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Abstract
Objective: To estimate the bias associated with speci c nonrandomized study attributes among studies
comparing transcatheter aortic valve implantation with surgical aortic valve replacement for the
treatment of severe aortic stenosis.
Data sources and study selection: We searched 7 databases from inception to June 2017: Medline,
Medline In-Process/ePubs, Embase, Cochrane Central Register of Controlled Trials, Cochrane Database of
Systematic Reviews, Scopus, and Web of Science. We included all RCTs and nonrandomized studies that
reported outcomes of interest.
Data extraction and synthesis: We categorized studies according to study design, and evaluated 41
nonrandomized study attributes as potential sources of bias. We calculated odds ratios (OR) and other
effect measures with 95% con dence intervals (CI) using random effects models.
Main outcomes: One month postoperative mortality, and length of stay. Bias was de ned as the
difference in estimates of treatment effects between nonrandomized studies and high quality (low risk of
bias) RCTs, which were considered to provide “gold standard” estimates.
Results: We included 6 RCTs and 87 nonrandomized studies. Surgical risk scores were similar for
comparison groups in RCTs, but were higher for patients having transcatheter aortic valve implantation in
nonrandomized studies. Nonrandomized studies underestimated the bene t of transcatheter aortic valve
implantation compared with RCTs. For example, nonrandomized studies without adjustment estimated a
higher risk of postoperative mortality for transcatheter aortic valve implantation compared with surgical
aortic valve replacement (OR 1.43 [95% CI, 1.26 to 1.62]) than high quality RCTs (OR 0.78 [95% CI, 0.54 to
1.11). Nonrandomized studies using propensity score matching (OR 1.13 [95% CI, 0.85 to 1.52]) and
regression modelling (OR 0.68 [95% CI, 0.57 to 0.81]) to adjust results estimated treatment effects closer
to high quality RCTs. Nonrandomized studies describing losses to follow-up estimated treatment effects
that were signi cantly closer to high quality RCT than nonrandomized studies that did not.
Conclusion: Studies with different attributes produce different estimates of treatment effects. Study
design attributes related to the completeness of follow-up may explain biased treatment estimates in
nonrandomized studies, as in the case of aortic valve replacement where high-risk patients were
preferentially selected for the newer (transcatheter) procedure.

Introduction
Frameworks of study designs often specify hierarchies based on the likelihood of estimating biased
treatment effects, with well-designed randomized controlled trials (RCT) and their meta-analyses
considered to provide the least biased estimates.1–3 However, there are limited RCTs of non-drug
technologies such as medical devices and surgical techniques,45 leading to widespread dependence on
non-randomized studies for the evaluation of non-drug health technologies.
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Not surprisingly, there is variation in the treatment effects estimated by different study designs, with nonrandomized studies frequently reporting larger bene ts for the experimental treatment than RCTs.6–12
Differences in the conclusions of non-randomized studies and RCTs vary according to the clinical
context.13–16 Among RCTs, study quality is associated with estimates of treatment effects; lower quality
RCTs often overestimate the bene t of an experimental procedure as compared to high quality RCTs.17–
21

The relationship between study attributes and biased treatment effects is less clear for nonrandomized
studies—a better understanding of this relationship would help inform readers, providers, patients, and
policy makers, especially when data from high-quality RCTs are not available .
There are many nonrandomized studies and RCTs comparing transcatheter and surgical aortic valve
replacement for the treatment of aortic stenosis, providing an ideal opportunity to study the in uence of
study designs and characteristics on estimates of treatment effectiveness. We sought to empirically
explore the direction and magnitude of bias associated with different study attributes using a metaepidemiological analysis of published studies.

Methods
The study was performed in accordance with the PRISMA guidelines for meta-epidemiological studies.22
Clinical context
We studied transcatheter and surgical aortic valve replacement for aortic stenosis because there were
both high quality RCTs and a large number of non-randomized studies. Transcatheter aortic valve
implantation is a relatively new technique, and its safety and e cacy is of current clinical interest.
Study selection
We included all RCTs that randomly assigned patients to transcatheter or surgical aortic valve
replacement and followed patients over time. We also included all comparative cohort studies that
reported primary data on outcomes of interest after transcatheter or surgical aortic valve replacement.
We excluded non-randomized studies that were not comparative cohort studies, de ned the population by
excluding the outcome of interest, combined patients from RCTs and non-randomized studies, conference
abstracts, poster presentations, non-peer reviewed publications, unpublished literature, systematic
reviews that lacked primary data, and studies that used other surgical aortic valve replacement methods
(e.g., minimally invasive, sutureless).
For multiple publications using the identical cohort we included the publication with the most
representative sample, determined by sample size or duration of follow up.
Data sources
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We searched Medline, Medline In-Process/ePubs, Embase, Cochrane Central Register of Controlled Trials,
Cochrane Database of Systematic Reviews, Scopus, and Web of Science from inception to June 2017
(eTable 1). We used DistillerSR (Evidence Partners, Ottawa, Canada) to check for duplicate citations, and
to screen titles, abstracts, and full text.
Data extraction
A single reviewer collected study characteristics, patient characteristics, and outcomes of interest;
questions were resolved by consensus among the study team. Agreement of re-abstracted outcomes for
a sample of 15 nonrandomized studies (17%) by a second reviewer demonstrated excellent inter-rater
reliability (ICC 0.99 [95% CI, 0.98 to 0.99]).23

Study characteristics
We collected study sample size, publication year and country, surgical approach, and the study time
period. We collected surgical risk scores (e.g., EuroSCORE II) as a measure of potential selection bias
among comparison groups.

Outcomes
We de ned postoperative mortality as death due to any cause within 1-month or in hospital after the
procedure regardless of location. We de ned length of stay as the number of days the patient stayed in
the hospital after the procedure. We extracted the necessary components of each outcome to calculate
the pooled estimates of treatment effects. We calculated missing data points using given information
where possible.

Explanatory variables: Study designs
We categorized studies into 8 groups according to study design: (1) All (all RCT and nonrandomized
studies), (2) All RCT, (3) High quality RCT, (4) Low quality RCT, (5) All non-randomized studies, (6)
Nonrandomized studies without adjustment, (7) Nonrandomized studies adjusted using propensity score
matching (PSM), and (8) Nonrandomized studies adjusted using regression.
RCTs were divided into high or low quality RCTs based on the Cochrane Risk Of Bias (ROB) tool24 based
on the content of the published articles; authors were not contacted for additional information (eTable 3).
No RCT blinded study participants; hence RCTs that satis ed all other criteria were categorized as high
quality. Non-randomized studies reported unadjusted estimates, adjusted estimates, or both. Nonrandomized studies estimates were pooled into 3 groups: without adjustment, adjusted using PSM, and
adjusted using regression.
Finally, we previously developed a set of 41 non-randomized studies attributes that could bias studies
(Appendix B). These attributes were based on existing frameworks of bias and quality assessment tools
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for nonrandomized studies, and were extensively pilot tested and iteratively developed for clarity and
reliability.
Data synthesis

Study characteristics
We compared overall study characteristics between RCTs and non-randomized studies using descriptive
statistics. To combine continuous variables across studies, the weighted mean of estimates was
calculated, and the pooled standard deviation (SD) was either calculated directly (where reported) or
imputed from the pooled variance of included studies in the relevant group if missing 25.

Pooled estimates of treatment effects
The effect of treatment on postoperative mortality was estimated using odds ratio (OR). OR < 1 indicated
lower risk of death for transcatheter aortic valve implantation. For Bayesian RCTs, we assumed the
median estimate represented the percentage with events.26,27 The treatment effect on length of stay was
estimated using mean difference (MD, with values < 0 indicating shorter length of stay for transcatheter
aortic valve implantation).
All effect sizes were pooled using a random effects model to account for potential between-study
heterogeneity. For postoperative mortality, we used the DerSimonian-Laird method,28 with the exception
of estimates that incorporated adjusted ORs from nonrandomized studies adjusted using regression,
which were calculated using the generic inverse variance method 25. For length of stay, we used the
inverse variance method.25 All pooled estimates were presented visually using forest plots with point
estimates and 95% CI. Estimates from high-quality RCTs were considered to represent the “gold standard”
treatment effects.
We evaluated the impact of the 41 nonrandomized study attributes on estimates of treatment effect by
calculating the ratio of odds ratios (ROR) for postoperative mortality and difference of mean differences
(DMD) for length of stay with 95% CI using random effects meta regression. The ROR is the ratio of the
OR in one group of studies and the OR in another group of studies18; the DMD is the difference between
MD reported in one group of studies and the MD in another group of studies.29 We compared the pooled
estimates between study categories, and also between nonrandomized studies with attributes
hypothesized to be associated with bias. ROR < 1 and DMD < 0 indicated that studies with ‘better’ study
characteristics favored transcatheter aortic valve implantation.
All statistical analyses were conducted using R studio version 1.0.136 (2016).30 The analysis of whether
the attributes of nonrandomized studies were associated with statistical differences in pooled effect
sizes was an exploratory analysis; a less restrictive 2-sided P value of 0.10 was used to determine
potentially important attributes. In all other analyses a P value of 0.05 or less was considered statistically
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signi cant. P values for comparisons of estimates between types of study were those of the ROR or DMD
for the comparison.

Results

Study selection
Of 2,061 RCTs identi ed in our search, six (described in 15 publications) met the inclusion criteria, and of
10,409 nonrandomized studies, 87 (described in 88 publications) met the inclusion criteria (Fig. 1 and
eTable 2). We included four additional nonrandomized studies from publications that were not identi ed
in the initial search.

Study Characteristics
The six RCTs included 5,352 patients, and the 87 non-randomized studies included 239,433 patients
(Table 1). RCTs and nonrandomized studies had similar years of publication, were conducted mostly in
Europe and North America, and often used multiple surgical approaches.
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Table 1
Descriptive characteristics of included studies
RCTs

NRSs

Number of
studies

6

87

Total number of
patients

5352

239433

Year published*

2014 (2012,
2016)

2014 (2012, 2016)

Europe

2 (33.3%)

47 (54.0%)

North America

2 (33.3%)

16 (18.4%)

Asia

0

7 (8.0%)

Other

0

3 (3.5%)

Multiple

2 (33.3%)

2 (2.3%)

Unclear

0

12 (13.8%)

Any

5 (83.3%)

57 (65.5%)

Transfemoral

0

10 (11.5%)

Transapical

1 (16.7%)

13 (14.9%)

Other

0

7 (8.0%)

Region

TAVI Approach

TAVI

SAVR

TAVI

SAVR

Number of
patients

2771

2581

78254

161179

Year enrolment
began

2010 (2008,
2011) (n = 6)

2010 (2008,
2011) (n = 6)

2009 (2006–
2011) (n = 79)

2007 (2005–
2009) (n = 76)

Year enrolment
ended

2012 (2011,
2013) (n = 6)

2012 (2011,
2013) (n = 6)

2012 (2010–
2013) (n = 75)

2012 (2010, 2013)
(n = 72)

STS

6.13 ± 2.25 (n =
5)

6.20 ± 2.32 (n =
5)

9.83 ± 5.03 (n =
34)

6.76 ± 3.68 (n =
33)

EuroSCORE I

NA

NA

18.25 ± 8.61 (n =
8)

11.16 ± 5.26 (n =
8)

Baseline
surgical risk†
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RCTs

NRSs

LogEuroSCORE

16.21 ± 8.77 (n =
5)

16.30 ± 8.64 (n =
5)

22.32 ± 11.29 (n =
44)

14.19 ± 8.73 (n =
44)

EuroSCORE II

NA

NA

8.52 ± 6.58 (n = 5)

8.09 ± 5.74 (n = 5)

NYHA

2.75 (n = 3)

2.74 (n = 3)

3.40 (n = 12)

2.62 (n = 12)

Abbreviations: RCT, Randomized Controlled Trial; NRS, Nonrandomized Study; TAVI, Transcatheter
Aortic Valve Implantation; SAVR, Surgical Aortic Valve Replacement; STS, Society of Thoracic
Surgeons; NYHA, New York Heart Association; NA, Not Applicable.
All continuous variables are reported as either median (25th, 75th percentile) or mean ± SD. All
discrete variables are reported as n (%).
Values describing the characteristics of patients in each arm of the studies are followed by the
number of studies each category that reported the value (n).
* For studies with multiple publications, the year of the rst publication was used.
† STS, EuroSCORE I, LogEuroSCORE and EuroSCORE II are measures of predicted operative mortality.
NYHA classi es the extent of heart failure into 4 classes I to IV, with I being least severe and IV being
most severe. The numbers indicate the weighted average NYHA class of each cohort. ‘Other’ TAVI
approaches included non-iliofemoral, transthoracic, or transvascular approaches.
a) Postoperative mortality
The proportion of studies including patients of all surgical risk categories was higher in non-randomized
studies than RCTs (67.8% vs 33.3%,). In general, transcatheter aortic valve implantation subjects in
nonrandomized studies had higher surgical risk compared to transcatheter aortic valve implantation
subjects in RCTs or surgical aortic valve replacement subjects in nonrandomized studies and RCTs.
Three RCTs satis ed modi ed ROB assessment criteria for “high quality” and three were “low quality”
(Appendix C).

Comparison Of Treatment Effects Between Rcts And Nonrandomized Studies
For postoperative mortality, nonrandomized studies adjusted using regression signi cantly favored
transcatheter aortic valve implantation (OR 0.68 [95% CI, 0.57 to 0.81], P for comparison with high quality
RCT 0.61). High quality RCTs (OR 0.78 [95% CI, 0.54 to 1.11]), low quality RCTs (OR, 0.8 [95% CI, 0.58 to
1.65], P for comparison with high quality RCT 0.48) and nonrandomized studies adjusted using PSM (OR,
1.13 [95% CI, 0.85 to 1.52], P for comparison with high quality RCT 0.18) found no statistical difference,
while nonrandomized studies without adjustment signi cantly favored surgical aortic valve replacement
(OR, 1.43 [95% CI, 1.26 to 1.62], P for comparison with high quality RCT 0.01).
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For length of stay, all categories of study design except for PSM-adjusted nonrandomized studies
signi cantly favored transcatheter aortic valve implantation. However, there were differences in the
magnitudes of the pooled point estimates. High quality RCTs reported a point estimate for the length of
stay in the transcatheter group (MD -4.50 [95% CI, -5.05 to -3.96]) that was about 1.5 days shorter than
low quality RCTs (MD -2.87 [95% CI, -5.13 to -0.61], P for comparison 0.26), nonrandomized studies
adjusted using PSM (MD -3.01 [95% CI, -6.01 to 0], P for comparison 0.62), and nonrandomized studies
without adjustment (MD -3.06 [95% CI, -3.89 to -2.24], P for comparison 0.33). No nonrandomized studies
adjusted length of stay using regression.
In uence of non-randomized study characteristics on estimates of treatment effect
For each outcome, some attributes of nonrandomized studies were signi cantly (P < 0.10) associated
with pooled estimates of treatment effect closer to those from high quality RCTs (Fig. 3). For
postoperative mortality, these attributes were: losses to follow up described (P = 0.05), follow up equal in
duration (P = 0.10), and con ict of interest disclosure for non- rst/last authors (P = 0.10). For length of
stay, these attributes were: losses to follow up described (P = 0.08), missing data addressed (P = 0.09),
and outcome measured from interviews (P = 0.06).

Discussion
When comparing estimates of treatment effects in randomized and nonrandomized studies comparing
transcatheter aortic valve implantation with surgical aortic valve replacement, we found that point
estimates of the effect sizes of study designs with lower risk of bias tended to show larger bene t for
transcatheter aortic valve implantation than study designs with higher risk of bias. Statistical adjustment
using regression, but not propensity score matching, brought estimated effect sizes closer to high quality
RCTs for postoperative mortality. Among nonrandomized studies, accounting for loss to follow up was
associated with estimates of treatment effect closer to those from RCTs.
Our ndings are consistent with meta-analyses that found RCTs favored transcatheter aortic valve
implantation more than nonrandomized studies with respect to postoperative mortality.31 Interestingly,
while meta-epidemiological studies of other clinical topics found that lower quality studies tend to

overestimate the bene t of newer treatments,19–21,32−36 higher risk of bias studies of transcatheter aortic
valve implantation underestimated treatment bene t. There are several possible reasons for the
discrepancy. Our analysis included recent studies, which are generally of higher quality and follow better
reporting guidelines than older studies.37 The difference may also be speci c to the clinical context we
studied. Allocation of patients to treatment groups is highly in uenced by differences in case-mix.38 The
surgical risk of postoperative mortality was higher in patients who had transcatheter aortic valve
implantation in nonrandomized studies, presumably because the transcatheter procedure was largely
restricted to patients who were too high risk for surgical aortic valve replacement in the early years of its
clinical use. This situation is different than other clinical situations, where newer or innovative procedures
are preferentially used in lower-risk patients.39
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In our study, propensity score matching did not consistently shift estimates from nonrandomized studies
closer to RCT estimates. Others found that propensity score-matched effect sizes from nonrandomized
studies were closer to RCTs than regression modeling 38.
Of the various design attributes of nonrandomized studies we analyzed, studies that described loss to
follow up yielded estimates of treatment effects that were closer to high quality RCTs. Study attributes
related to baseline characteristics did not substantially affect effect estimates. Loss to follow up is a
major source of selection bias in cohort studies; it is associated with socioeconomic status,40–47
substance abuse,41 smoking,45,48−51 alcohol abuse,43,52 physical inactivity,49,52,53 and poor diet.52
Quantifying the extent of bias due to loss to follow up may be helpful in understanding biased estimation
of treatment effects in nonrandomized studies. Our study had important strengths. We focused on a
single clinical question, allowing us to focus on the in uence of study characteristics on estimated
treatment effects without introducing other sources of variation from studying a heterogeneous group of
interventions. We strati ed RCTs by risk of bias, instead of pooling all RCTs together. Studies comparing
transcatheter and surgical aortic valve replacement included several high quality RCTs, and many recent
large and well-reported nonrandomized studies, enabling us to disentangle the in uence of study quality
and study characteristics on estimated treatment effects. Thirteen nonrandomized studies reported both
adjusted and unadjusted treatment effects. Surgical risk scores allowed us to examine confounding by
indication.
Our study has limitations. Our literature review may not have included every potentially eligible study.
However, this would not affect the internal consistency and generalizability of our ndings, which
focused on differential estimates between RCTs and nonrandomized studies, rather than estimating the
independent treatment effect of aortic valve replacement techniques. Although we limited our analysis to
a single clinical question, there is nevertheless substantial heterogeneity among the articles we analyzed
that must be taken into account. Although we categorized studies by design, different studies included
subjects from very different clinical populations (e.g., a high-risk population is completely different from
an intermediate risk population). However, this situation is typical of the medical literature, and pooled
measures of effect are commonly reported in meta-analyses even when clinical heterogeneity exists
among included studies. Although some of the high-quality RCTs were designed as non-inferiority
studies, they would still be expected to provide unbiased estimates of the relative effectiveness of
transcatheter aortic valve implantation with respect to the outcomes we evaluated.
We speci ed a priori a liberal P value threshold of 0.10 and performed multiple univariate comparisons to
identify nonrandomized study attributes potentially associated with biased effect estimates. The intent of
these exploratory analyses was to generate hypotheses about these study attributes for future analyses
rather than test speci c hypotheses. Many of these attributes are correlated, and further research could
test speci c hypothesis regarding the effect of a limited number of pre-speci ed attributes on bias.
Further studies on the reliability of measured attributes of non-randomized studies and how they
in uence effect estimates compared with RCTs will help improve the interpretation of the results of
nonrandomized studies. Finally, while a single reviewer collected the data for this study, analyses of interPage 11/19

rater reliability demonstrated excellent correlation among a sample of key variables that were reabstracted by a second reviewer.
We found that higher quality studies reported a larger bene t than lower quality studies for transcatheter
aortic valve replacement compared with surgical valve replacement, although differences were not
statistically signi cant. While adjusted estimates of treatment effects in nonrandomized studies were
generally closer to high quality RCT estimates, propensity score snatching and regression modelling
varied in the extent to which they were able to adjust effect estimates closer to RCT estimates. Risk
adjustment methods may not reliably account for biases in nonrandomized studies. Consideration of
loss to follow up appears to be an important attribute of nonrandomized studies with respect to
estimating treatment effects that are closer to RCT estimates.
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Figure 1
Flow diagram of literature search and screening to identify eligible studies RCT, randomized controlled
trials; NRS, nonrandomized studies
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Figure 2
Pooled estimates of treatment effects in different study designs Abbreviations: RCT, Randomized
Controlled Trial; NRS, Non-Randomized Studies; PSM, Propensity Score Matching; OR, Odds Ratio; CI,
Con dence Interval; MD, Mean Difference. Early means ≤30 days post-op. Diamond is the point estimate
of treatment effect. Horizontal lines are 95% CI. Odds ratios were plotted in log scale. Treatment effects
were plotted to exact values, but were reported rounded to 2 decimal places.
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Figure 3
Comparison of pooled estimates of treatment effect in NRSs strati ed by speci c NRS attributes
Abbreviations: NRS, Non-Randomized Studies; OR, Odds Ratio; MD, Mean Difference; CI, Con dence
Interval; COI, Con ict of Interest; IRB, Institutional Review Board; AS, aortic stenosis. Attributes were
ordered by increasing Ratio of Odds Ratios (RORs) and Difference in Mean Differences (DMD) between
the pooled estimates in each strati cation. Diamond is the point estimate. Horizontal lines are 95% CI.
Odds ratios were plotted in log scale. Treatment effects are plotted to exact values, but are reported
rounded to 2 decimal places. Studies column shows how many studies out of total NRS were pooled to
produce each estimate. Grey and white bars group rows that belong to each attribute for easier visibility.
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