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ABSTRACT

Preclinical research using animals often precedes and informs clinical trials; however, most
attempts to translate findings from “bench-to-bedside” fail. There is growing concern that an
important cause of failed translations is that much of preclinical research is not reproducible,
with poor experimental methodology believed to be a major contributor. Four studies were
conducted: (1) an assessment of reported study designs of preclinical experiments published in
leading cardiovascular journals; (2) an examination of sex bias in preclinical cardiovascular
research; (3) a comparison of experimental practices between male and female preclinical
cardiovascular researchers; and (4) an analysis of the influence of journal initiatives on
preclinical research quality. These studies suggest that (1) methodological shortcomings are
prevalent and persistent in preclinical cardiovascular research; (2) women’s involvement in
preclinical cardiovascular research is positively associated with considering sex as a biological

variable; and (3) journals can exert considerable influence on the quality of published data.
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EXECUTIVE SUMMARY

Research using animals is often used to inform and justify the testing of therapeutics and
diagnostics in humans. This preclinical research therefore meaningfully influences research
funding decisions, drug development, and ultimately patient care.! Given its importance and
influence, ensuring that results from preclinical experiments are scientifically valid, precise, and
reproducible through rigorous study design and reporting is essential to biomedical progress.'
In clinical trials, key study design elements (SDEs) are widely accepted and expected to
minimize the risk of bias and imprecision and potentially improve external validity.* For
instance, randomization protects against selection bias; blinding protects against performance,
detection, and attrition biases; sample size estimation ensures adequate statistical power,
improving effect estimate precision and protecting against spurious conclusions; and including
male and female animals and considering sex as a potentially important variable increase the
likelihood that the results will be relevant to both men and women.>8 Although preclinical
experiments are susceptible to similar risks of bias and threats to study validity, these SDEs are
not routinely implemented in this phase of research. Influential scientific organizations, journals,
and academics have focused considerable effort on improving the rigour of preclinical science
given growing concerns that prevalent methodological shortcomings in animal research underlie
problems with the reproducibility of results,> 8 ° that poorly designed experiments result in
animals being unjustifiably subjected to harm,® &8 and that biased or spurious results from

animal studies can inappropriately prompt or deter clinical trials in humans.10-12

Despite the above concerns, there are limited empirical data on the quality of published

preclinical research (i.e. the extent of the problem) or on potential strategies to improve it. This
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thesis sought to begin to address these gaps. Its main findings and recommendations can be

summarized as follows:

1. Methodological shortcomings are prevalent in preclinical research. Despite increasing
recognition among influential stakeholders within the research community of the
importance and rationale for implementing key SDEs, research practices have largely
remained unchanged, even in high-impact journals.

2. Preclinical cardiovascular researchers preferentially use male animals in experiments — a
practice that is increasing. Given that data from experiments in animals are often used to
inform clinical trials, excluding females in preclinical stages of research has the potential
to undermine progress made in clinical research by biasing influential results toward male
predominant patterns.

3. It has been proposed that the makeup of research teams can influence the quality of the
research they produce, arguing for the value of diversity within teams. Researcher sex has
been proposed as one such influential variable. Our data suggest that researcher sex is not
associated with most measures of methodological rigour or with research impact.
However, female researchers are more likely to study female animals and to consider sex
as a biological variable when conducting and reporting experiments, even after adjusting
for potential confounders.

4. It can be reasoned that journals are well positioned to influence the quality of preclinical
research by acting as the gatekeepers of what is published. If so, the pressure to publish
among academics, although generally viewed as a negative force, could be used to
motivate researchers to accept and adhere to evolving experimental and reporting

standards. Our data suggest that journal interventions that require preclinical researchers
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to disclose key SDEs can effectively improve the reporting and potentially the
methodological rigour of published research. Journals and their editors are therefore
important stakeholders to engage in efforts to improve the transparency and rigour of

preclinical research.
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CHAPTER 1: INTRODUCTION

1.1 Outline

This thesis has been prepared in a manuscript-based format. Five manuscripts or letters are
included, four of which form chapters (Chapters 3-6), in addition to a Background chapter
(Chapter 2) and a Discussion and Recommendations chapter (Chapter 7). The remaining letter is

included as Appendix 1.1

1.2 Objectives

Our objectives were as follows:

1. To determine the prevalence of important methodological shortcomings in preclinical
cardiovascular research, including sex bias in animal models.
2. To identify proven or promising interventions to improve the reporting and

methodological quality of preclinical research.

1.3 Chapter summaries and hypotheses
Chapter 1: Introductory chapter providing an overview of the organization of the thesis and of

chapter objectives.

Chapter 2: Background information on the relevance of preclinical experiments to clinical
research and patient care, the reproducibility “crisis” in preclinical research, the rationale for
including animals of both sexes in preclinical experiments, factors associated with

methodological rigour in preclinical studies, and relevant interventions that have been attempted.



Chapter 3: Manuscript of an analysis of the extent of methodological shortcomings and temporal
patterns in experimental practices in preclinical cardiovascular studies.? We hypothesized that
methodological shortcomings were prevalent and not improving. Post hoc analyses motivated the

study presented in Chapter 6.

Chapter 4: Manuscript of an analysis of sex bias in preclinical cardiovascular experiments and a
discussion on its potential impact on women’s health.> We hypothesized that preclinical

cardiovascular researchers preferentially studied male animals.

Chapter 5: Manuscript of a study of the association of female authorship with measures of
methodological rigour and research impact in preclinical cardiovascular research. We
hypothesized that male and female preclinical cardiovascular researchers would not differ in any

measure of experimental rigour or research impact.

Chapter 6: Submitted manuscript of longitudinal analyses of the potential impact of journal
initiatives designed to improve reporting and methodological quality in preclinical research. We
hypothesized that journal initiatives were effective in improving the reporting and

methodological quality of published reports.

Chapter 7: Summary of main study findings and discussion of their implications.
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CHAPTER 2: BACKGROUND

2.1 Relevance of preclinical experiments to clinical research and patient care

Preclinical research and clinical therapy development exist in a symbiotic continuum but are
influenced by discordant reporting standards, regulatory forces, and reward systems.' 2 In
clinical trials, key study design elements are routinely incorporated to reduce the risk of bias and
to ensure effect estimate precision, such as randomization, blinding, and power calculations.
However, these study design elements (SDESs) are rarely implemented or reported in preclinical
research involving non-human animals, even though it often precedes and informs clinical trials.
Discrepant levels of methodological rigour between these phases of research could compromise
the scientific validity of preclinical research,? contribute to failed attempts to translate findings

from ‘bench-to-bedside’, and ultimately hinder progress in patient care.* °

2.2 Reproducibility “crisis”

Low methodological rigour in preclinical experiments has been associated with less precise and
more extreme estimates of therapeutic effect than those reported in more rigorously performed
experiments, suggesting that poorly conducted studies are at greater risk of bias and therefore
less easily reproduced.®*? Preclinical methodological rigour and adequate reporting have
therefore been advocated by prominent scientific bodies and leading journals as essential to
improving reproducibility, including by the National Institutes of Health (NIH),? the National
Institute of Neurological Disorders and Stroke (NINDS),*3 the Stroke Therapy Academic
Industry Roundtable (STAIR),'* 1> Nature,*® Science,'” Cell, and all American Heart Association

journals (including Circulation and Circulation Research),'® among many others (the Canadian



Institutes of Health Research [CIHR] have not clearly expressed a position on this issue). These
concerns and calls to action have been echoed by leading experts in the field™ 3 12! and by the
biopharmaceutical industry,'? 2 the latter of which undeniably plays an important role in
translating preclinical research into clinical therapies. Both Bayer HealthCare and Amgen have
reported high levels of drug development failure directly attributed to an inability to reproduce
experimental findings.*® 22 Their message that the reliability of preclinical research is poor and
hindering drug development is echoed by aggregate data on attrition rates throughout the drug
development process from prominent pharmaceutical companies, which show that attrition at
phase 2 of clinical trials is where most drugs fail once clinical testing is pursued. Only 1 in 4
compounds that enter phase 2 proceed to phase 3 clinical trials.® This is relevant because phase 2
trials are considered clinical ‘proof-of-concept’ studies that aim to demonstrate that a drug has
the expected biological effect in humans. High failure rates at this stage therefore suggest poor
biological target/therapeutic selection® and have fostered a growing perception that published
preclinical research poorly predicts what is seen in clinical trials, thereby damaging
investigators’ confidence in animal model data to identify promising therapies for testing in
humans. 122223 Furthermore, 90% of scientists believe that there exists a reproducibility
“crisis” in research with >90% believing that irreproducibility is attributable to low statistical
power or poor analysis and nearly 90% to poor experimental design (based on the results of a
Nature survey of more than 1,500 researchers).?* As well, nearly 90% of researchers in the
survey selected “more robust experimental design” as an approach to improving reproducibility.
Thus, despite limited direct data, the preclinical research community links experimental methods

with reproducibility based on an understanding of the fundamental biases that study design



elements such as randomization and blinding are designed to prevent*® 226 and on robust albeit

indirect evidence of the impact of fundamental aspects of experimental design.

2.3 Inclusion of female animals in preclinical research

Since the 1980’s, there has been an increasing recognition that fundamental yet poorly
understood differences exist between men and women at biological, psychological, and
sociological levels and that these differences could engender disparities in health if ignored. The
landmark 1985 Report of the Public Health Service Task Force on Women’s Health Issues
specifically identified sex and gender bias in research as a barrier to advancing women’s health,
noting that data obtained from studies using only male subjects may not be applicable to the
female population.?” The NIH Revitalization Act of 1993 accordingly mandated that women be
included in NIH-funded clinical trials with accompanying guidelines cautioning that “increased
attention, therefore, must be given to gender... in earlier stages of research to allow for informed

decisions at the Phase III clinical trial stage” (https://grants.nih.gov/grants/quide/notice-

files/not94-100.html). Considerable effort has since been focused on ensuring that women are

adequately represented in clinical trials with undeniable results: women now account for more
than half of NIH-funded clinical trial participants and our understanding of the impact of sex and
gender on the natural history of many diseases and on the effectiveness of therapies has
markedly improved.?®2° In contrast, this “revolution” has conspicuously not permeated
preclinical stages of research.3%° In response, the NIH announced in 2014 that it would require
that sex be considered as a biological variable in applications for preclinical research funding.3!
40 Similarly, CIHR now expects that research applications integrate sex and gender in research

designs, when appropriate, and refers applicants to several relevant NIH guidance documents and


https://grants.nih.gov/grants/guide/notice-files/not94-100.html
https://grants.nih.gov/grants/guide/notice-files/not94-100.html

reporting guidelines (http://www.cihr-irsc.gc.ca/e/50836.html). Yet, there continues to be a

perceived reluctance to include female animal models in preclinical experiments* and little
evidence that reporting guidelines are effecting change.*? Inadequate female representation in
preclinical research has the potential to disadvantage women by skewing our understanding of
disease processes toward male-predominant patterns and by reducing the likelihood of female-

specific therapeutics advancing to the clinical realm.*?

2.4 Factors associated with methodological rigour

Limited data regarding factors that influence experimental rigour in preclinical research exist.
However, several factors are potentially important, including field of research,* journal of
publication,* 46 and characteristics of the research team.*” Journals act as ultimate gatekeepers of
the published literature and are therefore particularly well-positioned to influence its quality
through editorial culture and policies. Few studies have examined this possibility and most have
had important methodological limitations.*> 4 4% Research team composition, including diversity
with regards to sex, have also been proposed. The notion that men and women approach research
differently and that these differences can impact the quality of the research produced is held by
many academics and scientific organizations. In fact, the NIH has explicitly identified assessing
the impact of diversity within research teams on the quality and outputs of their research as the
first of four “major diversity challenges facing the biomedical ecosystem” 0. The Director of the
NIH has argued that diversity in the “biomedical research workforce” (including better
representation of women) is “vital to harnessing the complete intellectual capital of the nation”
0 There is a dedicated Scientific Workforce Diversity Office at the NIH whose strategic plan is

titled “Great Minds Think Differently” and which highlights their commitment to diversity as a


http://www.cihr-irsc.gc.ca/e/50836.html

means of increasing innovation and broadening scopes of research inquiry

(https://diversity.nih.qgov/sites/coswd/files/images/2018-

06/SWD _StrategicPlan_layout_final _links-508c.pdf). It is argued that researcher sex is

associated with different viewpoints, research questions, and research areas of interest *'.
Meaningfully different practice patterns and patient outcomes have been reported between the

sexes in clinical medicine, for instance % %2, in part attributed to these potential differences.

2.5 Interventions

As alluded to above, in part because of concerns that there exists a reproducibility “crisis” in
research, numerous influential scientists, organizations, and journals have advocated for change
or enacted initiatives to promote methodological rigour and transparency through the
development of guidelines, funding requirements, and submission checklists. For instance, the
ARRIVE (Animals in Research: Reporting In Vivo Experiments) guidelines were introduced in
2010 and are widely endorsed;*® however, enforcement has been suboptimal among journals.*?
The NIH and CIHR additionally endorse the SAGER (Sex and Gender Equity in Research)
reporting guidelines,® but few journals have formally endorsed them

(http://www.ease.org.uk/communities/gender-policy-committee/gpc-endorse-adopt-collab/).

Based on reporting guidelines developed by NINDS, the NIH has proposed a set of guidelines
and funding policies aimed at improving the reproducibility of preclinical research.>* These
guidelines have been endorsed by numerous influential journals, but their impact has not been
adequately assessed. Several journals, including influential publishing groups such as Nature!®
and Sciencel” > have instituted editorial policies designed to improve the quality of their

published findings, but their effectiveness is similarly not well established. Prospective


https://diversity.nih.gov/sites/coswd/files/images/2018-06/SWD_StrategicPlan_layout_final_links-508c.pdf
https://diversity.nih.gov/sites/coswd/files/images/2018-06/SWD_StrategicPlan_layout_final_links-508c.pdf
http://www.ease.org.uk/communities/gender-policy-committee/gpc-endorse-adopt-collab/

registration and public deposition of preclinical studies and their results have been proposed®®
(analogous to systems such as clinicaltrials.gov for clinical trials) but have not gained
widespread acceptance. Therefore, although various interventions have been proposed to address
what are believed to be widespread methodological and reporting shortcomings in preclinical

research, there remain little data on the extent of the problem or on how to address it.
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CHAPTER 3: METHODOLOGICAL RIGOUR IN PRECLINICAL

CARDIOVASCULAR STUDIES

The following is a manuscript published in Circulation Research examining reported
experimental practices in preclinical cardiovascular research. The objective was to determine the
extent of methodological rigour in this field and to examine its association with citation counts as
a measure of research impact. These results were cited as a driver of new initiatives at
Circulation Research intended to improve the rigour and reproducibility of its preclinical

research publications.

Additional documentation related to this manuscript is provided in the following appendices:

Appendix A: Published article in Circulation Research.

Appendix B: Editorial by Schabitz et al in Stroke.

Appendix C: Editorial by Jones in Circulation Research.

Appendix D: Basic Cardiovascular Sciences Scientific Sessions 2017 article describing “the next
best thing in cardiovascular research” in Journal of the American Heart Association.

Appendix E: Article in The Scientist reporting on the study’s findings.

Appendix F: Editorial by the former editor-in-chief of Circulation Research highlighting the
study’s findings as a driver of new initiatives being adopted by the journal to improve the
quality of its published research.

Appendix G: Published article on standards and methodological rigour in preclinical pulmonary

arterial hypertension research in Circulation Research (lead author: Dr. Steeve Provencher)
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Abstract

Rationale: Methodological sources of bias and suboptimal reporting contribute to
irreproducibility in preclinical science and may negatively impact research translation.
Randomization, blinding, sample size estimation, and considering sex as a biological variable are
deemed crucial study design elements to maximize the quality and predictive value of preclinical

experiments.

Objective: To examine the prevalence and temporal patterns of recommended study design

element implementation in preclinical cardiovascular research.

Methods and Results: All articles published over a 10-year period in 5 leading cardiovascular
journals were reviewed. Reports of in vivo experiments in non-human mammals describing
pathophysiology, genetics, and/or therapeutic interventions relevant to specific cardiovascular
disorders were identified. Data on study design and animal model use were collected. Citations at
60 months were additionally examined as a surrogate measure of research impact in a pre-
specified subset of studies, stratified by individual and cumulative study design elements. Of
28,636 articles screened, 3,396 met inclusion criteria. Randomization was reported in 21.8%,
blinding in 32.7%, and sample size estimation in 2.3%. Temporal and disease-specific analyses
show that the implementation of these study design elements has overall not appreciably
increased over the past decade, except in preclinical stroke research, which has uniquely
demonstrated significant improvements in methodological rigor. In a subset of 1,681 preclinical
studies, randomization, blinding, sample size estimation, and inclusion of both sexes were not

associated with increased citations at 60 months.
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Conclusions: Methodological shortcomings are prevalent in preclinical cardiovascular research,
have not substantially improved over the past 10 years, and may be overlooked when basing
subsequent studies. Resultant risks of bias and threats to study validity have the potential to
hinder progress in cardiovascular medicine as preclinical research often precedes and informs
clinical trials. Stroke research quality has uniquely improved in recent years, warranting a closer

examination for interventions to model in other cardiovascular fields.

Keywords: experimental models, research methodology, reproducibility, bias, cardiovascular

research
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Novelty and significance

What is known?

e Preclinical research often precedes and informs clinical trials
e Randomization, blinding, sample size estimation, and considering sex as a biological
variable are considered crucial study design elements to maximize the predictive value of

preclinical experiments

What new information does this article contribute?

e Key study design elements are rarely implemented in preclinical cardiovascular research

e The implementation of these elements has not appreciably improved over the past
decade, except in stroke research

e Methodological shortcomings in preclinical experiments may be overlooked when

researchers design subsequent studies

Preclinical and clinical research are guided by different methodological standards. Resultant
discrepancies in study designs can compromise scientific validity, give rise to experimental
irreproducibility, and may contribute to failures in research translation. Randomization, blinding,
sample size estimation, and considering sex as a biological variable have been identified as key
study design elements to promote rigor and reproducibility of animal experiments and research
relevance to both men and women. However, there exist limited data on the extent of suboptimal
methodological rigor in preclinical research. We identified and analyzed 3,396 preclinical studies
in leading cardiovascular journals over a 10-year period, including citation counts at 60 months

as a surrogate measure of research impact for those published in the first 5 years. We show that
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these design elements were rarely implemented — a situation that has not substantially improved
over the past decade, except in stroke research. The implementation of these design elements was
also not associated with increased citations (individually or cumulatively). Together, these data
indicate that methodological shortcomings are prevalent in preclinical cardiovascular research
and suggest that they may be overlooked when researchers design subsequent studies. Stroke

research warrants a closer examination for interventions to model in other cardiovascular fields.

Non-standard Abbreviations and Acronyms

AHA: American Heart Association

ATVB: Arteriosclerosis, Thrombosis and Vascular Biology

Circ Res: Circulation Research

CM/HF: cardiomyopathy/heart failure

CVD: cardiovascular disorder

MI: myocardial infarction

NIH: National Institutes of Health

R&D: research and development
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Introduction

Preclinical research and clinical therapy development exist in a symbiotic continuum yet are
guided by different reporting standards, regulatory forces, and reward systems.» 2 Consequent
discrepancies in study designs and analytical methods can compromise scientific validity,® result
in irreproducible results (particularly from preclinical experiments using animal models?), and
may contribute to the high rate of attrition seen in early stages of clinical development.*?®
Improved methodological rigor and transparent reporting practices have therefore been

advocated to improve the predictive value of animal model data.? 610

The issue of irreproducibility in preclinical research and its impact are well-recognized in
academic circles® 1*14 and increasingly so among the lay public'®!” and the biopharmaceutical
industry.® 18 In 2011, Bayer HealthCare published an analysis of 67 in-house target
identification and validation projects in the fields of oncology, women’s health, and
cardiovascular disease over a 4-year period, reporting that the published data were reproducible
in less than one third of cases and that in nearly two thirds inconsistencies either prolonged the
validation process or led to project termination.'! In 2012, Amgen similarly published the results
of their attempt to reproduce 53 “landmark” studies in the fields of hematology and oncology,
succeeding in only 6 cases even after contacting the original authors for guidance, exchanging
reagents, and in certain instances repeating experiments in the laboratory of the original
investigators.*? Some findings could not be reproduced even by the original investigators in their
own laboratories when the experiments were repeated in a blinded fashion.'® Disconcertingly,
some of the irreproducible research was deemed to have prompted clinical studies. Others have
likewise described candidate therapies that have advanced to testing in humans despite

irreproducible or inconsistent results in animals.® 2% 2
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Since the mid-1990’s, pharmaceutical research and development (R&D) productivity has
declined with decreasing numbers of medications approved, increasing attrition rates at all stages
of research, and lengthening development times despite rising expenditures.* This decline has
been attributed in part to flawed preclinical research methodology, highlighting the importance
of preclinical research for advancing clinical care, but equally portending a waning confidence in
animal model data to identify promising therapeutic targets.> " 11122223 Cardiovascular R&D, in
particular, has fared poorly in recent years relative to other disease categories, exhibiting the
greatest decline as a percentage of total projects* and among the lowest success rates and
likelihood of approval at all phases of clinical trials.?* Moreover, R&D investment patterns in
general are increasingly deterring incremental innovation (i.e. improving upon available effective
therapies), concentrating instead on novel disease targets with higher revenue potential but at
higher risk of failure (e.g. specific cancers).* Poor reproducibility in preclinical research coupled
with this increasingly unfavorable landscape for successful cardiovascular therapy development

could therefore substantially hinder progress in cardiovascular care.

In response to the above systematic issues and in collaboration with editors from major journals,
funding agencies, and scientific leaders, the National Institutes of Health (NIH) proposed a set of
reporting guidelines and funding policies to improve the reproducibility and rigor of preclinical
research.® A core set of standards first proposed by the NIH’s National Institute of Neurological
Disorders and Stroke were adopted, which identified randomization, blinding, sample size
estimation, and data handling as minimum reporting requirements to promote transparency in
animal studies.” In addition, the NIH announced that it would require that sex be considered as a
biological variable in applications for preclinical research funding.?® These principles and

guidelines have been endorsed by prominent academic societies, associations, and journals,
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including all American Heart Association (AHA) journals,? with evidence of editorial
commitment to complying.?” 26 However, there are limited data on the extent of suboptimal
methodological rigor and/or incomplete reporting in preclinical cardiovascular science and
therefore no baseline from which to gauge progress. A commitment to improving the quality and
impact of preclinical research and to maintaining the trust of public and private stakeholders
requires transparency on current and future states of scientific practice.'® We therefore reviewed
all preclinical cardiovascular studies published in leading AHA journals over the last decade to
determine the prevalence of randomization, blinding, sample size estimation, and inclusion of

both sexes as well as trends in these practices over time.

Methods

As previously described,? all preclinical cardiovascular studies published in AHA journals with
archives spanning at least 10 years were reviewed. Five journals met these criteria: Circulation;
Circulation Research; Hypertension; Stroke; and Arteriosclerosis, Thrombosis, and Vascular
Biology (ATVB). All reports published over a 10-year period (July 2006 to June 2016) were
screened. Studies were included if they represented original research published as full
manuscripts; reported results of in vivo experiments in non-human mammals; and described
pathophysiology, genetics, and/or therapeutic interventions that was/were stated to be directly
relevant to a specific cardiovascular disorder (CVD) in humans (see pre-specified list of CVDs
below). Studies on physiologic and/or genetic characteristics were included if potential
therapeutic applications or implications of the study findings were proposed in the article. These
criteria are consistent with previously proposed definitions of preclinical (‘confirmatory’ or

‘proof-of-concept’) experiments.” 3% 31 CVDs of interest included atherosclerosis and/or vascular
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homeostasis, arterial aneurysms and/or dissections, myocardial infarction (Ml), valvular disease,
cardiomyopathy and/or heart failure, cardiac transplantation, pulmonary hypertension, cardiac
arrhythmia, stroke, resuscitative medicine, hypertension, metabolic or endocrine diseases, and
hematological disorders (including thrombosis). Studies deemed to report on clinically relevant
cardiovascular conditions but not falling into one of the pre-specified categories could be
included at the journal reviewers’ discretion (category ‘other’). Each journal article was
independently reviewed and data extracted using standardized case report forms by 2 reviewers,
allowing for assessments of interrater agreement. To permit our team to review a large volume of
articles, we allowed for studies to be excluded as soon as it was clear that a manuscript violated
any of our inclusion criteria, which was most often because of the model used (e.g. zebrafish or
humans) or because they were published in formats other than full manuscripts (e.g. conference
abstracts). The specific inclusion criterion/criteria that was/were deemed to have been violated
for each excluded article therefore varied according to journal reviewer and were often multiple
(e.g. a non-mammalian animal model was used and no specific reference to therapeutic
implications/applications was made). Discrepancies were resolved by consensus or by an

independent adjudicator before building a final locked database for analysis.

Pre-specified data, including the date of publication, CVD investigated, animal model(s) used
and their sex, whether animals were randomized to treatment groups, whether any blinding was
implemented (concealed allocation or blinded outcome assessment), and whether a priori sample
size/power estimations were performed were collected. Subgroup analyses restricted to studies of
therapeutic interventions and by CVD studied were performed as were post hoc comparisons of
these practices before and after the publication of NIH guidelines and policies for reporting

preclinical research and the implementation of a ‘Basic Science checklist’ by Stroke,?® which is
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purported to have improved the quality and designs of preclinical studies published in that

journal .22

Finally, the number of citations has been used as a surrogate measure of research impact and
influence.®*3" Therefore, Scopus (Elsevier) was queried to identify original research articles that
cited preclinical cardiovascular studies published between July 2006 and June 2011. This 5-year
period was selected as it ensured that each article had >5 years of citation data available in June
2016. Reviews, conference papers, editorials, letters, books/book chapters, and errata were
excluded. Scopus was selected as it is the largest database available for citation analysis and
retrieves a greater number of citations when compared to others.*® Pre-specified analyses of
citations at 60 months following the index publication were performed, stratified by individual
and cumulative study design elements and adjusted for journal of publication, year of
publication, and CVD studied. Given the possibility that certain publications may have garnered
attention in the short-term but could have ultimately been disproven or deemed irreproducible, a
sensitivity analysis of citation counts at 36 months was also undertaken as this timepoint

approximates contemporary mean time-to-retraction.*

Categorical variables are reported as number (%) and were compared via chi-square tests.
Continuous variables are reported as median (IQR) and were compared using Wilcoxon signed-
rank or Kruskal-Wallis tests. Interrater agreement was calculated using Cohen’s kappa statistic
and percent agreement. Temporal patterns in the proportions of studies reporting randomization,
blinding, and sample size estimations were evaluated via Cochrane-Armitage trend tests and
journal-specific logistic regression models adjusting for CVD studied and animal model used
when the number of events per predictor variable was adequate.**? For the latter adjusted

analyses, backward elimination was used for model building using a criterion of P<0.20 for
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specific CVD and animal model predictor variable inclusion. Associations between study design
elements and citation counts were examined via stratification and multivariable linear regression.
Non-normally distributed variables were log-transformed, when required. All analyses were

performed using SAS 9.4 (SAS Institute Inc., Cary, NC) using a two-tailed alpha level of 0.05 to

define statistical significance.

Results
Study selection and characteristics

As previously described,?® of 28,636 articles screened, 3,396 met inclusion criteria and were
analyzed (Figure 1). Interrater agreement for study inclusion prior to resolution was 94.5%
(x=0.72, 95% C1 0.70-0.73). Atherosclerosis, hypertension, stroke, and cardiomyopathy/heart
failure were the most commonly studied CVDs (range 14.2-19.5%). Most other CVDs were the
focus of <5.0% of studies. Ten studies on resuscitative medicine were identified and were
included in the ‘other’ category, which comprised 3.0% of studies. Nearly one third of studies
examined a therapeutic intervention. Mice or rats were most often used by researchers (used in
89.8% of studies) whereas guinea pigs, gerbils, or hamsters were used in <0.2%. Multiple animal

models were used in 2.8% of studies (Table).

Randomization

Randomization of animals was reported in 740 studies (21.8%) overall, but was more frequently

noted in the subset examining therapeutic interventions (38.3% vs. 15.0%, P<0.0001). When
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studies were stratified by CVD studied, significant differences in the proportions reporting
randomization were noted (P<0.0001, range 5.6-46.5%) with a lack of randomization
predominating in all cases except stroke (Figure 2A). Significant differences in the proportions
of studies reporting randomization were also observed when stratified by animal model used
(P<0.0001, range 14.6-45.0%) with a lack of randomization predominating in all cases except

when pigs or a combination of animal models were employed (Figure 2B).

Blinding

Blinding of treatment allocation or outcome assessment was reported in 1,110 studies (32.7%)
overall, but was also more frequently noted in the subset examining therapeutic interventions
(41.9% vs. 28.9%, P<0.0001). When stratified by CVD studied, significant differences in the
proportions of studies reporting any blinding were observed (P<0.0001, range 10.9-62.6%).
Studies on stroke ranked highest among CVDs though arterial aneurysms/dissections and
transplantation medicine had comparable numbers of blinded and non-blinded studies. For all
other CVDs, studies with blinding formed the minority (Figure 3A). No significant difference in
the proportions of studies reporting blinding were seen when stratified by animal model used

(P=0.369, range 20.9-36.8%) (Figure 3B).

Sample size estimation

A priori sample size estimations and/or power calculations were reported in 79 studies (2.3%).
This aspect of study design was also more frequently reported in the subset examining

therapeutic interventions (4.2% vs. 1.6%, P<0.0001). Significant differences in the proportion of
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studies reporting sample size calculations were observed when stratified by CVD studied
(P<0.0001, range 0-9.5%) with stroke ranking highest (Figure 4A), but not when stratified by

animal model used (P=0.270, range 0-6.1%) (Figure 4B).

Inclusion of both sexes

Sex bias prevalence and detailed temporal trends have been described previously.?® After
excluding studies that did not report the sex of the animals used, significant differences were
noted in the proportions including animals of both sexes when stratified by CVD of interest
(P<0.0001, range 2.4-34.7%) and by animal model used (P<0.0001, range 6.7-26.9%)

(Supplemental Figure).

Temporal patterns in study design element implementation

Over the past 10 years, there have been no significant changes in the proportions of studies
reporting blinding or randomization (inclusion of both sexes has been reported previously?®).
There has been a significant increase in the proportion reporting a priori sample size estimations
(Ptrend<0.0001) though it remains below 7% (Figure 5). There was no substantial difference in
the prevalence of any of these study design elements before and after the NIH principles and
guidelines for reporting preclinical research were published in 2014 (range of differences 0.7-
3.6%). Post hoc calculations suggest that our sample sizes had >80% power to detect a

difference of 5.0% for all study design elements.
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CVD-specific temporal analyses suggest that preclinical studies on stroke are increasingly
incorporating randomization, blinding, sample size estimations, and inclusion of both sexes — a
pattern that is not seen in studies on atherosclerosis, hypertension, or cardiomyopathy/heart
failure (the most commonly studied CVDs). Studies on atherosclerosis have shown a modest
increase in the proportion reporting sample size estimation in recent years, but an overall
significant decrease in the proportion reporting blinding, whereas the proportion of studies on
cardiomyopathy/heart failure that include both sexes has significantly decreased. No other

significant changes were observed over the 10-year period (Figure 6).

Given the disproportionate amount of stroke research published in Stroke, which has reported
improvements in the quality and design of published preclinical research following the
introduction of their ‘Basic Science Checklist’ in 2011,32 CVD- and animal model-adjusted
comparisons of study design implementation before and after this time point were performed for
each journal. Stroke uniquely exhibited significant improvements in all measures of
methodological quality (range of adjusted odds ratios 2.4-8.2, P<0.0001 for all study design
elements) (Supplemental Table). These analyses also identified stroke as the CVD studied as an

independent positive predictor of one or more study design element in every journal.

Citations according to index study methodology

At 60 months, 41,441 articles citing the 1,681 preclinical studies that were published between
July 2006 and June 2011 were identified. The median citation count per preclinical study was 20
(IQR 13-31, range 0-131). Studies that implemented randomization, blinding, or sample size

estimation had similar numbers of citations as those that did not; however, studies that included
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both males and females were cited less frequently (median 18 vs. 20, P=0.023). The cumulative
number of these study design elements was not associated with citation counts (Figure 7). No
study implemented all 4 of the above design elements and only 20 studies (1.2%) incorporated 3,
therefore studies with >2 were grouped together for this analysis. The above associations (or lack
thereof) between study design element(s) and number of citations persisted after adjusting for
journal of publication, year of publication, and/or CVD studied in multivariable regression

models and all findings were comparable in sensitivity analyses of citation counts at 36 months.

Discussion

Preclinical cardiovascular research using animal models plays an integral role in advancing the
care of patients afflicted with CVDs; however, its impact is contingent on its scientific validity,
reproducibility, and relevance to human physiology and disease. It is understood that inherent
limitations of using animals to model human diseases can undermine the predictive value of
preclinical findings, rendering it difficult for even the most skilled scientists to make impactful
discoveries.'> However, this difficulty is compounded when methodological sources of bias are
introduced. We systematically examined a continuous and large body of preclinical
cardiovascular research to determine how often randomization, blinding, and a priori sample size
estimation are incorporated and did so over a sufficiently long period to draw meaningful
conclusions on the temporal patterns of these practices. We report that, overall, these design
elements are rarely implemented in studies published in leading peer-reviewed cardiovascular
journals, paralleling the previously reported prevalence of sex bias.?® Furthermore, apart from a
modest increase in the proportion of studies reporting sample size calculations, there has been no

improvement in these practices over the last decade, though stroke research may be a notable
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exception. Lastly, analyses of citation counts suggest that crucial methodological aspects of
preclinical studies may be overlooked by cardiovascular researchers, affording potentially biased
research comparable influence on scientific research efforts as methodologically more robust

studies.

Poorly designed preclinical studies not only contribute to experimental irreproducibility® ” and
wasted resources,*® # but may result in erroneous conclusions regarding treatment effects,® 2 2
45,46 which can ultimately spur or deter clinical trials in humans with consequent risk of harm.1?
20,47 The experimental design elements evaluated in our study are deemed crucial to improving
the quality of preclinical research by addressing selection bias (randomization); minimizing
performance, detection, and attrition bias (blinding); ensuring adequate statistical power and the
ethical use of animals (sample size estimation); and promoting research relevance for both men
and women (inclusion of both sexes).: & 7+ 10.13.26.48,49 Thoygh these elements are routinely
implemented in clinical trials as they have been shown to protect against bias and imprecision,>*
%3 they have conspicuously not permeated preclinical experiments.® 235456 The high degree of
experimental control that is possible in preclinical research (e.g. via genetic and environmental
homogeneity) can reduce variation and the sample sizes required relative to clinical trials;
however, variations in injury or disease induction as well as the potential for persistent and

unrecognized confounders represent important sources of bias.% 357

Furthermore, despite a pervasive belief among scientists that there is a reproducibility ‘crisis’ in
research that is attributable to methodological and/or reporting shortcomings,** our citation
analyses suggest that greater methodological rigor in preclinical cardiovascular research does not
translate into greater scientific influence. A similar observation was noted by Amgen in a study

of 53 preclinical cancer research publications: studies that they could not adequately reproduce



were cited as often, if not more often, than those that they could successfully reproduce,
irrespective of the journal of publication’s impact factor.'? The suggestion that methodologically
robust studies are given equal consideration as studies at greater risk of bias by cardiovascular
researchers is troubling as it undermines the reputed “self-correcting” tenet of science and

increases the risk of pursuing unfruitful avenues of research.? > 44 48

Cogent analyses and arguably practical solutions to improve preclinical research quality (and
secondarily to enhance research translation) have been proposed; however, evidence of changes
in research practice and/or data on the impact of corrective actions are scarce.® Several
guidelines and checklists have been developed to improve preclinical methodology*® %8 >° and/or
reporting®> 45 50-62 yet there is little indication that they are effecting change despite being widely
endorsed.*® 58 63 Systematic reviews and meta-analyses have been advocated as safeguards to
expose bias in preclinical research prior to embarking on clinical trials,® 47645 put they are
limited by the internal validity of included studies®® and are not routinely performed. Changes in
research funding such as those undertaken by the NIH? 26 may bolster these efforts; however, our
analyses of animal studies in the cardiovascular sciences have not shown signs of substantial

changes in research practices or reporting since they were announced.?®

Journal editors and reviewers directly influence what is published thereby often serving as
ultimate gatekeepers of research findings; however, few journals effectively encourage the use of
reporting guidelines.®” At the time of writing, there exists considerable variation in author
guidelines for reporting animal studies among leading cardiovascular journals with few requiring
authors to report randomization, blinding, sample size estimation, or the sex of the animals used
— requirements that could increase transparency and reinforce the importance of these study

design elements.*® Uniquely, however, Stroke implemented a ‘Basic Science Checklist” in 2011
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(updated in 2016),28 which includes all of these relevant elements, forms part of the manuscript
submission process, and is evaluated by editors and reviewers. Over the 2.5 years following its
introduction, Minnerup et al noted improvements in randomization, blinding, and allocation
concealment compared to the preceding 18 months.3? We noted significant improvements in the
quality of preclinical stroke research, 90% of which was published in Stroke, raising the question
of whether these improvements were due to journal editorial policies/culture and/or driven by
changes in research practices among stroke researchers in general. Our post hoc analyses suggest
that it is likely a combination of both: Stroke uniquely showed improvements in all study design
elements even after adjusting for CVD studied and animal model used, but stroke as the CVD
studied was identified as an independent predictor for at least one study design element for every
journal examined. Our findings therefore corroborate those of Minnerup et al and expand upon
them by demonstrating that these improvements have continued into 2016, extend to sample size
estimation (and to a lesser extent inclusion of both sexes), contrast with an extended preceding
period of suboptimal reporting, and have not been paralleled in other prominent cardiovascular
journals. Therefore, though not conclusive, our data suggest that journal editors and reviewers
can exert considerable influence on preclinical research practices and reporting. Yet, our findings
also suggest that stroke research has independently improved in quality — a finding that may be
attributable to its community’s early appreciation of the importance of methodological rigor in

preclinical science and extensive involvement in efforts to improve research translation.” 20 2146,

58, 68-71

Our study is not without limitations. The study sample comprised articles from 5 cardiovascular
journals over 10 years, which may not fully represent preclinical cardiovascular research

publications or practices. However, we deliberately selected AHA journals given their
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prominence in the field of cardiovascular medicine, established reputation, collective focus on a
broad range of CVDs, and unanimous endorsement of the NIH guidelines on rigor and
reproducibility. Given that none of the American College of Cardiology or European Society of
Cardiology journals have endorsed the guidelines thus far,?® our data may actually overestimate
the methodological quality of most preclinical cardiovascular research. There is no accepted
definition for preclinical studies therefore criteria were developed for this study. It is therefore
possible that not all relevant studies were included in our analysis. However, the inclusion
criteria used, the number of journals reviewed, and the substantial interrater agreement for study
inclusion support the validity of our results and render our data the best available on
methodological rigor in preclinical cardiovascular research. Furthermore, our inclusion criteria
are in line with previously proposed distinctions between ‘exploratory’ and ‘confirmatory’
preclinical research.” 3% 3! Our analysis considered blinding as a single and dichotomous
variable, which limits detailed assessments of this design element, and did not examine all
relevant potential sources of bias. Data handling and publication bias, for instance, are important
factors that may contribute to irreproducibility in science.? 8 7 9-11.13.43 As well, factors other
than experimental methodology can influence the predictive value of preclinical research,
including how well an animal model reflects human physiology and disease,® ® 4> 72 the
appropriateness of statistical analyses,”® and a lack of standardization of definitions and surrogate
markers,’ " which were not examined. Though article citation is the most commonly used
measure of research impact, it is an imperfect indicator.®® 34 Lastly, study design elements may
have been implemented but not reported, which could result in underestimates of their
prevalence. However, underreporting of measures of methodological rigor is believed to be

low?*® 8 and therefore unlikely to have significantly influenced our results.
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Our analysis of preclinical research published in leading cardiovascular journals over the last 10
years demonstrates that methodological sources of potential bias and imprecision are prevalent,
have not appreciably improved over time, and may be overlooked by researchers when basing
subsequent studies. Concerted efforts to address this problem are urgently needed. Stroke
research has uniquely shown substantial improvement in several measures of quality in recent

years, warranting a closer examination to identify drivers of its success.
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Table. Study characteristics

Circulation Circ Res Hypertension Stroke ATVB Total
(n=672) (n=486) (n=860) (n=501) (n=877) (n=3396)
Disease studied
Atherosclerosis 119 (17.7) 113 (23.3) 14 (1.6) 2 (0.4) 385 (43.9) 633 (18.6)
Hypertension 34 (5.1) 35(7.2) 577 (67.1) 1(0.2) 14 (1.6) 661 (19.5)
Aurterial aneurysm 16 (2.4) 21 (4.3) 15 (1.7) 24 (4.8) 62 (7.1) 138 (4.1)
Myocardial infarction 95 (14.1) 56 (11.5) 19 (2.2) 0(0) 115 (13.1) 285 (8.4)
Cardiomyopathy/heart failure 173 (25.7) 154 (31.7) 135 (15.7) 0 (0) 21 (2.4) 483 (14.2)
Pulmonary hypertension 57 (8.5) 29 (6.0) 34 (4.0) 0(0) 15 (1.7) 135 (4.0)
Arrhythmia 65 (9.7) 35(7.2) 4 (0.5) 0 (0) 0 (0) 104 (3.1)
Valvular disease 9 (1.3 4 (0.8) 0 (0) 0(0) 14 (1.6) 27 (0.8)
Stroke 20 (3.0) 4 (0.8) 9(1.1) 435 (86.8) 18 (2.1) 486 (14.3)
Transplantation medicine 28 (4.2) 15 (3.1) 0 (0) 31(6.2) 32 (3.7) 106 (3.1)
Metabolic/endocrine disorders 19 (2.8) 10 (2.1) 23 (2.7) 2 (0.4) 75 (8.6) 129 (3.8)
Hematologic disorders 19 (2.8) 8 (1.7) 1(0.1) 0(0) 79 (9.0) 107 (3.2)
Other 18 (2.7) 2(0.4) 4 (0.5) 6 (1.2) 47 (5.4) 102 (3.0)
Animal model(s) used
Mouse 463 (68.9) 391 (80.5) 357 (41.5) 223 (44.5) 744 (84.8) 2178 (64.1)
Rat 84 (12.5) 44 (9.1) 443 (51.5) 237 (47.3) 63 (7.3) 872 (25.7)
Rabbit 10 (1.5) 15 (3.1) 16 (1.9) 18 (3.6) 23 (2.6) 82 (2.4)
Dog 37 (5.5) 12 (2.5) 13 (1.5) 5(1.0) 0 (0) 67 (2.0)
Pig 84 (12.5) 4 (0.8) 9(1.1) 3(0.6) 19 (2.2) 60 (1.8)
Primate 3(0.5) 1(0.2) 2(0.2) 3(0.6) 8(0.9) 17 (0.5)
Other 10 (1.5) 4 (0.8) 9(1.1) 1(0.2) 1(0.1) 25 (0.7)
Combination 40 (6.0) 15 (3.1) 11 (1.3) 11 (2.2) 18 (2.1) 95 (2.8)
Therapeutic study 162 (24.1) 85 (17.5) 221 (25.7) 264 (52.7) 256 (29.2) 988 (29.1)

Values reported as number (%). ATVB: Arteriosclerosis, Thrombosis and Vascular Biology; Circ Res: Circulation Research.
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Figure 1. Literature search and results. ATVB: Arteriosclerosis, Thrombosis and Vascular Biology;

Circ Res: Circulation Research.



A. Disease =

Stroke 226 260 0.123
Transplantation medicine S5 71 <0.0001
Other 34 95 <0.0001
Pulmonary hypertension 35 100 <0.0001
Myocardial infarction 66 219 <0.0001
Hypertension 133 528 <0.0001
Cardiomyopathy/heart failure 83 400 <0.0001
Metabolic/endocrine disorders 22 107 <0.0001
Aneurysm/dissection 21 117 <0.0001
Atherosclerosis 69 564 <0.0001
Arrhythmia = 10 94 <0.0001
Hematologic disorders 101 <0.0001

B. Animal model

Pig 27 33 0.439

Combination 40 33 0.124

Rabbit 29 53 0.008
Rat 303 569 <0.0001

Other 10 32 0.001
Dog 13 54 <0.0001
Mouse 318 1860 <0.0001

0% 20% 40% 60% 80% 100%

Figure 2. Randomization in preclinical cardiovascular research studies published over a 10-year
period stratified by (A) disease studied and (B) species used. Dark blue corresponds to the
proportion of studies implementing randomization; numbers in bars correspond to absolute
numbers of studies. Valvular disease and resuscitative medicine studies were included in the
‘Other’ category due to the small number of relevant publications. ‘Combination’ refers to more
than one animal species used within the same publication; animal models in the ‘Other’ category
included guinea pig, gerbil, and hamster. *For comparison of studies incorporating randomization

VS. not.
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Cardiomyopathy/heart failure
Atherosclerosis

Arrhythmia

Hematologic disorders
Hypertension

Metabolic/endocrine disorders

B. Animal model
Combination

Rat

Pig

Mouse

Rabbit

Other

.
&

o
=S

20% 40%

175
83
86
343
466
80
86
547
115

60
577
40

1468

57

53
60%

52

71

182

80%

p*
<0.0001
0.846
0.734
<0.0001
0.008
<0.001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

0.010
<0.0001
0.010
<0.0001
<0.001
0.002
<0.0001

100%

Figure 3. Blinding in preclinical cardiovascular research studies published over a 10-year period

stratified by (A) disease studied and (B) species used. Dark blue corresponds to the proportion of

studies implementing blinding; numbers in bars correspond to absolute numbers of studies.

Valvular disease and resuscitative medicine studies were included in the ‘Other’ category due to

the small number of relevant publications. ‘Combination’ refers to more than one animal species

used within the same publication; animal models in the ‘Other’ category included guinea pig,

gerbil, and hamster. *For comparison of studies incorporating blinding vs. not.
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A. Disease P*

Stroke = 46 440 <0.0001
Aneurysm/dissection 5 133 <0.0001
Transplantation medicine 2 104 <0.0001
Myocardial infarction =5 280 <0.0001
Other |2 127 <0.0001
Pulmonary hypertension | 2 133 <0.0001
Cardiomyopathy/heart failure ' 5 478 <0.0001
Arrhythmia 1 103 <0.0001
Hematologic disorders |1 106 <0.0001
Atherosclerosis | 5 628 <0.0001
Hypertension | 5 656 <0.0001
Metabolic/endocrine disorders | 0 129
B. Animal model
Rabbit ' 5 77 <0.0001
Pig 12 58 <0.0001
Combination =3 92 <0.0001
Rat 21 851 <0.0001
Other [ 1 41 <0.0001
Mouse 47 2131 <0.0001
Dog O 67
0% 20% 40% 60% 80% 100%

Figure 4. Sample size estimation in preclinical cardiovascular research studies published over a
10-year period stratified by (A) disease studied and (B) species used. Dark blue corresponds to the
proportion of studies reporting sample size estimations/power calculations; numbers in bars
correspond to absolute numbers of studies. Valvular disease and resuscitative medicine studies
were included in the ‘Other’ category due to the small number of relevant publications.
‘Combination’ refers to more than one animal species used within the same publication; animal
models in the ‘Other’ category included guinea pig, gerbil, and hamster. *For comparison of

studies incorporating sample size estimation vs. not.
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Figure 5. Temporal patterns in randomization, blinding, and sample size estimation in preclinical
cardiovascular studies. Dashed line indicates the publication of the National Institutes of Health
guidelines and policies for reporting preclinical research. Data for inclusion of both sexes have

been reported previously.?®
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Figure 7. Box-whisker plot of the number of citations by methodological rigor of index preclinical
study (n=1,681). Diamond symbol plotted at mean. Outliers identified as beyond 1.5 IQR.
Cumulative refers to sum of randomization, blinding, sample size estimation, and inclusion of both

sexes (each contributing 1 point). *P<0.05.
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SUPPLEMENTAL MATERIAL

A. Disease P

Atherosclerosis 119 <0.0001

Arrhythmia 0.032
Hypertension 77 <0.0001
Metabolic/endocrine disorders 20 <0.0001
Cardiomyopathy/heart failure 113 <0.0001
Pulmonary hypertension 29 <0.0001
Stroke 58 <0.0001
Hematologic disorders 41 <0.0001
Other 50 <0.0001
Myocardial infarction 71 <0.0001
Aneurysm/dissection 26 <0.0001
Transplantation medicine 24 <0.0001
B. Animal model
Combination <0.0001
Rabbit <0.0001
Mouse <0.0001
Dog 0.019
Other <0.0001
Pig <0.0001
Rat 71 <0.0001
0% 20% 40% 60% 80% 100%

~ Both sexes mMales mFemales Not reported

Online Supplemental Figure. Inclusion of both sexes in preclinical cardiovascular research studies
published over a 10-year period stratified by (A) disease studied and (B) species used. Valvular
disease and resuscitative medicine studies were included in the ‘Other’ category due to the small
number of relevant publications. Numbers in bars correspond to absolute numbers of studies.
‘Combination’ refers to more than one animal species used within the same publication. *For

comparison of proportion of studies including both sexes vs. males or females only.



Supplemental Table: Comparison of study design element implementation in preclinical studies before and after the implementation of

the Stroke Basic Science Checklist, stratified by journal of publication

Period 1* Period 2* Crude OR Adjusted OR
n (%) n (%) (95% CI) P (95% CI)Y Pt

Circulation n=464 n=208

Randomization 107 (23.1) 36 (17.3) 0.7 (0.5-1.1) 0.093 0.7 (0.4-1.1) 0.119

Blinding 169 (36.4) 59 (28.4) 0.7 (0.5-1.0) 0.042 0.7 (0.5-1.0) 0.043

Sample size estimation 7(1.5) 5(2.4) 1.6 (0.5-5.1) 0.422 NR

Inclusion of both sexes 64 (13.8) 29 (13.9) 1.0 (0.6-1.6) 0.959 1.0 (0.6-1.6) 0.967
Circulation Research n=303 n=183

Randomization 35 (11.6) 29 (15.8) 1.4 (0.8-2.5) 0.176 1.4 (0.8-2.5) 0.261

Blinding 93 (30.7) 60 (32.8) 1.1 (0.7-1.6) 0.630 0.9 (0.6-1.4) 0.788

Sample size estimation 1(0.3) 1(0.3) 1.7 (0.1-26.7) 0.721 NR

Inclusion of both sexes 57 (18.8) 33 (18.0) 0.9 (0.6-1.5) 0.830 1.0 (0.6-1.6) 0.937
Hypertension n=485 n=375

Randomization 104 (21.4) 81 (21.6) 1.0 (0.7-1.4) 0.956 1.2 (0.9-1.7) 0.298

Blinding 101 (20.8) 86 (22.9) 1.1 (0.8-1.6) 0.457 1.1 (0.8-1.5) 0.617

Sample size estimation 0 (0) 1(0.3) —00 (0.0-00) 0.946 NR

Inclusion of both sexes 43 (8.9) 36 (9.6) 1.1 (0.7-1.7) 0.712 1.1 (0.7-1.7) 0.798
Stroke n=316 n=185

Randomization 120 (38.0) 119 (64.3) 2.9 (2.0-4.3) <0.0001 3.2(2.1-4.7) <0.0001

Blinding 171 (54.1) 144 (77.8) 3.0 (2.0-4.5) <0.0001 3.0 (2.0-4.5) <0.0001

Sample size estimation 10 (3.2) 35 (18.9) 7.1(3.4-14.8) <0.0001 8.2 (3.7-18.4) <0.0001

Inclusion of both sexes 15 (4.7) 20 (10.8) 2.4 (1.2-4.9) 0.012 2.4 (1.2-4.9) <0.0001
ATVB n=476 n=401

Randomization 61 (12.8) 48 (12.0) 0.9 (0.6-1.4) 0.706 0.9 (0.6-1.4) 0.668

Blinding 130 (27.3) 97 (24.2) 0.8 (0.6-1.2) 0.293 0.7 (0.5-1.0) 0.026

Sample size estimation 2 (0.4) 10 (2.5) 6.1 (1.3-27.8) 0.021 NR

Inclusion of both sexes 72 (15.1) 52 (13.0) 0.8 (0.6-1.2) 0.361 0.8 (0.6-1.3) 0.411

NR: not reported due to small number of events per predictor variable; OR: odds ratio
*Periods 1 and 2 correspond to before and after the date of implementation of the ‘Basic Science Checklist’ by Stroke, respectively
+Adjusted for cardiovascular disease studied and animal model used



CHAPTER 4: SEX BIAS IN PRECLINICAL CARDIOVASCULAR RESEARCH

The following is a manuscript published in Circulation examining preclinical cardiovascular
studies for evidence of sex bias. Specifically, it sought to identify the sex of the animals used, the
frequency of sex-matching, the frequency of sex-based reporting of results, and whether the use
of animals of a single sex is acknowledged as a limitation. A manuscript reporting on a subgroup
analysis of studies on atherosclerosis and arterial aneurysms/dissection was published in

Arteriosclerosis, Thrombosis, and Vascular Biology and is included in the Appendices.

Additional documentation related to this research letter is provided in the following appendices:
Appendix H: Published research letter in Circulation.

Appendix I: Published letter to the editor in Arteriosclerosis, Thrombosis, and Vascular Biology.
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Sex bias is increasingly prevalent in preclinical cardiovascular research: implications for

translational medicine and health equity for women

A systematic assessment of leading cardiovascular journals over a 10-year period
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Ensuring that women are adequately represented in clinical trials is recognized as essential for
gender equity in health. However, the use of female animal models and sex-based reporting
have not been equally enforced in preclinical stages of research, which often precede and
inform clinical trials. In 2014, the National Institutes of Health (NIH) announced that it would
require that sex be considered as a biological variable in applications for preclinical research
funding® yet a reluctance to include female animal models in preclinical experiments persists.
Inappropriately inferring experimental findings to both sexes when a single sex is studied or
when sex is not specified has the potential to disadvantage women by skewing our
understanding of disease processes toward male-predominant patterns and by reducing the
likelihood of female-specific therapeutics advancing to the clinical realm. We therefore
systematically examined all preclinical cardiovascular studies published in American Heart
Association (AHA) journals with archives spanning at least 10 years (Circulation, Circulation
Research, Hypertension, Stroke, and Arteriosclerosis, Thrombosis, and Vascular Biology
(ATVB)) for evidence of sex bias.

Full manuscripts published between July 2006 to June 2016 and reporting original data from in

vivo experiments in non-human mammals on pathophysiology, genetics, and/or therapeutic

interventions directly relevant to a specific cardiovascular disorder in humans were included.

Studies on physiologic and/or genetic characteristics were included if they proposed potential

therapeutic applications or implications of the study findings. Each journal article was

independently reviewed and pre-specified data extracted using standardized case report forms by
two authors, including the cardiovascular disease (CVD) investigated, animal model(s) used and
their sex, whether study samples were sex-matched (in studies using both sexes), whether at least

one study result was reported by sex, and whether the use of a single sex was reported as a



limitation (in single-sex studies). Interrater agreement was calculated using Cohen’s kappa
statistic and percent agreement. Discrepancies were resolved by consensus or independent
adjudication. Categorical variables were compared via chi-square tests. Temporal patterns were
evaluated via Pearson correlation or Cochrane-Armitage trend tests. All analyses were performed
using SAS 9.4 (SAS Institute Inc., Cary, NC) using an alpha level of 0.05 to define statistical

significance.

Of 28,636 articles screened, 3,396 met inclusion criteria and were analyzed. Interrater agreement
for study inclusion prior to resolution was 94.5% (k=0.72, 95% CI 0.70-0.73). The sex of the
animals used was not reported in 20.0% of studies. Males were exclusively used in 71.6% of
studies in which sex was reported whereas females were exclusively used in 12.9% and both
sexes in 15.5%. Sex-matching of animals was reported in 17.1% of studies that included both
sexes. Restricting this analysis to the 988 studies of therapeutic interventions did not appreciably
change these distributions. When stratified by CVD studied, males were exclusively used
significantly more often than females or both sexes in all cases except atherosclerosis and
arrhythmia. When stratified by animal model used, males were exclusively used significantly
more often when mice, rats, rabbits, or a combination of animal models were employed

(accounting for 95.0% of studies).

The number of preclinical studies published yearly over the past decade has remained stable;
however, there has been a significant increase in the proportion using exclusively males and a
significant decrease in the proportion using exclusively females. There have not been significant
changes in the proportions of studies using both sexes or reporting the sex of the animals used
(Figure). These trends were unchanged when studies in which sex was not specified were

excluded.
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Sex-based reporting of results occurred in 35.1% of studies in which sex was reported using the
liberal criterion of any results being reported in reference to the sex of the animals used at least
once. There was no appreciable difference in the prevalence of sex-based reporting before and
after the publication of planned NIH policies to improve sex and gender inclusion in preclinical
research® (34.9% vs. 35.7%, respectively). Of the 2,297 studies in which only one sex was

reportedly used, 1.6% mentioned this aspect of the study design as a potential limitation.

Though the need to include women in clinical trials is now a well-established requirement to
enhance external validity, analogous standards have not gained a foothold in preclinical stages.
Reasons put forward for the preferential use of males include increased variability due to
fluctuating gonadal hormone levels throughout the estrous cycle and sample size implications of
planning sex-based analyses.? 3 Evidence to support these concerns is limited for most

experimental settings, however.3

Our review of preclinical research published in leading cardiovascular journals over the last 10
years demonstrates that sex bias is prevalent and increasing, contrasting with advances made in
clinical research designs and reporting. Concerted efforts on the part of researchers, journal

editors, peer reviewers, universities, industry, professional organizations, and patient advocacy

groups are urgently needed to address this discrepancy.
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Figure. Temporal patterns in the sex of animals used in preclinical cardiovascular research over
a 10-year period. A. Absolute number of preclinical studies published and sex of animals used as
a function of time. r denotes Pearson’s correlation coefficient for the total number of studies over
time. B. Sex of animals used in preclinical studies over time (%). Pwend calculated for the
proportion of studies using exclusively males, exclusively females, both sexes, and not reporting

the sex of the animals used over time.



CHAPTER 5: TEMPORAL TRENDS IN WOMEN’S INVOLVEMENT IN
PRECLINICAL CARDIOVASCULAR RESEARCH AND ITS ASSOCIATION WITH

EXPERIMENTAL DESIGN

The following is a manuscript accepted for publication in JACC Basic to Translational Science
that examines whether researcher sex is associated with differences in measures of
methodological rigour, especially the inclusion of female animals in experiments and sex-based
analyses in preclinical cardiovascular research. We additionally explored whether researcher sex
was associated with citation counts as a surrogate for research impact as well as examined

temporal patterns in female authorship and in research mentorships stratified by sex.
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Structured Abstract

Objectives: To determine whether researcher sex is associated with differences in
methodological rigor, including considering sex as a biological variable, in preclinical

cardiovascular science.

Background: Women’s involvement in research has been proposed to enhance knowledge

outcomes and scientific progress, in part via enhanced exploration of sex differences.

Methods: The associations of author sex with reported study design and citation counts were
examined in 3,396 preclinical studies published over 10 years in 5 leading cardiovascular
journals. Temporal trends in female authorship and patterns in mentorship relationships by sex

were secondarily assessed.

Results: Women accounted for 24 + 17% of authors per manuscript, with 16.0% of articles not
including any female authors and none being solely authored by women. Women were first,
senior, and both first and senior authors in 41.3%, 20.7%, and 11.0%, respectively. Female
authorship increased over the period examined; however, the proportion of articles with first and
senior authors of differing sex remained stable. Female authors were more likely to study female
animals, to study animals of both sexes, and to report sex-specific results (P<0.001 for all), but
author sex was not associated with other measures of methodological rigor or 60-month citation

counts.

Conclusions: Women’s involvement in preclinical cardiovascular research is positively
associated with considering sex as a biological variable — a practice that is expected to inform

and promote advances in women’s health. Researcher sex is not associated with other measures

66



of experimental rigor or research impact. Limited mentorship opportunities may be contributing

to women’s underrepresentation in this field.

Condensed Abstract:

In this analysis of 3,396 preclinical cardiovascular studies, women were first, senior, and both
first and senior authors in 41.3%, 20.7%, and 11.0%, respectively. Female authorship increased
over a 10-year period. However, the proportion of studies with first and senior authors of
differing sex was low and stable, suggesting that segregation by sex in mentorship relationships
exists and persists. Female authors were more likely to consider sex as a biological variable, but
author sex was not associated with other measures of experimental rigor or research impact,
indicating that women’s underrepresentation is not due to differences in research capacity or

impact.

Abbreviations
CI: confidence interval
NIH: National Institutes of Health

OR: odds ratio
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Introduction

The now outdated axiom that cardiovascular disease is a disease of men began to be
meaningfully challenged in the 1980’s, with considerable effort focused on adequately
representing women in clinical trials. Central to many of these initiatives was (and continues to
be) the recognition that fundamental yet poorly understood differences exist between men and
women and that they could engender health disparities if ignored. However, this ‘revolution’ has
not permeated preclinical stages of research, which serve to inform clinical trials. In fact, the
preferential use of male animals and a lack of sex-disaggregated reporting is increasing in
cardiovascular science (1) despite the National Institutes of Health’s (NIH) emphasis on
considering sex in preclinical research as important for advancing women’s health (2) and
despite its feasibility in most research settings (3). This bias has the potential to undermine
advances made in clinical trial design by skewing our understanding of disease processes and the

effectiveness of potential therapies (4).

It has been argued that women’s participation in research enhances knowledge outcomes and
scientific progress (5), in part via enhanced exploration of sex differences (6). If true, sex gaps in
medicine and research — including the underrepresentation of women in fields such as cardiology
(7) and the relative lack of adequate mentorship for women (8) — would not only have important
societal implications but also meaningful scientific ramifications. Recognizing this possibility,
the NIH has emphasized their commitment to diversity in the biomedical research workforce
(including better representation of women) and identified assessing the impact of this diversity
on the quality and outputs of research as one of four major diversity challenges facing the

biomedical “ecosystem” (9).
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We therefore examined a large body of leading preclinical cardiovascular research to explore
potential differences in experimental rigor between male and female researchers, focusing on the
inclusion of female animals in experiments and on analyses of sex differences. Temporal trends
in female authorship and patterns in mentorship relationships by sex were examined as
secondary analyses. We hypothesized that female authorship and mentorship relationships
between men and women had both increased but that these would not be associated with
increased consideration of sex as a biological variable or with other measures of experimental

rigor.

Methods

As described (10), all preclinical studies published between July 2006 and June 2016 in
Circulation; Circulation Research; Hypertension; Stroke; and Arteriosclerosis, Thrombosis, and
Vascular Biology were reviewed. Studies were included if they reported original data from in
vivo experiments using non-human mammals and proposed therapeutic applications or
implications to specific human disorders. Pre-specified variables collected included the disease
studied, the animal model(s) used and their sex, and whether any study result was reported by
sex. Given the possibility that differences in female animal inclusion or sex-specific analyses
may be attributable to broader differences in experimental design, we also analyzed whether
animals were randomized, whether blinding was used (concealed allocation or blinded outcome

assessment), and whether sample size/power estimations were performed.

Study author names were extracted from Scopus. Author sex was determined using the online

database genderize.io, which included >216,000 first names across 79 countries and 89
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languages when queried. The database determines the sex of a name with an associated certainty
factor. First authors are generally considered to have executed most of the published work
whereas senior authors are usually the study supervisors or principal investigators and are
generally considered to have contributed most to study planning and design (11,12); therefore,
these were selected as our primary analyses. Female authorship as a proportion of all authors per
manuscript was examined as a secondary analysis (per 10% increase and dichotomized as >33%
of authors). Scopus was also queried to determine citation counts at 60 months for articles
published between July 2006 and June 2011, as described (10). Post hoc analyses of mentorship
relationships by sex were performed, with senior authors designated as mentors and first authors
as mentees. A certainty factor of >70% was used to assign author sex for all analyses, otherwise
sex was considered ‘unknown’. Articles with authors of ‘unknown’ sex were excluded in
primary analyses but were included in secondary and post hoc analyses to minimize missing
data. Sensitivity analyses using a certainty factor of >90% for author sex and of sex-specific

reporting restricted to studies in which animals of both sexes were used were performed.

Categorical variables are reported as number (percentage) and were compared using y? tests.
Continuous variables are reported as mean + standard deviation or median with interquartile
range (25" to 75" percentiles) range (IQR) and were compared using t tests or Mann-Whitney U
tests, respectively. Temporal trends were assessed using Cochran-Armitage tests or Spearman
rank-order correlation (p) using 12-month intervals. The associations of author sex with factoring
the sex of the animals studied in the reporting, design, and analysis of experiments and with the
implementation of other study design elements were examined using y? tests (reported as
absolute percent differences in study characteristics) and via simple and multivariable logistic

regression (reported as odds ratios [ORs] with 95% confidence intervals [Cls]). Citation count
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comparisons were performed via stratification and multivariable linear regression. All analyses
were performed using SAS 9.4 (SAS Institute, Inc., Cary, NC) using a two-tailed a level of 0.05

(corrected using the Bonferroni method to account for multiple comparisons when specified).

Results

Of 28,636 articles screened, 3396 met study inclusion criteria (Figure 1). Women accounted for
24 + 17% of authors per manuscript, with 542 articles (16.0%) not including any female authors
and none being authored solely by women. After excluding articles with authors of unknown sex,
women were identified as first authors of 1016/2458, senior authors of 569/2749, and both first
and senior authors of 235/2135 preclinical studies (41.3%, 20.7%, and 11.0%, respectively). The
distribution of observed mentorship relationships differed from the expected distribution, with
disproportionately high numbers of same-sex mentorships identified (P<0.001), including a
relative 50% greater than expected frequency of male-male mentorships. No difference was
observed in the number of co-authors of articles with female vs. male first or senior authors (9.6
vs. 9.6, P=0.864; and 9.2 vs. 9.5, P=0.075; respectively). Five-year citation counts were
comparable between female and male authors (21 [13-31] vs. 20 [12-33], P=0.509 for first
authors; 18 [12-30] vs. 20 [13-31], P=0.170 for senior authors). Author sex was similarly not
predictive of citation counts in multivariable models adjusting for cardiovascular disease studied,

publication date, and journal.

Temporal analyses over 10 years indicate that the proportions of female first and senior authors
have each increased, with women accounting for between 32.3% and 46.3% of first authors and

between 11.8% and 26.1% of senior authors (Figure 2A). There has been a corresponding
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temporal increase in the proportion of manuscripts with women as both first and senior authors
(range 5.5-14.9%, Pend=0.001). The proportions of articles with first and senior authors of
differing sex have not changed (range 28.5-34.3%, Pteng=0.663 for female first and male senior
authorship; range 5.5-14.9%, Pieng=0.184 for male first and female senior authorship). Per
article, the mean proportion of female authors has slightly increased (range 21.4-26.8%,

P<0.001) (Figure 2B).

Female and male authors were equally likely to report the sex of animals used in preclinical
experiments (815/1016 [80.2%] vs. 1150/1442 [79.8%], P=0.776 for first authors; 455/569
[80.0%] vs. 1767/2180 [81.1%], P=0.556 for senior authors). However, when the sex of the
animals was reported, women were more likely to have used female animals in their experiments
(292/815 [35.8%] vs. 313/1150 [27.2%], P<0.001 for first authors; 181/455 [39.8%] vs.
492/1767 [27.8%], P<0.001 for senior authors), to have used animals of both sexes (156/815
[19.1%)] vs. 179/1150 [15.6%], P=0.038 for first authors; 98/455 [21.5%)] vs. 262/1767 [14.8%)],
P<0.001 for senior authors), and to have reported sex-specific results (326/815 [40.0%] vs.
380/1150 [33.0%], P=0.002 for first authors; 199/455 [43.7%)] vs. 597/1767 [33.8%)], P<0.001
for senior authors). Similar findings were observed when female authorship was examined as a
proportion of all authors per manuscript. In contrast, female authorship was not associated with
randomization, blinding, or sample size estimation after correcting for multiple comparisons
(Figure 3). The above differences persisted when female authorship was examined on an interval
scale (per 10% increase) and after adjusting for pre-specified potential confounders (Table 1).
All findings were also comparable in sensitivity analyses using a minimum certainty factor of
90% for author sex. When restricted to studies that included both male and female animals

(N=335-421), female senior authorship (but not first or cumulative authorship) remained
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associated with reporting sex-specific results after adjusting for pre-specified potential

confounders (OR 2.2 [95% CI 1.1-4.4], P=0.036).

Discussion

Sex differences in innate scientific ability have long ago been refuted (13); however, career
trajectories and personal and professional experiences often differ between male and female
academics (8,13), which may influence researchers’ priorities and practices. Although there are
clear societal benefits to promoting sex inclusivity in research, its impact on the quality and
impact of research remains unexplored (9). Our analysis of preclinical cardiovascular research
demonstrates that [1] 41% of first authors and 21% of senior authors over a recent 10-year period
have been women; [2] although female authorship is increasing, segregation by sex in
mentorship relationships exists and persists; [3] when women influence experimental design and
reporting or comprise a larger proportion of the research team, studies are more likely to include
female animals and to explore sex-based differences, but author sex is not associated with other

measures of methodological rigor or research impact.

Preclinical research using animal models often precedes and informs clinical trials. However,
important and remediable methodological shortcomings remain prevalent in preclinical
cardiovascular research (10), including a tendency to exclude females in animal experiments and
to ignore the potential influence of sex on study outcomes (1). Women’s perspectives have been
suggested to uniquely promote scientific progress in general and advances in women’s health in
particular, in part due to their greater tendency to explore the effects of gender and sex (5,6). Our

data suggest that women are indeed more attuned to considering sex as a biological variable in
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preclinical experiments, but that male and female researchers are more alike than they are

different when broader measures of scientific rigor and research impact are considered.

A corollary to the above findings is that the persistent underrepresentation of women in
preclinical cardiovascular research is highly unlikely to be attributable to differences in research
capacity or potential impact. Rather, systemic factors are probably influential. For instance,
although modern scientific endeavours are increasingly reliant on research teams and networks —
settings in which a diversity of viewpoints and experiences are sought and valued (6) — our
analysis highlights a persistent predominance of same-sex mentorships. Given the relative
paucity of available female mentors, this practice has the potential to perpetuate women’s

underrepresentation in the field and to hinder efforts to improve the status quo (7).

Our study has important limitations. The journals examined were selected based on their
prominence in cardiovascular research, collective focus on a wide range of cardiovascular
disorders, and endorsement of NIH guidelines on rigor and reproducibility (10). However, they
may not be representative of all preclinical cardiovascular journals. Author sex was determined
using an arbitrary certainty factor, which may have resulted in misclassification in a minority of
cases. However, our results were comparable in sensitivity analyses using a more stringent
criterion. Our analysis did not capture instances of multiple first or corresponding authors
(equally contributing authors) and used author position as a proxy for mentor-mentee
relationships. Presumed author sex may not reflect author gender, which may be a relevant
distinction in our analysis. Our analysis also focused on experimental and reporting standards

proposed by the NIH, which are not exhaustive.
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Conclusions

Women’s involvement in preclinical cardiovascular research is positively associated with
considering sex as a biological variable — a practice that is expected to inform and promote
advances in women’s health. Researcher sex is not associated with other measures of
experimental rigor or research impact. Limited mentorship opportunities may be contributing to

women’s underrepresentation in this field.

Perspectives

Clinical Competencies: In this analysis of 3,396 preclinical studies in 5 leading cardiovascular
journals, female authorship was positively associated with considering sex as a biological
variable, but not with other measures of methodological rigor or 60-month citation counts. Over
a 10-year period, the proportion of studies with first and senior authors of differing sex was low
and stable, suggesting that segregation by sex in mentorship relationships exists and persists.
These data indicate that women’s underrepresentation in preclinical cardiovascular research is
not due to differences in research capacity or impact. Limited mentorship opportunities for

women in preclinical cardiovascular research may be an important contributor.

Translational Outlook: Further study to identify and understand barriers to women’s
involvement in preclinical cardiovascular research is warranted. Enhancing mentorship

opportunities for women should be explored as a potential strategy to improve the status quo.
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Figure 1: Literature search. ATVB: Arteriosclerosis, Thrombosis and Vascular Biology; Circ Res:

Circulation Research. Modified from Ramirez et al (10).
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Figure 2: Female authorship in preclinical cardiovascular research. A. Proportion of women as
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Figure 3: Association of female authorship with considering sex as a biological variable and
other experimental standards in preclinical cardiovascular research. Absolute percent differences
shown for first, senior, and >33% female authorship. *Corrected using the Bonferroni method to

account for multiple comparisons (=0.05/7).
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Visual Abstract: Female authorship in preclinical cardiovascular research and its association with

considering sex as a biological variable and with other experimental standards.
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Table 1. Association between female authorship and experimental design characteristics in

preclinical cardiovascular studies

Crude OR Adjusted OR
N* (95% CI) (95% CI)T Pf
Female first author
Reporting sex of animals 2458 | 1.03(0.84,1.26) | 0.96 (0.77,1.19) 0.698
Inclusion of female animals* 1965 | 1.49(1.23,1.81) | 1.60(1.30, 1.96) | <0.001
Inclusion of animals of both sexes* | 1965 | 1.28 (1.01, 1.63) | 1.29 (1.01, 1.66) | 0.046
Sex-specific reporting of results* 1965 | 1.35(1.12,1.63) | 1.33(1.10,1.62) | 0.004
Randomization 2458 | 0.95(0.78, 1.16) | 1.03 (0.83, 1.28) 0.776
Blinding 2458 | 0.91 (0.76, 1.08) | 0.95 (0.79, 1.15) | 0.608
Sample size estimation 2458 | 0.70(0.41, 1.20) NR
Female senior author
Reporting sex of animals 2749 | 0.93(0.74,1.18) | 0.83(0.65,1.07) | 0.153
Inclusion of female animals* 2222 | 1.71(1.38,2.12) | 1.81(1.43,2.28) | <0.001
Inclusion of animals of both sexes® | 2222 | 1.58 (1.22, 2.04) | 1.58 (1.20, 2.08) 0.001
Sex-specific reporting of results* 2222 | 1.52(1.24,1.88) | 1.44(1.16,1.79) | 0.001
Randomization 2749 | 0.90(0.71,1.12) | 0.88(0.68,1.13) | 0.308
Blinding 2749 |1.02(0.84,1.23) | 1.14 (0.92,1.42) | 0.219
Sample size estimation 2749 | 0.32(0.13, 0.80) NR
Female authorship (per 10% increase)
Reporting sex of animals 3396 | 1.04(0.98,1.09) | 1.02 (0.97,1.09) | 0.435
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Inclusion of female animals* 2718 | 1.20(1.14,1.26) | 1.20 (1.13,1.26) | <0.001
Inclusion of animals of both sexes? | 2718 | 1.13(1.07,1.21) | 1.12 (1.05, 1.20) | <0.001
Sex-specific reporting of results* 2718 | 1.13(1.08,1.19) | 1.11 (1.05,1.17) | <0.001
Randomization 3396 | 0.95(0.90, 1.00) | 1.00 (0.94,1.06) | 0.949
Blinding 3396 | 0.99(0.94,1.03) | 1.04 (0.99,1.09) | 0.173

Sample size estimation

3396

1.08 (0.94, 1.24)

NR

*Refers to the total number of studies included in analyses. TAdjusted for disease studied, animal

model(s) used, journal of publication, date of publication, and number of co-authors. $Analysis

restricted to studies in which the sex of animals used was reported. Bonferroni-corrected a level

of 0.007 used to define statistical significance (=0.05/7). NR: not reported due to small number

of events per predictor variable. OR: odds ratio.
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CHAPTER 6: ANALYSES OF JOURNAL INITIATIVES TO IMPROVE THE

REPORTING AND METHODOLOGICAL QUALITY OF PRECLINICAL RESEARCH

The following is a manuscript submitted for publication that explored the hypothesis that journal
initiatives such as those implemented by Stroke are associated with improvements in the

reporting and methodological quality of published preclinical research.

Additional documentation related to this manuscript is provided in the following appendices:
Appendix J: Stroke’s ‘Basic Science Checklist” (from Vahidy et al. Stroke 2016;47:2435-2438)

Appendix K: Nature journals’ Life Sciences Reporting Summary (example)
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Abstract

Background and Purpose: Preclinical research using animals often informs clinical trials.
However, its value is dependent on its scientific validity and reproducibility, which are in turn
dependent on rigorous study design and reporting. In 2011, Stroke introduced a ‘Basic Science
Checklist’ to enhance the reporting and methodology of its preclinical studies. Except for Nature
and Science, few publishing groups have implemented similar initiatives. We sought to estimate

the impact of these journal interventions on the quality of their published reports.

Methods: All articles published in Stroke, Nature Medicine, and Science Translational Medicine
over 9 to 18 years and in 2 control journals without analogous interventions over a corresponding
11.5 years were reviewed to identify reports of experiments in non-human mammals with
proposed clinical relevance. The effect of journal interventions on the reporting and use of key

study design elements (SDESs) was estimated via interrupted time series analyses.

Results: Of 33,009 articles screened, 4,162 studies met inclusion criteria. In the 3.5 to 12 years
preceding each journal’s intervention, the proportions of studies reporting and using key SDEs
were stable except for blinding in Stroke and randomization in Science Translational Medicine,
which were both increasing (Pend <0.007). Post-intervention, abrupt and often marked increases
were seen in the reporting of randomization status (level change: +17% to +44%, P<0.005),
blinding (level change: +20% to +40%, P<0.008), and sample size estimation (level change: 0%
to +40%, P<0.002 in 2 journals). Significant but more modest improvements in the use of these

SDEs were also observed. These improvements were not seen in control journals.

Conclusions: Journal interventions such as Stroke’s author submission checklist can

meaningfully improve the quality of published preclinical research and should be encouraged to
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enhance study transparency and design. However, such interventions are alone insufficient to

fully address widespread shortcomings in preclinical research practices.
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Preclinical experiments using animal models are an integral part of biomedical research;
however, their value is dependent on their scientific validity and reproducibility, 2 which are in
turn dependent on rigorous study design and reporting.> # Poorly designed or inadequately
reported preclinical studies can therefore reduce the dividends from research investments,>
result in animals being unjustifiably subjected to harm,? "8 and inappropriately spur or deter
clinical trials in humans.® % 1° Randomization, blinding, sample size estimation, and considering
sex as a biological variable are considered essential study design elements (SDES) to improve the
reproducibility and predictive value of preclinical experiments.® & -4 Randomization protects
against selection bias; blinding protects against performance, detection, and attrition biases;
sample size estimation ensures adequate statistical power, which improves effect estimate
precision and protects against spurious conclusions; and considering sex as a biological variable
increases the likelihood that results will be relevant to both men and women. 5 1416 These
SDEs are routinely used in clinical trials, but are rarely implemented at the preclinical stage,
even though animal and human studies are susceptible to similar risks of bias and threats to study

validity.8 12 14,15

Recently, the National Institutes of Health (NIH) and prominent journals, including Nature and
Science publishing groups, have focused considerable effort on improving the rigor and
reproducibility of preclinical research, particularly through enhanced experimental conduct and
reporting standards.® ' 317 |n May 2013, Nature journals introduced editorial measures that
included a mandatory checklist to prompt authors to disclose information regarding “crucial”
experimental SDEs!® — a similar initiative to the ‘Basic Science Checklist’ introduced by Stroke
in 2011.%° Science Translational Medicine (Science TM) similarly began requiring that authors

describe and defend their study designs, including disclosing whether key SDEs were
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implemented.? Yet, robust data on the impact of such interventions are limited and at times
contradictory.'? 1% 2-23 We hypothesized that the introduction of targeted journal initiatives had

improved the reporting and experimental design of published preclinical research.

Materials and Methods

The data that support the findings of this study are available from the corresponding author upon

reasonable request.

Study screening and selection

All studies published in Stroke between January 2000 and December 2017 were reviewed. The
start date of January 2000 was selected as the first Stroke Academic Industry Roundtable
(STAIR) guidelines on preclinical experiments were published exclusively in Stroke in
December 1999,% arguably marking an editorial awareness of their goals and importance. The
screening and study selection process for this journal has been described previously.'? Briefly,
studies were included if they described original research published as full manuscripts; reported
results of in vivo experiments in non-human mammals; and described pathophysiology, genetics,
and/or therapeutic interventions that were stated to be directly relevant to a specific disorder in
humans. Studies on physiologic or genetic characteristics were included if potential therapeutic
applications or implications were proposed in the article. These criteria are consistent with
proposed definitions of preclinical (“confirmatory” or “proof-of concept”) experiments.? 226 All

articles in Stroke were independently selected and data extracted using standardized case report
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forms by two reviewers, including via review of all articles’ supplementary materials.
Discrepancies were resolved by consensus or by an independent adjudicator. Our group has
reported 94.5% interrater agreement for study inclusion before resolution using this approach in

a previous review of >28,000 articles.?

All studies published in Nature Medicine and Science TM between 2009 and 2017 were similarly
reviewed, but the study selection process differed slightly for these journals as described in the
supplemental methods. Data extraction was performed by two independent assessors as was done
for Stroke. The starting year of 2009 for data collection was selected because the inaugural issue

of Science TM was published in that year.

We previously examined the reported methodological quality of articles published in an
additional four leading cardiovascular journals between July 2006 and June 2016 using before-
after comparisons.'? Two of these journals (Circulation and Circulation Research) publish on all
aspects of cardiovascular medicine, allocate a substantial amount of space to preclinical research
that is of similar reported methodological quality,'? have among the highest journal impact
factors in the cardiovascular field, and did not explicitly and publicly implement initiatives to
improve the reporting or methodology of their manuscripts until October 2017.1" Limited
journal- and disease-specific data from those before-after comparisons have been reported
previously.'? 1427 The dataset from these journals was extended to December 2017, expanded in
scope (see below), and combined into a single ‘control’ group to increase statistical power. Study

selection and data extraction for these control journals were performed as was done for Stroke.

Diseases or disease systems of interest in each journal are listed in the supplemental methods.
Studies on sex-specific diseases (for instance, prostate or ovarian cancer) were prospectively

identified during data collection.
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Data extraction

The date of publication, disease system studied, and animal model(s) used were collected for all
articles. Disease systems studied and animal models used in <2% of reports in all journals were
included in ‘other’ categories. Data on randomization, blinding (concealed allocation or blinded
outcome assessment), sample size/power estimations, and the sex of the animals used were also
collected. These data have been identified as minimum reporting requirements by the NIH.2 13 A
distinction was made between the reporting of any given SDE and its reported use such that
cases in which studies reported not randomizing animals to treatment groups or not using
blinding, for instance, were captured. Similarly, studies that reported using a specific SDE, but
its description revealed that it had not been properly executed, were captured (e.g. studies that
reported being adequately powered because group comparisons yielded statistically significant
results). The reporting and use of SDEs are therefore described separately. These elements were
deemed to have been reported on or used if done for any experiment or animal model within a
manuscript. Because of the small number of Science TM studies published in 2009 (the first issue
was published in October of that year), studies from 2009 and 2010 were combined for that
journal for all analyses. Similarly, studies published in control journals between July and

December 2006 were included with articles published in 2007.

Given the volume of articles screened, journal-specific stylistic features (page layouts, article
organization, color schemes, and appearance of figures), and the variability and volume of online
supplementary materials, de-identification of articles was not performed and reviewers were not
blinded to journal or date of publication during screening or data extraction, although they were
blinded to scores from other reviewers. Articles were also reviewed in a predominantly

chronological sequence rather than in a randomized fashion.



Statistical analysis

Journal-specific sample size calculations are described in the supplemental methods. Categorical
variables are reported as number (%) and were compared via chi-square tests. Continuous
variables are reported as mean = standard deviation (SD) and were compared using t-tests.
Interrater agreement for study inclusion for Stroke and control journals was calculated using
percent agreement and Cohen’s kappa statistic. Secular trends in the number of preclinical
studies published over time were examined using Spearman rank correlation coefficients (p);
trends in the proportions of studies reporting on or using SDEs were examined using Cochrane-
Armitage trend tests. Randomization, blinding, and sample size estimation were specifically
targeted in all initiatives studied; therefore, temporal changes in the proportions of studies
reporting on and using these SDEs were evaluated as journal-specific interrupted time series with
editorial initiatives introduced as step functions in segmented regression models and are reported
as absolute cumulative means or absolute percentages with 95% confidence intervals (Cls). Data
on sex reporting and sex of animals used were similarly but separately evaluated and excluded
studies on sex-specific disorders. For temporal analyses, Stroke was examined in 12-month
intervals whereas Nature Medicine, Science TM, and control journals were examined in 6-month
intervals to render sample sizes similar per time point between journals. The influence of journal
initiatives was also estimated by comparing reporting and methodological quality measures
before versus after their implementation in each journal and via simple and multivariable
modified Poisson regression models with robust error variance (sandwich estimation) to generate
journal-specific crude and adjusted relative risks (RRs) with 95% Cls. Covariate category
inclusion in multivariable models was pre-specified and included relevant disease system studied

and animal model used. Within these covariate categories, specific disease system and animal
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model covariates were selected via backward elimination using an inclusion criterion of P<0.20
to ensure adequate events per predictor variable. All analyses were performed using SAS 9.4

(SAS Institute Inc., Cary, NC) using a two-tailed a level of 0.05 to define statistical significance.

Results
Study selection and characteristics

Of 33,009 indexed articles, 4,162 met inclusion criteria and were analyzed (Figure I). Interrater
agreement for study inclusion before resolution was 97.9% (k=0.82). The number of relevant
articles published yearly in Nature Medicine and in control journals remained stable over the
period examined (105 + 10, p=0.234, P=0.544 and 118 + 20, p=-0.378, P=0.252), but increased
and decreased in Science TM (108 + 28, p=0.976, P<0.001) and Stroke (55 + 13, p=-0.634,

P=0.005), respectively.

In Stroke and in control journals, 95.4% of studies focused on cardiovascular diseases and 86.3%
used rats or mice. In Nature Medicine and Science TM, the most commonly studied disease
systems were oncology (24.8%), infectious diseases (12.9%), neurology (12.4%), endocrinology
(9.9%), cardiovascular (8.8%), and ‘other’ (9.9%), with 78.8% using mice and 10.2% using
multiple animal models. Psychiatry, anesthesia, obstetrics/gynecology, ophthalmology, and
toxicology were each studied in <2% of studies in all journals and were therefore included in the
‘other’ category (Table I). One hundred eight articles were deemed to be sex-specific and were

excluded from sex-based analyses.
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Stroke

In the 12 years leading up to and including the year in which Stroke introduced its ‘Basic Science
Checklist’, the proportions of studies that reported on and used blinding were increasing
(Ptrend=0.002 for both) whereas the reporting or use of randomization and sample size estimations
were stable. Beginning in 2012, significant trend level and/or slope increases in the reporting and
use of these SDEs were observed (Figure 1). No study reported not having randomized animals
and two studies reported not having used blinding after the checklist was introduced (Table 1).
Among studies that reported having randomized animals, the proportion describing the method
of randomization increased from 6.0% to 16.4% (P<0.001). Temporal increases in the

cumulative numbers of reported and used SDEs were observed (Figure I1).

Nature Medicine

In the 4.5 years preceding Nature Medicine’s author submission checklist, the reporting of
randomization, blinding status, or sample size estimation remained stable. After the journal
implemented its checklist, significant improvements in the trend lines for the reporting and use
of randomization, blinding, and sample size estimation were observed. Large numbers of articles
reported not having implemented various SDEs as shown by diverging trend lines of the
reporting and use of individual SDEs after the initiative (Figure 2) and as shown in Table 1.
Among studies that reportedly randomized animals, the proportion describing the method used
for randomization did not appreciably change following checklist implementation (2.0% vs.
5.7%, P=0.480). Corresponding temporal increases in the cumulative number of reported and

used SDEs per article were detected (Figure 11).
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Science Translational Medicine

In the 3.5 years before Science TM revised its reporting requirements and policies, both the
reporting and use of randomization were increasing (Pend=0.004 and 0.007, respectively)
whereas the reporting and use of blinding and sample size estimation were stable. Following the
introduction of this journal’s initiative, significant improvements were also observed in the
reporting of randomization, blinding status, and sample size estimations and in the use of
randomization and sample size estimations. As was seen in Nature Medicine, a substantial
number of studies reported not having used specific SDEs, particularly blinding and power
calculations (Figure 3, Table 1), but among studies that reported using randomization there was
no change in the proportion describing how it was performed (0% vs. 4.8%, P=0.143). Temporal

increases in the cumulative numbers of reported and used SDEs were also detected (Figure 11).

Control journals

In contrast, in control journals, there were no temporal improvements in the reporting or use of
randomization, blinding, or sample size calculations over a corresponding 11.5-year period
(Figure 4), excepting a modest improvement in the reporting of sample size calculations
beginning in 2012 when analyzed using Stroke’s initiative as the time series interruption (1%
absolute trend line slope increase, 95% CI1 0-2%, P=0.049) (data not shown). No changes in the
cumulative numbers of reported or implemented SDEs were detected in these control journals

(Figure 11).

Sex reporting and inclusion

96



The proportions of articles published in Stroke that reported the sex of the animals used and
included both males and females in experiments were stable prior to its checklist being
introduced and did not improve after the initiative was introduced. The proportions of studies in
Nature Medicine and Science TM that reported the sex of the animals used and included animals
of both sexes were increasing prior to their respective interventions (Ptend<0.040 for both in both
journals), but also did not improve following the journals’ initiatives. In control journals, prior to
Nature Medicine, Science TM, or Stroke’s interventions, the proportions of articles reporting the
sex of animals used were stable and the proportions reporting the use of both males and females
were decreasing (Pend<0.001). A trend level increase (+10%, 95% CI 0-20%, P=0.050) and
slope increase (+2%, 95% CI 0-3%, P=0.014) in the use of both sexes were observed in these
journals when analyzed using Stroke’s initiative as the time series interruption, but not when
analyzed using Nature Medicine or Science TM’s initiatives. A marked and persistent

preferential use of male animals was evident in articles in Stroke and control journals (Figure 5).

Adjusted analyses

All temporal patterns persisted in before-after comparisons adjusting for the most relevant

disease studied and animal model(s) used (Table 1).

Discussion

Time series analyses identified significant and marked improvements in the quality of published
preclinical studies coinciding with the introduction of relevant initiatives in three journals —

findings that persisted after accounting for secular trends in reporting and methodological
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practices and that were not seen in influential journals without analogous interventions over the
same period. These findings strongly support the notion that journal interventions can

meaningfully influence the quality of published preclinical research.

Mechanistically, well-designed author submission checklists and analogous journal initiatives
could improve the quality of published preclinical research in at least four ways: [1] by
improving the reporting of study methods without affecting the methodology used (i.e.
improving transparency for readers);?® [2] by improving transparency for journal editors and peer
reviewers, which could influence whether a manuscript is accepted for publication;?® [3] by
influencing authors’ decision to submit to a particular journal (e.g. dissuading authors from
submitting a manuscript if their study is felt to have methodological shortcomings that will be
highlighted);!” and [4] by influencing experimental study design practices among researchers
who hope to publish in a particular journal.?® However, few robust analyses of the impact of
journal initiatives on published research quality exist. The Nature Publication Quality
Improvement Project (NPQIP) Collaborative group examined the potential impact of Nature
journals’ checklist on the reporting quality of in vivo research in 448 articles using primarily a
controlled before-after study design.?! Our analysis of Nature journals’ publications differs by
focusing on Nature Medicine (considered to be focused on translational research) and by
evaluating a larger sample size (n=949) over a longer period to increase our confidence that
changes observed were due to the publishing group’s intervention rather than secular trends in
editorial practices or culture. Nevertheless, our data support their conclusions and expand upon
them by demonstrating improvements in study quality after instituting reporting and
methodological standards at other journals. The recently reported IICARus (Intervention to

Improve Compliance with the ARRIVE guidelines) study?? randomized manuscripts reporting in
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vivo animal research submitted to PLoS One to journal-requested completion of the ARRIVE
(Animal Research: Reporting of In Vivo Experiments)?® checklist versus standard practice (no
checklist). Contrasting with our results and those of the NPQIP study, the study found no
difference in the proportion of articles fully complying with the ARRIVE guidelines. However,
the primary outcome in IICARus was reporting compliance with all 38 items in the checklist,

which authors may have deemed onerous or judged as unlikely to be enforced.

The journal interventions included in the present analysis improved the reporting and use of
SDEs to varying degrees. Differences in the nature of the initiatives may account for some of
this. For instance, the checklist introduced by Nature journals requires authors to describe
whether and how specific SDEs were used.'® In contrast, Stroke’s Basic Science Checklist, when
first introduced, was a simple and brief questionnaire consisting of dropdown menus with limited
options?® (although it has since been updated to a more comprehensive version®). Science TM
does not have a readily accessible checklist for authors, but instead provides instructions in its
‘Information for Authors’ section, which its Editor has stated are enforced.?® Differences in how
vigorously journals enforce their requirements and how carefully they screen for author
adherence are also be expected to be influential, could fluctuate over time, and may be affected

by how attuned reviewers and editors are to them.

The use of key SDEs overall remains low in preclinical research, even in recent years and despite
the prominence of the journals examined — a fact that is more clearly brought to light with
improved reporting. Based on reported methods, approximately 40-50% did not use any
randomization, >50% did not use any blinding, and up to 75% did not ensure adequate statistical
power. Additionally, consistent across journals was a lack of improvement in the inclusion of

animals of both sexes after accounting for baseline secular trends. Despite the NIH requiring sex
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inclusion plans in preclinical research funding applications and the importance placed on sex
considerations in clinical research, existing journal reporting requirements place little emphasis

on this aspect of study design for preclinical experiments.

There are several limitations to our study. The journals examined are widely considered leading
general translational research journals in terms of impact metrics and reputation. It is possible
that their initiatives are more likely to be accepted and adhered to by the research community.
Furthermore, our quasi-experimental study design suggests but does not prove causal effects of
their interventions. However, Nature Medicine and Science TM are among the few translational
research journals that have endorsed the NIH guidelines on rigor and reproducibility*! and
communicated to the research community their initiatives with specific implementation dates,'®
20 rendering them ideal case study candidates. In addition, we show a lack of meaningful
improvement in the reporting or conduct of preclinical research practices in high-ranking
journals that did not implement similar initiatives over the same period despite having similar
impact factors to Science TM, while confirming previously suggested improvements in Stroke
following the implementation of analogous initiatives.'? 1° Furthermore, all initiatives addressed
randomization, blinding, and sample size estimation, but minimally addressed considering sex as
a biological variable, which corresponded to the patterns of improvements seen. Our analysis
relied on published reports, therefore the risk of misclassification exists. For instance, the method
of randomization used was rarely described, raising the possibility that certain articles that

reported randomly assigning animals may have referred to haphazard assignment.

As gatekeepers of what is published, journal interventions can meaningfully influence the quality
of preclinical research and are promising strategies to improve study transparency and design.

However, although the studied initiatives were associated with substantial improvements in

100



reporting, improvements in the use of key SDEs were relatively modest, suggesting that
additional strategies focused on improving preclinical study design are required to address

widespread methodological shortcomings, including sex bias.
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Table 1. Comparison of study design element reporting and use in preclinical studies before and after the implementation of relevant
initiatives in Stroke, Nature Medicine, Science Translational Medicine, and control journals

Before After Crude RR Adjusted RR
n (%) n (%) (95% CI) P (95% CI)* p*
Stroke N=715 N=269
Study design element reporting
Randomization 233 (32.6) 183 (68.0) 2.1(1.8-2.4) <0.0001 2.2(2.0-2.6) <0.0001
Blinding 338 (47.3) 218(81.0) 1.7 (1.6-1.9) <0.0001 1.7(1.6-1.9) <0.0001
Sample size estimation 40 (5.6) 70 (26.0) 4.7 (3.2-6.7) <0.0001 55(3.8-8.1) <0.0001
Sex of animals used 601 (84.1) 246 (91.5) 1.1(1.0-1.2) <0.001 1.1(1.0-1.1) 0.008
Study design element use
Randomization 233(32.6) 183 (68.0) 2.1(1.8-2.4) <0.0001 2.2(2.0-2.6) <0.0001
Blinding 336 (47.0) 216 (80.3) 1.7 (1.5-1.9) <0.0001 1.7(1.6-1.9) <0.0001
Sample size estimation 14 (2.0) 55 (20.5) 10.4 (5.9-18.5) <0.0001 14.1(7.8-25.5) <0.0001
Inclusion of both sexes 50 (7.0) 26 (9.7) 1.1(1.0-1.2) 0.044 1.1(1.0-1.2) 0.090
Nature Medicine N=476 N=473
Study design element reporting
Randomization 50 (10.5) 356 (75.3) 7.2 (5.5-9.4) <0.0001 7.1(5.4-9.3) <0.0001
Blinding 112 (23.5) 390 (82.5) 3.5(3.0-4.1) <0.0001 35(3.0-4.1) <0.0001
Sample size estimation 6 (1.3) 334 (70.6) 56.0 (25.2-124.3) <0.0001 NR
Sex of animals used 311 (68.5)" 414 (91.2)" 1.3(1.2-1.4) <0.0001 1.3(1.2-1.4)  <0.0001
Study design element use
Randomization 50 (10.5) 245 (51.8) 4.9 (3.7-6.5) <0.0001 4.8(3.7-6.4)  <0.0001
Blinding 112 (23.5) 226 (47.8) 2.0 (1.7-2.4) <0.0001 2.0(1.7-2.4) <0.0001
Sample size estimation 1(0.2) 145 (30.7)  145.9 (20.5-1038.6)  <0.0001 NR
Inclusion of both sexes 98 (21.6)" 186 (41.0)" 1.5(1.4-1.6) <0.0001 1.5(1.3-1.6) <0.0001
Science Translational Medicine N=290 N=574
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Study design element reporting
Randomization
Blinding
Sample size estimation
Sex of animals used

Study design element use
Randomization
Blinding
Sample size estimation
Inclusion of both sexes

Control journals

Study design element reporting
Randomization
Blinding
Sample size estimation
Sex of animals used

Study design element use
Randomization
Blinding
Sample size estimation
Inclusion of both sexes

54 (18.6)

88 (30.3)

14 (4.8)
175 (64.8)*

53 (18.3)
85 (29.3)
4 (1.4)
47 (17.4)}

N=889%

169 (19.0)
308 (34.7)
31 (3.5)
626 (70.9)!

164 (18.5)
307 (34.5)
8 (0.9)
143 (16.2)!

375 (65.3)
404 (70.4)
274 (47.7)
370 (69.0)’

335 (58.4)
280 (48.8)
146 (25.4)
121 (22.6)}

N=4768

93 (19.5)
161 (33.8)
42 (8.8)
361 (76.3)!

91 (19.1)
159 (33.4)
20 (4.2)
76 (16.1)!

3.5 (2.7-4.5)
2.3 (1.9-2.8)
9.9 (5.9-16.6)
1.1 (1.0-1.2)

3.2 (2.5-4.1)
1.7 (1.4-2.0)

18.4 (6.9-49.3)

1.2 (1.0-1.3)

1.0 (0.8-1.3)
1.0 (0.8-1.1)
2.5 (1.6-4.0)
1.1 (1.0-1.1)

1.0 (0.8-1.3)
1.0 (0.8-1.1)
4.7 (2.1-10.5)
1.0 (0.8-1.3)

<0.0001

<0.0001

<0.0001
0.238

<0.0001

<0.0001

<0.0001
0.022

0.813
0.761
<0.0001
0.028

0.762
0.676
<0.001
0.952

3.5 (2.7-4.4)
2.3 (2.0-2.8)
NR
1.1 (1.0-1.2)

3.2 (2.5-4.1)
1.7 (1.4-2.1)
NR
1.1 (1.0-1.3)

1.1 (0.8-1.3)
1.0 (0.8-1.1)
2.7 (1.7-4.1)
1.1 (1.0-1.1)

1.1 (0.9-1.3)
1.0 (0.8-1.1)
NR
0.9 (0.7-1.2)

<0.0001
<0.0001

0.284

<0.0001
<0.0001

0.035

0.614
0.839
<0.0001
0.041

0.575
0.765

0.613

NR: not reported due to small number of events per predictor variable; RR: relative risk

* Adjusted for most relevant disease system studied and animal model used

+ N=454 and 454 before and after, respectively (excluding studies on sex-specific diseases)
1 N=270 and 536 before and after, respectively (excluding studies on sex-specific diseases)

8 Before and after the introduction Nature Medicine/Science TM’s initiatives. All effect estimates were similar when analyzed as

before vs. after the introduction of Stroke’s initiative (data not shown)
|| N=883 and 473 before and after, respectively (excluding studies on sex-specific diseases)
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Figure 1. Reporting and use of randomization (A), blinding (B), and sample size (SS) estimation (C) in Stroke. Vertical interrupted line

denotes the journal intervention. A Level/Slope: change in level/slope.
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Figure 2. Reporting and use of randomization (A), blinding (B), and sample size (SS) estimation (C) in Nature Medicine. Vertical

interrupted line denotes the journal intervention. A Level/Slope: change in level/slope.
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Supplemental Methods
Study selection process from Nature Medicine and Science Translational Medicine

All original research articles and letters reporting on experiments using non-human mammals in
Nature Medicine and Science Translational Medicine (Science TM) were included for analysis,
irrespective of stated or implied relevance to a human disease by the articles’ authors. The
reasoning for this selection strategy was that these journals explicitly define their scope or
mission as focused on translational research with clinical implications (see

https://www.nature.com/nm/about/aims and http://stm.sciencemaq.org/site/misc/about.xhtml),

therefore study relevance to human disease and clinical medicine was judged to have been
decided by the respective journal editorial board. Given the substantial interrater agreement for
study inclusion observed for Stroke articles and the simpler criterion used for article inclusion
from Nature Medicine and Science TM, article selection for these journals was performed by a
single reviewer. The appropriateness of article inclusion was then confirmed by a second

independent reviewer.

Journal-specific diseases and disease systems of interest

Diseases of interest in Stroke and in control journals were cardiovascular in nature, including
atherosclerosis and/or vascular homeostasis, arterial aneurysms and/or dissections, myocardial
infarction, valvular disease, cardiomyopathy and/or heart failure, cardiac transplantation,
pulmonary hypertension, cardiac arrhythmia, stroke, resuscitative medicine, hypertension,

metabolic or endocrine diseases, and hematological disorders (including thrombosis). Studies
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deemed to report on clinically relevant conditions but not falling into one of the pre-specified

categories could be included at the journal reviewers’ discretion (category ‘other’).

The most relevant disease systems studied or fields of medicine in these journals were
categorized as cardiovascular (including stroke), respiratory, gastroenterology, nephrology,
neurology (excluding stroke), allergy/immunology (including rheumatology), endocrinology,
hematology (excluding hematological malignancies), infectious diseases, oncology (including
hematological malignancies), obstetrics/gynecology, ophthalmology, surgery, dermatology,

psychiatry, anesthesia, or toxicology.

Sample size calculations

Given the multiple factors influencing statistical power in interrupted time series analyses,*
sample size calculations were based on comparisons of the prevalence of SDE use before versus
after the introduction of journal initiatives. Based on an article inclusion rate of 50 per year from
Stroke between July 2006 and June 2016 in a previous study? and preliminary estimates of 100
articles per year from Nature Medicine and Science TM, we estimated that 18 years of data from
Stroke and 9 years from Nature Medicine and Science TM would afford 80% power to detect
differences of <10.0% in the use of every SDE in every journal. The baseline incidences of the
use of specific SDEs in Nature Medicine and Science TM (before their respective interventions

were introduced) were assumed to be similar to those of Circulation.?
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Supplemental Table

Table I. Study characteristics

Stroke Nature Medicine Science TM Control journals Total
(n=984) (n=949) (n=864) (n=1,365) (n=4,162)
Most relevant disease system

Cardiovascular 972 (98.8) 81 (8.5) 79 (9.1) 1,270 (93.0) 2,402 (57.7)
Respiratory 0 (0) 28 (3.0) 35(4.1) 0 (0) 63 (1.5)
Gastroenterology 0 (0) 20 (2.1) 25 (2.9) 0 (0) 45 (1.1)
Nephrology 0 (0) 30(3.2) 9(1.0) 2 (0.2) 41 (1.0)
Neurology 3(0.3) 109 (11.5) 115 (13.3) 2(0.2) 229 (5.4)
Allergy/immunology 0 (0) 72 (7.6) 55 (6.4) 0 (0) 127 (3.1)
Endocrinology 6 (0.6) 144 (15.2) 35(4.1) 34 (2.5) 219 (5.3)
Hematology 2(0.2) 38 (4.0) 15 (1.7) 34 (2.5) 89 (2.1)
Infectious diseases 0(0) 103 (10.9) 131 (15.2) 0(0) 234 (5.6)
Oncology 0 (0) 221 (23.3) 228 (26.4) 0 (0) 449 (10.8)
Dermatology 0 (0) 11 (1.2) 20 (2.3) 0(0) 31(0.7)
Surgery 0(0) 11 (1.2) 19 (2.2) 0(0) 35(0.8)
Other 1(0.1) 81 (8.5) 98 (11.3) 23 (1.7) 203 (4.9)

Animal model used
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Mouse
Rat

Pig
Rabbit
Dog
Primate
Other

Combination

350 (35.6)
511 (51.9)
17 (1.7)
42 (4.3)
20 (2.0)
12 (1.2)
20 (2.0)
12 (1.2)

812 (85.6)
36 (3.8)
0 (0)
2(0.2)
0 (0)
25 (2.6)
1(0.1)
73 (7.7)

616 (71.3)
42 (4.9)
20 (2.3)
11 (1.3)
5 (0.6)
45 (5.2)
13 (1.5)

112 (13.0)

1,024 (75.0)
143 (10.5)
35 (2.6)
25 (1.8)
49 (3.6)
4(0.3)
16 (1.2)
69 (5.1)

2,802 (67.3)

732 (17.6)
72 (1.7)
80 (1.9)
74 (1.8)
86 (2.1)
50 (1.2)
266 (6.4)

Variables reported as number (%). Science TM: Science Translational Medicine.
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Supplemental Figures and Figure Legends
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Figure Il. Reporting and use of multiple study design elements (SDEs) in published preclinical

studies. The proportions of studies reporting on zero to three SDEs in Stroke (A), Nature

116



Medicine (C), Science Translational Medicine (Science TM) (E), and control journals (G) over
time are shown in shades of blue (randomization, blinding, and sample size estimation each
contribute 1 point). The mean number of SDEs reported on over time is plotted as a black line.
The proportion of studies using zero to three SDEs in Stroke (B), Nature Medicine (D), Science
TM (F), and control journals (H) are shown in shades of orange (randomization, blinding, and
sample size estimation each contribute 1 point). The mean number of SDESs used over time is
plotted as a black line. Vertical interrupted lines denote interventions at each journal. Control

journals were analyzed using Nature Medicine and Science TM’s initiatives as the time series

interruption (arrowhead) (similar results were obtained using Stroke’s initiative as interruption).

A Level/Slope: change in trend line level/slope.
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CHAPTER 7: DISCUSSION AND RECOMMENDATIONS

7.1 Summary of thesis objectives

The purpose of this thesis was to describe the reporting and methodological quality of preclinical
research with a focus on cardiovascular science and to examine potential strategies to improve
the status quo. The purpose of this final chapter is to tie together the extent and potential
consequences of methodological shortcomings in preclinical cardiovascular research, including
sex bias (Chapters 3 and 4); the potential influence of research team composition on measures of
methodological rigor, specifically the sex of researchers (Chapter 5); and the role journals can
play in improving the quality of published preclinical research (Chapter 6). It also briefly
discusses temporal patterns in women’s involvement in preclinical cardiovascular research and
the possibility that limited mentoring opportunities may be hindering women’s advancement in

this field (Chapter 5).

7.2 Extent of the problem and clue to journals’ influence

Preclinical studies using animals often precede and inform clinical trials yet standards in
reporting and study design differ between these stages of research.™ 2 In Chapter 3, we show that
key study design elements (SDES) are routinely ignored in preclinical cardiovascular research
and that this practice does not appear to have improved in recent years, except possibly in stroke
research.® On closer examination of stroke research included in our study, we noted that 87% had
been published in Stroke, raising the question of whether stroke as a research topic and/or Stroke

as a journal drove this improvement (or neither). Post hoc analyses suggested that both stroke as
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a study subject and Stroke as a journal independently predicted more robust reported study
design. Unbeknownst to our research group at the outset of this first study, Stroke had introduced
a checklist in 2011 that asked authors to disclose important SDEs at the time of manuscript
submission.* This initiative was intended to improve the rigor of preclinical stroke research and a
limited analysis had previously suggested that it had had a modest effect.’> Our exploratory
analysis informed our subsequent hypotheses that journals act as ‘gatekeepers’ of the published
literature and therefore can meaningfully influence the quality of published preclinical research,

which we more robustly tested in Chapter 6.

7.3 Sex bias in preclinical cardiovascular research

Despite remarkable progress in preventive and interventional therapies, cardiovascular disease
(CVD) remains a leading cause of morbidity and mortality in North America and abroad.®® Age-
adjusted mortality rates from CVD have consistently been higher in men yet the absolute number
of cardiovascular deaths in the United States has been higher in women for 19 of the last 20

years studied,® unequivocally underscoring the impact of CVD irrespective of sex.

As previously highlighted, sex and gender bias in research was specifically identified as a barrier
to advancing women’s health since at least the 1980’s, with the Report of the Public Health
Service Task Force on Women’s Health Issues underscoring that data obtained from studies
using only male subjects may not be applicable to the female population.'® In the early 1990’s,
the Revitalization Act mandated that women be included in NIH-funded clinical trials with
accompanying guidelines cautioning that this effort could be undermined if the influence of sex

and/or gender was ignored in earlier stages of research. This warning has gone largely ignored.
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Although considerable progress with regards to sex inclusion in clinical research has been
made, '3 relatively little attention has been paid to this issue in preclinical experiments4?2 and
a reluctance to study female animals has not only persisted but increased within the preclinical
cardiovascular research community, as we show in Chapter 4.2 When data from male-
predominant preclinical experiments are used to inform clinical trials, a bias toward male-

specific physiology and therapies can be perpetuated.?

7.4 Female authorship, research quality, and mentorship in preclinical cardiovascular

science

The notion that researcher sex is associated with different viewpoints and research questions and
that these differences can influence research quality underlies many of the arguments put forth to
promote sex diversity in research teams.?> 2 In Chapter 5 we examine the extent of women’s
underrepresentation in preclinical cardiovascular research and explore the possibility that it not
only has societal implications, but also scientific ramifications. We demonstrate that female
researchers continue to be underrepresented in preclinical cardiovascular science, especially as
senior authors. We also present empirical data that suggest that despite being similar in most
measures of scientific rigor and impact, female preclinical researchers are more attuned to the
importance of considering sex as a biological variable than their male counterparts — a practice
that is expected to promote advances in women’s health. This finding persisted when women’s
involvement in studies was examined as first author, senior author, as a dichotomized proportion
of authors (>33%), and as an incremental proportion of authors (per 10%), as well as after

adjusting for potential confounders.
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Although female authorship is increasing in preclinical cardiovascular research, our secondary
analysis suggests that mentorship relationships continue to be divided by sex: men seem to
preferentially mentor men and women seem to preferentially mentor women. Given the relative
paucity of senior female scientists in this field, this segregation may be problematic for women

given the importance of mentorship for career advancement in academia.

7.5 Empirical evidence of the influence of journals on preclinical research quality

To test the hypothesis that journal initiatives such as those recently introduced by Circulation
Research to improve the reporting and methodological quality of preclinical research, we
undertook a more comprehensive analysis of three journals with similar editorial interventions
(Nature Medicine, Science Translational Medicine, and Stroke), using two influential journals as
controls (journals that had not implemented analogous initiatives over the study period). This
analysis used a quasi-experimental design to account for secular trends in reporting and study
design in each journal. We conclude that journal initiatives are indeed promising strategies to
improve the quality of published preclinical research and that journals and editors are key

stakeholders to engage in initiatives seeking to change research practices in this field.

7.6 Recommendations

1. Recognition of widespread methodological shortcomings in preclinical research is
required to understand the scope of the problem, its potential implications, and to gauge

progress.
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2. Preclinical researchers should consider including animals of both sexes in experiments
unless there are valid scientific reasons not to do so. Before attempts to ‘translate’
research to the clinical realm, sufficient female animals should be studied to detect
whether relevant and meaningful sex differences exist. Not doing so has the potential to
undermine progress in achieving adequate representation of women in clinical research.

3. Efforts to promote women’s involvement in preclinical cardiovascular research should
consider strategies to facilitate mentorship opportunities for female trainees and early
career researchers.

4. Journals have an important role to play in improving the rigour and reproducibility of
preclinical research. These influential stakeholders should be targeted in relevant

initiatives; however, journals alone are unlikely to fully change research practices.
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Integrative Physiology

Methodological Rigor in Preclinical Cardiovascular Studies
Targets to Enhance Reproducibility and Promote Research Translation

F. Daniel Ramirez, Pouya Motazedian, Richard G. Jung, Pietro Di Santo,
Zachary D. MacDonald, Robert Moreland, Trevor Simard, Aisling A. Clancy, Juan J. Russo,
Vivian A. Welch, George A. Wells, Benjamin Hibbert

Rationale: Methodological sources of bias and suboptimal reporting contribute to irreproducibility in preclinical
science and may negatively affect research translation. Randomization, blinding, sample size estimation, and
considering sex as a biological variable are deemed crucial study design elements to maximize the quality and
predictive value of preclinical experiments.

Objective: To examine the prevalence and temporal patterns of recommended study design element implementation
in preclinical cardiovascular research.

Methods and Results: All articles published over a 10-year period in 5 leading cardiovascular journals were
reviewed. Reports of in vivo experiments in nonhuman mammals describing pathophysiology, genetics, or
therapeutic interventions relevant to specific cardiovascular disorders were identified. Data on study design and
animal model use were collected. Citations at 60 months were additionally examined as a surrogate measure of
research impact in a prespecified subset of studies, stratified by individual and cumulative study design elements.
Of 28 636 articles screened, 3396 met inclusion criteria. Randomization was reported in 21.8 %, blinding in 32.7 %,
and sample size estimation in 2.3 %. Temporal and disease-specific analyses show that the implementation of these
study design elements has overall not appreciably increased over the past decade, except in preclinical stroke
research, which has uniquely demonstrated significant improvements in methodological rigor. In a subset of
1681 preclinical studies, randomization, blinding, sample size estimation, and inclusion of both sexes were not
associated with increased citations at 60 months.

Conclusions: Methodological shortcomings are prevalent in preclinical cardiovascular research, have not
substantially improved over the past 10 years, and may be overlooked when basing subsequent studies. Resultant
risks of bias and threats to study validity have the potential to hinder progress in cardiovascular medicine as
preclinical research often precedes and informs clinical trials. Stroke research quality has uniquely improved in
recent years, warranting a closer examination for interventions to model in other cardiovascular fields. (Circ Res.
2017;120:1916-1926. DOI: 10.1161/CIRCRESAHA.117.310628.)

Key Words: animal models B bias B biomedical research B cardiovascular diseases M reproducibility of results

Preclinical research and clinical therapy development exist in and transparent reporting practices have therefore been advo-
a symbiotic continuum yet are guided by different reporting cated to improve the predictive value of animal model data.>¢-1
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es of clinical development.*> Improved methodological rigor

The issue of irreproducibility in preclinical research and
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What Is Known?

Preclinical research often precedes and informs clinical trials.
Randomization, blinding, sample size estimation, and considering sex
as a biological variable are considered crucial study design elements to
maximize the predictive value of preclinical experiments.

What New Information Does This Article Contribute?

Key study design elements are rarely implemented in preclinical car-
diovascular research.

The implementation of these elements has not appreciably improved
over the past decade, except in stroke research.

Methodological shortcomings in preclinical experiments may be over-
looked when researchers design subsequent studies.

Preclinical and clinical research are guided by different meth-
odological standards. Resultant discrepancies in study designs
can compromise scientific validity, give rise to experimental

Novelty and Significance

irreproducibility, and may contribute to failures in research trans-
lation. Randomization, blinding, sample size estimation, and con-
sidering sex as a biological variable have been identified as key
study design elements to promote rigor and reproducibility of ani-
mal experiments and research relevance to both men and wom-
en. However, there are limited data on the extent of suboptimal
methodological rigor in preclinical research. We identified and
analyzed 3396 preclinical studies in leading cardiovascular jour-
nals over a 10-year period, including citation counts at 60 months
as a surrogate measure of research impact for papers published
in the first 5 years. We show that these design elements were
rarely implemented—a situation that has not substantially im-
proved over the past decade, except in stroke research. The indi-
vidual and cumulative implementation of these design elements
was not associated with increased citations. Together, these data
indicate that methodological shortcomings are prevalent in pre-
clinical cardiovascular research and suggest that they may be
overlooked when researchers design subsequent studies.

Nonstandard Abbreviations and Acronyms

CcvD cardiovascular disorder
NIH National Institutes of Health

increasingly so among the lay public'*'7 and the biopharmaceuti-
cal industry."*'® In 2011, Bayer HealthCare published an analysis
of 67 in-house target identification and validation projects in the
fields of oncology, women’s health, and cardiovascular disease
over a 4-year period, reporting that the published data were re-
producible in less than one third of cases and that in nearly two
thirds inconsistencies either prolonged the validation process or
led to project termination." In 2012, Amgen similarly published
the results of their attempt to reproduce 53 “landmark”™ studies in
the fields of hematology and oncology, succeeding in only 6 cases
even after contacting the original authors for guidance, exchang-
ing reagents, and in certain instances repeating experiments in the
laboratory of the original investigators.'? Some findings could not
be reproduced even by the original investigators in their own labo-
ratories when the experiments were repeated in a blinded fash-
ion."” Disconcertingly, some of the irreproducible research were
deemed to have prompted clinical studies. Others have likewise
described candidate therapies that have advanced to testing in hu-
mans despite irreproducible or inconsistent results in animals.®2**!

Since the mid-1990s, pharmaceutical research and devel-
opment productivity has declined with decreasing numbers of
medications approved, increasing attrition rates at all stages of
research, and lengthening development times despite rising ex-
penditures.* This decline has been attributed, in part, to flawed
preclinical research methodology, highlighting the importance
of preclinical research for advancing clinical care, but equally
portending a waning confidence in animal model data to iden-
tify promising therapeutic targets.>”!"122223 Cardiovascular re-
search and development, in particular, has fared poorly in recent
years relative to other disease categories, exhibiting the greatest
decline as a percentage of total projects* and among the lowest

success rates and likelihood of approval at all phases of clini-
cal trials.** Moreover, research and development investment
patterns are increasingly deterring incremental innovation (for
instance, improving upon available effective therapies). Instead,
increasing focus is being placed on novel disease targets with
higher revenue potential but at higher risk of failure (eg, specific
cancers).* Poor reproducibility in preclinical research coupled
with this increasingly unfavorable landscape for successful car-
diovascular therapy development could, therefore, substantially
hinder progress in cardiovascular care.

In response to the above systematic issues and in collabo-
ration with editors from major journals, funding agencies,
and scientific leaders, the National Institutes of Health (NIH)
proposed a set of reporting guidelines and funding policies to
improve the reproducibility and rigor of preclinical research.”
A core set of standards first proposed by the NIH’s National
Institute of Neurological Disorders and Stroke were adopted,
which identified randomization, blinding, sample size estima-
tion, and data handling as minimum reporting requirements to
promote transparency in animal studies.” In addition, the NIH
announced that it would require that sex be considered as a bio-
logical variable in applications for preclinical research fund-
ing.?® These principles and guidelines have been endorsed by
prominent academic societies, associations, and journals, in-
cluding all American Heart Association (AHA) journals,” with
evidence of editorial commitment to complying.”’?* However,
there are limited data on the extent of suboptimal methodologi-
cal rigor or incomplete reporting in preclinical cardiovascular
science and therefore no baseline from which to gauge prog-
ress. A commitment to improving the quality and impact of
preclinical research and to maintaining the trust of public and
private stakeholders requires transparency on current and fu-
ture states of scientific practice.”* We, therefore, reviewed all
preclinical cardiovascular studies published in leading AHA
journals over the past decade to determine the prevalence of
randomization, blinding, sample size estimation, and inclusion
of both sexes and trends in these practices over time.
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Methods

As previously described,” all preclinical cardiovascular stud-
ies published in AHA journals with archives spanning at least 10
years were reviewed. Five journals met these criteria: Circulation;
Circulation Research; Hypertension; Stroke; and Arteriosclerosis,
Thrombosis, and Vascular Biology (ATVB). All reports published
during a 10-year period (July 2006 to June 2016) were screened.
Studies were included if they represented original research pub-
lished as full manuscripts; reported results of in vivo experiments
in nonhuman mammals; and described pathophysiology, genetics,
or therapeutic interventions that were stated to be directly rel-
evant to a specific cardiovascular disorder (CVD) in humans (see
prespecified list of CVDs below). Studies on physiological and
genetic characteristics were included if potential therapeutic ap-
plications or implications of the study findings were proposed in
the article. These criteria are consistent with previously proposed
definitions of preclinical (“confirmatory” or “proof-of-concept™)
experiments.’”3%3! CVDs of interest included atherosclerosis or vas-
cular homeostasis, arterial aneurysms or dissections, myocardial
infarction, valvular disease, cardiomyopathy or heart failure, car-
diac transplantation, pulmonary hypertension, cardiac arrhythmia,
stroke, resuscitative medicine, hypertension, metabolic or endo-
crine diseases, and hematologic disorders (including thrombosis).
Studies deemed to report on clinically relevant cardiovascular con-
ditions but not falling into one of the prespecified categories could
be included at the journal reviewers’ discretion (category “other”).
Each journal article was independently reviewed and data extracted
using standardized case report forms by 2 reviewers, allowing for
the assessments of inter-rater agreement. To permit our team to
review a large volume of articles, we allowed for studies to be ex-
cluded as soon as it was clear that a manuscript violated any of
our inclusion criteria, which was most often because of the model
used (eg, zebrafish or humans) or because they were published in
formats other than full manuscripts (eg, conference abstracts). The
specific inclusion criterion/criteria that was/were deemed to have
been violated for each excluded article, therefore, varied according
to journal reviewer and were often multiple (eg, a nonmammalian
animal model was used and no specific reference to therapeutic
implications/applications was made). Discrepancies were resolved
by consensus or by an independent adjudicator before building a
final locked database for analysis.

Pre-specified data, including the date of publication, CVD investi-
gated, animal model(s) used and their sex, whether animals were ran-
domized to treatment groups, whether any blinding was implemented
(concealed allocation or blinded outcome assessment), and whether a
priori sample size/power estimations were performed were collected.
Subgroup analyses restricted to studies of therapeutic interventions
and by CVD studied were performed as were post hoc comparisons

of these practices before and after the publication of NIH guidelines
and policies for reporting preclinical research and the implementation
of a “Basic Science checklist” by Stroke,*® which is purported to have
improved the quality and designs of preclinical studies published in
that journal.*

Finally, the number of citations has been used as a surrogate
measure of research impact and influence.***” Therefore, Scopus
(Elsevier) was queried to identify original research articles that cited
preclinical cardiovascular studies published between July 2006 and
June 2011. This 5-year period was selected as it ensured that each
article had >5 years of citation data available in June 2016. Reviews,
conference papers, editorials, letters, books/book chapters, and errata
were excluded. Scopus was selected because it is the largest database
available for citation analysis and retrieves a greater number of cita-
tions when compared with others.*® Prespecified analyses of citations
at 60 months after the index publication were performed, stratified
by individual and cumulative study design elements and adjusted for
journal of publication, year of publication, and CVD studied. Given
the possibility that certain publications may have garnered attention
in the short-term but could have ultimately been disproven or deemed
irreproducible, a sensitivity analysis of citation counts at 36 months
was also undertaken as this time point approximates contemporary
mean time-to-retraction.*

Categorical variables are reported as number (%) and were com-
pared via ¢’ tests. Continuous variables are reported as median (in-
terquartile range) and were compared using Wilcoxon signed-rank
or Kruskal-Wallis tests. Inter-rater agreement was calculated using
Cohen x statistic and percent agreement. Temporal patterns in the
proportions of studies reporting randomization, blinding, and sample
size estimations were evaluated via Cochrane—Armitage trend tests
and journal-specific logistic regression models adjusting for CVD
studied and animal model used when the number of events per predic-
tor variable was adequate.**** For the latter adjusted analyses, back-
ward elimination was used for model building using a criterion of
P<0.20 for specific CVD and animal model predictor variable inclu-
sion. Associations between study design elements and citation counts
were examined via stratification and multivariable linear regression.
Non-normally distributed variables were log-transformed, when re-
quired. All analyses were performed using SAS 9.4 (SAS Institute
Inc, Cary, NC) using a 2-tailed a level of 0.05 to define statistical
significance.

Results

Study Selection and Characteristics
As previously described,” of 28636 articles screened, 3396
met inclusion criteria and were analyzed (Figure 1). Inter-rater

28,636 articles
identified
(2006-2016)

9,579 articles 3,875 articles 4,407 articles 6,949 articles 3,826 articles
screened in screened in screened in screened in screened in
Circulation Circ Res Hypertension Stroke ATVB . -
i Figure 1. Literature search and
results. ATVB indicates Arteriosclerosis,
Thrombosis and Vascular Biology; and
i ) ) ) i Circ Res, Circulation Research.
672 studies 486 studies 860 studies 501 studies 877 studies
included from included from included from included from included from
Circulation Circ Res Hypertension Stroke ATVB

3,396 studies
analyzed
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agreement for study inclusion before resolution was 94.5%
(k=0.72; 95% CI, 0.70-0.73). Atherosclerosis, hyperten-
sion, stroke, and cardiomyopathy/heart failure were the most
commonly studied CVDs (range 14.2%-19.5%). Most other
CVDs were the focus of <5.0% of studies. Ten studies on re-
suscitative medicine were identified and were included in the
“other” category, which comprised 3.0% of studies. Nearly
one third of studies examined a therapeutic intervention. Mice
or rats were most often used by researchers (used in 89.8% of
studies) whereas guinea pigs, gerbils, or hamsters were used
in <0.2%. Multiple animal models were used in 2.8% of stud-
ies (Table).

Randomization

Randomization of animals was reported in 740 studies
(21.8%) overall, but was more frequently noted in the subset
examining therapeutic interventions (38.3% versus 15.0%,
P<0.0001). When studies were stratified by CVD studied,
significant differences in the proportions reporting random-
ization were noted (P<0.0001, range 5.6%—46.5%) with
a lack of randomization predominating in all cases except
stroke (Figure 2A). Significant differences in the proportions

Table. Study Characteristics

Methodological Rigor in Preclinical Research 1919

of studies reporting randomization were also observed when
stratified by animal model used (P<0.0001, range 14.6%-—
45.0%) with a lack of randomization predominating in all
cases except when pigs or a combination of animal models
were used (Figure 2B).

Blinding

Blinding of treatment allocation or outcome assessment
was reported in 1110 studies (32.7%) overall, but was
also more frequently noted in the subset examining ther-
apeutic interventions (41.9% versus 28.9%, P<0.0001).
When stratified by CVD studied, significant differences
in the proportions of studies reporting any blinding were
observed (P<0.0001, range 10.9%-62.6%). Studies on
stroke ranked highest among CVDs although arterial an-
eurysms/dissections and transplantation medicine had
comparable numbers of blinded and nonblinded studies.
For all other CVDs, studies with blinding formed the mi-
nority (Figure 3A). No significant difference in the propor-
tions of studies reporting blinding were seen when stratified
by animal model used (P=0.369, range 20.9%-36.8%;
Figure 3B).

Circulation Circ Res Hypertension Stroke ATVB Total
(n=672) (n=486) (n=860) (n=501) (n=877) (n=3396)
Disease studied
Atherosclerosis 119(17.7) 113 (23.3) 14 (1.6) 2(0.4) 385 (43.9) 633 (18.6)
Hypertension 34(5.1) 35(7.2) 577 (67.1) 1(0.2) 14 (1.6) 661 (19.5)
Arterial aneurysm 16 (2.4) 21 (4.3 15(1.7) 24 (4.8) 62(7.1) 138 (4.1)
Myocardial infarction 95 (14.1) 56 (11.5) 19(2.2) 0(0) 115 (13.1) 285 (8.4)
Cardiomyopathy/heart failure 173 (25.7) 154 (31.7) 135 (15.7) 0(0) 21 (2.4) 483 (14.2)
Pulmonary hypertension 57 (8.5) 29 (6.0) 34 (4.0 0(0) 15(1.7) 135(4.0)
Arrhythmia 65 (9.7) 35(7.2) 4(0.5) 0(0) 0(0) 104 (3.1)
Valvular disease 9(1.3) 4(0.8) 0(0) 0(0) 14.(1.6) 27 (0.8)
Stroke 20 (3.0) 4(0.8) 9(1.1) 435 (86.8) 18 (2.1) 486 (14.3)
Transplantation medicine 28 (4.2) 15 (3.1) 0(0) 31(6.2) 32(3.7) 106 (3.1)
Metabolic/endocrine disorders 19 (2.8) 10 (2.1) 23 (2.7) 2(0.4) 75 (8.6) 129 (3.8)
Hematologic disorders 19 (2.8) 8(1.7) 1(0.1) 0(0) 79 (9.0) 107 (3.2)
Other 18 (2.7) 2(0.4) 4(0.5) 6(1.2) 47 (5.4) 102 (3.0)
Animal model(s) used
Mouse 463 (68.9) 391 (80.5) 357 (41.5) 223 (44.5) 744 (84.8) 2178 (64.1)
Rat 84 (12.5) 44(9.1) 443 (51.5) 237 (47.3) 63 (7.3) 872 (25.7)
Rabbit 0(1.5 15(3.1) 16 (1.9) 18 (3.6) 23(2.6) 82 (2.4
Dog 37 (5.5) 12 (2.5) 13(1.5) 5(1.0) 0(0) 67 (2.0)
Pig 84 (12.5) 4(0.8) 9(1.1) 3(0.6) 19(2.2) 60 (1.8)
Primate 3(0.5) 1(0.2) 2(0.2) 3(0.6) 8(0.9) 17 (0.5)
Other 0(1.5) 4(0.8) 9(1.1) 1(0.2) 1(0.1) 25(0.7)
Combination 40 (6.0) 15 (3.1) 11(1.3) 11 (2.2) 18 (2.1) 95 (2.8)
Therapeutic study 162 (24.1) 85 (17.5) 221 (25.7) 264 (52.7) 256 (29.2) 988 (29.1)

Values reported as number (%). ATVB indicates Arteriosclerosis, Thrombosis, and Vascular Biology; and Circ Res, Circulation Research.
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Sample Size Estimation

A priori sample size estimations or power calculations were
reported in 79 studies (2.3%). This aspect of study design
was also more frequently reported in the subset examining
therapeutic interventions (4.2% versus 1.6%, P<0.0001).
Significant differences in the proportion of studies reporting
sample size calculations were observed when stratified by
CVD studied (P<0.0001, range 0%—9.5%) with stroke rank-
ing highest (Figure 4A), but not when stratified by animal
model used (P=0.270, range 0%—6.1%; Figure 4B).

Inclusion of Both Sexes

Sex bias prevalence and detailed temporal trends have been
described previously.” After excluding studies that did not re-
port the sex of the animals used, significant differences were
noted in the proportions including animals of both sexes when
stratified by CVD of interest (P<0.0001, range 2.4%—34.7%)
and by animal model used (P<0.0001, range 6.7%-26.9%;
Online Figure).

Temporal Patterns in Study Design Element
Implementation

Over the past 10 years, there have been no significant changes
in the proportions of studies reporting blinding or randomiza-
tion (inclusion of both sexes has been reported previously®).
There has been a significant increase in the proportion report-
ing a priori sample size estimations (P <0.0001), although
it remains below 7% (Figure 5). There was no substantial dif-
ference in the prevalence of any of these study design ele-
ments before and after the NIH principles and guidelines for
reporting preclinical research were published in 2014 (range
of differences 0.7%-3.6%). Post hoc calculations suggest that
our sample sizes had >80% power to detect a difference of
5.0% for all study design elements.

CVD-specific temporal analyses suggest that preclinical
studies on stroke are increasingly incorporating randomiza-
tion, blinding, sample size estimations, and inclusion of both
sexes—a pattern that is not seen in studies on atherosclero-
sis, hypertension, or cardiomyopathy/heart failure (the most

A Disease

P*

Stroke

Transplantation medicine
Other

Pulmonary hypertension
Myocardial infarction
Hypertension
Cardiomyopathy/heart failure
Metabolic/endocrine disorders
Aneurysm/dissection
Atherosclerosis

Arrhythmia

Hematologic disorders

B Animal model
Pig

Combination

Rabbit

Rat

Other

Dog

Mouse

226
85
34
85
66
133
83
22
21
69
10

27

40

29

303

10
13
318

20%

40%

260
71
95
100
219
528
400
107
117
564
94
101

33
55
53
569
32
54
1860
60%

0.123

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

0.439
0.124
0.008
<0.0001
0.001
<0.0001
<0.0001

100%

Figure 2. Randomization in preclinical cardiovascular research studies published over a 10-y period stratified by (A) disease
studied and (B) species used. Dark blue corresponds to the proportion of studies implementing randomization; numbers in bars
correspond to absolute numbers of studies. Valvular disease and resuscitative medicine studies were included in the “Other” category
because of the small number of relevant publications. “Combination” refers to more than one animal species used within the same
publication; animal models in the “Other” category included guinea pig, gerbil, and hamster. *For comparison of studies incorporating

randomization vs not.
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A Disease
Stroke

Transplantation medicine
Aneurysm/dissection
Myocardial infarction
Pulmonary hypertension
Other

Cardiomyopathy/heart failure
Atherosclerosis

Arrhythmia

Hematologic disorders
Hypertension

Metabolic/endocrine disorders

B Animal model
Combination

Rat
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Mouse
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Other

Dog

304
54
67
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52
43
140
167
24
21
114
14

35
295
20
710
25
11
14

182
52
71
175
83
86
343
466
80
86
547
115

60
577
40
1468
57
31
53

p*
<0.0001
0.846
0.734
<0.0001
0.008
<0.001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

0.010
<0.0001
0.010
<0.0001
<0.001
0.002
<0.0001

1921

0% 20%

40% 60% 80% 100%

Figure 3. Blinding in preclinical cardiovascular research studies published over a 10-y period stratified by (A) disease studied and
(B) species used. Dark blue corresponds to the proportion of studies implementing blinding; numbers in bars correspond to absolute
numbers of studies. Valvular disease and resuscitative medicine studies were included in the “Other” category because of the small
number of relevant publications. “Combination” refers to more than one animal species used within the same publication; animal models
in the “Other” category included guinea pig, gerbil, and hamster. *For comparison of studies incorporating blinding vs not.

commonly studied CVDs). Studies on atherosclerosis have
shown a modest increase in the proportion reporting sample
size estimation in recent years, but an overall significant
decrease in the proportion reporting blinding, whereas the
proportion of studies on cardiomyopathy/heart failure that
include both sexes has significantly decreased. No other sig-
nificant changes were observed during the 10-year period
(Figure 6).

Given the disproportionate amount of stroke research
published in Stroke, which has reported improvements in the
quality and design of published preclinical research following
the introduction of their “Basic Science Checklist” in 2011,%
CVD-adjusted and animal model-adjusted comparisons of
study design implementation before and after this time point
were performed for each journal. Stroke uniquely exhibited
significant improvements in all measures of methodologi-
cal quality (range of adjusted odds ratios 2.4-8.2, P<0.0001
for all study design elements; Online Table). These analyses
also identified stroke as the CVD studied as an independent

positive predictor of one or more study design element in ev-
ery journal.

Citations According to Index Study Methodology

At 60 months, 41441 articles citing the 1681 preclinical stud-
ies that were published between July 2006 and June 2011 were
identified. The median citation count per preclinical study was
20 (interquartile range 13-31, range 0—131). Studies that im-
plemented randomization, blinding, or sample size estimation
had similar numbers of citations as those that did not; how-
ever, studies that included both males and females were cited
less frequently (median 18 versus 20, P=0.023). The cumula-
tive number of these study design elements was not associated
with citation counts (Figure 7). No study implemented all 4 of
the above design elements and only 20 studies (1.2%) incorpo-
rated 3; therefore, studies with >2 were grouped together for
this analysis. The above associations (or lack thereof) between
study design element(s) and number of citations persisted af-
ter adjusting for journal of publication, year of publication,
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Figure 4. Sample size estimation in preclinical cardiovascular research studies published over a 10-y period stratified by

(A) disease studied and (B) species used. Dark blue corresponds to the proportion of studies reporting sample size estimations/
power calculations; numbers in bars correspond to absolute numbers of studies. Valvular disease and resuscitative medicine studies
were included in the “Other” category because of the small number of relevant publications. “Combination” refers to more than one
animal species used within the same publication; animal models in the “Other” category included guinea pig, gerbil, and hamster. *For

comparison of studies incorporating sample size estimation vs not.

and CVD studied in multivariable regression models and all
findings were comparable in sensitivity analyses of citation
counts at 36 months.

Discussion
Preclinical cardiovascular research using animal models plays
an integral role in advancing the care of patients afflicted with
CVDs. However, its impact is contingent on its scientific va-
lidity, reproducibility, and relevance to human physiology
and disease. It is understood that inherent limitations of using
animals to model human diseases can undermine the predic-
tive value of preclinical findings, rendering it difficult for even
the most skilled scientists to make impactful discoveries.?
However, this difficulty is compounded when methodological
sources of bias are introduced. We systematically examined
a continuous and large body of preclinical cardiovascular re-
search to determine how often randomization, blinding, and a
priori sample size estimation are incorporated and did so over
a sufficiently long period to draw meaningful conclusions on

the temporal patterns of these practices. We report that, over-
all, these design elements are rarely implemented in studies
published in leading peer-reviewed cardiovascular journals,
paralleling the previously reported prevalence of sex bias.?
Furthermore, apart from a modest increase in the proportion
of studies reporting sample size calculations, there has been
no improvement in these practices over the past decade, al-
though stroke research may be a notable exception. Finally,
analyses of citation counts suggest that crucial methodologi-
cal aspects of preclinical studies may be overlooked by car-
diovascular researchers, affording potentially biased research
comparable influence on scientific research efforts as method-
ologically more robust studies.

Poorly designed preclinical studies not only contribute
to experimental irreproducibility>’ and wasted resources®#
but also may result in erroneous conclusions regarding the
treatment effects,’?!234546 which can ultimately spur or deter
clinical trials in humans with consequent risk of harm.!>247
The experimental design elements evaluated in our study are
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deemed crucial to improving the quality of preclinical research
by addressing selection bias (randomization); minimizing
performance, detection, and attrition bias (blinding); ensuring
adequate statistical power and the ethical use of animals (sam-
ple size estimation); and promoting research relevance for
both men and women (inclusion of both sexes).!:6-7:10:13.26:48:49
Although these elements are routinely implemented in clini-
cal trials as they have been shown to protect against bias and
imprecision,”>* they have conspicuously not permeated pre-
clinical experiments.!?*>43¢ The high degree of experimental
control that is possible in preclinical research (eg, via genetic
and environmental homogeneity) can reduce variation and
the sample sizes required relative to clinical trials; however,

variations in injury or disease induction and the potential for
persistent and unrecognized confounders represent important
sources of bias.5*"%

Furthermore, despite a pervasive belief among scientists
that there is a reproducibility “crisis” in research that is at-
tributable to methodological and reporting shortcomings,'
our citation analyses suggest that greater methodological rigor
in preclinical cardiovascular research does not translate into
greater scientific influence. A similar observation was noted
by Amgen in a study of 53 preclinical cancer research pub-
lications: studies that they could not adequately reproduce
were cited as often, if not more often, than those that they
could successfully reproduce, irrespective of the journal of
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Figure 6. Temporal patterns in randomization, blinding, sample size estimation, and inclusion of both sexes in preclinical
research for the most commonly studied cardiovascular diseases. Note the different scale of y-axis for sample size estimation. CM/

HF indicates cardiomyopathy/heart failure.
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publication’s impact factor.'” The suggestion that methodolog-
ically robust studies are given equal consideration as studies
at greater risk of bias by cardiovascular researchers is trou-
bling as it undermines the reputed “self-correcting” tenet of
science and increases the risk of pursuing unfruitful avenues
of research.>>4448

Cogent analyses and arguably practical solutions to im-
prove preclinical research quality (and secondarily to enhance
research translation) have been proposed. However, evidence
of changes in research practice and data on the impact of cor-
rective actions are scarce.'® Several guidelines and checklists
have been developed to improve preclinical methodology*>5%%
and reporting, #5062 yet there is little indication that they
are effecting change despite being widely endorsed.* 36
Systematic reviews and meta-analyses have been advocated
as safeguards to expose bias in preclinical research before
embarking on clinical trials,’#"%% but they are limited by the
internal validity of included studies®® and are not routinely
performed. Changes in research funding such as those under-
taken by the NIH?? may bolster these efforts; however, our
analyses of animal studies in the cardiovascular sciences have
not shown signs of substantial changes in research practices or
reporting since they were announced.”

Journal editors and reviewers directly influence what is
published thereby often serving as ultimate gatekeepers of re-
search findings; yet, few journals effectively encourage the use
of reporting guidelines.”’” At the time of writing, there exists
considerable variation in author guidelines for reporting ani-
mal studies among leading cardiovascular journals with few
requiring authors to report randomization, blinding, sample
size estimation, or the sex of the animals used—requirements
that could increase transparency and reinforce the importance
of these study design elements.”® Uniquely, however, Stroke
implemented a “Basic Science Checklist” in 2011 (updated in
2016),?® which includes all of these relevant elements, forms
part of the manuscript submission process, and is evaluated by
editors and reviewers. Over the 2.5 years after its introduction,
Minnerup et al*? noted improvements in randomization, blind-
ing, and allocation concealment compared with the preceding
18 months. We noted significant improvements in the quality
of preclinical stroke research, 90% of which was published
in Stroke, raising the question of whether these improve-
ments were due to journal editorial policies/culture or driven
by changes in research practices among stroke researchers in
general. Our post hoc analyses suggest that it is likely a com-
bination of both: Stroke uniquely showed improvements in all

study design elements even after adjusting for CVD studied
and animal model used, but stroke as the CVD studied was
identified as an independent predictor for at least one study
design element for every journal examined. Our findings,
therefore, corroborate those of Minnerup et al*? and expand
upon them by demonstrating that these improvements have
continued into 2016, extend to sample size estimation (and to
a lesser extent inclusion of both sexes), contrast with an ex-
tended preceding period of suboptimal reporting, and have not
been paralleled in other prominent cardiovascular journals.
Therefore, although not conclusive, our data suggest that jour-
nal editors and reviewers can exert considerable influence on
preclinical research practices and reporting. Yet, our findings
also suggest that stroke research has independently improved
in quality—a finding that may be attributable to its commu-
nity’s early appreciation of the importance of methodological
rigor in preclinical science and extensive involvement in ef-
forts to improve research translation,”20-21:46.5868-71

Our study is not without limitations. The study sample
comprised articles from 5 cardiovascular journals over 10
years, which may not fully represent preclinical cardiovascu-
lar research publications or practices. However, we deliberate-
ly selected AHA journals given their prominence in the field
of cardiovascular medicine, established reputation, collective
focus on a broad range of CVDs, and unanimous endorsement
of the NIH guidelines on rigor and reproducibility. Given that
none of the American College of Cardiology or European
Society of Cardiology journals have endorsed the guidelines
so far,”” our data may actually overestimate the methodologi-
cal quality of most preclinical cardiovascular research. There
is no accepted definition for preclinical studies therefore cri-
teria were developed for this study. It is, therefore, possible
that not all relevant studies were included in our analysis.
However, the inclusion criteria used, the number of journals
reviewed, and the substantial inter-rater agreement for study
inclusion support the validity of our results and render our
data the best available on methodological rigor in preclini-
cal cardiovascular research. Furthermore, our inclusion crite-
ria are in line with previously proposed distinctions between
“exploratory” and “confirmatory” preclinical research.”¥3!
Our analysis considered blinding as a single and dichotomous
variable, which limits detailed assessments of this design ele-
ment, and did not examine all relevant potential sources of
bias. Data handling and publication bias, for instance, are
important factors that may contribute to irreproducibility in
science. 26797111343 Ag well, factors other than experimental
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methodology can influence the predictive value of preclinical
research, including how well an animal model reflects human
physiology and disease,***37* the appropriateness of statisti-
cal analyses,” and a lack of standardization of definitions and
surrogate markers,’*”> which were not examined. Although ar-
ticle citation is the most commonly used measure of research
impact, it is an imperfect indicator.**3* Finally, study design
elements may have been implemented but not reported, which
could result in underestimates of their prevalence. However,
underreporting of measures of methodological rigor is be-
lieved to be low*** and therefore unlikely to have significantly
influenced our results.

Our analysis of preclinical research published in leading
cardiovascular journals over the past 10 years demonstrates
that methodological sources of potential bias and imprecision
are prevalent, have not appreciably improved over time, and
may be overlooked by researchers when basing subsequent
studies. Concerted efforts to address this problem are urgently
needed. Stroke research has uniquely shown substantial im-
provement in several measures of quality in recent years, war-
ranting a closer examination to identify drivers of its success.
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A. Disease
Atherosclerosis

Arrhythmia

Hypertension
Metabolic/endocrine disorders
Cardiomyopathy/heart failure
Pulmonary hypertension
Stroke

Hematologic disorders

Other

Myocardial infarction
Aneurysm/dissection

Transplantation medicine

B. Animal model
Combination

Rabbit

Mouse

Dog

Other

Pig

Rat

Online Supplemental Figure. Inclusion of both sexes in preclinical cardiovascular research studies

SUPPLEMENTAL MATERIAL
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41
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p*
<0.0001
0.032

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
0.019

<0.0001
<0.0001
<0.0001

20% 40% 60% 80% 100%

" Both sexes = Males m=mFemales Not reported

published over a 10-year period stratified by (A) disease studied and (B) species used. Valvular
disease and resuscitative medicine studies were included in the ‘Other’ category due to the small
number of relevant publications. Numbers in bars correspond to absolute numbers of studies.
‘Combination’ refers to more than one animal species used within the same publication. *For
comparison of proportion of studies including both sexes vs. males or females only.
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Supplemental Table: Comparison of study design element implementation in preclinical studies before and after the implementation of

the Stroke Basic Science Checklist, stratified by journal of publication

Period 1* Period 2* Crude OR Adjusted OR
n (%) n (%) (95% CI) P (95% CI)' pf

Circulation n=464 n=208

Randomization 107 (23.1) 36 (17.3) 0.7 (0.5-1.1) 0.093 0.7 (0.4-1.1) 0.119

Blinding 169 (36.4) 59 (28.4) 0.7 (0.5-1.0) 0.042 0.7 (0.5-1.0) 0.043

Sample size estimation 7(1.5) 5(2.4) 1.6 (0.5-5.1) 0.422 NR

Inclusion of both sexes 64 (13.8) 29 (13.9) 1.0 (0.6-1.6) 0.959 1.0 (0.6-1.6) 0.967
Circulation Research n=303 n=183

Randomization 35 (11.6) 29 (15.8) 1.4 (0.8-2.5) 0.176 1.4 (0.8-2.5) 0.261

Blinding 93 (30.7) 60 (32.8) 1.1 (0.7-1.6) 0.630 0.9 (0.6-1.4) 0.788

Sample size estimation 1(0.3) 1(0.3) 1.7 (0.1-26.7) 0.721 NR

Inclusion of both sexes 57 (18.8) 33 (18.0) 0.9 (0.6-1.5) 0.830 1.0 (0.6-1.6) 0.937
Hypertension n=485 n=375

Randomization 104 (21.4) 81 (21.6) 1.0 (0.7-1.4) 0.956 1.2 (0.9-1.7) 0.298

Blinding 101 (20.8) 86 (22.9) 1.1 (0.8-1.6) 0.457 1.1 (0.8-1.5) 0.617

Sample size estimation 0 (0) 1(0.3) — 00 (0.0-00) 0.946 NR

Inclusion of both sexes 43 (8.9) 36 (9.6) 1.1 (0.7-1.7) 0.712 1.1 (0.7-1.7) 0.798
Stroke n=316 n=185

Randomization 120 (38.0) 119 (64.3) 2.9 (2.0-4.3) <0.0001 3.2 (2.1-4.7) <0.0001

Blinding 171 (54.1) 144 (77.8) 3.0 (2.0-4.5) <0.0001 3.0 (2.0-4.5) <0.0001

Sample size estimation 10 (3.2) 35 (18.9) 7.1(3.4-14.8) <0.0001 8.2 (3.7-18.4) <0.0001

Inclusion of both sexes 15 (4.7) 20 (10.8) 2.4 (1.2-4.9) 0.012 2.4 (1.2-4.9) <0.0001
ATVB n=476 n=401

Randomization 61 (12.8) 48 (12.0) 0.9 (0.6-1.4) 0.706 0.9 (0.6-1.4) 0.668

Blinding 130 (27.3) 97 (24.2) 0.8 (0.6-1.2) 0.293 0.7 (0.5-1.0) 0.026

Sample size estimation 2(0.4) 10 (2.5) 6.1 (1.3-27.8) 0.021 NR

Inclusion of both sexes 72 (15.1) 52 (13.0) 0.8 (0.6-1.2) 0.361 0.8 (0.6-1.3) 0.411

NR: not reported due to small number of events per predictor variable; OR: odds ratio
*Periods 1 and 2 correspond to before and after the date of implementation of the ‘Basic Science Checklist’ by Stroke, respectively
tAdjusted for cardiovascular disease studied and animal model used
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APPENDIX B

Editorial

High Appraisal of Methodological Quality of Basic Science
Articles Published in Stroke

Wolf-Riidiger Schibitz, MD; Jens Minnerup, MD; Marc Fisher, MD; Jaroslaw Aronowski, MD

See related articles, p 2341, p 2632
Translational failure from bench to bedside in medical
research may be due, at least in part, to the suboptimal
quality of experimental studies. For example, the factors
such as lack of blinding and randomization in experimental
studies may lead to an overestimation of treatment effects,
contributes to irreproducibility of experimental data, and
subsequently blocks translation into the clinic.! To over-
come this dilemma, the Animal Research Reporting In vivo
Experiments guidelines provided recommendations for
design and reporting of animal experimental studies.? Stroke
was a pioneer in the effort to improve the quality of preclini-
cal research by establishing a requirement for the reporting
of methodological quality of animal studies by implementa-
tion of the Basic Science Checklist, a prerequisite for experi-
mental research later delineated by the landmark article of
Landis et al.?

In a recent article, Ramirez et al* systematically exam-
ined the methodology of preclinical studies published in 5
major cardiovascular journals published by the American
Heart Association: Circulation, Circulation Research,
Hypertension, Stroke, and Arteriosclerosis, Thrombosis,
and Vascular Biology, between July 2006 and June 2016.
The authors sought to determine how often studies met basic
quality indicators, such as randomization, blinding, and a
priori sample size estimation/power calculation, and so forth.
Studies reporting in vivo experiments in nonhuman mam-
mals describing pathophysiology, genetics, and therapeutic
interventions relevant to specific cardiovascular disorders
were considered. Twenty-eight thousand six hundred and
thirty-six articles were screened; 3396 met inclusion criteria.
Overall, the results showed disappointingly poor study qual-
ity of articles published in these journals: overall randomiza-
tion was reported in only 21.8%, blinding procedures in just
32.7%, and sample size estimation/power calculation was de
facto absent (reported in only 2.3%). These numbers remained
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American Heart Association.
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largely unchanged over the whole observation period of 10
years, except for basic science stroke studies. These studies,
90% of which were published in Stroke, show an encouraging
and substantial increase in study quality indicators compared
with the 4 journals. In the 2015/2016 examination period, ran-
domization in preclinical stroke studies reached 65% versus
<23% compared with atherosclerosis, hypertension, cardio-
myopathy/heart failure; blinding surpassed 80% versus <30%,
and sample size estimation/power calculation reached 23%
versus <5%, respectively.

These positive findings support an earlier analysis made
from basic science articles published in Stroke before and
after the implementation of the Basic Science Checklist (first
introduced in 2011,° updated in 2016°). The use of the check-
list tool led to an increased reporting of inclusion and exclu-
sion criteria definition, allocation concealment, and blinding
and showed an increase of studies with the highest quality
category of the checklist item sum score compared with
the period before where no checklist existed.” An interest-
ing question is certainly whether these improvements were
because of the journal editorial policy or may even reflect a
change in research practice in the basic science stroke com-
munity. A post hoc analysis by Ramirez et al* came to the
conclusion that it is likely a combination of both: Stroke
uniquely showed improvements in all study design elements
even after adjusting for cardiovascular disorder studied and
animal model used, but stroke as the cardiovascular disorder
studied was identified as an independent predictor for at least
one study design element for every journal examined.*

Interestingly, but not unexpected, the Ramirez et al* report
of poor preclinical study quality not to impact on citations at
60 months. Article citation is a most commonly used measure
of research impact but is obviously an imperfect indicator of
study quality.” Despite the superior quality of basic science
articles published in Stroke, its impact factor ranges below
that of the cardiovascular journals, Circulation or Circulation
Research. However, Stroke articles belong to the most accessed
ones with >11 million downloads in 2016 and an higher article
influence score, measuring the high relative importance of the
journal on a per-article basis, compared with other neurologi-
cal and cardiovascular journals.

Beside novelty and innovation, one of the most impor-
tant issues in real life and in particular in research is qual-
ity. Obviously, Stroke basic science authors are on the right
path, but further quality improvement of preclinical articles is
needed. Well performed experimental studies will impact the
field, alleviate the translational roadblock, and finally contrib-
ute to a better treatment of stroke patients. We anticipate that
the recently updated preclinical checklist will lead to further
improvements in the quality of preclinical research published
by Stroke over the next few years.
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E-ditorial

I’ll Have the Rigor, but Hold the Mortis

Steven P. Jones

There is no rigorous definition of rigor
—Morris Kline, 20" century mathematician

uch has been written about a perceived lack of rigor in

biomedical research,' and this deficiency is implicated
in the inability to replicate results from one laboratory in an-
other. Such discussions may often be based more on anecdotal
information rather than systematic studies; however, it is be-
coming accepted that clearer methodologies could benefit the
scientific community. More importantly, this perceived lack
of rigor supposedly underlies, in part, the failure to translate
laboratory findings to the clinic. But what does such rigor look
like? There are multiple elements of experimental design that
can be affected by rigor, including how a study was designed,
conducted, analyzed, and interpreted. Whether and how such
elements are made evident in published studies is the subject
of Ramirez et al,”> which stimulates a broader discussion on
topics related to transparency, rigor, and reproducibility, all of
which could ultimately relate to a common theme: bias.

Article, see p 1916

There are several salient features of Ramirez et al.> Not
surprisingly, the authors found that 4 of 5 publications they
evaluated did not report blinding. If the literature is replete
with studies in which blinding was not used for the purpose
of promoting experimental bias (which, I hope, it is not), it
would erode one’s confidence in the literature. Although it
is safe to say that many of these unblinded studies were in-
deed unblinded for unknown reasons, I am not convinced that
not reporting blinding equates to not blinding. That is, many
authors may not have reported blinding although they incor-
porated blinding into their study execution. For some investi-
gators, blinding has been a natural but unpublicized practice,
like calibrating pH meters, pipets, and analytic balances—all
things (some) experimentalists do, but do not tell people. So,
what should change? Authors should explicitly report blinding
or the lack thereof, and editors and reviewers should ask for
and recognize when blinding may or may not make a differ-
ence. I think a generalized transition to blinding should hap-
pen sooner rather than later because it is a simple and valuable
addition to the design of most studies.
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There are other issues underlying the barriers to interlabo-
ratory experimental replicability. It should be acknowledged
that discrepant results between laboratories should not neces-
sarily mean that at least one of the laboratories engaged in
substandard practices (eg, not blinding). Although it is cer-
tainly possible that the results of 2 laboratories seem oppo-
site from one another at the level of their conclusions, there is
always an explanation. And while sometimes the explanation
for the apparent contradiction may involve marginal practices,
many times it does not. In fact, a transparent conversation be-
tween the 2 laboratories may often identify where one labora-
tory differed from the other. In a utopian scientific landscape,
the discrepant parties could discuss it with one another, per-
haps even before publishing their study. Such an approach
would limit the inevitable divisions into factions of the devout
and the heretical. It is, however, doubtful that collaboration
across seemingly religious scientific denominations will soon
become common practice. Because many scientists are chas-
ing acceptance by glamor journals, whose focus is on items
that could potentially be picked up by the lay press, there is no
reward for collaborating with other scientists who may have
used a different experimental design. In addition to the ab-
sence of reward, it seems that some publishing outlets actually
relish in conflict and discord. Thus, some journals (certainly
not most) seem to be most interested in grabbing attention,
and just like much of the lay media, thrive on controversy, and
fights. Such an ecosystem then encourages and enables stud-
ies that antagonize one another and provokes scientists into
making grand claims about the implications of their study.
After all, have not heart disease and cancer already been cured
dozens of times, at least according to major media outlets?
Ramirez et al® ask another important question in their study:
Is recent cardiovascular literature improving in reporting of
experimental rigor? The answer, simply put, is not really. The
authors identify a general exception in the stroke literature,
which seems to be driven by proactive decisions at the journal
level. The authors also indicate that during the time period
of study, the National Institutes of Health (NIH) issued guid-
ance on related topics. Specifically, in 2014, the NIH pub-
lished its guiding principles about rigor and reproducibility
(https://www.nih.gov/research-training/rigor-reproducibility).
Although much can happen in 3 years, this is a short time
to expect a cultural change in the way scientists conduct (or
at least report) studies. Although it is true that there may not
have been a significant difference in the way literature has
been reported since the NIH’s guidance, perhaps such an
expectation of causality (ie, between the NIH’s 2014 state-
ment and published studies) is premature. There is really little
reason to think the 2014 publication of the NIH’s principles
about rigor and reproducibility would have yet changed what
is occurring in the published literature—the time from grant
preparation to study completion to publication is not short. I
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agree with the premise—that the NIH’s guidance will even-
tually have a positive impact on methodological rigor—but
we have not yet seen the impact of the NIH’s engagement of
vigilance about these principles. Moreover, journals’ lack of
coherence or action on such expectations has been slow, and
even lip-service provided on the topic is not widespread. It is,
therefore, not surprising that there has not been a significant
change in methodological reporting, except when mandated
by a journal.

Journals—not funding agencies—have the greatest poten-
tial for immediate and significant impact on methodological
rigor and reporting and by extension reproducibility. Journals
must decide that such aspects of a study design/reporting fig-
ures prominently into their decision-making algorithm. Also,
it is not simply that journals lack initiative in encouraging
transparency and rigor. Some journals indirectly contribute to
problems with methodological reporting by restricting their
page allowances, and Methods are the first section to be cut
or relegated to the supplement. Perhaps, the growing glut of
journals should show restraint in their publication of an ex-
traordinary number of positive studies at the expense of reject-
ing negative studies, particularly those performed rigorously.
Likewise, scientists should be more careful and transparent in
their reporting of methodologies. Unfortunately, many jour-
nals will likely continue to bias toward a flashy headline over
a carefully conducted study. Thus, some level of reward for
experimental rigor, or punition for lack thereof, must occur
during the article adjudication process.

Again, the issues triggered by Ramirez et al® are important
and stimulating on many levels. For example, let us consider
the topic of reporting negative studies: is it ethical to continue
a study that is, at an interim analysis, deemed futile? Clinical
research usually involves an intermittent inspection of the
data for safety, overwhelming benefit, or futility, and there are
many examples of clinical studies being terminated for these
reasons. Thus, should preclinical studies include interim looks
at the data to test for futility (which come with a statistical
penalty)? And, if the studies are deemed (statistically) to be
futile, how would this be reported? Or, should the negativity
of the interim assessment be ignored and the study completed?
If so, are there ethical implications? These and other questions
should be considered thoroughly before anything approaching
a blanket mandate is issued.

In this brief space, there are far too many issues to ad-
dress, particularly related to rigorous conduct of preclinical
research. There is, however, another area of general discus-
sion stimulated by the work of Ramirez et al>—that is, the
translation of preclinical studies to clinical practice. It is safe
to say there is no single type of laboratory study. Some in-
vestigations may effectively be final tests of an intervention,
and these may be conducted in large animal models. In this
condition, the most rigorous application of randomized con-
trolled trial (RCT)-like approaches should be applied to in-
crease intrinsic value. In fact, this issue has been addressed in
the cardiovascular field with the CAESAR (Consortium for
Preclinical Assessment of Cardioprotective Therapies) that
had the goal of identifying promising infarct-sparing drugs
by enhancing rigor and reproducibility in preclinical stud-
ies of infarct size reduction.’* CAESAR was an example of

Rigor and Reproducibility in Preclinical Research 1853

conducting multisite, RCT-like preclinical studies; however,
this type of approach is expensive and cumbersome, and there
are other types of studies that do not lend themselves easily to
RCT-like approaches. Applying RCT-like standards to studies
focused on discovery and elucidating fundamental biological
processes may not add the same level of value as applying an
RCT-like standard would add to an in vivo study. In fact, plac-
ing RCT-like expectations on a discovery study could limit
scientific progress because “rigor pushed too far is sure to
miss its aim, however good, as the bow snaps that is bent too
stiffly”” (Friedrich Schiller). Thus, expectations must be appro-
priately calibrated for the goals of the study. At another time,
we can discuss the (ab)use of statistics in preclinical studies,
which was also highlighted by Ramirez et al.”

Rather than list all of the oft-cited preclinical issues that
potentially limit translation to the clinic, consider the share of
ownership of this failure from the clinical side. Too often the
failure to translate is blamed solely on various preclinical de-
ficiencies du jour—to wit, the present reproducibility crisis. It
is potentially curious that preclinical research may be in a cri-
sis because scientists are not reporting methodological details,
implementing blinding, and adequately addressing statistical
concerns. I am confident that multiple, specific examples of
all combinations of such shortcomings exist, but they are not
likely the sole cause for clinical failure of all interventions.
If we rewind the clock several decades—when, presumably,
preclinical work was much more reliable—we see the same
deficiencies lamented by those describing a reproducibil-
ity crisis. That is, a priori statistical considerations were not
made, blinding was not evident, etc. Yet, studies from such
a seemingly lax (tongue in cheek) era translated to the clinic
more frequently. So, perhaps more contemporary scientists
are simply becoming less scrupulous because of temptations
of fame, money, and other such corrupting pursuits.

I would like to mention one last element of the barrier of
translation from the laboratory to the clinic. There is often
ample evidence that interventions deemed ineffective in pre-
clinical studies should also not have worked in the clinical
environment. Many interventions taken to clinical trials had
preclinical evidence to cast doubt on whether the interven-
tion should have been expected to work. One example where
this has been true is with cardioprotection (ie, infarct size
reduction). Preclinical studies have shown protection of vari-
ous agents, some of which were known in preclinical studies
not to be effective if, for example, the duration of ischemia
was extended significantly. Not surprisingly, their subsequent
clinical trials failed to translate, and the preclinical stud-
ies were blamed; however, better design of the clinical tri-
als would have allowed a more direct comparison with the
preclinical work. The inherent variation and imprecision of
the clinical world play a seemingly important, yet poorly de-
fined, role as barriers to translation. A well-executed preclini-
cal study will certainly involve a higher level of consistency,
rigorous adherence to a protocol, and reporting of end points
than a typical multicenter, phase III clinical trial. And, yet,
it could still fail when translated to the clinic. Does this im-
ply that clinical trials are fatally flawed? Of course not. The
point here is that treatment of patients differs in heterogene-
ity and adherence to accepted clinical standards (think phase
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IV, community-based experiences), whereas even poorly con-
trolled preclinical studies would be more consistent (in terms
of subject to subject variation). Germane to this topic, it is
important to note that the majority of preclinical studies do
not include risk factors (eg, diabetes mellitus) or polypharma-
cy—imagine treating heart failure animals, like patients, that
is, with 3-blockers, angiotensin-converting enzyme inhibi-
tors, and aldosterone antagonists. Until the preclinical and
clinical sides move closer to one another, the ownership of
the failure to translate remains community property because
we are part of a larger continuum in our pursuit of knowledge.

In closing, if there is a crisis in reproducibility, journals
share with authors at least part of the responsibility (if you
read this sentence, Circulation Research must be taking se-
riously their responsibility, too). It is abundantly clear that
much more work and thought are needed to address these im-
portant topics discussed here and addressed by Ramirez et al.
Unfortunately, it is not clear who is sufficiently interested to
pay, in terms of time and money, for such an effort. Unless and
until funding bodies, and especially journals, establish clear
sets of expectations, the perception of turmoil, uncertainty,

and irreproducibility will persist. In the meantime, let us start
being more rigorous—it will not kill us.
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The Next Best Thing in Cardiovascular Research
Highlights From the Basic Cardiovascular Sciences Scientific Sessions

Ryan L. Boudreau, PhD

“ hat will be the next best thing in cardiovascular
W research?” This was the loaded question recently
posed in a panel discussion at the American Heart Association
Council on Basic Cardiovascular Sciences (BCVS) 2017
Scientific Sessions, held in Portland, OR, from July 10 to 13.
The panelists made clear the challenge to predict the next
major breakthrough, with most scientists in the room hoping
it would evolve from their own research endeavors. Despite
our inability to predict the future and the notion that most
substantial discoveries are made serendipitously, several
notable highlights in the conference programming reiterated
the paths that will inevitably lead to the next greatest
research successes in the field (Figure).

Diverse and Multidisciplinary Studies

The meeting encompassed >400 scientific abstracts on an
array of research topics, including cardiac fibrosis, oxidative
stress, metabolism, arrhythmias, heart failure signaling, RNA
biology, and novel therapies, with many studies spanning and
integrating multiple disciplines involving molecular, genetic,
and physiological methodologies. A number of important
model systems were highlighted, including advances in
human induced pluripotent stem cell-derived cardiomyocytes,
new models of heart failure with preserved ejection fraction—
an area of emerging interest considering the increasing
prevalence of this morbid condition—and genetic-based
minipig models of hypertrophic cardiomyopathy. Clearly, the
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field’s interest in improving “bench-to-bedside” research
continues to grow. This diversity in approaches and concepts
signifies that our research community continues to cast broad
nets in search of the next best thing, and panelists noted this
as positive, acknowledging that many research avenues show
promise but no single one shows enough to justify major
refocusing of our conglomerate scientific efforts. Instead,
continued collaboration and engagement is needed to under-
stand how our broad research efforts interrelate and fit into
the big picture.

Expanding “-Omics” and “Big Data”
Integration Into Research

The field has made great strides in incorporating large-scale
approaches and data sets along with advanced computational
analyses to deeply interrogate cardiovascular disease. Heaps
of data of varying kinds are pouring out of an array of
biological systems, including expansive patient networks and
animal and cellular models in the laboratory (relevant
reviews"?). Despite significant advances in defining genetic
and environmental risks, cellular pathways of interest, and
more thoroughly characterizing the heart’s “-omics” (eg,
transcriptomes, proteomes, metabolomes, and interactomes),
sustained efforts are needed to continually expand the
application of “big data” and related technologies more
broadly throughout our strong base of basic science labora-
tories. On this front, meeting organizers arranged several new
focused workshops to convey the power of integrating high-
content -omics methodologies and bioinformatics into wet lab
research. Perhaps one of the next best things in cardiovas-
cular research will be the emergence of “hybrid” investigators
with both wet lab and computational skills. With an
understanding of the biological concepts, these scientists
will open new doors by learning to program (eg, scripting in
Perl or R languages), allowing them to efficiently manipulate,
analyze, and integrate the breadth of big data, which can
point to new hypotheses that they themselves can subse-
quently test in wet lab experiments. Indeed, many of the next
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Figure. Schematic overview of key factors that will contribute to major discoveries in

cardiovascular research.

greatest discoveries will likely result from effective scientific
integration and translation across bedside, big data, and
bench themes.

Scientific Rigor, Reproducibility, and
Transparency

The conference also presented a special session on “Ethics,
Open Science, Reproducibility, Unconscious Bias and All That
Jazz,” touching on important topics related to recent National
Institutes of Health initiatives aimed at improving the overall
quality of scientific research. A recent study published in
Circulation Research revealed that a significant lack of
methodological rigor (eg, not randomizing participants, blind-
ing analyses, or adequately determining group sizes) is likely
at the root of the field’s plague of irreproducible data.’
Considering the detrimental effects this has on science and
the public’s view of scientific research, investigators ardently
need to take steps in continuing to discuss and work toward
resolving problems of this nature, as was achieved in this
session. The goal is to minimize the risk of building “houses of
cards” based on weak and unreliable experimental evidence,
while moving toward building scientific foundations on which
the next best thing in cardiovascular research can be realized.

Brave ldeas

The BCVS 2017 Scientific Sessions keynote lecture was
delivered by Dr Calum MacRae, who gave an overview of his
team’s strategy for moving toward the eradication of coronary
heart disease. Last year, Dr MacRae and his collaborative
network successfully competed for the One Brave Idea award

(sponsored by the American Heart Association and Verily, with
support from AstraZeneca), earning an impressive $75 million
to conduct a multiphase exploration of patient cohorts and big
data to identify critical genetic, cellular, and molecular factors
that would allow future identification of patients at high risk of
developing coronary heart disease later in life. Although most
scientists in the room were dreaming of such funding, several
agreed with Dr MacRae that this was “not enough” consid-
ering the scope of the studies and the breadth of the research
team needed to tackle them. Dr MacRae noted that his
intention is to further spread the resources among the
research community to ensure that the ultimate benefit is
bestowed on coronary heart disease patients. Only time will
tell whether this unprecedented program and research
endeavor will yield the next best thing in cardiovascular
research. Nonetheless, the spirit of this award encourages
others to think boldly and creatively about prevalent morbidi-
ties, to focus on patients, and to hope for similar future large-
scale funding ventures to prevent these disease from
devastating society.

In summary, the BCVS 2017 Scientific Sessions were marked
by considerable enthusiasm and highlighted many exciting new
findings and approaches in basic science and translational
research, along with special-topic workshops and sessions that
offered insight into some core components that will contribute
to significant future breakthroughs in the field. Although nobody
could confidently say what the next best thing in cardiovascular
research will be, perhaps the answer for attendees is quite
simply, “the upcoming BCVS Scientific Sessions.”
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Preclinical Studies Don't Regularly Adhere to Best Practices
Animal experiments published in a handful of cardiovascular journals mostly ignore NIH
guidelines.

May 8, 2017
KERRY GRENS

WIKIMEDIA, RAMA

In 2014, the National Institutes of Health established guidelines for preclinical experimental design—
hoping to encourage researchers to adopt best practices, such as randomization and the inclusion of
both sexes of lab animals. Yet, in the years preceding and since, the majority of papers published in
several cardiovascular journals show a widespread disregard for these standards, according to a recent
analysis published in Circulation Research.

“If we're falling down at this early stage, we have very little hope of having a good translation rate,” said

Benjamin Hibbert, a cardiologist and researcher at the University of Ottawa who led the study.

The notable exception to the trend, Hibbert and his colleagues found, was one journal, Stroke, which saw
a marked increase in the adherence to best practices following the implementation of a Basic Science
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roughly the same standards as NIH’s guidelines: randomization, blinding, sample size estimation, and

explanations of which animals were included, among other expectations.

“It shows that [our] required preclinical checklist for treatment related animal experiments have
improved the quality of our preclinical papers,” Marc Fisher, Stroke’s editor-in-chief who developed the

checklist, wrote in an email to The Scientist, “but we are still trying to make them even better.”

In light of concerns about reproducibility and the quality of animal studies, Hibbert’s team wanted to see
how preclinical study design had changed in recent years. They gathered nearly 4,000 papers published
from 2006 to 2016 in five journals under the umbrella of the American Heart Association: Circulation,
Circulation Research, Hypertension, Stroke, and Arteriosclerosis, Thrombosis, and Vascular Biology. All of the
papers included in the analysis reported the results of in vivo interventions on animals. Hibbert and his
coauthors then picked through each paper to see how it complied with the four standards:
randomization of animals, having a researcher blinded to the treatment groups, sample size estimation,

and the inclusion of both sexes of model organism.

Of these four criteria, only sample size estimation became more common. But, as the researchers
pointed out, it was reported in fewer than 7 percent of papers by the end of the decade of publishing
they considered. Although it didn’t change over time, blinding was more commonly reported than
sample size estimation—in more than 35 percent of papers in 2016—and randomization was present in

more than 25 percent of papers in 2016.

As far as the sex of the animals included, Hibbert and colleagues found 80 percent of papers disclosed
the sex, with 71.6 percent of those studies using males only. Around 13 percent used only female animals,

and roughly 15 percent used both (they published these data separately in February in Circulation).

“I thought, given the progress made in clinical trials [regarding the inclusion of females], that would
percolate into preclinical researcher circles,” said lead author Daniel Ramirez, a research fellow at the
Ottawa Heart Institute. “But there was no signal we could find that males are being used exclusively less

so than before. If anything it’s increasing.”

“This paper points out a number of methodological problems in the preclinical cardiovascular literature
in various journals, including Circulation Research. The fact that we elected to publish this article is an
eloquent testimony to the seriousness of our concern regarding rigor in preclinical research,” Roberto
Bolli, the editor-in-chief of Circulation Research, wrote in an email to The Scientist. He added that his
journal is taking steps to boost the scientific rigor of the papers it publishes, including laying out

expectations for experimental design.

Nathalie Percie du Sert, the experimental design program manager for the National Centre for
Replacement, Refinement, and Reduction of Animals in Research (NC38Rs) based in London, said she is
not surprised by the results. “Researchers don’t realize that this can have an impact on their results, so

they don’t know enough how important those measures are.”

Except for the inclusion of both sexes, Stroke outperformed other journals in the percentage of papers

complying with the preclinical standards, and adherence became even better after the 2011 checklist
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78 percent included blinding of their treatment allocation, and close to 19 percent reported sample size

estimation. That was up from roughly 38 percent, 54 percent, and 3 percent, respectively.

“It’s a credit to Stroke,” said Hibbert. “Implementing that checklist and incentivizing properly is the only

way you're going to get people to comply.”

It’s also a credit to the stroke research community at large, noted Percie du Sert, who said the stroke field
has been leading the charge for better preclinical design. Her organization has also been working to
develop standards for proper experimental design. NC3Rs established the ARRIVE guidelines (for
Animal Research: Reporting In Vivo Experiments) in 2010, and since then numerous journals have
endorsed them. NC3Rs is currently funding a trial to see if requiring authors to fill out an ARRIVE
checklist upon submitting a manuscript can effect positive change. And the organization has developed

an online tool to help guide scientists through study design.

While Hibbert said he was encouraged by Stroke’s progress, one result was particularly discouraging: the
citations given to papers of sub-par experimental design. He and his colleagues found no relationship

between citations and papers that either adhered to the guidelines or didn’t.

“We naively thought that people who are doing better science must be getting rewarded,” said Hibbert.

“It has no impact. People don’t recognize high quality and low quality science.”

F.D. Ramirez et al., “Methodological rigor in preclinical cardiovascular studies: Targets to enhance
reproducibility and promote research translation,” Circ Res, doi: 10.1161/CIRCRESAHA.117.310628,
2017.
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E-ditorial

New Initiatives to Improve the Rigor and Reproducibility
of Articles Published in Circulation Research

Roberto Bolli

he rampant irreproducibility of scientific articles is argu-

ably the most serious problem that bedevils biomedical
research.”'? Tt is a veritable plague that undermines the cred-
ibility of published studies, hinders clinical translation of basic
work, and impedes the progress of medicine. Disquietingly, the
problem seems to be getting worse rather than better.'® Although
the causes of irreproducibility are multifarious, inadequate rigor
is probably the most important>"'; thus, it will be impossible to
augment reproducibility without augmenting methodological
rigor. It is not the purpose of this editorial to revisit the nature,
origins, mechanisms, and consequences of irreproducibility,
all of which have been discussed innumerable times in recent
years, both in the literature and in ad hoc workshops.'"'> There
has been enough discussion; now it is time for action.

Much of this action must come from editors. Publication
of methodologically flawed or suboptimal research can be
limited by promulgating, and diligently applying, higher
standards during editorial evaluation of submitted work. The
editors of Circulation Research believe that the journal has a
responsibility to implement initiatives that promote more rig-
orous and, therefore, more reproducible scientific work. It is
for this reason that Circulation Research has published several
reviews, editorials, Viewpoints, and News & Views articles fo-
cused on this issue.">”12 It is for this reason that the journal
has joined other leading journals to promote reproducibility
of biomedical research* by endorsing the National Institutes
of Health principles and guidelines for reporting preclinical
research,® and it is for this very reason that we have recently
chosen to publish a study showing that only a minority of pre-
clinical animal experiments reported in leading cardiovascular
journals (including Circulation Research) adheres to basic cri-
teria necessary to assure rigor: for example, it was found that
during a 10-year span, blinding was reported in 33% of the
articles examined, randomization in 22%, and a priori sample
size calculation in 2%.” The most troubling aspect of this re-
port is that, with the exception of stroke research, there has
been no improvement in the level of rigor in the past decade.’

The purpose of this editorial is to announce new initiatives
aimed at enhancing the rigor, transparency, and reproducibil-
ity—and, thus, the overall robustness—of articles published

The opinions expressed in this article are not necessarily those of the
editors or of the American Heart Association.
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in our journal. Three distinct initiatives will be implemented:
checklists for rigor, measures to improve transparency, and a
policy on refutations.

Checklists for Rigor

As of October 1, 2017, Circulation Research will require that
authors fill out checklists to document the methodological
rigor of preclinical work submitted for publication. Different
checklists will be used for studies in animals and for studies
in vitro because the challenges are different in the 2 settings.
Although methodological weaknesses plague all domains of
research, they seem to be particularly conspicuous in animal
studies.>'""'* Accordingly, major emphasis in the checklists
will be given to the methodology and reporting of investiga-
tions in animals.

Checklists for Studies in Animals
Authors will be asked to complete 2 checklists: a short one on
initial submission and a longer one if and when the article is
resubmitted in revised form. These documents are modifica-
tions of similar documents that were recently implemented by
Stroke® and have resulted in improved adherence to standards
of rigor.”" The short checklist (Table 1) is relatively simple and
covers the basic methodological aspects that are considered es-
sential to the validity of the work: description of animals used,
use of randomization, use of blinding, specification of inclusion
and exclusion criteria and whether such criteria were estab-
lished a priori, reporting of animals excluded, and description of
statistical methods. The long checklist (Table 2) is much more
detailed, providing information that enables in-depth evaluation
of the level of rigor (and, therefore, robustness) of the study.
The short checklist will be used by reviewers and edi-
tors to evaluate the article but will not be published. The long
checklist will be published as an online supplement along
with the article; its purpose is to assist not only reviewers and
editors, but also readers, to fully evaluate the extent to which
the work adheres to standards of rigor. By examining the long
checklist, readers will be able to assess for themselves the
strengths and weaknesses of the study and how robust the data
and conclusions are. The long checklist is accompanied by an
explanatory document (Table 3), modeled after that used by
Stroke,*'* which clarifies the standards of rigor outlined in the
checklist and assists the authors in reporting them. We have
elected to use 2 checklists because most articles submitted to
Circulation Research are rejected at first submission; thus, re-
quiring detailed information for every article that is submitted
would be unnecessarily burdensome for the authors.

CheckKklist for Studies In Vitro
For molecular and cellular studies performed in vitro, authors
will be required to fill out only one checklist if and when the
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article is resubmitted in a revised form. This document (checklist
for in vitro studies; Table 4) will be provided as a downloadable
PDF file on the journal webpage and will cover the fundamental
aspects that determine the rigor and robustness of the work, in-
cluding technical replicates, characteristics of the antibodies and
cell lines used, data processing and conversions, presentation of
Western blots and immunofluorescence images, etc. This check-
list will not be published, but authors will be asked to include
the corresponding information in the text or in an online supple-
ment. As in the case of the animal studies, the checklist will be
accompanied by an explanatory document (Table 5), modeled
after that used by Stroke,*'* which clarifies the standards of rigor
outlined in the checklist and assists the authors in reporting them.

Although the new checklists clearly enunciate the desired
standards of rigor, it is important to stress that failure to comply
with some of the criteria outlined in these lists will not auto-
matically or necessarily lead to rejection. Each study is differ-
ent, and the weight that rigor has in the editorial decision must
be individualized for each article. In the case of animal work,
rigor is particularly important in validation studies—studies
designed to verify the validity of a hypothesis in vivo (eg,
whether a type of cell therapy, previously suggested to alleviate
left ventricular dysfunction in exploratory studies, does indeed
have such an effect). In contrast, some of the standards outlined
in Tables 1 and 2 may not apply to exploratory, hypothesis-
generating, or mechanistic animal studies (ie, studies where
the primary goal is to explore the effect of an intervention in
vivo for the first time, to obtain initial evidence in support of a
hypothesis, or to elucidate a molecular or cellular mechanism).
There are also gray zones. Many preclinical studies contain a
combination of in vitro and in vivo data; the importance of
the in vivo component varies greatly, and in some cases, these
data may be peripheral to the main goal of the study. Thus,
decisions on acceptance or rejection will continue to be made
on a case-by-case basis depending on the specific content and
features of each submitted article. If adherence to particular
standards outlined in Tables 1, 2, and 4 was not appropriate or
meaningful, we encourage the authors to address these issues
in the text and to describe why this was the case.

Measures to Improve Transparency

In addition to the checklists, and in keeping with the goal of en-
hancing transparency,® we ask authors to use online supplements
to provide detailed experimental protocols and communicate
any secondary results not reported in the main article, both for in
vivo and in vitro studies. As stated previously on these pages,*'
we expect all articles to describe the methods in sufficient detail
to enable others to reproduce the work; this is usually achieved
by publishing a detailed Methods section online. As recom-
mended by the National Institutes of Health guidelines, authors
should use online data supplements to describe “any similar ex-
perimental results that were omitted from the reporting for any
reason, especially if the results do not support the main findings
of the study” and “any outcomes or conditions that were mea-
sured or used and are not reported in the Results section.”

Policy on Refutations
Circulation Research also adheres to the National Institutes
of Health recommendation that if an article is published in

our journal, the journal “assumes responsibility to consider
publication of refutations of that article, according to usual
standards of quality.”® In other words, an article that contra-
dicts previous findings will not be penalized for not being the
first; if the article is of quality consistent with the standards of
Circulation Research, it will receive the same priority as if it
were the first.

Other Considerations
The CAESAR Experience

An excellent example of the importance of methodological
rigor can be found in the field of cardioprotection (limita-
tion of myocardial infarct size), where thousands of therapies
have been claimed to reduce infarct size during the past 5 de-
cades, yet few have been reproducibly effective and (with the
exception of early reperfusion) none has been translated into
a clinical therapy.'" The major reason for this colossal fiasco
has been insufficient methodological rigor and transparency.'!
This problem was addressed in a workshop organized by the
NHLBI in June 2003, which resulted in the implementation
of a multicenter consortium (CAESAR) that conducted stud-
ies of putative cardioprotective therapies with a level of rigor
comparable with that of randomized clinical trials; for exam-
ple, with the use of randomization, blinding, a priori sample
size and power calculation, etc.'!” When these methods were
implemented, the CAESAR investigators found that different
laboratories using the same protocols were able to obtain simi-
lar results.'® It was also found that several therapies previously
claimed to reduce infarct size were reproducibly ineffective in
3 different species, suggesting that an increased level of rigor
eliminated false-positive results.'s"

Impact of the New Initiatives

The new checklists, transparency criteria, and refutations pol-
icy introduced herein are the most important changes in the
editorial policies of Circulation Research in many decades.
Their consequences will be profound and far reaching. It will
take several years for their full impact to be realized, but this
impact will be, I think, positive.

By promoting methodological rigor and transparency,
these new guidelines will further enhance the already high
quality of the work published in our journal, thereby aug-
menting its reproducibility and scientific utility. I expect that
this will result in fewer controversies; therefore, less time,
money, and effort will be consumed to resolve apparent con-
flicts in the literature. As fewer biased or inaccurate conclu-
sions will be published, the number of positive studies will
decrease dramatically. This, in turn, will enable investigators
to focus on those ideas or hypotheses that are true (or likely to
be true) rather than try to reproduce those that are not, which
will speed up progress. Translation of preclinical results to
clinical therapies will be facilitated because investigators will
concentrate their efforts on those (few) interventions that are
reproducibly effective in animal models and, thus, are more
likely to be effective in patients. Importantly, there will be a
moratorium, or possibly even a reversal, of the erosion of the
credibility of research caused by irreproducible results.

Change is often difficult, and it seems likely that the guide-
lines enunciated in this article will meet with some opposition.
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For example, it will be argued that they constitute yet another
burden on authors in our overregulated world. Although I per-
sonally agree that our society is overregulated and that exces-
sive paperwork and regulations are oppressive and can stifle
creativity, I am more concerned about publishing conclusions
that may be biased or inaccurate. The damage caused by the
introduction of erroneous ideas in the literature greatly out-
weighs the extra effort necessary to comply with the princi-
ples that underlie the checklists.

An unintended consequence may be that these new
checklists will discourage authors from submitting articles to
Circulation Research. It is hoped that this will not happen, but
it is a risk that must be taken. The alternative (publishing con-
clusions that may be inaccurate) is much worse. We have made
a deliberate effort to minimize the burden on authors. For ex-
ample, the initial checklist for animal studies (Table 1) is quite
simple. Only when an article is seriously considered for publica-
tion is the long, more burdensome checklist (Table 2) required.

Time-Table for Implementation

To give authors time to reformat their papers in accordance
with the new guidelines, the checklists will not be required
until October 1, 2017.

What will happen then? After the launch of the initiatives
outlined herein, we do not foresee a sudden spike in the level of
rigor of the papers that we publish, but rather, a gradual increase.
Manuscripts submitted to Circulation Research cannot be ex-
pected to conform with the new guidelines overnight. Obviously,
studies that have already been completed cannot be modified,
and changing the design and conduct of ongoing or planned ex-
periments will take time. In many cases, 2-3 years elapse from
the time when a study is first conceived to its submission for
publication to our journal. Accordingly, in the short term we do
not expect that, to be acceptable for publication, papers will have
to meet all or almost all of the criteria specified in the checklists.
We do hope, however, that these criteria will motivate investiga-
tors to change their practice in order to achieve a higher level of
rigor, such that, in time, the rigor criteria encapsulated in these
checklists (or at least most of them) will be met.

If this happens, it will be a slow process; it would be un-
realistic to assume otherwise. The important thing, in our
opinion, is to start this process. While our ultimate goal is to
augment rigor and reproducibility in those papers that are pub-
lished in Circulation Research, our more immediate objective
is to promote a shift in experimental procedures toward prac-
tices that are conducive to a higher level of scientific validity.
We will not be surprised if, over the next several months, we
will continue to receive and publish manuscripts that do not
meet all the criteria listed in the checklists. We will, however,
be disappointed if, a few years from now, the level of rigor of
studies published in Circulation Research has not improved.

Enhancing rigor, important though it may be, is not the
only motivation for our actions. Even if a study does not meet
the rigor criteria listed herein, the checklists will be helpful
to the readers because they will allow them to see at a glance
how much a study deviated from the ideal level of rigor and,
therefore, how robust its conclusions are. An additional im-
mediate benefit of the checklists is that they will spur authors
to better report the details of their studies, which will enhance

reproducibility irrespective of the level of rigor. Even if the
experimental procedures do not change, a more complete, or-
ganized, and detailed description of the experiment will make
it easier to either reproduce or refute it.

Concluding Remarks

The editors of Circulation Research are committed to uphold-
ing the highest standards of rigor and responsibility in both
the conduct and the reporting of preclinical research. We hope
that the new checklists and transparency criteria will clearly
communicate the desired standards of rigor to authors and
investigators while facilitating the journal’s overall mission
of promoting robust, rigorous, and reproducible scientific in-
quiry and experimentation.

Although adding more requirements for publication of ar-
ticles in Circulation Research is not desirable, in the final analy-
sis, the editors do not have a choice. Publication of studies that
are less than rigorous (and, thus, inconclusive or possibly even
misleading) does not benefit anyone, nor does dissemination of
concepts that may be biased or inaccurate. As Ramirez et al’
have pointed out, there has been no progress in rigor and trans-
parency during the past decade, even after the promulgation of
the National Institutes of Health guidelines® and the publication
of many high-profile articles on the topic. The status quo is not
acceptable. If we, as editors and gate keepers of scientific re-
porting, do not take action to remedy this problem, who will?

In conclusion, I think the initiatives outlined herein will
enhance the quality of research published in Circulation
Research and facilitate progress in cardiovascular biology. At
present, most animal studies do not meet all of the criteria of
rigor listed in Tables 1 and 2. In time, however, I think that
the principles that underlie these guidelines will permeate the
scientific community and become ingrained in the design of
cardiovascular research, to the point that complying with the
criteria articulated in the checklists will come natural. It will
take time, but I think it will happen. When that happens, there
will be less hype, less glamor, and probably less media head-
lines, but there will also be more truth. And that—the pursuit
of the truth—is the core mission of any scientific journal.

Disclosures
None.
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Short (Initial) Checklist of Methodological and Reporting Aspects for Articles Submitted to Circulation Research That

Preclinical testing

Prevention of bias is important for experimental cardiovascular research. For studies where the primary objective is the
preclinical testing of therapies, the following checklist items must be adhered to and clearly presented in the article. Study
involves testing of therapeutic or diagnostic agent in animal models: Yes/No

Animals Species, age, sex, strains, and sources of animals are described: yes/no
Randomization Randomization and allocation concealment were performed: yes/no
Blinding Blinding was performed: yes/no

Inclusions and exclusions

Specific criteria for inclusions and exclusions are specified: yes/no

Criteria for inclusions and exclusions were set before the study: yes/no

Reporting of excluded animals

All animals excluded after randomization are reported: yes/no

Statistical methods

Statistical methods are described: yes/no

Table 2. Checklist of Methodological and Reporting Aspects for Articles Submitted to Circulation Research That Report Studies of
Experimental Interventions in Animals

Methodological and

Reporting Aspects Description of Procedures
Study design O The experimental group(s) have been clearly defined in the article, including number of animals in each experimental arm of the study.

0 An overall study timeline is provided.

O The protocol was prospectively written.

O The primary and secondary end points are specified.

O For primary end points, a description is provided as to how the type | error multiplicity issue was addressed (eg, correction for multiple
comparisons was or was not used and why). (Note: correction for multiple comparisons is not necessary if the study was exploratory or
hypothesis generating in nature).

0 A description of the control group is provided including whether it matched the treated groups.

Inclusion and O Inclusion and exclusion criteria for enrollment into the study were defined and are reported in the article.

exclusion criteria

O These criteria were set a priori (before commencing the study).

Randomization

O Animals were randomly assigned to the experimental groups. If random assignment was not used, adequate explanation has been provided.

O Type and methods of randomization have been described.

0 Allocation concealment was used.

O Methods used for allocation concealment have been reported.

(Continued)
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Table 2. Continued

Methodological and
Reporting Aspects

Description of Procedures

Blinding

O Blinding procedures with regard to masking of group/treatment assignment from the experimenter were used and are described. The rationale
for nonblinding of the experimenter has been provided, if such was not performed.

0 Blinding procedures with regard to masking of group assignment during outcome assessment were used and are described.

O If blinding was not performed, the rationale for nonblinding of the people analyzing outcome has been provided.

Sample size and
power calculations

O Formal sample size and power calculations were conducted before commencing the study based on a priori determined outcome(s) and
treatment effect(s), and the data are reported.

O If formal sample size and power calculation was not conducted, a rationale has been provided.

Data reporting

O Baseline characteristics (species, sex, age, strain, chow, bedding, and source) of animals are reported.

O The number of animals in each group that were randomized, tested, and excluded and died is reported. If the experimentation involves
repeated measurements, the number of animals assessed at each time point is provided for all experimental groups.

O Baseline data on assessed outcome(s) for all experimental groups are reported.

O Details on important adverse events and death of animals during the course of the experiment are reported for all experimental groups.

O Numeric data on outcomes are provided in the text or in a tabular format in the main article or as supplementary tables, in addition to the figures.

O To the extent possible, data are reported as dot plots as opposed to bar graphs, especially for small sample size groups.

O In the online supplemental material, methods are described in sufficient detail to enable full replication of the study.

Statistical methods

O The statistical methods used for each data set are described.

O For each statistical test, the effect size with its standard error and P value is presented. Authors are encouraged to provide 95%
confidence intervals for important comparisons.

O Central tendency and dispersion of the data are examined, particularly for small data sets.

O Nonparametric tests are used for data that are not normally distributed.

O 2-sided Pvalues are used.

O In studies that are not exploratory or hypothesis generating in nature, corrections for multiple hypotheses testing and multiple
comparisons are performed.

O In negative studies or null findings, the probability of a type Il error is reported.

Experimental
details, ethics, and
funding statements

O Details on experimentation, including formulation and dosage of therapeutic agent, site and route of administration, use of anesthesia
and analgesia, temperature control during experimentation, and postprocedural monitoring, are described.

0 Both male and female animals have been used. If not, the reason/justification is provided.

O Statements on approval by ethics boards and ethical conduct of studies are provided.

O Statements on funding and conflicts of interests are provided.

The above checklist is a modified version of a similar checklist promulgated by Stroke in 2011 and revised and expanded in 2016. The purpose of the checklist
is to provide important metrics for the conduct and reporting of preclinical studies that involve assessment of experimental interventions in vivo. The criteria listed
herewith are intended to (i) clearly communicate the desired standards of rigor to authors and investigators and (ii) facilitate the journal’s overall mission of promoting
robust, rigorous, and reproducible scientific inquiry and experimentation. We recognize the complexity and diversity of many studies, and the fact that different studies
have different levels of emphasis on in vivo data. The information requested herein is meant to be used by reviewers and editors as an aid in assessing the value of
the work, not as a rigid criterion for accepting or rejecting articles; thus, decisions on acceptance or rejection will be made on a case-by-case basis depending on the
individual content and characteristics of each submitted article. In addition, we recognize that certain standards outlined above may not apply to exploratory, hypothesis-
generating, or mechanistic animal studies. We encourage and welcome such studies; however, in these cases we encourage the authors to address the areas outlined
here and describe why adherence to particular standards was not practical or meaningful. We promote the use of online supplements for providing detailed experimental
protocols and communicating any secondary results not reported in the main article.

Table 3. Explanatory Accompaniment to the Checklist for Methodological and Reporting Features of Studies Involving
Experimental Interventions in Animals

Study design

The protocol should be written before commencing the study. If the study is exploratory (eg, the first test of a new therapy or manipulation in
vivo), or if it is primarily mechanistic (ie, its primary purpose is to elucidate mechanisms rather than establish efficacy), definition of primary
and secondary end points is not necessary. However, if the study is confirmatory (ie, its purpose is to validate the effect of a therapy or
intervention), primary and secondary end points should be defined and reported. Furthermore, if the study is confirmatory and if multiple
groups are compared with respect to the primary end point, corrections for a type | error should be used.

Inclusion and
exclusion criteria

A priori defined criteria to include and exclude animals need to be established and described. These may be various parameters like animals’
species, sex, strain, weight, developmental state, source nomenclature, and genotype, drug or test naive, and so on. Any criteria used for
inclusion/exclusion after the protocol is started (eg, loss of cardiac function after infarction) should also be reported.

(Continued)
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Table 3. Continued

Randomization Randomization is considered the gold standard for studies intended to test hypotheses and should be used for assignment of animals

to control or experimental groups. Certain studies, such as those with only a single arm (intervention only) or those with exploratory or

mechanistic aims (vide supra), may not need to use randomization. Authors are asked to provide clear explanations of such exceptions.

The type and methods used to randomize animals to various study arms should be reported.

a. Type of randomization: for example, simple or stratified. If stratified, please describe which variables/factors were used for
randomization and why. It is also recommended that investigators report measures of successful randomization, by providing baseline
characteristics of animals in various comparison groups.

b. Process of randomization: please provide details of the process used for randomization. These may include (but are not limited to) use of
electronically generated lists, sealed envelopes, coin toss, dice roll, etc.

c. Other procedural details pertaining to randomization include describing the independence of team members that generate randomization
sequences, perform randomization and group allocation, and conduct experimentation.

Allocation concealment is an important aspect of randomization. If the study team member(s) performing randomization have knowledge

of treatment assignment groups before selection of animals, then the allocation is not concealed, and a selection bias can be introduced.

Allocation concealment can be achieved if deidentified codes are generated and provided to team members performing the randomization.

This usually entails an independent team member producing randomization sequences and lists. The journal encourages use and reporting

of such procedures.

Blinding Blinding is essential to avoid bias and must be used whenever possible. Blinding or masking refers to

a. Inability of the investigator(s) that administers the study intervention to discern treatment from the placebo/vehicle. This can be achieved
by providing the investigator(s) with animals having codes for group allocation, as well as study drug/product and placebo using a
concealment procedure. The journal strongly recommends using and reporting the blinding procedures used for administration of
treatment/placebo, wherever possible. For experimentation that in itself is surgical in nature, masking of the investigator(s) performing
the study intervention may not be possible. We encourage appropriate reporting of these aspects in the article.

Besides the masking of intervention, it is also important that all outcomes be assessed in a blinded manner. Although blinding

the investigator(s) who administers the treatment may not be possible in all instances, blinded assessment of functional (eg,
echocardiographic), histological (eg, infarct size), and other outcomes is almost universally possible. This is achieved by using an
effective tracking mechanism for the experimental animals and via independence of the study team members performing outcome
ascertainment from those administering the study intervention. Authors are expected to provide an account of the experimental phases
that were blinded to various investigator(s) and the steps undertaken to maintain blinding while transitioning from one experimental
phase to the other.

=

Sample size In confirmatory studies involving formal hypothesis testing (vide supra), authors should provide an explanation of power and sample
and power size calculations. The rationale for using the chosen sample size should be provided. The rationale for postulating a certain effect
calculations size of the intervention on an a priori-determined primary outcome(s) should be presented, along with the anticipated variability. The

sources that form the bases of power and sample size calculations should be cited. We do recognize that in exploratory or mechanistic
experiments (vide supra), a formal power and sample size calculation may not be possible or meaningful. These exploratory or
mechanistic analyses should be presented as such, and an explanation of why power calculations were not formally performed should
be provided.

Data reporting Control groups may either be placebo concurrent, no-treatment concurrent, active-treatment concurrent, or dose/timing-comparison
concurrent. This needs to be clearly stated. It is required that investigators use a concurrent control for each intervention group. Using
singular control data across several experiments conducted during a course of time is similar to using historical controls in clinical
research and is a potential source of error.

The number of animals included and analyzed in intervention and control groups should be clearly reported. The authors may consider
using a flow diagram (as supplemental material) showing the number of animals available for randomization, number of animals
randomized to various treatment/control groups, number of animals in which baseline data were collected, number of animals included in
the intervention, number of animals in which follow-up/outcomes were assessed, and number of animals that were lost at any stage during
the experimental protocol.

Animal characteristics, such as age, developmental stage, sex, species, genetic strain, and comorbidities, should be reported, along with
relevant baseline data (eg, baseline left ventricular function).

Number of deaths or other events leading to exclusion should be reported in all experimental groups. If none, please state so.

When reporting results, investigators are encouraged to provide summary data as tables (ie, authors should not limit data to figures). At
times, figures in themselves do not allow for precise reporting of measures of central tendency and spread for different time points. If
data are presented as figures, tabulated results can be provided in supplementary materials. When sample sizes are small, dot plots are
preferable to bar graphs because they provide more information on variability.

Statistical Authors are required to provide details on the statistical methods used for each analysis and hypothesis tested. Descriptive analyses
methods should use measures of central tendency and spread suitable to the distribution of the data. Measures of spread (eg, SD or SE) should
be suitably used, reported, and interpreted. Use of 95% confidence intervals is important to assess the size of the effect of interventions.
Nonparametric tests are more appropriate for data that are not distributed normally. Commonly used tests, such as the Student t test,
might not be appropriate when the sample size in each group is small. The levels of significance used for hypothesis testing should be
reported, and if any adjustments were done for multiple or repeated testing. Corrections for multiple hypotheses testing and multiple
comparisons to avoid type | errors are essential, unless the study is exploratory or mechanistic in nature (vide supra). When the primary
outcome of a study is negative, the probability of a type Il error should be reported because sample sizes are often insufficient to rule out
the null hypothesis with a high level of confidence.

(Continued)
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Table 3. Continued

Experimental It is important to provide as many experimental details as necessary for interpretation, comparison, and, importantly, full replication of the
details, ethics, study. These details include (but are not limited to) formulation and dosage of therapeutic agent, site and route of administration, use of

and funding anesthesia and analgesia, temperature control during experimentation, and postprocedural monitoring. Temperature is particularly important
statements in open-chest models. Further details on primary and secondary outcomes and methods used for analysis of outcomes should also be

provided or clearly referenced.

Authors should give due consideration to the use of animals with both sexes. Assuming only males or females are used, reasons need to be
provided.

The journal requires that all studies reporting animal experimentation abide by the respective institutional animal welfare and ethics
regulations and reporting of approvals. Funding and conflict of interest statements should also be provided. The funding of the study by a
drug development or technology development industry should be clearly stated. Any financial interest of the authors in the product being
tested should be clearly indicated.

The above table is a modified version of a similar table promulgated by Stroke in 2011 and revised and expanded in 2016. The purpose of the table is to provide
important metrics for the conduct and reporting of preclinical studies that involve assessment of experimental interventions in vivo. The recommendations provided
herewith are intended to (i) clearly communicate the desired standards of rigor to authors and investigators and (ii) facilitate the journal’s overall mission of promoting
robust, rigorous, and reproducible scientific inquiry and experimentation. We recognize the complexity and diversity of many studies, and the existence of different levels
of emphasis on in vivo data in different studies. The recommendations outlined herein are meant to be used by reviewers and editors as guidelines, not as rigid criteria
for accepting or rejecting articles; thus, decisions on acceptance or rejection will continue to be made on a case-by-case basis depending on the individual content and
message of each submitted article. In addition, we recognize that certain standards outlined above may not apply to exploratory, hypothesis-generating, or mechanistic
animal studies. We encourage and welcome such studies; however, in these cases, we encourage the authors to address the areas outlined here and describe why
adherence to particular standards was not practical or meaningful. We promote the use of online supplements for providing detailed experimental protocols and
communicating any secondary results not reported in the main article.

Table 4. Checklist of Methodological and Reporting Aspects for Articles Submitted to Circulation Research That Report Molecular
and/or Gellular Studies In Vitro

Methodological and
Reporting Aspects Description of Procedures

Conduct of the study | O Technical replicates, whenever applicable, such as RNA-sequencing and ChIP experiments, are described.

O Sufficient information about sample collection is provided to distinguish between independent biological data points and
technical replicates.

O Specific characteristics of each antibody used, such as source, host, immunoglobulin fragment, titer, catalog number, and how the
antibody was validated, are described.

O Specific characteristics of each cell line used, such as source, authentication, and passage number, are described.

O Any data processing and conversions are described.

Data reporting O In Western blots, all experimental and control groups are included in the same blot.

O Molecular size markers are included in all blots.

O Immunofluorescence imaging is processed similarly in the experimental and control groups.

O A control secondary antibody or IgG is included in immunofluorescence imaging.

O Scale bars have been added to all micrographs.

O All units of measurements are specified.

O To the extent possible, data are reported as dot plots as opposed to bar graphs, especially for small sample size groups.

O In the online supplemental material, methods are described in sufficient detail to enable full replication of the study.

Statistical methods O The statistical methods used for each data set are described.

O For each statistical test, the effect size with its standard error, 95% confidence interval (for important comparisons), and Pvalue is presented.

O Central tendency and dispersion of the data are examined, particularly for small data sets.

O Nonparametric tests are used for data that are not normally distributed.

O 2-sided Pvalues are used.

O In studies that are not exploratory in nature, corrections for multiple hypotheses testing and multiple comparisons are performed.

The purpose of this checklist is to provide important metrics for the conduct and reporting of molecular and cellular studies in vitro. The criteria listed herewith are intended to
(i) clearly communicate the desired standards of rigor to authors and investigators and (ii) facilitate the journal’s overall mission of promoting robust, rigorous, and reproducible
scientific inquiry and experimentation. The information requested herein is meant to be used by reviewers and editors as an aid in assessing the value of the work, not as a rigid
criterion for accepting or rejecting articles; thus, decisions on acceptance or rejection will be made on a case-by-case basis depending on the individual content and message
of each submitted article. In addition, we recognize that certain standards outlined above may not apply to exploratory, hypothesis-generating, or mechanistic studies. In these
cases, we encourage the authors to address the criteria outlined here and describe why adherence to particular standards was not practical or meaningful. We ask authors to
use online supplements for providing detailed experimental protocols and communicating any secondary results not reported in the main article.
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Table 5. Explanatory Accompaniment to the Checklist for Methodological and Reporting Features of Molecular and/or Cellular
Studies In Vitro

Data reporting When reporting results, investigators are encouraged to provide summary data as tables, whenever applicable (ie, authors
should not limit data to bar graphs). At times, the data presented as bar graphs in themselves do not allow for precise
reporting of measures of central tendency and spread for different time points. If data are presented as bar graphs,
tabulated results can be provided in supplementary materials. When sample sizes are small, dot plots are preferable to bar
graphs because they provide more information on variability.

Please indicate that large datasets, such as RNA-Seq and other omics, will be deposited to the appropriate public databases.

Statistical methods Authors are required to provide details on the statistical methods used for each analysis and hypothesis tested. Descriptive
analyses should use measures of central tendency and spread suitable to the distribution of the data. Measures of spread
(eg, SD or SE) should be suitably used, reported, and interpreted. The 95% confidence intervals are important to assess the
size of the effect of interventions and should be specified for comparisons that are deemed important. Nonparametric tests
are more appropriate for data that are not distributed normally. Commonly used tests, such as the Student t test, might not
be appropriate when the sample size in each group is small. The levels of significance used for hypothesis testing, and if
any adjustments were done for multiple or repeated testing, should be reported. Corrections for multiple hypotheses testing
and multiple comparisons to avoid type | errors are essential, unless the study is exploratory or mechanistic in nature (vide
supra). When the primary outcome of a study is negative, the probability of a type Il error should be reported because
sample sizes are often insufficient to rule out the null hypothesis with a high level of confidence.

Experimental details, ethics, and It is important to provide as many experimental details as necessary for interpretation, comparison, and, importantly, full
funding statements replication of the study.
Any financial interest of the authors in the product being tested should be clearly indicated.

The above table is a modified version of a similar table promulgated by Stroke in 2011 and revised and expanded in 2016. The purpose of the table is to provide
important metrics for the conduct and reporting of molecular and/or cellular studies in vitro. The recommendations provided herewith are intended to (i) clearly
communicate the desired standards of rigor to authors and investigators and (ii) facilitate the journal’s overall mission of promoting robust, rigorous, and reproducible
scientific inquiry and experimentation. The recommendations outlined herein are meant to be used by reviewers and editors as guidelines, not as rigid criteria for
accepting or rejecting articles; thus, decisions on acceptance or rejection will continue to be made on a case-by-case basis depending on the individual content and
characteristics of each submitted article. We promote the use of online supplements for providing detailed experimental protocols and communicating any secondary
results not reported in the main article.
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Standards and Methodological Rigor in Pulmonary Arterial
Hypertension Preclinical and Translational Research

Steeve Provencher, Stephen L. Archer, F. Daniel Ramirez, Benjamin Hibbert, Roxane Paulin,
Olivier Boucherat, Yves Lacasse, Sébastien Bonnet

Abstract: Despite advances in our understanding of the pathophysiology and the management of pulmonary
arterial hypertension (PAH), significant therapeutic gaps remain for this devastating disease. Yet, few innovative
therapies beyond the traditional pathways of endothelial dysfunction have reached clinical trial phases in PAH.
Although there are inherent limitations of the currently available models of PAH, the leaky pipeline of innovative
therapies relates, in part, to flawed preclinical research methodology, including lack of rigour in trial design,
incomplete invasive hemodynamic assessment, and lack of careful translational studies that replicate randomized
controlled trials in humans with attention to adverse effects and benefits. Rigorous methodology should include
the use of prespecified eligibility criteria, sample sizes that permit valid statistical analysis, randomization, blinded
assessment of standardized outcomes, and transparent reporting of results. Better design and implementation of
preclinical studies can minimize inherent flaws in the models of PAH, reduce the risk of bias, and enhance external
validity and our ability to distinguish truly promising therapies form many false-positive or overstated leads.
Ideally, preclinical studies should use advanced imaging, study several preclinical pulmonary hypertension models,
or correlate rodent and human findings and consider the fate of the right ventricle, which is the major determinant
of prognosis in human PAH. Although these principles are widely endorsed, empirical evidence suggests that such
rigor is often lacking in pulmonary hypertension preclinical research. The present article discusses the pitfalls in
the design of preclinical pulmonary hypertension trials and discusses opportunities to create preclinical trials with
improved predictive value in guiding early-phase drug development in patients with PAH, which will need support
not only from researchers, peer reviewers, and editors but also from academic institutions, funding agencies, and
animal ethics authorities. (Circ Res. 2018;122:1021-1032. DOI: 10.1161/CIRCRESAHA.117.312579.)

Key Words: animals ® bias ® humans B hypertension, pulmonary ® methodological rigor
B reproducibility ® rodentia

he number of scientific publications related to pulmo-
nary hypertension (PH) listed on Pubmed has increased

the traditional pathways of endothelial dysfunction has been
unsuccessful.

exponentially during the last 2 decades (Figure 1). This great
interest in preclinical, translational, and clinical research has
led to significant advances in our understanding of the patho-
physiology' and the management? of group 1 PH, also called
pulmonary arterial hypertension (PAH). Within this period,
>10 drugs targeting the endothelin, NO, and prostacyclin
pathways® were developed and commercialized, decreas-
ing clinical worsening* and potentially short-term mortality.’
However, long-term prognosis of patients with PAH remains
poor.5# Significant translational and therapeutic gaps between
preclinical research and improved patients’ outcomes thus re-
main. Unfortunately, few innovative therapies have reached
clinical trial phases in PAH,*'? and drug development beyond

Since the beginning of the millennium, the number of com-
pounds in development and total Research and Development
expenditures have increased markedly.' Yet, during the same
period, the average number of new drugs approved yearly by
health authorities has declined.' Clinical drug development is
notoriously arduous, and there are several possible explana-
tions for the divergence of Research and Development spend-
ing and new product approval, including higher regulatory
efficacy hurdles, the increased complexity and cost of clinical
trials, and the inherent variation and imprecision of clinical
studies because of patient heterogeneity."> As a result, <5% of
high-impact basic science discoveries'® and <10% of devel-
opment paths in phase 1'* are eventually approved by health
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Nonstandard Abbreviations and Acronyms

PAH pulmonary arterial hypertension
PH pulmonary hypertension

authorities. Such large-scale attrition of investigational drugs
is potentially harmful to individuals in trials and consumes
scarce human and material resources.!*!718

The failure to test new classes of PAH therapy in humans re-
lates, in part, to choices by Pharma, related to their willingness
to take risks (including risks of repurposing approved agents),
the role that their proprietary pipeline plays on selection of lead
compounds for testing, and their diminished use of preclinical
in-house testing of new therapies. Adding to this, there are in-
herent limitations of the currently available in vitro and animal
models, which imperfectly mimic the full spectrum of the hu-
man disease.'” This is not unique to PAH? because preclinical
trials have recently been identified as being less than helpful in
predicting human therapeutic response in diseases such as pul-
monary fibrosis,?! stroke,?? and sepsis.>* However, we would ar-
gue that in many translational models, the failing is more in the
study design, implementation, and analysis than in the ability of
the model to recapitulate the human disease, ultimately weak-
ening our confidence in preclinical studies to identify promising
therapeutic targets.” Bias in study design, analytical methods,
and reporting practices may compromise scientific validity,>
data reproducibility,” and ultimately hinder progress in pa-
tients’ care. In response to these issues, the National Institutes
of Health proposed a set of guidelines and funding policies as
minimum reporting requirements to promote rigor, reproduc-
ibility, and transparency of preclinical research (Table).

Although these principles and guidelines have been en-
dorsed by prominent academic societies, associations, and
journals with evidence of editorial commitment to com-
plying,??® recent empirical evidence suggests that such
rigor is still lacking in cardiovascular® and PH preclini-
cal research.’® The preclinical phase of research is criti-
cal to the decisions made about future drug development.
The challenges and pitfalls of early-stage preclinical stud-
ies in PAH have been reviewed elsewhere," including the
selection and processing of human samples, novel culture
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Figure 1. Number of publications related to pulmonary
hypertension indexed on Pubmed per decade from 1940 to
2017.

Table. Key Principles and Guidelines for Reporting Preclinical
Research Delivered by the National Institutes of Health

Rigorous statistical analysis

A section outlining the journal’s policies for statistical analysis should be
included in the Information for Authors, and the journal should have a
mechanism to check the statistical accuracy of submissions.

Transparency in reporting

Journals should have no limit or generous limits on the length of
Methods section (including online options) and use a checklist during
editorial processing to ensure the reporting of key methodological
and analytic information to reviewers and readers, including detailed
reporting on the following:

How often each experiment was performed, and whether the results
were substantiated by repetition under a range of conditions.

Sample collection to distinguish between independent biological data
points and technical replicates.

Statistics, including the statistical test used, exact value of n,
definition of center, and dispersion and precision measures.

Whether the samples were randomized, and method of
randomization.

Whether experimenters were blind to group assignment and outcome
assessment.

Whether an appropriate sample size was computed when the

study was being designed and includes the statistical method of
computation. If no power analysis was used, include how the sample
size was determined.

Criteria that were used for exclusion of any data or subjects.

Similar experimental results that were omitted from the reporting for
any reason, especially if the results do not support the main findings
of the study.

Outcomes or conditions that were measured or used and are not
reported in the Results section.

Data and material sharing

All datasets on which the conclusions of the article rely must be made
available on request (where ethically appropriate) during consideration
of the manuscript.

Deposition of datasets in public repositories is recommended.

Software should be shared (at the minimum description of whether the
software is available and how it can be obtained).

Consideration of refutations

Journals should have a policy stating that if the journal publishes a
paper, it assumes responsibility to consider publication of refutations of
that paper, according to its usual standards of quality.

Best practice guidelines

Consider establishing best practice guidelines for the following:

Image-based data

Description of biological material with enough information to uniquely
identify the reagents.

technologies, and the advantages and disadvantages of cur-
rently available animal models of PH. The present article
is an in-depth review addressing the needs for improved
methodological rigor and reporting in translational PAH
confirmatory research using practical strategies mimick-
ing clinical trial methodologies to enhance reproducibility
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and minimize the risk of advancing a compound to clinical
testing that is then proven to have no benefit or to have
detrimental effects.

Defining the Programmatic Purpose of
Research and Adapting Statistical and
Methodological Rigor Accordingly
For obvious reasons, methodological expectations must be
appropriately calibrated to the nature and goals of the study
(Figure 2). The statistical and methodological rigor should
thus be adapted according to the nature of the study. In ex-
ploratory research, investigators seek to develop pathophysi-
ological theories and identify candidate cellular and molecular
signaling pathways/targets implicated in PAH development or
progression. Positive findings are generally followed by proof-
of-concept studies in which the presence of an efficacy signal
is hoped. At these stages, avoiding false-negative results by
accepting less-rigorous study designs and statistical analy-
ses may be reasonable to increase the sensitivity of detect-
ing a potentially useful therapy at the expense of specificity.’!
However, even at an exploratory stage, attention is required to
ensure appropriate sample size is accrued to avoid spurious
results and enhance the likelihood of reproducible findings
that can be externally validated. In confirmatory investiga-
tions, however, researchers seek to provide strong, reproduc-
ible, and detailed information using clinically relevant assays
and end points. In many ways, confirmatory studies resemble
clinical trials, providing data on aspects such as drug dosing,
toxicity, and long-term effects of potential drug candidates to
decide whether the drug could or should be tested in humans.

Standards of Validation Preclinical Studies in PH

1023

Methodological prerequisites for this type of study differ, and
the most stringent study design is essential.

Pitfalls in PAH Preclinical
Methodological Design

A bias is a systematic error that results in a deviation from
the truth and cannot be rectified via study replication or by
increasing a study’s statistical power. In contrast, imprecision
relates to random error. Thus, studies may produce precise but
biased results because of flaws in study design and execution.
Conversely, a study may be free of significant bias but yield an
incorrect effect estimate because of low statistical power (ran-
dom error). Thoughtful subject eligibility criteria, sample size
estimation, randomization, blinding, standardized outcome
assessment, proper data handling, and transparent reporting
methods address these issues and have profoundly improved
the validity of clinical trial results over the years.>> However,
although these design and reporting elements are often consid-
ered only in clinical trials, preclinical research is not immune
to these same methodological pitfalls. Preclinical scientists
should, therefore, consider the impact of study design, data in-
terpretation, and reporting to promote scientific reproducibility
and transparency in confirmatory preclinical studies.

Eligibility Criteria: Matching Models to Human
Manifestations of PAH

The first step in designing a clinical trial is to define the
eligibility criteria with the aim of recruiting a study popu-
lation representative of future patients to be treated while
minimizing confounding effects. Care must thus be taken
to enrol experimental animals in studies as patients are

Exploratory Proof-of-concept

Confirmatory study

i + . =
wimg"{_ 3 e 0 © ©
S LR & & i |

Clinical trial

Control

Sugenr Sugens  MCT+  MCT+
vehicle treatment vehicle treatment

14
L

PH+ P+  PH+ PHISOCH
Control yehicle treatment SOC treatment

= Eligibility criteria with
relevant controls

Detailed description of

the « study population »

Prespecified study design and analysis plan:

= Relevant endpoints
*Planned interim analysis
=Sample size calculation =Corrections for multiplicity Preregistration
Harmonized methods and Standardized
operating procedures for outcome assessment

Randomisation/concealment
Blinding
Internal/external validation

Transparent
reporting

Figure 2. Adaptation of statistical and methodological rigor according to the nature of the study. There is no single type of
laboratory study. For confirmatory studies, the most rigorous application of randomized controlled trial-like approaches should be
applied, including prespecified study design and statistical analysis plan, describing eligibility criteria, sample size calculation, relevant
study read-outs, interim analysis (if any), and corrections for multiple analyses, as well as randomization and concealment procedures,
validation of the results, and potentially study preregistration. However, this type of approach may be expensive and cumbersome, and
applying randomized controlled trial-like standards to studies focusing on discovery and elucidating fundamental biological processes
may not add the same level of value. Thus, expectations and methodological rigor must be appropriately calibrated to the goals of the
study. In all cases, however, the choice of an appropriate animal model that is representative of the human disease, the development of
standardized operating procedures, blinded outcome assessment, and transparent reporting is critical.
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enrolled in clinical trials with attention to reporting results
from all animals studied and to prespecify inclusion and
exclusion criteria for analysis. In addition to the substan-
tial limitations of current animal models that are beyond
the scope of the current review,'** variations in disease in-
duction and the potential for persistent and unrecognized
confounders represent other important sources of bias.
Even when using a well-recognized animal model of PH,
there are considerable inconsistencies in animals’ age and
weight, how PH is induced (eg, route and dose of the in-
ducing agent),?*3 duration of hypoxia, and when the inter-
vention is initiated and terminated.* This is particularly of
concern because PH severity has been shown to increase
progressively over time before spontaneously improving or
even resolving when hypoxic models are returned to nor-
moxic condition, as in weeks after low-dose monocrota-
line* or Sugen®* injections. Similarly, experimental PH
is more sensitive to preventive strategies compared with
reversal strategies,® likely influencing the predictability
of the model. In studying a preclinical therapy for PAH, it
is, therefore, reasonable to randomize animals to therapy
when irreversible PH is expectedly fully established and
following prior confirmation (eg, pulmonary artery accel-
eration time <25 ms as evidence of PH).

The high degree of experimental control that is possible
in preclinical research can reduce the interindividual vari-
ability and, therefore, the sample sizes required relative to
clinical studies. This is in marked contrast with the hetero-
geneous responses observed in most clinical trials as a result
of the diverse phenotypic and genetic backgrounds in the pa-
tients.'>* In addition to the inconsistencies in animal models
described above, there can be striking differences in cardio-
vascular responses to stimuli in different strains** because of
both genetic and epigenetic differences in the animals. For
these reasons, the rationale for choosing models should be
stated,*'** and performing studies using >1 model is recom-
mended, whenever possible, before proceeding to human
studies. However, studies not only across different models
of PH but also across animal strains are encouraged. The re-
cent establishment of the hybrid mouse diversity panel may
be extremely helpful in beginning to address some of these
issues.® Ultimately, large animal models, such as pigs,**
the neonatal chronic hypoxia calf model,***” or nonhuman
primates,* may share some common features of the human
disease, including right heart failure and the development of
complex vascular lung lesions. Indeed, preclinical testing in
large animal models is often the last step before translating
novel drug candidates to clinical trials, for both safety and
efficacy assessment.*” However, current large animal mod-
els have been limitedly exploited in PAH research because
of incomplete recapitulation of the human phenotype or high
mortality.’*! Human ex vivo model systems are also rapidly
emerging strategies to study human disease pathogenesis
and response to pharmacological intervention, including in
PAH." Similarly, engineered 3-dimensional lung tissue con-
structs that mimic complex tissue physiology have amazing
potential for use as lung physiology or disease pathology
models, but models requiring large number of cells, multiple
cell populations, or use of specific extracellular components

or natural scaffolds are often not suitable for the generation
of standardized microfluidics-based high-throughput sys-
tems for drug discovery or toxicity testing.>>* Importantly,
increasing methodological and reporting rigor of studies us-
ing inappropriate animal models is unlikely to better inform
the scientific community about mechanisms and therapeutic
interventions in human PAH. We would argue, however, that
if the findings in a single robust model fully support extensive
data acquired from human tissues and cells, adding further
animal models may not be justified. Conversely, not all labo-
ratories have access to human cells and tissues, and they may
make fundamental discoveries with translational potential us-
ing animal cells and models but need to acknowledge the lack
of corroborative human studies as a limitation.

The need to include women in clinical trials is now a
well-established requirement.®* However, analogous stan-
dards have not been equally enforced in preclinical stages of
research. This is especially problematic in PAH where there
is a significant female predominance in humans,* and pre-
clinical data have confirmed the impact of female hormones
on the disease.’® Nevertheless, the vast majority of preclini-
cal PH studies use male rodents (Figure 3).*>" Arguments
put forward for the preferential use of males include vari-
ability attributable to fluctuating gonadal hormone levels,
sample size implications of planning sex-based analyses,
and cost.’®* Yet, evidence to support these concerns is lim-
ited.® Furthermore, there is an important distinction between
adequately powering a study for detailed sex-based analyses
of results and including sufficient animals of both sexes to
detect large differences between them, if present.” Although
the former is valuable, the latter may be sufficient in many
instances.®! Inferring experimental findings to both sexes
when a single sex is studied could disadvantage women by
biasing our understanding of disease processes toward male-
predominant patterns.

Control groups may either be placebo concurrent, no-treat-
ment concurrent, active-treatment concurrent, or dose/timing
comparison concurrent. It is required, however, that investi-
gators use a concurrent control for each intervention group.
Importantly, new targets can be alternatives to the currently
approved therapies in humans even if they do not have addi-
tive effects (eg, for nonresponders). However, the landscape
of clinical trials in PAH dramatically changed during the last
decade. Sequential or upfront combination therapy is now an
emerging standard of care in PAH.>%? For ethical reasons, fu-
ture compounds will, therefore, almost necessarily be tested
on top of currently available therapies in clinical trials leading
to drug approval. As for placebo-controlled trials in humans,
the demonstration of additive or even synergic effects of novel
therapeutic targets nowadays seems essential for confirmatory
preclinical studies.

Therefore, a detailed characterization and reporting of ani-
mal traits at baseline (species, strain, age, sex, genetic modifi-
cation status, housing conditions, etc), of appropriate controls
(littermate, purchased, contemporaneous versus historical,
etc) using animal characteristics that are representative of the
human disease should thus be promoted for a better standard-
ization of the experimental design, enhanced reproducibility,
and greater predictive ability.
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Figure 3. Temporal patterns in randomization, blinding, sample size estimation, and inclusion of both sexes in pulmonary
hypertension preclinical research. Articles from Circulation; Circulation Research; Hypertension; Stroke; and Arteriosclerosis,
Thrombosis, and Vascular Biology were screened from July 2006 to June 2016. P, , calculated for the proportion of studies reporting
the implementation of a specific study design element over time using Cochrane-Armitage trend tests. Adapted from Ramirez et al?® with

permission. Copyright © 2017, the American Heart Association.

Randomization and Allocation Concealment of
Animals to Intervention

The starting point for an unbiased interventional study is the
use of a mechanism that ensures that the same sort of par-
ticipants receive each intervention. Although researchers may
argue that preclinical interventions are generally performed
on a homogeneous group of animals (eg, same strain), ani-
mals may have inherent differences when the intervention is
introduced (eg, age, weight, and PH severity). Several interre-
lated processes need to be considered to allow proper balance
between groups. First, random animal allocation, if prop-
erly implemented in a large enough sample, should balance
characteristics that may influence response to treatment. As
such, randomization is essential to minimizing bias. However,
selection bias may arise if the random allocation is not con-
cealed. Concealment refers to techniques used to implement
the allocation sequence. If future assignment can be antici-
pated (ie, allocation is not concealed), then selection bias
may be introduced as animals may be selected based on the
upcoming intervention assignment. In clinical trials, there is
empirical evidence that either inadequate generation® or con-
cealment® of allocation sequence yield to exaggerated esti-
mates of intervention effects. Similar observations were made
for preclinical research.®>% Thus, the type and methods used
to randomize animals to various study arms should be report-
ed clearly. These may include (but are not limited to) the use
of computerized randomization. Allocation concealment can
be achieved if deidentified codes are generated and provided
to team members performing group allocation. This usually
entails an independent team member producing randomiza-
tion sequences and lists. Finally, researchers should report

measures of successful randomization by providing baseline
characteristics of animals (eg, age, weight, and echocardiog-
raphy parameters) in various comparison groups.

Blinding of Outcome Assessment

Blinding refers to the process by which the study personnel,
including people assessing the outcomes, are kept unaware
of intervention allocations. Lack of blinding in clinical trials
is associated with exaggerated estimates of intervention ef-
fects,* especially when the outcome of interest is subjective.®’
Importantly, many apparently objective outcome measures in
preclinical PAH studies remain subject to interpretation (eg,
pulmonary artery remodeling and hemodynamic tracings).
Thus, blinding procedures must be reported unless there is a
clear rationale for the nonblinding of the experimenter (eg,
surgical intervention) in which case this should be made ex-
plicit. Although blinding the investigator administering the
treatment/intervention may not be possible in all instances,
blinded assessment of imaging, hemodynamics, and histologi-
cal outcomes is almost universally possible through indepen-
dent team members performing outcome ascertainment. Even
scientists of high integrity are enthusiastic supporters of their
hypotheses, and unconscious bias can creep into evaluation of
unblinded experiments.

Study Read-Outs and Interstudy Standardization in
Preclinical PAH Studies

The primary end point of a study may be defined as the vari-
able capable of providing the most relevant and convincing
evidence directly related to the primary objective of the study.
It is noteworthy that even with rigorous attention to inclusion
of multiple models and both sexes and blinded assessments,
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results may not have translational validity if the end point spec-
ified is not valid or is not measured using robust techniques. In
preclinical confirmatory studies, this outcome measure should
match the clinical realm using relevant measures (eg, com-
prehensive hemodynamics) because nonsurrogate outcomes,
such as survival, may not be approved by ethical authorities
in many countries. Because multiple end points are often nec-
essary to adequately evaluate the effects of a therapy, other
read-outs are generally used to provide supportive (secondary
end points) or exploratory, hypothesis-generating informa-
tion. Preclinical PH interventional studies most commonly
include makers of pulmonary hemodynamics (eg, right ven-
tricular systolic pressure and mean pulmonary artery pressure)
and pulmonary artery remodeling. A major value of animal
studies is the ability to ensure hemodynamic end points are
correlated with histological, anatomic, and biochemical find-
ings postmortem. Nonetheless, the use of the same core set of
end points in confirmatory preclinical efficacy studies in PH
would clearly facilitate the comparison of results. Likewise,
the use of incomplete hemodynamics and premature termina-
tion of studies based on soft end points biases studies toward
positive findings and should be avoided.

As for clinical studies, the primary end point of preclinical
confirmatory PH studies must be decided before the study be-
gins because this is a prerequisite for sample size calculation.
The importance of prespecified sample size calculation, re-
ferred to as a power calculation, in confirmatory experiments
cannot be overemphasized, although it is rarely performed, or
at least is rarely reported, in preclinical PH studies (Figure 3).
A small sample will result in an inconclusive study, whereas
an unnecessary large sample size will accrue excessive cost—
both scenarios expending limited resources (Figure 4). In both
situations, inappropriate sample size can be judged unethical
because exposing laboratory animals (as humans) to the pos-
sible risks associated with research is only justifiable if there
is a realistic chance that the study will yield useful informa-
tion. Although many researchers are tempted to perform in-
terim analyses and subsequently increase the sample size as
necessary, prespecified sample size calculation is mandatory
to avoid the risk of false-positive results because of multiple
analyses. The exploratory nature of some experiments makes
formal power and sample size calculation impossible or
meaningless; however, the rationale for selecting the primary
outcome and the effect size of the intervention for which the
study is powered should be provided in the Methods section of
confirmatory experiments. The main factors that must be con-
sidered in formal hypothesis testing are the a-error, [3-error,
and effect size, as well as the attrition rate and SD for quanti-
tative measurements. These values are either known from the
literature or previous proof-of-concept studies or can be esti-
mated by reasonable guesswork.

Similarly important is how the outcomes of interest are
measured. In clinical trials, detailed standard operating pro-
cedures have been developed for measures that may influence
study outcomes, including how the 6-minute walk test,* echo-
cardiography,® and catheterization” are performed and how
adverse events are reported.”’ Conversely, empirical work has
confirmed marked heterogeneity in the methodologies used to

A 0.60-
0.50+ Hypothetical
0.40 p value
s A
T 0.30- Measured
o p value
0.20+
0.10+

Potential “false positive”
result due to repeated
interim/multiple analyses

o
o
=)

0 5 10 15 20 25 30 35 40
Sample size

Figure 4. Precision of the effect estimate as the sample size
increases. Statistical analyses are made on a study sample,
which is a subset of a larger population that is collected and
analyzed to make inferences. As the sample size increases, the
precision of the estimates increases, assuming that the study
sample was representative of the population of interest (ie,

no sampling error). When comparing 2 groups as sample size
increases, the calculated P value would theoretically stabilize
toward its true value (gray lines). In practice, the P value
erratically progresses, especially at lower sample size (black
lines), particularly in the presence of outlier measurements.

An underpowered study may be associated with type Il error
(false-negative result), whereas increasing the sample size
beyond a certain point (eg, beyond 30 in the example above)
would be unnecessary (A). Conversely, interim analyses may

be associated with type | error (false-positive results). Indeed,
using the conventional significance level of 5%, it is expected
that 1 in 20 tests will be statistically significant even when there
is no difference between the interventions being compared,
then 0.95x0.05=0.0475 at second look (thus a total probability
of 0.0975 after both analyses), assuming that the measures are
independent. Thus, the nominal P values should be adjusted after
conducting interim analyses if one does not want to compromise
the validity or integrity of the final analyses (B).

assess study outcomes in preclinical PH studies.* Indeed, the
assessment of pulmonary hemodynamics is frequently limited
to right ventricular systolic pressure, whereas indirect markers
of pulmonary vascular disease (eg, pulmonary vascular resis-
tance) and right ventricular function (eg, cardiac output and
end-diastolic pressure) would be readily available. It can be
argued that because the most common confounder in terms of
a diagnosis of group 1 PH is group 2 PH, the requirement in
preclinical studies (as in clinical studies) should include mea-
surement of left atrial or left ventricle end-diastolic pressure
and calculation of pulmonary vascular resistance to exclude
the possibility the observed PH is in fact because of left heart
disease. This is a particular concern in genetically manipu-
lated mouse models. In this regard, echocardiography alone
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is insufficient to exclude group 2 PH. How catheterization is
performed is also frequently poorly described. However, he-
modynamics should ideally be done with inhaled anesthesia
in closed-chest animals to avoid artifactual reduction in pres-
sures that accompany over sedation” or opening of the tho-
rax (Figure 5). When conducted using rigorous attention to
anesthesia, a head-to-head comparison showed that the results
of hemodynamics assessment of the pulmonary circulation by
high fidelity cardiac catheterization, cardiac magnetic reso-
nance imaging, and echocardiography are similar (and repro-
ducible) in rodent models.”™

Significant heterogeneity also exists when describing pul-
monary remodeling,* and there is no consensus on how to re-
port adverse events, and the majority of preclinical studies fail
to appropriately monitor for toxicity. To ensure comparability
and reproducibility of results from different laboratories, as
many variables as possible in terms of animal handling and
testing need to be controlled for. Obviously, these elements
cannot be unilaterally dictated but require a consensus pro-
cess to take place, with experts in the field coming together to
agree on best practice. Consensus and guidelines for a more
harmonized, common effort in preclinical research have been
developed for preclinical in vivo evaluation of pharmacologi-
cal active drugs for stroke,” amyotrophic lateral sclerosis,”
and multiple sclerosis’ to name a few. Such efforts are clearly
needed in PH.

Multiplicity and the Play of Chance: Interim
Analyses and P Value Adjustments

Because multiple read-outs are necessary to fully evaluate
pathophysiological pathways and evaluate all of the effects
of interventions, multiple end points are frequently measured.
However, every time statistical analyses are performed, the
chance of falsely rejecting the null hypothesis is introduced.
Conducting multiple tests of significance progressively in-
creases the probability that a null hypothesis is rejected when
the null hypothesis is actually true (ie, false-positive result).
Using the conventional significance level of 5%, it is expected
that 1 in 20 tests will be statistically significant even when
there is no difference between the interventions being com-
pared. Consideration must be given to controlling the risk
of false-positive conclusions, and adjustment for multiplic-
ity will typically be necessary. A simple solution to impose
stricter control on the probability of getting a false-positive re-
sult for confirmatory studies, yet increasing the risk of type II
errors (false-negative results). Several approaches have been
proposed for addressing multiplicity, including the Bonferroni
procedure, related stepwise approaches, and hierarchical
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procedures.”®! Similarly, interim analyses are also frequent-
ly used to incorporate what is learned during the course of a
study. The simplest result of such an interim analysis is early
stopping for futility or success or continuation of the study.
Similar to multiple analyses, interim analyses increase the risk
of falsely rejecting the null hypothesis (Figure 4). Therefore,
there is a need to adjust the nominal P values after the conduct
of interim analyses if one does not want to compromise the
validity or integrity of subsequent analyses. As such, research-
ers should avoid unplanned interim analyses, and preliminary
results should be presented without formal statistical analyses
unless nominal P values have been adjusted accordingly. In
an attempt to maintain the validity and integrity of the final
analyses, collaboration with a statistician at the design stage
is crucial. Regardless of which approach is used, the selected
procedure must be prespecified in the statistical analysis plan
before undertaking any analyses of the data.

Interpretation of Study Results and Reporting

Incomplete Qutcome Data and Handling of Missing
Data

Missing outcome data, because of attrition during the study
or exclusions from the analysis, raise the possibility that the
observed effect estimate is biased. Attrition and exclusions
frequently occur in preclinical PH studies when animals die or
are withdrawn from the experiments, assessment does not pro-
vide relevant data, data are lost or unavailable, or the animals
are excluded for other reasons (eg, outliers). Comprehensive
reporting of the number of animals in intervention and con-
trol groups that were available for randomization, that were
randomized to various treatments/control groups and includ-
ed in the intervention, as well as the number of animals for
which baseline data were collected, follow-up/outcomes were
assessed, and were lost at any stage during the experimental
process should be detailed. Researchers should consider us-
ing a flowchart showing animals at each experimental step. A
timeline of experimentation is also desirable to inform wheth-
er all animals within each experimental group were analyzed
together or were a composite of >1 experiment conducted at
different times.

For confirmatory studies, an intention-to-treat analysis
may be considered as potentially the least biased way to es-
timate intervention effects in randomized trials.** In clinical
trials, empirical evidence has suggested more exaggerated
effect estimates from per-protocol analyses compared with
intention-to-treat analysis of the same trials.®* The same likely
applies to preclinical studies. The risk of bias from incomplete

Closed chest

Open chest

Pressure

I Figure 5. Representative tracings of

‘ the artifactual reduction in pressures

‘ in right ventricular pressure when
opening the thorax.

Time
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outcome data depends on several factors, including the amount
and distribution of missing data across intervention arms, the
reasons for missing outcome data, and the impact of includ-
ing or excluding the missing data on the outcome effect esti-
mate. However, few studies can perform true intention-to-treat
analyses without imputation. This involves making assump-
tions about the outcomes of animals for which no outcome
was recorded. Examples include imputing the last observation
carried forward in which the outcome measure is assumed
to hold for all subsequent outcome assessment times in case
of unreliable measures (eg, echocardiographic measures) or
worst-case scenario outcomes in case of an animal’s death.
However, statistical analyses cannot entirely compensate for
missing data, and imputation rules can also lead to serious
biases unless conservative methods are used. Thus, where
imputation is used, both the per-protocol and the intention-
to-treat analyses should be presented, and the methods and
assumptions for imputing data should be defined a priori and
described in the Methods section of the article.

Interpretation of the Results: What Does the P
Value Tell You (and Does Not Tell You)?

The high pressure to find low P values, combined with a com-
mon misunderstanding of how to correctly interpret P values,
frequently distorts the interpretation of significant results.3* A
low P value (typically <0.05) is considered strong evidence
against the null hypothesis. However, a P value of 0.05 is
frequently incorrectly interpreted as meaning that there is
95% chance that the observed difference is true, rather than
as indicating a 5% probability of the observed difference (or
greater) if the null hypothesis was true. The P value is not
the error rate or the likelihood of making a mistake by reject-
ing a true null hypothesis (type I error or false-positive rate).
Indeed, Sellke et al® estimated that a P value of 0.05 corre-
sponds to a false-positive rate of at least 23% (and typically
close to 50%). Thus, a single statistically significant hypoth-
esis test often provides insufficient evidence to confidently
discard the null hypothesis. Study replication, especially by
independent investigators, thus enhances the confidence that
study results are true findings (Figure 6). Therefore, invest-
ing more time in replicating results (those of others, as well
as our own) should be considered and incentivized. There is
an obvious balance that must be achieved to meet the 3Rs of
ethical animal research (ie, replacement, reduction, and re-
finement, which mandates to avoid unnecessary duplication
with mini-mal incremental yield). One can make a compel-
ling case that investigators should have latitude to design the
studies as they wish and can afford in accordance with ethical
standards, provided they draw conclusions from appropriate-
ly designed studies that will directly guide future drug devel-
opment. Systematic reviews and meta-analyses of preclinical
experiments could also play important roles in synthesizing
these data and have been advocated as prerequisites to under-
taking clinical trials.%

Publication Bias and Selective Reporting Bias in
Preclinical PH Studies

Reporting biases arise when the dissemination of research
findings is influenced by the nature and direction of results.

First study
True Noreal Predictive
effects effects value
Positive study 80 20 80/100 = 80%
Negative study 20 380  380/400 = 95%
Number of studies 100 400 500
Repeated study
True Noreal Predictive
effects effects value
Positive study 64 1 64/65 = 98.5%
Negative study 16 19 19/35 =54.3%
Number of studies 80 20 100

Figure 6. True-positive rates according to prior probability
of effectiveness. A P value of 0.05 is frequently incorrectly
interpreted as meaning that there is 95% chance that the
observed difference is true, rather than assuming that in the
event that the null hypothesis was true, you would obtain the
observed difference (or more) in 5% of studies. In fact, the
false-positive rate depends on various factors, including the
prevalence (or prior probability) of real effects, study power, and
P value. Let’s imagine that based on previous experiments, a
compound has a 20% probability (100 of 500 studies) of being
effective in diseased animals. A P value of 0.05 (ie, 20 of 400
false-positive studies) in the in vivo study powered at 80% (ie,
80 of 100 true-positive studies) would be associated with an
error estimate of 20% (ie, a 20% risk of being a false-positive
result) based on effect size and variability estimated a priori.
Replicating the study will then minimize the risk of false-positive
results to 1.5% because the prior probability of being effective
is now 80%. Increasing the study power and the P value

would also increase the true-positive rate if the sample size is
determined accordingly a priori.

Publication bias generally occurs when entire studies are not
published. There is a strong possibility that such studies are
missing because of their uninteresting or unwelcome findings
(ie, true publication bias), leading almost inevitably to major
overstatements of efficacy.” More subtle publication biases
arise when studies are published in obscure journals, rarely
cited, inappropriately indexed in databases, or when publica-
tion is delayed. Interestingly, when authors were asked why
they had not published their findings, the most frequent an-
swer was that they were not interesting enough to merit pub-
lication,®# and rejection by a journal was rarely mentioned
as a reason for not publishing. Therefore, selective submis-
sion by the authors rather than selective recommendations by
the reviewers or selective acceptance by the editors may be
the dominant contributor to publication bias. Even within a
published report, those analyses with statistically significant
findings are more likely to be reported, the most commonly
reported reason for nonpublication of results being lack of
statistical significance or limited magnitude of effects. Some
journals indirectly contribute to selective reporting by restrict-
ing their page allowances or relegating less-interesting find-
ings to the Supplement section. For the readers, it is often
difficult to determine whether this is because the outcome was
not measured or because the outcome was not reported. This
sort of within-study publication bias may be one of the most
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substantial biases affecting results from individual studies,”
including in preclinical PH research.* It is, therefore, impera-
tive that analyses of confirmatory studies be determined by a
prespecified statistical plan in which the primary, secondary,
and hypothesis-generating measures are identified, along with
the specific methods to correct for multiplicity and that the
entire set of outcome measures planned a priori be reported.
Publication and selective reporting biases also prevent oth-
ers from learning about negative study results. Full reporting of
study findings is perhaps the most important aspect of conduct-
ing transparent preclinical research, with implications for ani-
mal ethics and research funding. Retaining negative findings
also distorts the available body of evidence, which may lead to
waste of time and resources for other researchers and humans
being exposed to ineffective or toxic therapies. To minimize
publication and reporting bias, study preregistration—a bias-
thwarting strategy that requires researchers to formally docu-
ment analysis plans before collecting results—was developed
for clinical trials. The idea behind preregistration is that pub-
licly listing the planned experimental design and analysis lim-
its a researcher’s ability to modify them afterward—a practice
that is common among researchers. Indeed, many research-
ers engage in some form of (usually mild and unintentional)
scientific malpractice at one point or another. As a result, the
International Committee of Medical Journal Editors now con-
siders only those clinical trials for publication that have been
registered before the start of patient recruitment.” In preclini-
cal studies, preregistration in a public repository at the study
inception is a debated issue. Some advocate that it would mini-
mize publication and reporting biases, prevent fishing or ma-
nipulation to achieve a desired result, and provide leverage for
scholars who face result-oriented pressure from financial bene-
factors or funding agencies. However, many researchers fear
loss of the ability to protect intellectual propriety. More impor-
tantly, preregistration relies strongly on the notion that science
is always confirmatory. Although it is obvious that a finding is
more convincing when it was predicted, breakthrough findings
have been made through exploration with limited a priori hy-
potheses. Imposing the restrictions that are applied to clinical
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trials may thus discourage exploratory research, whereas some
kind of preregistration should be considered to minimize pub-
lication/reporting bias for confirmatory studies.

Call for Changes in Preclinical PH

Confirmatory Studies
Scientific irreproducibility is a growing concern among aca-
demics and in the general population.” Poorly designed pre-
clinical confirmatory studies likely contribute to experimental
irreproducibility, wasted resources, and erroneous conclusions
about the treatment effects.”® Practical solutions to improve
preclinical research quality and research translation have been
proposed,””** including guidelines and checklists to improve
methodology and reporting,®*?’ as well as multicentre pre-
clinical studies,” systematic reviews, and meta-analyses.*
Most of these recommendations are related to good scien-
tific practice in general and are often assumed to have been
implemented in high-ranked scientific research. Indeed, re-
ported rigor is not the same as actual rigor—a distinction that
sometimes is impossible to make for the readers. However,
biased effect estimates from studies that do not report impor-
tant study design elements have been demonstrated,”*® argu-
ing for the importance of reported rigor. Nonetheless, despite
widespread recognition of the importance of these experi-
mental design elements, confirmatory preclinical PH studies
rarely report having implemented stringent methodologies,
and their study designs have not improved during the past
decade (Figure 3).2%% Furthermore, citation counts suggest
that researchers may overlook crucial methodological aspects
of preclinical PH studies and that greater rigor does not nec-
essarily translate into greater scientific influence (Figure 7).
Some reviewers are also tolerant of studies in a small number
of animals of a single sex and strains or with methodological
flaws described above. Journal reviewers and editors directly
serve as ultimate gatekeepers of research findings. However,
few journals enforce methodological and reporting guidelines
for confirmatory studies, despite being associated with signifi-
cant improvements in methodological quality in other fields of
preclinical research.?2%100
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Figure 7. Box-whisker plot of the number of citations by methodological rigor of index preclinical pulmonary hypertension
study (n=135). Diamond symbol plotted at mean. Outliers identified as beyond 1.5 interquartile range. Cumulative refers to sum of
randomization, blinding, sample size estimation, and inclusion of both sexes (each contributing 1 point). Adapted from Ramirez et al?® with

permission. Copyright © 2017, the American Heart Association.
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Implementing such requirements in preclinical PH re-
search will involve a major paradigm shift for scientists, their
institutions, journals, and funding agencies. For instance,
many researchers were trained in an era where little attention
was paid to the risk of bias in preclinical science. Although
most universities offer courses in applied statistics and data
analysis, there is a need for science-specific training in these
aspects. Similarly, experimental rigor rather than flashy results
should be prioritized during the article adjudication process. It
should also be recognized that more robust preclinical stud-
ies generally require more time and involve more resources.
Early-career scientists may, therefore, not be expected to pub-
lish as many high-methodologically rigorous articles, which
should be taken into account by academic institutions and
funding agencies. This transition should, therefore, be accom-
panied by changes in research funding, such as those under-
taken by the National Institutes of Health.'!

Conclusion

In preclinical PH research, methodological sources of potential
bias and imprecision are prevalent and frequently overlooked
by researchers. Although unlikely to be the sole cause for clini-
cal failures, they are likely contributors to the significant dis-
cordance between preclinical and clinical results. Concerted
efforts to address this problem are needed for more effective
translation of preclinical research findings into sustainable im-
provements in patient outcomes. Rigorous study designs, meth-
odological standardization, appropriate data interpretation,
adopting statistical analysis plans, and transparent reporting
of preclinical confirmatory studies are important prerequisites
for this goal. Support from all relevant stakeholders, includ-
ing researchers, peer reviewers, editors, academic institutions,
funding agencies, animal ethics authorities, and the industry, is
thus essential to fostering drug development in PH.
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APPENDIX H

RESEARCH LETTER

Sex Bias Is Increasingly Prevalent in Preclinical
Cardiovascular Research: Implications for
Translational Medicine and Health Equity for Women
A Systematic Assessment of Leading Cardiovascular Journals

Over a 10-Year Period

as essential for sex equity in health. However, the use of female animal models

and sex-based reporting have not been equally enforced in preclinical stages of
research, which often precede and inform clinical trials. In 2014, the National Insti-
tutes of Health announced that it would require that sex be considered as a biological
variable in applications for preclinical research funding,! yet a reluctance to include
female animal models in preclinical experiments persists. Inappropriately inferring
experimental findings to both sexes when a single sex is studied or when sex is not
specified has the potential to disadvantage women by skewing our understanding
of disease processes toward male-predominant patterns and by reducing the likeli-
hood of female-specific therapeutics advancing to the clinical realm. We therefore
systematically examined all preclinical cardiovascular studies published in American
Heart Association journals with archives spanning at least 10 years (Circulation,
Circulation Research, Hypertension, Stroke, and Arteriosclerosis, Thrombosis, and
Vascular Biology [ATVB]) for evidence of sex bias.

Full articles published between July 2006 and June 2016 and reporting original
data from in vivo experiments in nonhuman mammals on pathophysiology, genetics,
or therapeutic interventions directly relevant to a specific cardiovascular disorder
in humans were included. Studies on physiological or genetic characteristics were
included if they proposed potential therapeutic applications or implications of the
study findings. Each journal article was independently reviewed and prespecified
data were extracted by using standardized case report forms by 2 authors, includ-
ing the cardiovascular disease investigated, animal model(s) used and their sex,
whether study samples were sex matched (in studies using both sexes), whether at
least 1 study result was reported by sex, and whether the use of a single sex was
reported as a limitation (in single-sex studies). Interrater agreement was calculated
using the Cohen «-statistic and percentage agreement. Discrepancies were resolved
by consensus or independent adjudication. Categorical variables were compared
via %2 tests. Temporal patterns were evaluated via Pearson correlation or Cochrane-
Armitage trend tests. All analyses were performed by using SAS 9.4 (SAS Institute
Inc) with the use of an a-level of 0.05 to define statistical significance.

Of 28636 articles screened, 3396 met inclusion criteria and were analyzed. Inter-
rater agreement for study inclusion before resolution was 94.5% (x=0.72; 95% confi-
dence interval, 0.70-0.73). The sex of the animals used was not reported in 20.0% of
studies. Males were exclusively used in 71.6% of studies in which sex was reported,
whereas females were exclusively used in 12.9% and both sexes in 15.5%. Sex match-
ing of animals was reported in 17.1% of studies that included both sexes. Restricting
this analysis to the 988 studies of therapeutic interventions did not appreciably change
these distributions. When stratified by the cardiovascular disease studied, males were
exclusively used significantly more often than females or both sexes in all cases, with
the exception of atherosclerosis and arrhythmia. When stratified by the animal model
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used, males were exclusively used significantly more of-
ten when mice, rats, rabbits, or a combination of animal
models was used (accounting for 95.0% of studies).

The number of preclinical studies published yearly
over the past decade has remained stable; however,
there has been a significant increase in the proportion
using exclusively males and a significant decrease in
the proportion using exclusively females. There have not
been significant changes in the proportions of studies
using both sexes or reporting the sex of the animals
used (Figure). These trends were unchanged when stud-
ies in which sex was not specified were excluded.

Sex-based reporting of results occurred in 35.1% of
studies in which sex was reported using the liberal cri-
terion of any results being reported in reference to the
sex of the animals used at least once. There was no
appreciable difference in the prevalence of sex-based
reporting before and after the publication of planned
National Institutes of Health policies to improve sex in-
clusion in preclinical research! (34.9% versus 35.7%,
respectively). Of the 2297 studies in which only 1 sex
was reportedly used, 1.6% mentioned this aspect of the
study design as a potential limitation.

7=-0.087 (P=0.811
A L )

B 4 P,

trend

60 __’/\"—’ 0.036

350
300
250
200
150
I

No. of articles

wm o
o o

0 e T N~ 0407

- 0.760
0 —— T ——— 046

2006-2007 2009-2010 2012-2013 2015-2016

—Males =——Females Both sexes =——Not reported

Figure. Temporal patterns in the sex of animals used
in preclinical cardiovascular research over a 10-year
period.

A, Absolute number of preclinical studies published and sex
of animals used as a function of time. r denotes Pearson cor-
relation coefficient for the total number of studies over time.
B, Sex of animals used in preclinical studies over time (%).
P,..q Calculated for the proportion of studies using exclusively
males, exclusively females, both sexes, and not reporting the
sex of the animals used over time.
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Although the need to include women in clinical trials is
now a well-established requirement to enhance external
validity, analogous standards have not gained a foothold
in preclinical stages. Reasons put forward for the preferen-
tial use of males include increased variability attributable
to fluctuating gonadal hormone levels throughout the es-
trous cycle and sample size implications of planning sex-
based analyses.?? Evidence to support these concerns is
limited for most experimental settings, however.3-

Our review of preclinical research published in leading
cardiovascular journals over the past 10 years demon-
strates that sex bias is prevalent and increasing, con-
trasting with advances made in clinical research designs
and reporting. Concerted efforts on the part of research-
ers, journal editors, peer reviewers, universities, indus-
try, professional organizations, and patient advocacy
groups are urgently needed to address this discrepancy.
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Letter to the Editor

Letters to the Editor will be published, if suitable, as space permits. They should not exceed 1000 words
(typed double-spaced) in length and may be subject to editing or abridgment.

Letter by Ramirez and Hibbert Regarding

Article, ‘“Consideration of Sex Differences

in Design and Reporting of Experimental

Arterial Pathology Studies: A Statement From
the Arteriosclerosis, Thrombosis, and Vascular
Biology Council”

To the Editor:

We read with interest the recent article titled “Consideration
of Sex Differences in Design and Reporting of Experimental
Arterial Pathology Studies: A Statement From the Arteriosclerosis,
Thrombosis, and Vascular Biology Council” in which Robinet
et al' review sex differences in arterial diseases in both humans
and animal models. The authors provide suggestions for examin-
ing the influence of sex when designing and reporting preclini-
cal arterial pathology experiments. They propose that both sexes
should be included in experiments unless scientifically justified,
the sex of the animals should be clearly reported, the studies
should be adequately powered to observe sex differences, and the
data should be analyzed and reported separately by sex. We com-
mend the authors for their initiative and expect that their article
will inform preclinical research in the field.

However, linked to the authors’ recommendations is the per-
ception that preclinical arterial disease researchers do not consider
or report on sex as a biological variable—at least not sufficiently.
Yet, data to support this are notably limited in their report. It has
been suggested that cardiovascular researchers may already be
more attuned to the importance of considering sex as a biologi-
cal variable relative to researchers in other medical disciplines.?
Without knowledge of preclinical arterial disease research and
reporting practices, the importance and potential impact of the
authors’ suggestions are difficult to gauge.

In support of implementing, incentivizing, and possibly en-
forcing many of the proposals by Robinet et al, our group has
recently shown that considering sex as a biological variable in
preclinical experiments is indeed rare in cardiovascular research.
We analyzed all preclinical studies published between July 2006
and June 2016 in leading American Heart Association journals,
including Arteriosclerosis, Thrombosis, and Vascular Biology
(ATVB). Studies were included if they represented original re-
search published as full manuscripts, reported results of in vivo
experiments in nonhuman mammals, and described findings with
proposed therapeutic applications or implications to a specific
cardiovascular disorder in humans. Two independent reviewers
extracted all prespecified data from each article, including via re-
view of all online supplementary material. Discrepancies were
resolved by consensus or by an independent adjudicator before
data analysis.>* Of the 3396 articles included, 771 focused on
atherosclerosis and arterial aneurysms/dissection, which are the
subject of the article by Robinet et al.

Of these 771 preclinical arterial pathology studies, 447
(58.0%) were published in ATVB. Mice were most often used

as the experimental animal models (90.1%). The sex of the ani-
mals was not specified in 145 studies (18.8%). When restricted
to studies that did specify the sex of the animals, 347 (55.4%)
used exclusively males, 128 (20.4%) used exclusively females,
and 151 (24.1%) used both sexes.® Reporting of results by sex
was observed in 290 (46.3%) using the liberal criterion of any
results reported in reference to the sex of the animals used. Of the
475 studies that reported only using animals of one sex, 9 (1.9%)
mentioned this aspect of the study design as a potential limitation.
Temporal analyses demonstrate that, overall, the number of pre-
clinical arterial pathology research articles published yearly in the
cardiovascular journals examined did not change during the 10-
year period studied (range, 65-96; r=0.121; P=0.738). However,
the proportion of studies using exclusively males has increased
over time (P <0.0001), whereas the proportion of studies us-
ing exclusively females has decreased (P <0.0001). The pro-
portions of studies using animals of both sexes or not reporting
the sex of the animals have not changed (P =0.277 and 0.499,
respectively). Finally, although we do not have data regarding
adequate statistical power to detect sex differences specifically,
more broadly, only 10 studies (1.3%) reported any sample size
or a priori power calculation. Although temporal analyses of the
proportion of studies reporting power estimations suggested a
significant improvement over the 10-year period (P =0.002),
the maximum yearly proportion reporting this study design ele-
ment was only 4.2%.

In summary, sex bias is not only prevalent but also increas-
ing in preclinical arterial pathology research, as it is for pre-
clinical cardiovascular research in general.>* We stress that the
journals selected for our analysis are among the most highly
regarded in the cardiovascular sciences with editorial boards at-
tuned to many of the issues raised by the National Institutes of
Health,>” rendering it possible (if not likely) that our estimates
paint an optimistic picture of the current state of cardiovascular
research.

Our data, therefore, add weight and a sense of urgency to
the efforts of Robinet et al and the ATVB Council to encour-
age preclinical arterial pathology researchers to consider sex as
a biological variable when designing and reporting experiments.
We caution, however, that guidelines alone may not be sufficient
to effect change.®® Although journal editorial policies aimed at
improving research methodology and reporting seem to be more
effective (and have been pioneered by prominent journals such
as Nature, Stroke, and Circulation Research),>'° it is likely that
to realize meaningful progress in the methodological and report-
ing quality of preclinical studies, a concerted effort by research-
ers, academic institutions, funding agencies, and industry will
be needed.
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Checklist of Methodological and Reporting Aspects for Articles Submitted to Stroke Involving Preclinical Experimentation

Methodological and Reporting Aspects

Description of Procedures

Experimental groups and study
timeline

arm of the study.

[0 The experimental group(s) have been clearly defined in the article, including number of animals in each experimental

1 An account of the control group is provided, and number of animals in the control group has been reported. If no
controls were used, the rationale has been stated.
[ An overall study timeline is provided.

Inclusion and exclusion criteria

1A priori inclusion and exclusion criteria for tested animals were defined and have been reported in the article.

Randomization

1 Animals were randomly assigned to the experimental groups. If the work being submitted does not contain multiple
experimental groups, or if random assignment was not used, adequate explanations have been provided.

[ Type and methods of randomization have been described.

[ Methods used for allocation concealment have been reported.

Blinding

1 Blinding procedures have been described with regard to masking of group/treatment assignment from the
experimenter. The rationale for nonblinding of the experimenter has been provided, if such was not feasible.
[ Blinding procedures have been described with regard to masking of group assignment during outcome assessment.

Sample size and power calculations

provided.

O Formal sample size and power calculations were conducted based on a priori determined outcome(s) and treatment
effect, and the data have been reported. OR A formal size assessment was not conducted and a rationale has been

Data reporting and statistical methods

all experimental groups.

for all experimental arms.

tables, in addition to the figures.

[ Statistical methods used have been reported.
I Numeric data on outcomes have been provided in text, or in a tabular format with the main article or as supplementary

1 Number of animals in each group: randomized, tested, lost to follow-up, or died have been reported. If the
experimentation involves repeated measurements, the number of animals assessed at each time point is provided, for

[ Baseline data on assessed outcome(s) for all experimental groups have been reported.
[ Details on important adverse events and death of animals during the course of experimentation have been provided,

Experimental details, ethics, and
funding statements

[1 Details on experimentation including stroke model, formulation and dosage of therapeutic agent, site and route of
administration, use of anesthesia and analgesia, temperature control during experimentation, and postprocedural
monitoring have been described.

[ Different sex animals have been used. If not, the reason/justification is provided.

[ Statements on approval by ethics boards and ethical conduct of studies have been provided.

[ Statements on funding and conflicts of interests have been provided.
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Life Sciences Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list
items might not apply to an individual manuscript, but all fields must be completed for clarity.

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.

» Experimental design

1. Sample size

Describe how sample size was determined. No sample-size calculations were performed. Sample size was determined to be
adequate based on the magnitude and consistency of measurable differences
between groups.
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2. Data exclusions

Describe any data exclusions. On principle, data were only excluded for failed experiments, reasons for which
included suboptimal activation and microbial contamination.

3. Replication

Describe whether the experimental findings were Replicate experiments were successful.
reliably reproduced.

4. Randomization

Describe how samples/organisms/participants were No randomization of mice. Mice analyzed were litter mates and sex-matched
allocated into experimental groups. whenever possible.

5. Blinding
Describe whether the investigators were blinded to Investigators were not blinded to mouse genotypes during experiments. Data
group allocation during data collection and/or analysis. reported for mouse experiments are not subjective but rather based on

quantitative flow cytometry.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.

o

Statistical parameters

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

n/a | Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

|X| A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly

|X| A statement indicating how many times each experiment was replicated

|X| The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more
complex techniques should be described in the Methods section)

& A description of any assumptions or corrections, such as an adjustment for multiple comparisons
|X| The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

|X| A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

oo o oo

|X| Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.
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» Software

Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this Flow cytometry data analyzed using FlowJo (v10).
study.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

» Materials and reagents

Policy information about availability of materials
8. Materials availability
Indicate whether there are restrictions on availability of  IL2RA enhancer-edited mice will be available for distribution. No other unique

unigue materials or if these materials are only available materials were used in these studies.
for distribution by a for-profit company.

9. Antibodies

Describe the antibodies used and how they were validated = Supplementary Table 4 provided with manuscript contains information on all
for use in the system under study (i.e. assay and species).  antibodies used in the study.

10. Eukaryotic cell lines

a. State the source of each eukaryotic cell line used. Jurkat cells for CRISPRa screen obtained from Berkeley Cell Culture Facility. HuT78
and Jurkat (Fig. 2¢,d) cells gift from Art Weiss. More information in Methods
section.

b. Describe the method of cell line authentication used.  Short tandem repeat analysis was used to confirm the identity of the Jurkat and
HuT78 T cell lines. Detailed information listed in Methods section.

c. Report whether the cell lines were tested for Jurkat cells used for CRISPRa pooled and arrayed screens and HuT78 cells used for
mycoplasma contamination. CRISPRa validation tested negative for mycoplasma. Detailed information listed in
Methods section.

d. If any of the cell lines used are listed in the database No cell lines used are listed in the database of commonly misidentified cell lines.
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

» Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide details on animals and/or animal-derived Description of research mice used for experiments can be found in the relevant
materials used in the study. figure legends and Methods.

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population Human blood donors for experiments were anonymous.
characteristics of the human research participants.
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Flow Cytometry Reporting Summary

Form fields will expand as needed. Please do not leave fields blank.

» Data presentation

For all flow cytometry data, confirm that:
[X] 1. The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

< 2. The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of
identical markers).

[X]3. All plots are contour plots with outliers or pseudocolor plots.

[X]4. Anumerical value for number of cells or percentage (with statistics) is provided.

=
Q
=
(o
=
(@)
=
(D
wv
()
Q
=
(@)
>
=3
©)
=
0
=
—
e}
3
D
—
=
S
=
D
o
[}
=
=
Q
(%2]
(-
3
3
Q
=
=

» Methodological details

5. Describe the sample preparation. Sample preparation listed in Methods

6. ldentify the instrument used for data collection. FACS Aria Fusion, Aria ll, Fortessa and LSR Il

7. Describe the software used to collect and analyze FACSDiva for collection and FlowJo (version 10) for analysis
the flow cytometry data.

8. Describe the abundance of the relevant cell 1-3 million naive CD4+ T cells were sorted per mouse for activation
populations within post-sort fractions. experiments. Purity was
assessed by staining for CD4 and other T cell markers, including CD69.

9. Describe the gating strategy used. Relevant gating strategies shown in Supplementary Information

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information. [X|
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