derived according to the procedure outlined above. The
configurations obtained from scaling in two dimensions are drawn as
contour maps (increasing ‘altitude’ corresponds to increasing density
of citation), taking care to convert all configurations to a common
metric so that documents with the same citation frequency are equal
in size.

The value of Kruskal’s ‘Stress II’ is given on each plot and is a rough
indicator of the goodness-of-fit of the input distances to the final
configuration in two dimensions.?® The ‘Stress II’ values obtained are
rather high. There are three reasons why this is so. First, the hill model
is constrained to two dimensional configurations: stress can be
expected to be high when only two dimensions are used. Second, the
metric scaling option of Kruskal’s M-D-SCAL is used, which gives
higher stress values than the non-metric option. Third, there is the
imposed condition that the input distances fit the configuration
distances as closely as possible. Technically, this means that a straight
regression line passing through the origin is used to relate input to
scaled distances. All of these conditions tend to increase stress. Further-
more, tests with the same data using the non-metric option of M-D-
SCAL gave very similar configurations to those obtained with metric
scaling. Therefore, it does not appear that the high stress values are
evidence against the model. More important for evaluating the model
is whether the relative positions of the documents in the configurations
can be given some consistent interpretation, either in terms of the
relationships of ideas or the social relations of authors. Therefore, each
map will be examined in detail to see if such relations can be discerned.
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Figures 2-6: Collagen Maps, 1970-74

The following maps depict the collagen clusters for each of the years 1970-74.
The metric scaling option of M-D-SCAL has been used to obtain two-dimensional
configurations of the highly cited documents in the clusters, and the value of
Kruskal’s Stress II is given on each plot. The distance between two documents is
determined by setting the citation frequency of each document equal to the
volume of a normal probability hill and the co-citation frequency equal to the
volume of overlap of the hills. Points on the maps indicate the tops of document
hills and are labeled by the first author’s last name and the year of publication.
(See the Appendix for full bibliographic references.) On a given contour line the
citation density is constant. The outermost contour corresponds to a density of
one citation per unit area and increases by increments of one (going from the
outermost to the innermost contour).
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Figure 3. Collagen 1971
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Figure 4. Collagen 1972
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Figure 5. Collagen 1973
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Figure 6. Collagen 1974
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The 1970 map (Figure 2) shows a group of five documents. (The
Appendix gives the full bibliographic reference for all documents
appearing in this and all subsequent maps.) Of the five documents, Piez
63 is the most highly cited and also the oldest; this paper is important
for its determination of the structure of the alpha 1 chain of collagen
employing the CMC column method. The second most cited paper in
the cluster is Bornstein 66, which was the first to elucidate the nature
of the molecular cross linking between the collagen chains; this paper
uses CNBr cleavage to reduce the collagen chains to a smaller number
of peptides, but the paper’s main contribution is toward a new con-
ceptual understanding of collagen cross links. The Butler 67 and Miller
69 papers are both investigations into the structure of the alpha 1 chain
of the collagen. molecule, the prime difference between them being
that one used collagen from bone and the other from skin; these papers
are close to one another on the map, reflecting similarity of concern.
The remaining paper, Bailey 68, is somewhat removed from the others.
The objective of Bailey’s work is different; it involves a cataloguing of
amino acids on the collagen cross links. Bailey’s paper drops out of the
cluster the next year, and is never cited by any of the subsequent
papers on our maps.

The factor which unifies all of the papers in the cluster in 1970 is
their concern with the structure of the collagen molecule. The 1971
cluster (Figure 3) is identical in composition to the 1970 cluster, except
for the absence of Bailey 68. Again, Miller 69 and Butler 67 are close to
one another, and Piez 63 and Bornstein 66 are the most cited
documents on the map.

A radically new situation is evident in 1972 (Figure 4). The map is
clearly divided into two regions: one contains the old structural work
which appeared in the cluster in 1970 and 1971, and the other is a
group of new documents all dated 1971. A glance at these 1971 papers
shows that they all discuss the newly discovered procollagen. First
consider the older (right-hand) side of the 1972 cluster: the only
new paper in this region is Rauterberg 71, which is a structural study of
collagen using calf skin collagen, but otherwise similar to the work of
Miller 69 and Butler 67. On the 72 map these three papers form a sub-
grouping on one side of the Piez 63 — Bornstein 66 axis. No major
change in the configuration of the documents on this side of the map is
evident.

Moving to the left side of the 1972 map, all documents are new to
the cluster. Layman 71 first reported the discovery of what was later
called procollagen, and the other papers appeared in very quick suc-
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cession. Bellamy 71 was the first to call the new substance procollagen,
and clearly established its role as the precursor to collagen. Muller 71,
like Layman 71, was a product of the George Martin group; it is located
on the map just above Layman 71, and was an attempt to show whether
the formation of collagen from procollagen occurred inside or outside
the cell. The Jimenez 71 and Dehm 71 papers were also the product of
a single lab (University of Pennsylvania) and likewise fall on the same
side of the discovery papers of Layman and Bellamy. Dehm 71is impor-
tant methodologically since it described the preparation of matrix-
free cells for the study of collagen biosynthesis. Jimenez 71 used this
method to obtain the first measurements of the molecular size of
procollagen.

The 1972 map marks a transition in collagen research. It displays
simultaneously the old concern with the static structure of collagen
and the new concern with its dynamic character, the biosynthesis of
collagen via procollagen. By 1973 the transition from old to new
was complete. All documents on the right (or ‘structural’) side of the
1972 map dropped out in 1973 (Figure 5). What remained were the
papers on procollagen from the 1972 cluster, plus new documents
published in 1971 and 1972. On the 1973 map, Layman 71 is clearly
at the centre, with Bellamy 71 not too far removed. Two new papers
(Bornstein 72 and Dehm 72) fall close together above Layman 71 and
are both concerned with showing that procollagen contains cystine.
Muller 71 and Jimenez 71, both of which were on the 1972 map,
are still on opposite sides of the discovery paper, but they have been
displaced to the periphery by the entrance of the new 1972 papers.
A second new group on the 1973 plot are papers by Stark, Lenaers
and Lapiere, which form a sub-cluster to the right of Layman; all these
came from the same laboratory in Belgium and deal with
dermatosparaxis.

None of the papers in the 1973 cluster is more than two years old.?®
This remarkable ‘currency’ continues to some extent in 1974, where
ten of the 24 papers in the cluster are less than two years old.

From 1973 to 1974, the cluster size more than doubles, from 9 to
24 documents. This reflects, in part, an increase in activity stimulated
by the new discoveries, but it also reflects the merger of the two
collagen clusters (series 1 & 2, see Figure 1). The 1974 cluster has a
clear internal structure, consisting of three regions. The group of five
documents, on the lower right, is a new addition to the cluster; four
of the papers are only one year old. Its topic could be labelled
‘stabilization of collagen by hydroxyproline’ —in effect, a new discovery
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upon a new discovery, representing an attempt to understand collagen’s
stability biosynthetically. The central region on the map (around
Layman 71) could be labelled ‘collagen biosynthesis via procollagen’,
and is a continuation of the theme of the 1973 series 1 cluster; only
three of the 10 documents from this second group are new to the
cluster.

The group of papers at the left, and scmewhat separate from the
Layman 71 group, could be labelled ‘genetic types of collagen’; this
represents the merger of the previously separate collagen cluster
(series 2) with the main collagen cluster (series 1). I have not discussed
the structure of this sequence of series 2 clusters. It consists of three
cited documents in 1972 and 1973, but the series was clearly
dominated by Miller’s work on genetic types of collagen. In 1969,
Miller discovered that a cartilage collagen gave indications of having
only alpha 1 chains, and he called this ‘type II' collagen to
distinguish it from ‘type I’ collagen, which has the usual two alpha
1 chains and one alpha 2 chain. Further work on identifying and
characterizing other collagen ‘types’ was done by Trelstad 70, Strawich
71 and Kefalides 71. Merger of the two strands of collagen research
may be interpreted as a strengthening of the link between genetic
and procollagen related research.

A final feature of the 1974 map, the Piez 63 and Traub 71 papers,
should be noted. Both papers are very highly cited, but somewhat
removed from the main substantive areas on the map. Piez 63 appeared
in the 70, 71 and 72 clusters, and reappears in 74; it is a landmark
paper on collagen structure, and important methodologically for all
the subspecialties. Traub 71 (with Piez as a second author) is a review
paper which summed up knowledge in the whole field of collagen
research. On the 74 map it borders on all three of the substantive
regions, but does not belong to any of them. Its position reflects its
broad importance for collagen research.

The most remarkable aspect of the development of collagen research
is the rapidity with which the specialty was able to shift its concern
from a structural and static conception of collagen to a concern with
biosynthesis, and a dynamic conception of collagen. This is evident
in the shift in the set of cited documents from 1971 to 1973, which,
as pointed out earlier, resulted in a SI value of zero.
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QUESTIONNAIRE SURVEY

One of the most important and difficult problems in citation studies
has been the proper form of validation. The data on collagen research
contained in the succession of cluster maps present a plausible picture
when viewed against the historical background of the specialty. Never-
theless, the historical sketch was not derived in a manner independent
of the citation data, and it is qualitative in nature. What is needed
is an independently derived picture which can be compared quan-
titatively with the citation picture. It was concluded that only by going
to the specialists themselves could a direct test of validity be carried
out. A questionnaire was therefore designed and sent to collagen
specialists; it contained no mention of the citation data. The only
assumption made was that the specialty of ‘collagen research’ existed
and was properly named. The questionnaire was sent to 24
individuals, all of whom had published a paper on collagen in 1973;
they were identified by having cited one or more papers in the
collagen cluster in 1973. Eleven usable responses were received, with a
generally high level of care and attention to detail given by the
respondents. Although the sample was small, the unanimity and
consistency of responses was so high that it is doubtful that a larger
sample would have changed the results significantly.

The first question was: ‘What are the most important scientific
advances or developments in collagen research in the last five years?’
Responses to this question are summarized in Table 1. There was a clear

Table 1. Responses to Question 1:

‘What are the most important scientific advances or developments in collagen
research in the last five years?’

Advance or Development Number of Responses
1. procollagen, a biosynthetic precursor molecule 11 (100%)

2. genetic types of collagen 10

3. sequencing of collagen chains 5

4. genetic defects of collagen metabolism 5

5. stabilization of collagen by hydroxyproline 4

6. molecular packing of collagen 2
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consensus on the discovery of procollagen as a major advance, and a
near consensus on the discovery of genetic types of collagen. These two
advances, of course, match perfectly with the major strands of develop-
ment embodied in the series 1 and 2 clusters, which finally converged in
1974. The next two ranked advances were mentioned by five respon-
dents each. Item 3 (sequencing of collagen chains) corresponds to
papers in series 1 clusters which were published before 1970;
respondents were not adhering strictly to the five year limit. Item 4
(genetic defects) is not associated with any papers in the cluster, and
thus represents an anomaly in the citation picture. Item 5 (stabilization
by hydroxyproline), however, is clearly associated with the sub-cluster
of papers appearing in the 1974 plot (Figure 6). Therefore, the citation
data have accurately represented advances where there is near or
complete unanimity, and. in two of three cases, have reflected advances
of a lesser degree of consensus.

The second question was: ‘What papers were the first to describe the
advances or developments mentioned in question 1?’ The reponses to
this question are summarized in Table 2, where they are compared with

Table 2. Responses to Question 2:

‘What papers were the first to describe the advances or developments you
mentioned in question 1?°

Paper (First author, year) No. of Years in Cluster* Subject
Mentions 70717273 74

1. Layman 1971 7 XX X procollagen

2. Bellamy 1971 7 XX X procollagen

3. Miller 1969 6 X X X | genetic types

4. Jimenez 1973 3 X hydroxy-
proline

5. Berg 1973 3 X hydroxy-
proline

6. Jimenez 1971 2 X X X procollagen

7. Miller 1971 2 X X | genetic types

8. Kefalides 1971 2 X | genetic types

9. Pinnell 1972 2 hereditary
disease

23 other papers received one mention. Six of these appeared in cluster.
*series 1 or 2 clusters.
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the cluster data. Here it is possible to observe how accurately the
citations have selected out the specific documents associated with the
major advances in the specialty. Of the papers receiving two or more
mentions, all but one (Pinnell 72) appear in the collagen clusters in one
or more of the five years.

The Pinnell paper was associated with the ‘genetic defects’ advance
(item 4 of Table 1). Why it was not included in the cluster requires a
special explanation. This paper was cited 16 times in 1973 and 13
times in 1974. In 1974 it missed being included in the cluster formed
at the threshold of 15 citations per year;in 1973 it exceeded this thres-
hold, but failed to be cocited 11 times with any other of the collagen
papers. The effect of thresholding was, in this case, to exclude an
important and relevant item.

The two procollagen discovery papers (Layman 71 and Bellamy 71)
received the greatest number of mentions — seven each. Miller 69,
the discovery paper for genetic types of collagen, received six
mentions. (This paper, of course, was not clustered wich the procollagen
work until 1974.) The next two papers received only three mentions
each; both of them had to do with the stabilization of collagen by
hydroxyproline, work which appears in the 1974 cluster. Finally,
there are three papers receiving two mentions apiece: one on
procollagen which supplied some early size measurements (Jimenez
71), and two more papers on genetic types of collagen.

In general, there is slightly less agreement on what papers were
first to announce the discoveries and advances than on what the
advances were. In all, 32 papers were nominated as reporting important
advances; 31 papers appeared in the cluster over the five years; and 14
were both mentioned and in the cluster. A more important feature is
that the frequently mentioned papers were consistently in the cluster;
the three papers most often mentioned were each in the cluster for
three straight years (1972-74). This is strong confirmation of the ability
of citation data to identify key papers in the specialty. )

The third question was: ‘Whom do you regard as the leading investi-
gators in collagen research?’ Table 3 summarizes the responses and
shows the number of authorships of highly cited clustered papers for
each author mentioned two or more times. (In counting authorship, all
authors listed on a paper were given equal credit.) All but three of the
investigators mentioned two or more times had authorships of highly
cited papers. The frequently named investigators generally have
frequent authorships, but the inverse is not always true. Four investi-
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Table 3. Responses to Question 3:

‘Whom do you regard as the leading investigators in collagen research?’

Investigator No. of No. of
Mentions Authorships on
Clustered Papers

. Bornstein 11

. Miller 10

o

. Prockop
Piez

. Martin
. Kuhn

. Gross

. Viez

® N 00w AW N

9. Bailey

10. Rosenbloom
11. Trelstad

12. Fessler

13. Ballop

NN N NN W 9 9 00
O O = R = O = NN ON B oW

11 other investigators received one mention. Five of these appeared in the cluster.

gators having three or more authorships on highly cited papers
received fewer than two mentions (two had one mention and two
had none). The clustered papers brought in more individuals than did
the survey question. A total of 24 individuals were mentioned as leading
investigators; there were 50 authors of the clustered papers; and 15 of
the mentioned individuals were also cluster authors. Two effects may
be at work here. First, because senior authors very often include
assistants on their papers, the use of authorships to identify leading
investigators will uncover a somewhat broader population, and in
general, a young one. The second effect is that the up-and-coming
young scientists may have many authorships to their credit, but are
not yet recognized by their peers as leading investigators. Therefore;
in one sense, the citation method for identifying important
scientists may be a ‘leading’ rather than ‘lagging’ indicator of the peer
method of nomination.

The last question was an attempt to measure the degree of perceived
shift in the specialty. The question was: ‘Has collagen research
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undergone a major change or conceptual shift in the last five years?
Please explain.” Table 4 shows the outcome: ten respondents said ‘yes’

Table 4. Responses to Question 4:

‘Has collagen research undergone a major change or conceptual shift in the last
five years? Please explain.’

Yes No
10 1
Reason for shift Number of Responses
1. Concern with collagen
biosynthesis via procollagen 9
2. Concern with genetically different
collagens. 5
3. Concern with genetic defects in
collagen metabolism. 2

and one said ‘no’. The reasons given for the shift again paralleled
responses on previous questions. Nine respondents indicated that the
discovery of procollagen was the reason for the shift, and five said it
was the findings on genetically different collagens. Two mentioned
the genetic defects of collagen, which, as discussed earlier, did not
appear in the cluster because of the severity of the thresholds. Again,
on issues where agreement is substantial, the cluster data reflect the
situation well. Procollagen and, to a somewhat lesser extent, genetic
types of collagen clearly emerge as the key events in recent history
(to 1974). The perceived shift in the specialty was reflected in the
1971-73 shift in the series 1 clusters (SI equal to zero), and the
emergence in 1972 of the series 2 clusters devoted to work on genetic
types of collagen, which eventually merged with the main cluster.

CONCLUSIONS

In the validation I attempted to answer the question: Does the citation
picture of this specialty’s development match the perceptions of the
specialists? The questionnaire survey demonstrated that the highly
cited documents which clustered together were significant documents
in the eyes of the specialists, and that the authors of these papers were,
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by and large, the leading researchers identified as such by their peers.
The succession of cluster maps suggested that the specialty had under-
gone a rather radical shift in research focus. In this regard, too, the data
reflected accurately the perceptions of the specialists. The citations pro-
vided, in effect, a physical and measurable manifestation of a collective
mental switch from a static to a dynamic conception of collagen.
Whether this example could be properly called a ‘revolution’ in Kuhn's
sense is debatable. For example, there appear to be no ‘incom-
mensurable world views’ involved on either side of the collagen shift.
It seems likely, however, that a true Kuhnian paradigm switch, if one
exists, would manifest itself through citation data in precisely the way
exemplified by collagen.

Several specialists interviewed stressed the close knit character of
their specialty: a few major centres of research, a small number of
leading researchers, and a high level of informal communications among
researchers. There seems to be little doubt that the co-citation
clustering methodology has identified, at least in this case, a research
specialty with all the characteristics ascribed to ‘invisible colleges’ — as,
for example, those specialties described by Griffith and Mullins.>® On
the other hand, the collagen specialty differs in one important respect.
There is no evidence in collagen of a self-conscious or deliberate revolu-
tionary programme being carried out by a group of researchers when
the specialty underwent its concéptual shift in the early 1970s. The
developments, stimulated by simultaneous and serendipitous discovery,
were taken up very quickly, and vigorously pursued, by the entire
specialty. No single group controlled these developments (at least three
groups played key roles).

The collagen case also suggests some hypotheses on specialty growth
and change which should be tested in other cases. If Kuhn'’s theory is
correct, and if the set of highly cited documents in a cluster is a repre-
sentation of the paradigm for the specialty (high cited documents =
exemplars), then, over several years, the SI should show periods of
constancy alternating with sudden dips. This test would distinguish
Letween a model of science which calls for sudden changes in research
focus and a model which calls for gradual or evolutionary change, such
as the one proposed by Toulmin.?! In the latter case, the SI should
remain fairly constant, showing only random fluctuations.

At a more detailed level of analysis, it should be possible to test
the importance of discoveries and innovations for specialty change.
In the case of collagen, the discoveries of 1971 appear to have pre-
cipitated the shift in research focus. An indicator of discovery appears
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to be the ‘immediacy’ or ‘currency’ of the cluster, and this, too, might
display a cyclic behaviour over time.>? The 1971 discovery papers
formed a sub-cluster on the 1972 map consisting of papers all of which
were only one year old. One hypothesis is that sudden shifts in a
specialty are preceded by the emergence of a sub-cluster of very recent
papers, and that one or all of these recent papers in the sub-cluster are
perceived by the specialist as ‘discovery’ papers.

As Crane has observed,>® exponential growth in the size of a
specialty seems to follow rather than precede innovation, and this was
true of collagen. The 1974 cluster represented the onset of rapid
growth, three -years after the publication of the discoveries. Also, the
collagen specialty suggests that a discovery sub-group is attached to an
older. stable configuration containing methodologically important
papers, and that the older group, by and large, disappears from the
cluster as the shift is consolidated. There appears to be a tendency for
methodological papers to persist as ‘markers’ for a specialty, even
through a shift (e.g. Piez 63), while conceptual contributions are more
quickly forgotten (e.g. Bornstein 66). Finally, the 1974 map shows
considerable internal structure and may signal the beginning of further
sub-specialization. Merger patterns may also mark specialties which are
in periods of rapid growth.

In sum, the sequence of events suggested by the collagen case is:
stability (1970-1971); discovery represented by a sub-cluster of recent
papers attached to the older cluster (1972); a shift in research focus
with the disappearance of the older cluster (1973); and rapid growth
of the new cluster with a division into sub-specialties (1974). Only
further work can determine whether this is a general pattern and
part of the natural life-cycle of all specialties.

APPENDIX

Papers in the Collagen Clusters

The following is a list (alphabetic by first author) of all papers appearing in the
1970-74 collagen clusters. The full bibliographic reference is preceded by the
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abbreviation of the item (last name of first auther and year of publication) used
in Figures 2-6. Below this abbreviation and in parentheses is the year(s) in which
the paper has appeared in the cluster.

BAILEY 68
(70)

BELLAMY 71
(72,73,74)

BERG 73

(74)

BORNSTEIN 66
(70,71, 72)

BORNSTEIN 72
(74)

BORNSTEIN 72
(73,74)

BUTLER 67
(70,71, 72)

DEHM 71
(72)

DEHM 72
(73,74)

Allen J. Bailey and Catherine M. Peach, ‘Isolation and
Structural Identification of a Labile Intermolecular
Crosslink in Collagen’, Biochemical and Biophysical
Research Communications, Vol. 33, No. 5 (1968),
812-19.

Garland Bellamy and Paul Bornstein, ‘Evidence for
Procollagei:, a Biosynthetic Precursor of Collagen’,

Proceedings of the National Academy of Sciences
(USA), Vol. 68, No. 6 (June 1971), 1138-42.

Richard A. Berg and Darwin J. Prockop, ‘The Thermal
Transition of a Non-Hydroxylated Form of Collagen —
Evidence for a Role for Hydroxyproline in Stabilizing
the Triple-Helix of Collagen’, Biochemical and Bio-
physical Research Communications, Vol. 52, No. 1
(1973), 115-20.

Paul Bornstein and Karl A. Piez, ‘The Nature of the
Intramolecular Cross-Links in Collagen — the Separation
and Characterization of Peptides from the Cross-Link
Region of Rat Skin Collagen’, Biochemistry, Vol. 5, No.
11 (November 1966), 3460-73.

Paul Bornstein, H. Paul Ehrlich, and Anne W. Wyke,
‘Procollagen: Conversion of the Precursor to Collagen
by a Neutral Protease’, Science, Vol. 175, (4 February
1972), 544-46.

Paul Bornstein, Klaus Von Der Mark, Anne W. Wyke, H.
Paul Ehrlich, and Janet M. Monson, ‘Characterization of
the Pro- o1 Chain of Procollagen’, The Journal of Bio-
logical Chemistry, Vol. 247, No. 9 (May 1972), 2808-
13.

William T. Butler, Karl A. Piez, and Paul Bornstein,
‘Isolation and Characterization of the Cyanogen
Bromide Peptides from the «l Chain of Rat Skin
Collagen’, Biochemistry, Vol. 6, No. 12 (December
1967), 3771-80.

Peter Dehm and Darwin J. Prockop, ‘Synthesis and Ex-
trusion of Collagen by Freshly Isolated Cells from Chick
Embryo Tendon’, Biochemica et Biophysica Acta, Vol.
240 (1971), 358-69.

Peter Dehm, Sergio A. Jimenez, Bjorn R. Olsen, and
Darwin J. Prockop, ‘A Transport Form of Collagen from
Embryonic Tendon: Electron Microscopic Demon-
stration of an NH_, — Terminal Extension and Evidence
Suggesting the Presence of Cystine in the Molecule’,
Proceedings of the National Academy of Sciences
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DEHM 72
(73,74)

GOLDBERG 72
(74)

JIMENEZ 73
(74)

JIMENEZ 71
(72,73,74)

JIMENEZ 73
(74)

KEFALIDES 71
(74)

LAPIERE 71
(73,74)

LAYMAN 71
(72,73,74)

LENAERS 71
(73,74)

MILLER 69
(70,71, 72)

Social Studies of Science

(USA), Vol. 69, No. 1 (January 1972), 60-64.

Peter Dehm and Darwin J. Prockop, ‘Time Lag in the
Secretion of Collagen by Matrix-Free Tendon Cells and
Inhibition of the Secretory Process of Colchicine
and Vinblastine’, Biochimica et Biophysica Acta, Vol.
264 (1972), 375-82.

Burton Goldberg, Ervin H. Epstein, Jr., and Charles J.
Sherr, ‘Precursors of Collagen Secreted by Cultured
Human Fibroblasts’, Proceedings of the National
Academy of Sciences (USA), Vol. 69, No. 12
(December 1972), 3655-59.

Sergio A. Jimenez, Peter Dehm, Bjorn R. Olsen, and
Darwin J. Prockop, ‘Intracellular Collagen and Pro-
tocollagen from Embryonic Tendon Cells’, The Journal
of Biological Chemistry, Vol. 248, No. 2 (January
(1973), 720-29.

Sergio A. Jimenez, Peter Dehm,and Darwin J. Prockop,
‘Further Evidence for a Transport Form of Collagen —
Its Extrusion and Extracellular Conversion to Tropo-
collagen in Embryonic Tendon’, FEBS Letters, Vol. 17,
No. 2 (October 1971), 245-48.

Sergio A. Jimenez, Margaret Harsch, and Joel
Rosenbloom, ‘Hydroxyproline Stabilizes the ‘Triple
Helix of Chick Tendon’, Biochemical and Biophysical
Research Communications, Vol. 52, No. 1 (1973),
106-14.

Nicholas Kefalides, ‘Isolation of a Collagen from Base-
ment Membranes containing Three Identical c-Chains’,
Biochemical and Biophysical Research Communications,
Vol. 45, No. 1 (1971), 226-34.

Charles M. Lapiere, Albert Lenaers, and Leonard D.
Kohn, ‘Procollagen Peptides: An Enzyme Excising the
Coordination Peptides of Procollagen’, Proceedings of
the National Academy of Sciences (USA), Vol. 68, No.
12 (December 1971), 3054-58.

Don L. Layman, Ermona B. McGoodwin, and George R.
Martin, ‘The Nature of the Collagen Synthesized by
Cultured Human Fibroblasts’, Proceedings of the
National Academy of Sciences (USA), Vol. 68, No. 2
(February 1971), 454-58.

Albert Lenaers, Michel Ansay, Betty V. Nusgens, and
Charles M. Lapiere, ‘Collagen made of Extended -
Chains, Procollagen, in Genetically-Defective Dermato-
sparaxic Calves’, European Journal of Biochemistry,
Vol. 23,No. 3 (1971), 533-43.

Edward J. Miller, Joseph M. Lane, and Karl A. Piez,
‘Isolation and Characterization of the Peptides Derived
from the ol Chain of Chick Bone Collagen after
Cyanogen Bromide Cleavage’, Biochemistry, Vol. 8, No.
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MILLER 69
(72,73,74)

MILLER 71
(74)

MILLER 71
(72,74)

MILLER 72
(74)

MULLER 71
(72,73,74)

PIEZ 63
(70,71,72,74)

RAUTERBERG 71 :

(72)

SAKAKIBARA 73
(74)

STARK 71

(73)

STRAWICH 71
(73,74)

TRAUB 71
(74)

1 (January 1969), 30-39.

Edward J. Miller and Victor J. Matukas, ‘Chick Cartilage
Collagen: a New Type of 1 Chain Not Present in Bone
or Skin of the Species’, Proceedings of the National
Academy of Sciences (USA), Vol. 64, No. 4 (1969),
1264-68.

Edward J. Miller, ‘Isolation and Characterization of a
Collagen from Chick Cartilage containing Three
Identical o Chains’, Biochemistry, Vol. 10, No. 9
(1971), 1652-59.

Edward J. Miller, Ervin H. Epstein Jr., and Karl A. Piez,
‘Identification of Three Genetically Distinct Collagens
by Cyanogen Bromide Cleavage of Insoluble Human
Skin and Cartilage Collagen’, Biochemical and Bio-
physical Research Communications, Vol. 42, No. 6
(1971),1024-29.

Edward J. Miller, ‘Structural Studies on Cartilage Collagen
Employing Limited Cleavage and Solubilization with
Pepsin’, Biochemistry, Vol. 11, No. 26 (1972), 4903-09.
Peter K. Miiller, Ermona McGoodwin, and George R.
Martin, ‘Studies on Protocollagen: Identification of a
Precursor of Proto oc1’, Biochemical and Biophysical
Research Communications, Vol. 44, No. 1 (1971),
110-17.

Karl A. Piez, Elizabeth A. Eigner, and Marc S. Lewis,
‘The Chromatographic Separation and Amino Acid
Composition of the Subunits of Several Collagens’,
Biochemistry, Vol. 2 (1963), 58-66.

Jurgen Rauterberg and Kalus Kithn, ‘Acid Soluble Calf
Skin Collagen - Characterization of the Peptides
Obtained by Cyanogen Bromide Cleavage of its «l-
Chains’, European Journal of Biochemistry, Vol. 19, No.
3(1971), 398407.

Shumpei Sakakibara, Katsuhiko Inouye, Keiko Shudo,
Yasuo Kishida, Yuji Kobayashi, and Darwin J. Prockop,
‘Synthesis of (Pro-Hyp-Gly), of Defined Molecular
Weights — Evidence for the Stabilization of Collagen
Triple Helix by Hydroxypyroline’, Biochemica et
Biophysica Acta, Vol. 303, No. 1 (1973), 198-202.
Marlies Stark, Albert Lenaers, Charles Lapiere, and Klaus
Kiihn, ‘Electronoptical Studies of Procollagen from the
Skin of Dermatosgaraxic Calves’, FEBS Letters, Vol.
18, No. 2 (November 1971), 225-27.

Elsa Strawich and Marcel E. Nimni, ‘Properties of a
Collagen Molecule'containing Three Identical Com-
ponents extracted from Bovine Articular Cartilage’,
Biochemistry, Vol. 10, No. 21 (1971), 3905-11.

Wolfie Traub and Karl A. Piez, ‘The Chemistry and
Structure of Collagen’, Advances in Protein Chemistry,
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Vol. 25 (1971), 243-352,
TRELSTAD 70 : Robert L. Trelstad, Andew H. Kang, Shogo Igarashi,
(72,73, 74) and Jerome Gross, ‘Isolation of Two Distinct Collagens
from Chick Cartilage’, Biochemistry, Vol. 9, No. 25
(1970), 4993-98.
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