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Abstract. Scientific progress critically depends on disseminating ana-
lytic pipelines and datasets that make results reproducible and replica-
ble. Increasingly, researchers make resources available for wider reuse and
embed links to them in their published manuscripts. Previous research
has shown that these resources become unavailable over time but the
extent and causes of this problem in open access publications has not
been explored well. By using 1.9 million articles from PubMed Open
Access, we estimate that half of all resources become unavailable after
8 years. We find that the number of times a resource has been used,
the international (int) and organization (org) domain suffixes, and the
number of affiliations are positively related to resources being available.
In contrast, we found that the length of the URL, Indian (in), European
Union (eu), and Chinese (cn) domain suffixes, and abstract length are
negatively related to resources being available. Our results contribute
to our understanding of resource sharing in science and provide some
guidance to solve resource decay.

1 Introduction

Reproducibility and replicability are key components of science. Increasingly,
this depends on the ability of scientists to use the resources shared in scientific
articles. Many studies have found that resources embedded in scientific publica-
tions suffer from decay over time [1–6] directly affecting the incremental nature
of science. In particular, biomedical sciences is a discipline that reuses resources
regularly (e.g., software [7], protocols [8], and datasets [9]). However, a system-
atic study of the decay of such resources in biomedical publications is lacking.

The mechanisms governing sharing of data and resources are important for
science. As early as 2003, the National Institutes of Health published a policy
requiring applications for grants greater than $500,000 to include data shar-
ing plans [10]. The National Science Foundation also has policies encouraging
data sharing [11]. There are other institutions that recognize the importance of
this practice (e.g., [12,13]) and its actual impact on the acceleration of science
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(e.g., [9]). Sharing of resources is important and how they decay is still poorly
understood.

One way of understanding how long and why resources are available is to ana-
lyze how resources decay over time. Several studies have tried to understand this
phenomenon in several disciplines. In [14], the authors extracted 4,387 unique
URLs published from 1995 to 2004 in D-Lib Magazine, revealing that 30% of the
URLs failed to resolve, leading to a half-life of approximately 10 years. A similar
quantity of 9.3 years was found by [15] using median survival lifespan analysis.
There are similar studies in Law [16], Ecology [3] and Library and Information
Science [4,14]. [2] analyzed 2,822 medical articles in a small sample of jour-
nals, finding half-lives between and 2.2 and 5.3 years. All this previous work has
focused mostly on closed access publications and, to the best of our knowledge,
the biggest dataset has around 1 million URLs [5,6]. In our work, we examine
resource decay at a significantly larger volume in open access biomedical articles.

2 Materials and Methods

We obtained a copy of Pubmed Open Access Subset in June 2018 which consists
of 1,904,971 articles. Not all URLs in these files are interesting or represent a
resource being shared. We apply the following filters to discard URLs. First, we
remove links to local file systems, URLs without any paths, and we canonicalize
the URLs. The URL availability checker followed standard detection methods
[17]. This checker, however, does not consider resources that are available but
moved from the original URL. The final dataset contains 2,642,694 URLs of
which 1,883,622 are unique.

3 Results

Exponential Growth in Link Sharing. We wanted to examine how resource
sharing in the form of URLs has evolved over time. For each year of publication,
we computed the number of links per article. This trend is exponential (Fig. 1a).
We also analyze the percentage of articles with at least one URL. We found that
this trend is exponential and that articles published today are more likely than
not to have a link to a resource (Fig. 1b). These findings suggest that a URL
has become a primary mechanism for sharing resources and that keeping track
of decay of these resources will therefore become more important.

Most Resources Shared in Publications Disappear After Eight Years.
The point at which half of the resources become obsolete is important. Here
we simply examined the average availability of a resources as a function of age
(Fig. 2) and found that this point happens after eight years. Surprisingly, we
notice that new resources (age = 0) have a 20% chance of being unavailable,
similar to previous findings [18]. Resources tend to follow a steady decline from
ages 1 to 10 years. Then, it seems that resources 10 years and older stabilize
around 42% availability. The data in our research showed that half of links
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Fig. 1. Some trends about the resource sharing. There is a clear exponential growth
in these trends. (Color figure online)

become unavailable after 8 years, but this trend does not continue on the second
8-year period, as the available percentage fluctuates around 42%. Thus, the decay
trend does not follow the typical half-life analysis found in Physics research [19].

Factors Related to Link Availability. The availability of resources might be
associated with several characteristics. We computed several features to get at
these characteristics (Table 1). Some of these features are related to the article
(e.g., h-index of the journal, number of authors and affiliations, title), and the
link itself (e.g., number of occurrences, link length). Also, we analyzed the suffixes
of the domains to get at country or organizational effects. These features allowed
us to tell apart several factors influencing link presence.

We used a logistic regression model with elastic net regularization [20] on
standardized features to understand the relative importance of all the previously
described factors. The cross validated performance of our model has an F1 =
0.67. The most positive weights were the number of times a link has been used
and the domain suffix “int”. Interestingly, the “org” domain suffix, the size of
the resource being shared, and the number of affiliations in the paper had all
large positive associations. These positive associations intuitively suggest that
links that have been shared in many articles, articles in government or non-profit
organizations, and articles with many authors are all factors that contribute to
a link being available.

There are other features that are negatively associated with availability.
Expectedly, the most important negative feature is the link’s age. In absolute
terms, it is also the biggest contributor to the prediction. The length of the path
(related to the length of the URL) is also an important predictor. Domain suf-
fixes related to India (in), the European Union (eu), China (cn), and Korea (kr)
are all also negatively related to availability (Table 1). These features could help
to identify which links are in danger of becoming lost.
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Fig. 2. Probability of resources being available as a function of age in years.

Table 1. List of top features and their standardized weights for predicting availability
in a regularized logistic regression model

Features Feature type Weight

The frequency of a URL across articles Link 0.26

int (domain suffix) Link 0.20

org (domain suffix) Link 0.12

gov (domain suffix) Link 0.07

Size in bytes of the resource referred by the URL Link 0.07

Number of affiliations of the article which cites the URL Article 0.07

The h-index of a journal Article 0.02

Years back from 2018 Article −0.37

The length of the path in the URL Link −0.18

in (domain suffix) Link −0.06

eu (domain suffix) Link −0.05

cn (domain suffix) Link −0.05

The number of query string parameters in the URL Link −0.05

Length of abstract of the article Article −0.05

Number of references of the article Article −0.03

The length of the query string in the URL Link −0.02

Number of authors of the article which cites the URL Article −0.01

Length of article’s title Article −0.01

Top Cited Links Are Mostly Tools. We performed a qualitative analysis of
the most shared links and their availability. Interestingly, most of these highly
cited links were tools related to gene expression and sequence search. The most
cited of them is the Gene Expression Omnibus (GEO) from NIH. Several URL
aliases related to the image processing tool ImageJ were at the top. Japan’s
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Kyoto Encyclopedia of Genes and Genomes and UK’s figtree were two top non-
US tools. Conversely, a very popular tool cited over 600 times was unavailable
at https://tcga-data.nci.nih.gov/publications/tcga. This suggests that tools tend
to be more available because they are used by many people, are maintained by a
team, and are required for reproducibility. These observations could be applied
to other non-tool resources to make them last longer.

4 Discussion and Conclusion

The practice of embedding links in scientific papers has been growing exponen-
tially, and our findings are in line with previous research [3,15]. While we found
a half-life of 8 years, there is great variability in this number—2.2 years [2],
5 years [4], 5.3 years [2], 9.3 years [15], 10 years [14]. However, all this previous
work has analyzed a smaller volume of links and shorter time spans compared
to our analysis, which may explain this variability.

There could be other more detailed analysis of how links become unavailable.
Unavailability is mainly due to two types of problems: (1) the URL becomes
inaccessible or (2) the content of the resource changes since the publication—a
phenomenon known as content drift [21]. The first type of problem is usually
related to change of domain, movement of resource, or cessation of operation.
The second type of problem can be detected by manual checking [16] or using
third-party web archiving services [6]. Due to the dynamic nature of the web,
tackling content drift at scale is a challenging.

There are few research projects aimed at modeling link decay in science.
[21] builds several SVM models to predict the availability of a link, achieving
a performance of 0.72 in AUC. SVM classification analysis are however hard to
interpret. [15] uses survival regression modeling to predict the median survival
lifetime of a link and provide interpretable results. However, survival analysis
does not predict probability of availability. Our long term-goal is to predict
availability and understand the factors affecting it, and our logistic regression
achieves these two goals simultaneously. If only performance is a concern, we
will in the future explore more advanced techniques, such as deep learning, that
sacrifice interpretability for better predictions.

While our findings are only correlations, they offer some intuitive suggestions.
We would propose that authors use shorter, easier to remember URLs, hosted
in non-profit domains. For links that are available, we should consider archiving
those that are old, have complex URLs, are published in low h-index journals,
and are hosted in country-based domains. In none of this is possible, we can
explicitly archive links with services such as Perma [16], the Internet Archive
[22], and WebCite [23,24].

In spite of the shortcomings of the present research, it offers previously
unknown factors affecting link decay in open access biomedical journals at a
much larger scale than before. Future research will investigate how to develop
more precise predictions by expanding the data sources beyond open access
biomedical articles, by improving the URL checking process, and by increasing
the complexity of prediction model.

https://tcga-data.nci.nih.gov/publications/tcga
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