
RESEARCH PERSPECTIVES

Scientific Collaboration across Time and Space: Bibliometric
Analysis of the American Journal of Neuroradiology,

1980–2018
V.M. Zohrabian, L.H. Staib, M. Castillo, and L. Wang

ABSTRACT

BACKGROUND AND PURPOSE: Scientific collaboration is traditionally acknowledged through coauthorship. Studies on this topic
are few in the neuroimaging literature. This study is a bibliometric analysis of the American Journal of Neuroradiology (AJNR)
between 1980 and 2018, with the primary aim of evaluating changes in article collaboration.

MATERIALS AND METHODS: Full bibliographic records from 1980 to 2018 were retrieved. Yearly metrics calculated included the
number of articles published, the average number of authors, and the average number of affiliations per article. The levels of evi-
dence of 160 random articles were determined. Geographic characteristics of author affiliations were analyzed. Changes across
time were evaluated using linear regression, while Spearman rank-order correlation was used to determine relationships between
level of evidence and time, number of authors, and number of affiliations.

RESULTS: There was a steady linear growth in the number of articles (R2 ¼ 0.70, P, 1e–10) from 1980 to 2018. There were clear linear
increases in the average number of authors (R2 ¼ 0.91, P, 1e–15) and affiliations (R2 ¼ 0.90, P, 1e–15) per article. There was a significant
correlation between level of evidence and time period (Spearman r ¼ �0.42, P , 1e�7), indicating that articles trended toward better
methodologic quality or strength of results over time. A significant correlation existed between the level of evidence and the number
of authors (Spearman r ¼ �0.39, P, 1e–6). There were linear increases in the average number of different geographic locales of authors
per article by country/region (R2 ¼ 0.80, P, 1e–13), state/province (R2 ¼ 0.88, P, 1e–15), and locality/city/town (R2 ¼ 0.86, P, 1e–15).

CONCLUSIONS: From 1980 to 2018, as the quantity of articles published in the AJNR increased, their level of evidence improved,
while an increasing number of authors with different affiliations and from different geographic locales collaborated on these articles.

ABBREVIATION:WOS ¼ Web of Science

Bibliometric analyses continue to gain traction in the scientific
literature as they use quantitative approaches to evaluate and

compare research across countries, institutions, investigators, and
journals. In more than a decade, only a very small number of
studies in the American Journal of Neuroradiology (AJNR), the of-
ficial journal of the American Society of Neuroradiology, have
centered on bibliometrics. Whereas most of these have high-
lighted citation numbers or Impact Factors,1-5 few have under-
scored authorships or affiliations.6-9 Furthermore, even though
a number of these inquiries have demonstrated continually
increasing international contributions to the AJNR,7-9 none have

focused on collaborations among researchers from different geo-
graphic areas. One prior study found high interdisciplinary coop-
eration in neurointerventional research published in the AJNR
between 2003 and 2012, yet it did not examine other types of col-
laboration.10 Scientific collaboration, so valuable to the dissemi-
nation of knowledge and production of high-quality research,11 is
traditionally acknowledged through coauthorship and, therefore,
can be measured by the number of authors and affiliations. In
this study, we hypothesized that collaborative efforts among
researchers with different affiliations and from different geo-
graphic locales, both domestic and international, have grown
with time. We conducted a systematic, in-depth analysis of the
characteristics and trends of articles published in the AJNR
between 1980 and 2018, with the primary aim of evaluating
changes in collaboration during 4 decades.

MATERIALS AND METHODS
Institutional review board approval was not required because
human subjects were not involved. The Web of Science (WOS)
(Clarivate Analytics) was determined to be the optimal
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bibliographic data source for this study. Full bibliographic
records of all items (n¼ 14,758) published in the AJNR from
January 1, 1980, to December 31, 2018, were retrieved from the
WOS and saved as tab delimited data files. A custom script was
written in Ruby, an open-source programming language, to
extract a subset of the bibliographic records to include only those
with a document type of “Article” (n¼ 10,789), defined in WOS
as “reports of research on original works,” which include
“research papers, features, brief communications, case reports,
technical notes, chronology, and full papers that were published
in a journal and/or presented at a symposium or conference.”12

This process excluded any comments, editorials, replies, letters,
and reviews from our dataset. This subset of 10,789 bibliographic
records served as the basis of all statistical analyses in this study.

The script also extracted all unique author affiliation
addresses (n¼ 29,577) from the 10,789 bibliographic records
and sent them individually to Google’s Geocoding API, which
returned standardized geographic locations of those addresses
at the locality/city/town, state/province, and country/region lev-
els. The geocoding results were checked for accuracy at the
country/region level, and inaccuracies (n¼ 1293) were man-
ually corrected.

The script grouped records by publication year and calculated
the following metrics for each year: number of articles published,
average number of authors per article, average number of affilia-
tions per article, average number of affiliation countries/regions
per article, average number of affiliation states/provinces per arti-
cle, and average number of affiliation localities/cities/towns per
article.

The script also generated a random sample of 20 records for
each 5-year period between 1980 and 2014 and an additional 20
random records for the 4-year period between 2015 and 2018,
totaling 160 records. Two trained individuals retrieved the full
text of each of the articles and independently assigned a level of
evidence (levels 1–5) to each according to the evidence-based
medicine ratings guidelines published on the AJNR Web site, as
in Table 1.13 After independent review, any disagreements were
resolved by consensus.

The articles were also substratified by country/region of origin
or the geographic affiliation of the primary author for the study.
The countries/regions of origin were determined for most of the
articles (n¼ 10,230, 95%). The affiliation country/region of the
last/senior author, when available, was established as the article
origin. For the purposes of this study, we presumed that the last/
senior author’s institution was the focal point of the work and
where the work originated. For articles without such information,
an origin was recognized if only a single affiliation country/region
was listed for the article.

Visual representations of international collaboration across
time were achieved by plotting network diagrams using Cytoscape
(Cytoscape Consortium, Version 3.7.2, 2019; https://cytoscape.org/
download.html). The “nodes” in the diagrams represented coun-
tries/regions with articles that had at least 1 coauthor from a differ-
ent country/region, and the size of the nodes represented the
number of such articles. The nodes were linked by “edges,” the
thickness of which represented the number of articles with coau-
thors from the pair of connected countries/regions. The network
diagrams were scaled using Cytoscape for better readability.

All data were tabulated and statistical analyses performed
using R statistical and computing software (Version 3.3.2, 2016;
http://www.r-project.org/). Changes with time were evaluated
using linear regression. The Spearman rank-order correlation
was used to assess relationships between level of evidence and
time, number of authors, and number of affiliations.

RESULTS
Number of Articles
A total of 10,789 articles published in AJNR between 1980 and
2018 met the inclusion criteria for this bibliometric study. As
shown in On-line Fig 1, there was a steady linear growth in the
number of articles published yearly in the AJNR since 1980 (R2 ¼
0.70, P, 1e–10), from 85 articles in 1980 to 321 articles in 2018.
Article counts increased, on average, by 6.4 each year.

Number of Authors and Affiliations
On-line Fig 2 shows linear increases in the average number of
authors (R2 ¼ 0.91, P, 1e–15) and affiliations (R2 ¼ 0.90,
P, 1e–15) per article. The average number of authors per article
increased by 0.10 per year. The average number of affiliations per
article increased by 0.08 per year. The average number of authors
per article was 3.4 in 1980, 5.3 in 2000, and 8.0 in 2016. The aver-
age number of affiliations represented in each article was 1.6 in
1980, 2.5 in 2000, and 4.4 in 2016.

Level of Evidence
There was a significant correlation between the level of evidence
and time period (Spearman r ¼ �0.42, P, 1e–7), indicating
that articles trended toward better methodologic quality or
strength of results across time, as shown in On-line Fig 3. For
example, the proportion of level 5 articles decreased, while level 3
and 4 articles increased during the 4 decades.

Level of Evidence and Number of Authors and Affiliations
A significant correlation was found between the level of evidence
and the number of authors (Spearman r ¼ �0.39, P, 1e–6), as
shown in On-line Fig 4. The proportion of level 5 articles
decreased as the number of authors increased. However, no sig-
nificant relationship was found between the level of evidence and
the number of affiliations (Spearman r ¼ �0.15, P ¼ .054, not
significant).

Geographic Locales of Author Affiliations
Authors from the United States were, by far, the largest contribu-
tors to AJNR, appearing in 6270 (58%) articles. The United States

Table 1: Evidence-based medicine ratings, adapted from the
AJNR Web site
Level Study Type
1 Randomized controlled trial
2 Prospective cohort study
3 Retrospective cohort study, case-control study
4 Case series
5 Mechanism-based reasoning
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was followed by Japan (9%), Germany (7%), and Canada (5%) as
the next largest contributing countries.

As in On-line Fig 5, more than half (n¼ 5658, 55%) of AJNR
articles published between 1980 and 2018 (whose origins could
be determined) originated from the United States. The United
States was followed by Japan (8%), Germany (5%), and Canada
(4%) as the next largest origin countries.

A detailed assessment of geographic locales of author affilia-
tions in each article was performed. On-line Fig 6 demonstrates
linear increases in the average number of different geographic
locales of author affiliations per article from 1980 to 2018 by
country/region (R2 ¼ 0.80, P, 1e–13), state/province (R2 ¼ 0.88,
P, 1e–15), and locality/city/town (R2 ¼ 0.86, P, 1e–15). The
average number of countries/regions represented in each article
increased by 0.01 per year. The average number of states/provin-
ces per article increased by 0.03 per year. The average number of
localities/cities/towns per article increased by 0.04 per year. Of
the 10,789 articles analyzed, 1456 (14%) were the result of collab-
orations between at least 2 countries/regions, and 250 (2%),
among at least 3. These numbers trended upward across the deca-
des, as shown in Table 2. Furthermore, as shown in Table 3, the

percentages of AJNR articles by
authors from the same country/region,
state/province, and locality/city/town
decreased during the 4 time periods,
with the largest decrease occurring at
the locality/city/town level. For exam-
ple, 74% of AJNR articles were by
authors from the same locality/city/
town during 1980–1989. That percent-
age dropped to 37% during 2010–
2018. At the state/province level, the
percentage dropped from 82% to 43%,
while at the country/region level, it
dropped from 96% to 75%.

Nearly all countries/regions were
increasingly involved in international
collaborations across time. On-line
Fig 7 reveals that on the basis of the
change between the last 2 decades,
China had the largest gain in interna-
tional collaborations (606%), followed
by Norway (340%), Spain (338%), and
France (319%). The United States
(147%), Germany (145%), and Japan
(108%), on the other hand, demon-
strated more modest gains during the
past 2 decades. Table 4 demonstrates

that the United States held a decreasing share of the “interna-
tional collaboration pie” across time because the percentage of
such articles involving the United States decreased from 1980–
1989 (74%) to 2010–1018 (62%).

The complexity of the network diagrams increased during the
4 time periods, 1980–1989 (On-line Fig 8A), 1990–1999 (On-line
Fig 8B), 2000–2009 (On-line Fig 8C), and 2010–2018 (On-line
Fig 8D). Between 1980 and 1989, only 24 countries/regions (in 39
pairs) published articles in the AJNR with international coau-
thors. These numbers increased to 57 and 368, respectively,
between 2010 and 2018. The top 5 countries/regions that collabo-
rated internationally in the AJNR, and the top 3 collaboration
pairs overall (1980–2018) are presented in Tables 5 and 6.

DISCUSSION
Collaboration enhances the quality of scientific research.
Collaboration allows sharing of knowledge, facilitates acquisi-
tion of specialized and new expertise, fosters creativity, and
promotes innovation. While macro-level collaborations are
typically large inititatives by collaborating nations or interna-
tional organizations, meso-level collaborations are usually
among academic institutions, sometimes across national
boundaries.14 Micro-level collaborations, on the other hand,
involve individual researchers or small groups of individual
researchers working together.14 The formal acknowledgment
of scientific collaboration is traditionally through coauthor-
ship and can be measured by the number of authors and affili-
ations. In this study, we performed in-depth bibliometric
analyses of the characteristics and trends of AJNR articles pub-
lished during the past 4 decades, from 1980 to 2018. We

Table 2: Number of articles with at least N affiliation countries/regions
Time Span n= 2 n= 3 n= 4 n= 5 n= 6 n= 7 n= 8 n= 9 n= 10
All 1456 250 74 36 21 8 4 2 2
1980–1989 72 5 1 0 0 0 0 0 0
1990–1999 183 12 1 0 0 0 0 0 0
2000–2009 453 65 12 6 4 0 0 0 0
2010–2018 748 168 60 30 17 8 4 2 2

Table 3: Percentages of AJNR articles with all authors from the same geographic
localesa

Time Span Same Country/Region Same State/Province Same Locality/City/Town
1980–1989 96% 82% 74%
1990–1999 93% 72% 65%
2000–2009 87% 58% 50%
2010–2018 75% 43% 37%

a Here, “All” refers to all authors in the author line of a single article being from the same geographic locale, either
the same country/region, state/province, or locality/city/town.

Table 4: Percentage of international collaboration articles involving the United States
No. of

Collaborating
Countries/
Regions

No. of
International
Collaborating

Articles

No. of International
Collaborating

Articles Involving
the United States

% of International
Collaborating

Articles Involving
the United States

1980–1989 24 72 53 74%
1990–1999 32 183 125 68%
2000–2009 47 453 317 70%
2010–2018 57 748 465 62%

Table 5: Top 5 countries/regions collaborating internationally
in AJNR, 1980–2018

Country Article Count
United States 960
Germany 291
Canada 255
France 187
United Kingdom 171
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examined article counts, level of evidence, number of authors,
and the number and geography of author affiliations and, in
doing so, proved that collaboration has increased across the
years.

In examining collaborations, we established that the average
number of authors per article increased by 0.10 per year, from
3.4 per article in 1980 to 8.0 per article in 2018. Multiple prior
studies have likewise demonstrated a trend toward a greater
number of authors per article, which may, in part, be due to
increasing scientific complexity and specialization.15-17 Our
manual analysis of a small random sample of 160 articles
revealed that the level of evidence has improved since 1980,
trending toward better methodologic quality or strength of
results. Whereas studies published in 1980 were all level 4 or 5,
studies in 2015 were mostly level 2 or 3. Furthermore, we dem-
onstrated a significant association between the level of evidence
and the number of authors so that more methodologically ro-
bust studies tended to have a larger number of authors and
vice-versa. However, this finding is a correlation, and we have
not proved that the number of authors and the level of evidence
are causally related. A prior study showed that the number of
authors per article was larger for original research than for case
reports and review articles.18 On the other hand, increasing
authorship may be merely because publications are an increas-
ingly central part of recruitment, promotion, and retention of
faculty in academic medicine.16,19-21 In fact, increasing coau-
thorship in the biomedical literature has been subject to debate,
especially in the radiology literature, because several authors
have noted increasing trends of inappropriate authorship dur-
ing several decades.15,22-25

A recently published analysis of the impact of the recommen-
dations of the International Committee of Medical Journal Editors
on 49 clinical radiology journals between 1946 and 2013 found
that overall authorship increased with time, independent of the
journal of publication, country of publication, publication type,
and language of publication. Moreover, of the top 10 radiology
journals by volume, AJNR ranked above the average for change in
authorship with time.18 Therefore, authors are reminded to strictly
adhere to the guidelines of the International Committee of Medical
Journal Editors, which are specified on the AJNR Web site, to
ensure proper attribution of authorship.

In our examination, we also established that the average num-
ber of affiliations per article increased by 0.08 per year. However,
no significant association was found between the level of evidence
and the number of affiliations. We speculate that access to intra-
institutional diversity of expertise has improved with time and
has helped in conducting studies that required more methodo-
logic rigor.

Authors from the United States were, by far, the largest con-
tributors to the AJNR, appearing in 6270 (58%) articles. The
United States was followed by Japan (9%), Germany (7%), and

Canada (5%). During the 4 decades, however, the percentage of
articles with authors from the United States declined (�30%),
from 80% in 1980–1989 to 50% in 2010–2018, while the percen-
tages of articles with authors from other countries/regions
increased, with China and Germany demonstrating the largest
increases (+7%). The United States was the origin country for
more than half (n¼ 5658, 55%) of all AJNR articles published
between 1980 and 2018 whose origins could be determined,
which is not surprising because AJNR is the official journal of the
American Society of Neuroradiology. The United States was fol-
lowed by Japan (8%), Germany (5%), and Canada (4%) as the
next largest origin countries. However, the percentage of articles
originating from the United States declined (�36%) with time,
from 80% in 1980–1989 to 44% in 2010–2018, while South Korea
(+6%) and China (+5%) demonstrated the largest gains.

Our data are consistent with a previously published work that
has shown that although the United States is the largest contributor
of articles to selected journals in clinical radiology between 1991
and 2000 (43.2%), the relative shares of the United States, United
Kingdom, and Canada have decreased, whereas those of Japan,
France, Germany, Italy, South Korea, Spain, Switzerland, Turkey,
Austria, and China have increased.26 Additionally, a study in the
American Journal of Roentgoenology found that from 1980 to 1982,
ten percent of the articles originated from institutions outside the
United States, but between 1990 and 1992, international articles
accounted for 25% of published articles.27 A follow-up of the study
found that while the total number of published articles from most
nations increased from 1980 to 2002, Korea, Japan, and Germany
made the largest advances.28 Moreover, our study confirmed a
prior work in the AJNR, which noted a relative decline in contribu-
tions from the United States since 1992 and proposed that articles
from China, India, and Eastern Europe would continue to increase
as the economies of these countries expanded and became more
integrated with the rest of the world through globalization.9

Most interesting, beyond merely observing increasing interna-
tional contributions in the AJNR, when the geography of coau-
thors’ affiliations was examined, we confirmed a trend toward
increasing national and international collaborations on articles
during 4 decades. This is demonstrated by an increase in the aver-
age number of geographic locales per article by year in On-line
Fig 6 and is visually portrayed by the increasing complexity and
interconnectivity of the network diagrams in On-line Fig 8A–D.
Internationally, the United States and Germany (n¼ 149), the
United States and Canada (n¼ 147), and the United States and
Japan (n¼ 109) collaborated on the greatest number of articles
between 1980 and 2018, though nearly all countries/regions dem-
onstrated increasing international collaboration. China demon-
strated the largest gain, with a 606% increase between 2000 and
2009 and 2010 and 2018, followed by Norway (340%), Spain
(338%), and France (319%). On the other hand, the United States
demonstrated a more modest gain of 147% during these last 2
decades, followed by Germany (145%) and Japan (108%).

As the volume of international collaboration increased across
time, the relative percentage of each country/region declined. For
example, although the United States, both as an origin and collabo-
rating country, contributed the largest number of AJNR articles
during the 4 decades, its relative share in international collaboration

Table 6: Top 3 pairs overall collaborating internationally in
AJNR, 1980–2018
Country 1 Country 2 Pair Count
Germany United States 149
Canada United States 147
Japan United States 109
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decreased with time, as shown by the declining percentages of inter-
national collaboration articles involving the United States in Table
4. A trend of increasing collaboration across academic borders in
science and engineering and the social sciences has been noted on a
much larger scale by Jones et al.29 In examining 4.2 million research
articles published between 1975 and 2005, the researchers demon-
strated that multi-university collaborations grew from 10% of
articles in 1975 to 30%–35% of articles in 2005, while single-author
articles became increasingly rare during the same time period.29

However, the researchers also found that the average distance
between collaborators grew only slightly, from 725–750 miles in
1975 to 800 miles in 2005.29 This latter finding is also substantiated
in our study because we found that the percentage of articles by
authors from the same country/region decreased to a much lesser
extent during the 4 decades than the percentages of those by
authors from the same state/province, and especially the same local-
ity/city/town, as shown in Table 3.

The digital age has lowered the transaction costs for interna-
tional collaboration by breaking down barriers related to physical
distance and variations in technology.30 Technologic advance-
ments have made it much easier to communicate, and a multi-
tude of Web sites and apps have enabled users to create and share
content in the virtual space. Social media and social collaborative
networks, which saw a revolution in the 21st century, have per-
meated nearly every aspect of personal and professional lives.
The number of social media users worldwide has more than
doubled in less than a decade, from 0.97 billion in 2010 to 2.62
billion in 2018.31 As artificial intelligence and machine learning
continue to transform social media platforms, they will likely
become even more pervasive. While earlier studies have shown a
low frequency of social media use among scientists,32-34 the land-
scape is quickly changing, with a recent survey in Nature reveal-
ing that more than 95% of respondents have used some form of
social media or social collaborative network for professional pur-
poses, that 50% of professional users access Facebook on a daily
basis, and that most respondents use social media for discovering
and/or reading scientific content.35 Most interesting, in our
study, we noted that the most rapid change in the average num-
ber of geographic locales per article took place since 2006, in the
midst of the social media revolution, as shown in On-line Fig 6.
However, this trend, albeit more modest, is also observed in the
1980s to 1990s, long before the Internet and social media boom,
implying that additional factors are responsible for growth in
collaboration.

There are several limitations to our study, most of which per-
tain to data extraction. At the time of this study, we were not able
to dissect author affiliations down to institutional or departmen-
tal levels because such information in a structured, consistent for-
mat was not immediately available for retrieval. Instead, we had
to rely on geographic location data parsed from author affiliation
addresses by Google’s Geocoding API. Although fairly accurate,
we found that results returned from the API had some inaccura-
cies at the country/region level at a rate of 4.37% (1293 of
29,577), affecting 9.39% (1013 of 10,789) of all records. These
inaccuracies were manually corrected, but only at the country/
region level. Due to resource constraints, it was not practical to
check and correct for inaccuracies at the state/province and

locality/city/town levels; therefore, geocoding inaccuracy rates at
these levels are not known. However, on the basis of our cursory
review of records and the low inaccuracy rate for country/region,
these inaccuracies are likely minor.

Additionally, we realize that in some instances, authors may
have recorded multiple affiliations. Unfortunately, data from
WOS do not specify primary or secondary affiliations. In our
study, authors and affiliations were analyzed separately most of
the time. In those cases, all authors and affiliations were consid-
ered. The linkage between authors and affiliations was only rele-
vant when determining country/region of origin for each
article. In that case, we had to choose 1 (and only 1) affiliation
for the last author and use the country/region for that affiliation
as the country/region of origin for the article. For this specific
analysis, affiliations were considered only at the country/region
level, and very few articles (n¼ 26) had last/senior author affili-
ations spanning multiple countries/regions, representing only
0.25% of articles whose countries/regions of origin were deter-
mined (n¼ 10,230) and 0.24% of all articles in our dataset
(n¼ 10,789). Given the very small number of such articles, any
potential inaccuracies caused by multiple affiliations were likely
minimal.

Furthermore, in assigning country of origin, we presumed that
the last author’s institution was the focal point of the work that
was done and geographically where the work originated. In the ra-
diology literature, the convention is that the first author is the
greatest contributor to the work and is its principal writer, whereas
the last author is the more senior and experienced one responsible
for its content. Because scholarly output is an increasingly impor-
tant part of promotion, younger researchers need to publish as first
authors early in their academic careers when they may be still be in
training, change specialties, or switch institutions or even countries
altogether. Because senior authors tend to be higher on the aca-
demic ladder, their affiliations are less likely to change. However,
this latter point is an inference based on anecdotal evidence and
may not be entirely consistent. Moreover, the records we analyzed
were of those published between 1980 and 2018. When we com-
pared metrics by decades, the last decade (2010–2018) was 1 year
shorter than the other decades. Consequently, when we generated
a smaller sample for level-of-evidence grading by 5-year periods,
the last period (2015–2018) was shorter by 1 year. However,
because we were interested in examining larger trends across deca-
des, inclusion of data from 1 additional year was not likely to con-
siderably alter our findings.

Finally, our study uses the number of authors and the geog-
raphy of affiliations as proxies for collaboration. As discussed
earlier, inappropriate authorship is a problem facing not only
radiology, but all of medicine. To what extent inappropriate
authorship was represented in our bibliographic sample and
how this may have influenced our findings are not known.
Future studies might use sophisticated metrics for collabora-
tion, such as a collaborative index, degree of collaboration, col-
laborative coefficient, modified collaborative coefficient, and
degree of centrality, as well as examine relationships of these
metrics with research productivity, journal Impact Factor, and
number of citations. Larger analyses might also be stratified by
article topic or category, for example, brain, spine, head and
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neck, and interventional procedures, to ascertain differences in
levels of evidence as well as to quantify levels of evidence for
countries of origin and correlate these findings with changes in
the number of articles from these countries across time.

CONCLUSIONS
Scientific collaboration is essential for the dissemination of knowl-
edge and production of high-quality research. From 1980 to 2018,
as the quantity of articles published in the AJNR increased, their
level of evidence improved, while an increasing number of authors
with different affiliations and from different geographic locales col-
laborated on these articles.
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