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Preclinical research and clinical therapy development exist in 
a symbiotic continuum yet are guided by different reporting 

standards, regulatory forces, and reward systems.1,2 Consequent 
discrepancies in study designs and analytical methods can com-
promise scientific validity,3 result in irreproducible results (par-
ticularly from preclinical experiments using animal models2), 
and may contribute to the high rate of attrition seen in early stag-
es of clinical development.4,5 Improved methodological rigor 

and transparent reporting practices have therefore been advo-
cated to improve the predictive value of animal model data.2,6–10
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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.)
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increasingly so among the lay public15–17 and the biopharmaceuti-
cal industry.13,18 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 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.11 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.12 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.19 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.8,20,21

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.4 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.5,7,11,12,22,23 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 projects4 and among the lowest 

success rates and likelihood of approval at all phases of clini-
cal trials.24 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).4 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.25 
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.7 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.26 These principles and guidelines have been endorsed by 
prominent academic societies, associations, and journals, in-
cluding all American Heart Association (AHA) journals,25 with 
evidence of editorial commitment to complying.27,28 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.13 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.

Nonstandard Abbreviations and Acronyms

CVD cardiovascular disorder

NIH National Institutes of Health

Novelty and Significance

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 

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.
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Methods
As previously described,29 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.7,30,31 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,28 which is purported to have 
improved the quality and designs of preclinical studies published in 
that journal.32

Finally, the number of citations has been used as a surrogate 
measure of research impact and influence.33–37 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.38 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.39

Categorical variables are reported as number (%) and were com-
pared via χ2 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 κ 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.40–42 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 α level of 0.05 to define statistical 
significance.

Results
Study Selection and Characteristics
As previously described,29 of 28 636 articles screened, 3396 
met inclusion criteria and were analyzed (Figure 1). Inter-rater 

Figure 1. Literature search and 
results. ATVB indicates Arteriosclerosis, 
Thrombosis and Vascular Biology; and 
Circ Res, Circulation Research.
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agreement for study inclusion before resolution was 94.5% 
(κ=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 

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).

Table. Study Characteristics

 
Circulation 
(n=672)

Circ Res  
(n=486)

Hypertension  
(n=860)

Stroke  
(n=501)

ATVB  
(n=877)

Total  
(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 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 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.29 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 previously29). 
There has been a significant increase in the proportion report-
ing a priori sample size estimations (P

trend
<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 

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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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 2011,32 
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, 41 441 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, 

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.
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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.12 
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.29 
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 irreproducibility2,7 and wasted resources43,44 
but also may result in erroneous conclusions regarding the 
treatment effects,9,21,23,45,46 which can ultimately spur or deter 
clinical trials in humans with consequent risk of harm.12,20,47 
The experimental design elements evaluated in our study are 

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.
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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).1,6,7,10,13,26,48,49 
Although these elements are routinely implemented in clini-
cal trials as they have been shown to protect against bias and 
imprecision,50–53 they have conspicuously not permeated pre-
clinical experiments.1,23,54–56 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.6,31,57

Furthermore, despite a pervasive belief among scientists 
that there is a reproducibility “crisis” in research that is at-
tributable to methodological and reporting shortcomings,14 
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 

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.29

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.12 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.2,5,44,48

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.13 Several guidelines and checklists 
have been developed to improve preclinical methodology45,58,59 
and reporting,25,45,60–62 yet there is little indication that they 
are effecting change despite being widely endorsed.43,58,63 
Systematic reviews and meta-analyses have been advocated 
as safeguards to expose bias in preclinical research before 
embarking on clinical trials,9,47,64,65 but they are limited by the 
internal validity of included studies66 and are not routinely 
performed. Changes in research funding such as those under-
taken by the NIH2,26 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.29

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.67 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.13 Uniquely, however, Stroke 
implemented a “Basic Science Checklist” in 2011 (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 after its introduction, 
Minnerup et al32 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 al32 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.7,20,21,46,58,68–71

Our study is not without limitations. The study sample 
comprised articles from 5 cardiovascular journals over 10 
years, which may not fully represent preclinical 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,25 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.7,30,31 
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.2,6,7,9–11,13,43 As well, factors other than experimental 

Figure 7. Box-whisker plot of the 
number of citations by methodological 
rigor of index preclinical study 
(n=1681). 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). 
*P<0.05.
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methodology can influence the predictive value of preclinical 
research, including how well an animal model reflects human 
physiology and disease,6,9,45,72 the appropriateness of statisti-
cal analyses,73 and a lack of standardization of definitions and 
surrogate markers,74,75 which were not examined. Although ar-
ticle citation is the most commonly used measure of research 
impact, it is an imperfect indicator.33,34 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 low49,65 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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