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feedback. The embedding space allows us to compare preprint and published documents to
determine if the level of change that documents undergo relates to the time it takes them to be
published. Distances in this space are arbitrary and must be compared to reference distances. We
found that the average distance of two randomly selected papers from the bioinformatics category
was 4.470, while the average distance of two randomly selected papers from bioRxiv was 5.343.
Preprints with large embedding space distances from their corresponding peer-reviewed publication
took longer to publish (Figure 4C): each additional unit of distance corresponded to roughly forty-
three additional days.

Overall, our findings support a model where preprints are reviewed multiple times or require more
extensive revisions take longer to publish.

Preprints with similar document embeddings share publication
venues

We developed an online application that returns a listing of published papers and journals closest to a
query preprint in document embedding space. This application uses two k-nearest neighbor classifiers
that achieved better performance than our baseline model (Supplemental Figure 52) to identify these
entities. Users supply our app with digital object identifiers (DOIls) from bioRxiv or medRxiv, and the
corresponding preprint is downloaded from the repository. Next, the preprint's PDF is converted to
text, and this text is used to construct a document embedding representation. This representation is
supplied to our classifiers to generate a listing of the ten papers and journals with the most similar
representations in the embedding space (Figures 5A, 5B and 5C). Furthermore, the user-requested
preprint's location in this embedding space is then displayed on our interactive map, and users can
select regions to identify the terms most associated with those regions (Figures 5D and 5E). Users can
also explore the terms associated with the top 50 PCs derived from the document embeddings, and
those PCs vary across the document landscape.

Figure 5: The preprint-similarity-search app workflow allows users to examine where an individual preprint falls in the
overall document landscape. A. Starting with the home screen, users can paste in a bioRxiv or medRxiv DOI, which
sends a request to bioRxiv or medRxiv. Next, the app preprocesses the requested preprint and returns a listing of (B)
the top ten most similar papers and (C) the ten closest journals. D. The app also displays the location of the query
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preprint in PMC. E. Users can select a square within the landscape to examine statistics associated with the square,
including the top journals by article count in that square and the odds ratio of tokens.
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preprint published

A . - B - —
R Preprint Enriched - 0] — —
aced | = ace? | — —
cavz] = o2 —— e ——
fine 1 - omoin | m— —

] - supplemeptary | —
supplementary s polemepiry ] o
Strain | — st ] ]
mutation | = muiation | - EE— —
Spike | = spike|  — —
ronavirus = vy | I— —
Sars | — —
sare ] = — —
] -
- — ——1
- — —
= — —
- — —
= — —
= — —
- — —
- — —
— ] — —
= 7 — —
= 7 — —
- ] — —
- ] — —
mers | - mers | — —
control | - control | - E— —3
treatment 4 L] treatment-| . =
Stage | - Stago |  — —1
spedie | = Spedo |  EE— —]
Pna ] - Gna|  ——— —]
invasion | - Publi ch invasion | - =
Collagen 4 — ublished Enriched Collagon | —
et mnemet s 1 —
1 —
g - T T T T i T T T T T T
-10 -5 0 5 10 0 5e+02 1e+03 0 50402 10403 26403
Preprint vs Published log2(Odds Ratio) count
%
10- % 1600 Y=50.62*X+133.68
) Y=-2.70*X+56.75
3 1400
&
5 1200
count g
©
W 2 1000
2 = 5
son £ g
® £ 800 N
&
000 = PELE
z i
S 600 -
>
AN I R (| W AN
g 400 _ -
197 w |\ /-
P
£ 200 -
E
0
1 2 3 4 5 6 71 8 9 10 1 12
] # of Preprint Versions
fo a E
dim1

1800

Y=43.27*X+168.94
Y=-1.56*X+55.03

= =
N Y
S o
S S

Time Elapsed Until Preprint is Published (Days)

10 12
Euclidian Distance of Preprint-Published Versions

Figure 6: The Preprints in Motion Collection results are similar to all preprint results, except that their time to
publication was independent of the number of preprint versions and amount of linguistic change. A. Tokens that
differed included those associated with typesetting and those related to the nomenclature of the virus that causes
COVID-19. Error bars show 95% confidence intervals for each token. B. Of the tokens that differ between Preprints in
Motion and their published counterparts, the most abundant were associated with the nomenclature of the virus. C.
The Preprints in Motion fall across the landscape of PMCOA with respect to linguistic properties. This square bin plot
depicts the binning of all published papers within the PMCOA corpus. High-density regions are depicted in yellow, while
low-density regions are in dark blue. Red dots represent the Preprints in Motion Collection. D. The Preprints in Motion
were published faster than other bioRxiv preprints, and the number of versions was not associated with an increase in
time to publication. The x-axis shows the number of versions of a preprint posted on bioRxiv. The y-axis indicates the
number of days that elapsed between the first version of a preprint posted on bioRxiv and the date at which the peer-
reviewed publication appeared. The density of observations is depicted in the violin plot with an embedded boxplot. The
red dots and red regression line represent Preprints in Motion. D. The Preprints in Motion were published faster than
other bioRxiv preprints, and no dependence between the amount of linguistic change and time to publish was
observed. The x-axis shows the Euclidean distance between document representations of the first version of a preprint
and its peer-reviewed form. The y-axis shows the number of days elapsed between the first version of a preprint posted
on bioRxiv and when a preprint is published. The color bar on the right represents the density of each hexbin in this
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plot, where more dense regions are shown in a brighter color. The red dots and red regression line represent Preprints
in Motion.

The Preprints in Motion collection included a set of preprints posted during the first four months of
2020. We examined the extent to which preprints in this set were representative of the patterns that
we identified from our analysis on all of bioRxiv. As with all of bioRxiv, typesetting tokens changed
between preprints and their paired publications. Our token-level analysis identified certain patterns
consistent with our findings across bioRxiv (Figure 6A and 6B). However, in this set, we also observe
changes likely associated with the fast-moving nature of COVID-19 research: the token “2019-ncov”
became less frequently represented while “sars” and “cov-2" became more represented, likely due to a
shift in nomenclature from “2019-nCoV"” to “SARS-CoV-2". The Preprints in Motion were not strongly
colocalized in the linguistic landscape, suggesting that the collection covers a diverse set of research
approaches (Figure 6C). Preprints in this collection were published faster than the broader set of
bioRxiv preprints (Figure 6D and 6E). The relationship between time to publication and the number of
versions (Figure 6D) and the relationship between time to publication and the amount of linguistic
change (Figure 6E) were both lost in the Preprints in Motion set. Our findings suggest that Preprints in
Motion changed during publication in ways aligned with changes in the full preprint set but that peer
review was accelerated in ways that broke the time dependences observed with the full bioRxiv set.

Discussion and Conclusions

BioRxiv is a constantly growing repository that contains life science preprints. The majority of research
involving bioRxiv focuses on the metadata of preprints; however, the language contained within these
preprints has not previously been systematically examined. Throughout this work, we sought to
analyze the language within these preprints and understand how it changes in response to peer
review. Our global corpora analysis found that writing within bioRxiv is consistent with the biomedical
literature in the PMCOA repository, suggesting that bioRxiv is linguistically similar to PMCOA. Token-
level analyses between bioRxiv and PMCOA suggested that research fields drive significant
differences; e.g., more patient-related research is prevalent in PMCOA than bioRxiv. This observation
is expected as preprints focused on medicine are supported by the complementary medRxiv
repository [8]. Token-level analyses for preprints and their corresponding published version suggest
that peer review may focus on data availability and incorporating extra sections for published papers;
however, future studies are needed to ascertain individual token level changes as preprints venture
through the publication process.

Document embeddings are a versatile way to examine language contained within preprints,
understanding peer review's effect on preprints, and provide extra functionality for preprint
repositories. Examining linguistic variance within document embeddings of life science preprints
revealed that the largest source of variability was informatics. This observation bisects the majority of
life science research categories that have integrated preprints within their publication workflow.
Preprints are typically linked with their published articles via bioRxiv manually establishing links or
authors self-reporting that their preprint has been published; however, gaps can occur as preprints
change their appearance through multiple versions or authors do not notify bioRxiv. Our work
suggests that document embeddings can help fill in missing links within bioRxiv. Furthermore, our
analysis reveals that the publication rate for preprints is higher than previously estimated, even
though our analysis can only account for published open access papers. Our results raise the lower
bound of the total preprint publication fraction; however, the true fraction is necessarily higher.
Future work, especially that which aims to assess the fraction of preprints that are eventually
published, should account for the possibility of missed annotations.

Preprints take a variable amount of time to become published, and we examined factors that
influence a preprint's time to publication. Our half-life analysis on preprint categories revealed that
preprints in most bioRxiv categories take similar amounts of time to be published. An apparent
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exception is the scientific communication and education category, which contained preprints that
took much longer to publish. Regarding individual preprints, each new version adds several weeks to
a preprints time to publication, which is roughly aligned with authors making changes after a round of
peer review; furthermore, preprints that undergo substantial changes take longer to publish. Overall,
these results illustrate that bioRxiv is a practical resource for obtaining insight into the peer-review
process.

Lastly, we found that document embeddings were associated with the eventual journal at which the
work was published. We trained two machine learning models to identify which journals publish
linguistically similar papers towards a query preprint. Our models achieved a considerably higher fold
change over the baseline model, so we constructed a web application that makes our models
available to the public and returns a list of the papers and journals that are linguistically similar to a
bioRxiv or medRxiv preprint.

Software and Data Availability

An online version of this manuscript is available under a Creative Commons Attribution License at
https://greenelab.github.io/annorxiver_manuscript/. Source for the research portions of this project is
dual licensed under the BSD 3-Clause and Creative Commons Public Domain Dedication Licenses at
https://github.com/greenelab/annorxiver. The preprint similarity search website can be found at
https://greenelab.github.io/preprint-similarity-search/, and code for the website is available under a
BSD-2-Clause Plus Patent License at https://github.com/greenelab/preprint-similarity-search. Full text
access for the bioRxiv repository is available at https://www.biorxiv.org/tdm. Access to PubMed
Central's Open Access subset is available on NCBI's FTP server at
https://www.ncbi.nlm.nih.gov/pmc/tools/ftp/. Access to the New York Times Annotated Corpus
(NYTACQ) is available upon request with the Linguistic Data Consortium at
https://catalog.ldc.upenn.edu/LDC2008T19.
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Figure S1: Neuroscience and bioinformatics are the two most common author-selected topics for bioRxiv preprints.
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Figure S2: Both classifiers outperform the randomized baseline when predicting a paper’s journal endpoint. This

bargraph shows each model's accuracy in respect to predicting the training and test set.
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