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a b s t r a c t

In this study, we examined the data reproducibility issues in systematic reviews in sleep medicine. We
searched for systematic reviews of randomized controlled trials published in sleep medicine journals.
The metadata in meta-analyses among the eligible systematic reviews were collected. The original
sources of the data were reviewed to see if the components used in the meta-analyses were correctly
extracted or estimated. The impacts of the data reproducibility issues were investigated. We identified 48
systematic reviews with 244 meta-analyses of continuous outcomes and 54 of binary outcomes. Our
results suggest that for continuous outcomes, 20.03% of the data used in meta-analyses cannot be
reproduced at the trial level, and 43.44% of the data cannot be reproduced at the meta-analysis level. For
binary outcomes, the proportions were 14.14% and 40.74%. In total, 83.33% of the data cannot be
reproduced at the systematic review level. Our further analysis suggested that these reproducibility is-
sues would lead to as much as 6.52% of the available meta-analyses changing the direction of the effects,
and 9.78% changing the significance of the P-values. Sleep medicine systematic reviews and meta-
analyses face serious issues in terms of data reproducibility, and further efforts are urgently needed to
improve this situation.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Systematic reviews and meta-analyses consist of the most
important source of high-quality evidence to support decision-
making in modern healthcare practice [1]. To ensure the quality
of systematic reviews and meta-analyses, a standard and rigorous
process is required to be undertaken by review authors [2].
uartile range; MD, Mean dif-
Items for Systematic reviews
; RR, Risk ratio; SD, Standard

y Laboratory for Population
hui, China.
Amongst these processes, data extraction is one of the most
important steps; it transfers data from the original source (e.g.,
clinical trials) to the systematic reviews for further synthesis,
quantitatively or qualitatively. Any reproducibility issues in the
data extractionwould ultimately impact the results and could even
produce misleading conclusions, regardless of the robustness of the
other steps.

Given the importance of data extraction, current guidelines for
systematic reviews have recommended the application of good
practice strategies (e.g., double extraction) to ensure the reliability
of the data [3]. Even so, in evidence synthesis practice, errors
frequently occur during the data extraction process and pose a
serious source of bias that threatens the validity of the results. A
replication study on 34 Cochrane systematic reviews found that
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almost 58.5% of them had data extraction errors [4]. A more recent
reproducibility study analyzed data from 829 meta-analyses
included in 201 systematic reviews and found that 66.8% of the
meta-analyses and 85.1% of these reviews had erroneous data.
These errors led to changes in the direction of the effects in 3.5%
and the significance of the P-value in 6.6% of the meta-analyses,
respectively [5].

There has been an increasing number of systematic reviews in
the field of sleep medicine during the past decades. Technical
development of these systematic reviews mainly focused on
design, methods, and reporting [6,7], while researchers seldom
paid attention to the reproducibility of the data, especially for those
undertaking quantitative syntheses (meta-analysis). Understand-
ing data reproducibility issues and the potential impact on the re-
sults will have implications for evidence-based practice and
decision-making. Therefore, in this study, based on our previous
work on methodological weaknesses [7], we went a step further
and examined data reproducibility issues of the systematic reviews
in this area.

2. Methods

2.1. Protocol development

A protocol for this study was developed prior to formulating the
implementation (See Appendix file). The amendment includes an
additional subgroup analysis that was added by effect estimate and
type of error on the impact of the pooled result during the data
collection, according to our findings in another work [5]. The
reporting of the current study was based on the PRISMA 2020
statement whenever possible [8].

2.2. Inclusion criteria

Systematic reviews of randomized controlled trials (RCTs) on
the topic of sleep medicine that contained one or more pairwise
meta-analyses were eligible for inclusion [9]. To ensure the feasi-
bility of the reproducibility process, only those that provided mean,
standard deviation (SD), and sample size for continuous outcomes
and those that provided event counts and sample size for binary
outcomes in both comparison groups were considered. Overviews,
scoping reviews, and narrative reviews were not considered.
Pooled analyses that did not use a comprehensive (at least one
database) literature search were also not considered. In some sit-
uations, authors may present their paper as an original study
combined with a meta-analysis; again, such publications were not
considered in the current study.

2.3. Literature search

We searched for systematic reviews published in academic
journals of sleep medicine that were indexed in PubMed, Medline,
or Embase databases from inception to 22nd October 2019. This was
done in three steps: 1) we first identified 23 journals of sleep
medicine from SCImago Journal & Country Rank (https://www.
scimagojr.com/); 2) then, we checked Beall's list and identified
four predatory journals, which were excluded; 3) finally, we
searched the above three databases for related publications from
the remaining 19 journals.

The literature search was done by the lead author, a senior
methodologist of evidence-based medicine. We did not update the
literature search, did not consider grey literature, and did not
employ hand searching on the reference list of eligible reviews. This
was because a representative set of studies is sufficient for
reporting on the characteristics of data reproducibility issues in
2

systematic reviews. A detailed description of the literature search,
along with the search strategy, has been recorded in our previous
work [7].

2.4. Literature screen

Considering that different databases could overlap for some
records, before the literature screen, we used the EndNote X7
software to find out potential duplicates. Then, one review author
screened the records in terms of the titles and abstracts; those
obviously out of the scope were removed in this step. The full texts
of the remaining records were screened by two review authors
independently. Any disagreements were discussed until a
consensus was reached. Cohen's kappa statistic was used to esti-
mate inter-rater agreement [10].

2.5. Data extraction

Data extraction was conducted by one author (Z.XQ) with a self-
checking process and further double-checked by the lead author
(C.X.). A recent RCT has shown that a single extraction with veri-
fication was comparable to the double extraction method [11]. The
systematic review level, meta-analysis level, and study level in-
formation were collected, which included: year of publication of
the systematic review, outcome of eachmeta-analysis, intervention
types (pharmaceutical vs. non-pharmaceutical) of each outcome,
synthesis methods used in the meta-analysis (e.g., random-effects
model), effect estimates used in the meta-analysis (e.g., mean dif-
ference [MD], standardizedmean difference [SMD], odds ratio [OR],
risk ratio [RR]), the data used in the meta-analysis (i.e., mean, SD,
and group sample size for continuous outcomes and event counts
and sample size for binary outcomes in the two arms) of each
included study, publication year and citation of each included study
within a meta-analysis. For continuous outcomes, since they
generally involve missing data estimation (i.e., missing mean or
SD), the estimation method was also collected if reported. The
above data were collected based on the reporting of the systematic
reviews.

2.6. Data reproduction

The original sources (i.e., full texts of the RCT, supplementary
files, public registry) of each included studywere examined to see if
the components used in the meta-analysis were correctly extrac-
ted. For continuous outcomes, missing data estimation was also
reproduced due to the nature of the data structure; this was done
by using the same estimation method reported by the review au-
thors, or using the methods recommended by the Cochrane
Handbook (versions 4.2.6 to 6.3) [12] if the review authors failed to
report such information.

Two types of data reproducibility issues can be defined: data
extraction errors and data estimation errors. When the data pre-
sented in the meta-analysis was not the same as the data reported
in the original sources, we treated it as having a data extraction error
[5]. When our estimate for missing statistical information was
different from the review authors’ estimation, we treated it as
having a data estimation error. The former happens in both binary
and continuous outcomes, while the latter only in continuous
outcomes.

According to our recent work [5], errors during data acquisition
could be due to the following five mechanisms: numerical error,
ambiguous data error, mismatching error, zero assumption error,
and misidentification error. Here, we focused on the first four,
which belong to data extraction errors. The last one is not a type of
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extraction error; instead, it is a type of identification error that
refers to whether a study should be included or not [5].

For data estimation errors, one special case is when researchers
used standard deviation as standard error, which further led to an
estimation error. To highlight this type of error, we listed it sepa-
rately as a misconception error.

In case the review authors claimed they had contacted the
principal author and successfully obtained the original data, even
though there was discordance, we treated the review as having no
errors. Data reproduction was conducted by the same two authors,
again, first extracted by one author and double-checked by the lead
author. Table 1 presents the definition of the two types of errors.
2.7. Missing data

Missing data on error identification occurs when the original
sources of the studies cannot be obtained.We expected the missing
data rate would be small and would not impact the results. To
examine this assumption, we conducted a sensitivity analysis by
removing thosemeta-analyses withmissing data and re-estimating
the main outcomes.
2.8. Statistical analysis

Basic characteristics of the meta-analyses were summarized
descriptively using proportions or median value and interquartile
range (IQR). The primary outcome of interest was the prevalence of
errors at the study level, meta-analysis level, and systematic review
level. For the meta-analysis level, the prevalence of errors was
estimated as the number of meta-analyses with at least one study
having errors against the total number of meta-analyses. Similarly,
for the systematic review level, the prevalence of errors was
calculated as the number of systematic reviews with at least one
meta-analysis having errors against the total number of systematic
reviews. The percentages of each type of error defined above
among the total errors were also of interest.

The secondary outcome of interest was the potential impact of
various errors on the results of the meta-analyses. This was done by
comparing the synthesized results by using the error-addressed
data to the results reported by the reviews, using the same effect
estimates and methods. For those meta-analyses with ambiguous
data errors, the potential impact could not be investigated as the
real data was unclear. To measure the degree of the impact, we pre-
defined a tolerable bias limits on the effect estimate of 20% and 50%
as cut-offs of a moderate impact and large impact, which was
Table 1
Descriptions of the different types of errors during the data extraction (adapted from BM

Type of errors Description

Data extraction
error

Errors that happened during the data extraction process

1. Numerical error Extracted numerical values were incorrect. This may be due to
2. Ambiguous data

error
Extracted data could not be reproduced from all available sourc
outcomes, while the review authors did not specify how the dat
found in the original study and related materials (e.g., supplem

3. Zero-assumption
error

This was a special case of ambiguous error, and generally occurs i
materials (e.g., supplementary file, ClinicalTrials.gov), while the

4. Mismatching error The extracted data were incorrectly matched to the intervention
cells of the summarized table. [5]

Data estimation
error

Errors that happened during the data estimation process

1. Estimation error The estimation of missing mean value and(or) standard deviatio
method or the standard methods with the same data by the au

2. Misconception
error

A special type of under data estimation error where researchers
error.

3

calculated as jbqcorrected�bqorginal
bqorginal

j � 100%, where bq are the estimated

pooled effects [13]. The direction of the effect and the significance
of the P-value were also compared.

Subgroup analyses were pre-specified and first performed for
intervention types of the trials, namely, pharmaceutical vs. non-
pharmaceutical, with the relative difference in the error rate
measured by OR and its 95% confidence interval (CI) owing to its
“portability” property [14]. This is because our previous study
suggested that data extraction errors may differ by intervention
types [5]. Subgroup analysis on the impact of the pooled results was
examined based on effect estimator type (e.g., MD vs. SMD, OR vs.
RR) and error type (e.g., single error vs. mixed errors), again, ac-
cording to our previous findings [5]. Sensitivity analysis was done
for missing data which has been described earlier.

Considering the substantial difference in the data structure and
mechanism for errors (e.g., missing data estimation) for binary and
continuous data, we summarized the above results separately for
these two types of data. Data analysis was undertaken using Stata/
SE 16.0 (Stata Crop LCC, College Station, TX), with alpha ¼ 0.05 as
the significance level.

3. Results

From 1,630 records through the initial search, 353 systematic
reviews were identified, with 161 involving healthcare in-
terventions [7], and 87 that were based on RCTs that were further
screened. After exclusions of those without complete data (n ¼ 39),
48 were ultimately eligible for inclusion, for which 43 contained
continuous outcomes and 22 contained binary outcomes. Within
the 48 systematic reviews, there were 244 meta-analyses of
continuous outcomes with 1,448 trials in total and 54 meta-
analyses of binary outcomes with 403 trials in total that were
eligible for the analysis (Figure S1). The inclusion list and exclusion
list (with reasons) are presented in the Appendix.

3.1. Basic characteristics

Tables 2 and 3 present the basic data characteristics. About two-
thirds of the systematic reviews (n ¼ 29, 60.41%) were published
after 2015. Of the 244 meta-analyses of continuous outcomes, 97
(39.75%) focused on pharmaceutical interventions, and 147
(60.25%) were on non-pharmaceutical interventions. For effect es-
timates, MD was used in most of the meta-analyses (n ¼ 173,
70.90%), while SMD was only used in 29.10% (n ¼ 71). The median
number of RCTs included in each meta-analysis was 3 (IQR: 2 to 6),
J. 2022; 377: e069155).

typo, calculation error, or extraction of data of another outcome [5].
es (unknown whether it is correct or not) due to ambiguous definitions of the
a were obtained/calculated. In some situations, the outcome(s) even could not be
entary file, ClinicalTrials.gov). [5]
n safety outcomes. The outcome was not reported in the original study and related
review authors assumed that no event occurred. [5]
/exposure groups, but the numerical values were correct. This could occur in any

n that the estimated values cannot be reproduced using the same estimation
thors.
confused standard deviation as standard error, which further led to estimation

http://ClinicalTrials.gov
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Table 2
Basic characteristics of 244 meta-analyses of continuous outcomes.

Basic characteristics No. of MA (n ¼ 244)

Type of intervention (MA)
Pharmaceutical 97 (39.75%)
Non-pharmaceutical 147 (60.25%)

Effect estimators (MA)
Mean Difference 173 (70.90%)
Standard Mean Difference 71 (29.10%)

Analysis model (MA)
Random effects 166 (68.03%)
Fixed effects 78 (31.97%)
Other 0 (0.00%)

Number of studies per MA (Median, IQR) 3 (2e6)
2e5 171 (70.08%)
6e10 44 (18.03%)
11 or more 29 (11.89%)

Number of continuous MAs per SR (Median, IQR) 4 (2e7)
1e5 29 (67.44%)
6e10 8 (18.60%)
11 or more 6 (13.95%)

Needs missing data estimation (SR)
Yes 40 (93.02%)
No 3 (6.98%)

Reported missing data estimation methods (SR, n ¼ 40)
Yes 12 (30.00%)
No 28 (70.00%)

Note: SR, systematic review; MA, meta-analysis; IQR, interquartile range.

Table 3
Baseline characteristics of 54 meta-analyses of binary outcomes.

Baseline characteristics No. of MA (n ¼ 54)

Type of Intervention (MA)
Pharmaceutical 35 (64.81%)
Non-pharmaceutical 19 (35.19%)

Effect estimators (MA)
Odds ratio 15 (27.78%)
Risk ratio 39 (72.22%)

Analysis model (MA)
Random effects 40 (74.07%)
Fixed effects 14 (25.93%)
Other 0 (0.00%)

Number of studies per MA (Median, IQR) 5 (3e7)
2e5 28 (51.85%)
6e10 18 (33.33%)
11 or more 8 (14.81%)

Total sample size per MA (Median, IQR) 654.5 (295e1857)
< 500 24 (44.44%)
≥ 500 30 (55.56%)
Number of binary MAs per SR (Median, IQR) 2 (1e3)

1e5 54 (100.00%)
6e10 0 (0.00%)
11 or more 0 (0.00%)

Note: SR, systematic review; MA, meta-analysis; IQR, interquartile range.
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and the majority (n ¼ 171, 70.08%) had 5 or fewer RCTs. For the 43
systematic reviews, 40 (93.02%) needed an estimation of the
missing mean value or missing SD, or both, while only 12 (30.00%)
had reported some details of the estimation methods.

Amongst the 54 meta-analyses of binary outcomes, 27.78% (15/
54) utilized the OR as the effect estimator, while the majority
(72.22%, 39/54) utilized RR as the effect estimator. Similar to meta-
analyses of continuous outcomes, the random-effects model was
widely employed for binary meta-analyses (74.07%, 40/54). The
median number of studies per meta-analysis was 5 (IQR: 3 to 7);
that is, half had 5 or more studies included. However, only 14.81%
(8/54) had 11 or more studies. The median sample size per meta-
analysis was 654.5 (IQR: 295 to 1857), and about 55.56% (30/54)
had sample sizes larger than 500.

The distribution of some of the variables substantially differed
from those of continuous outcomes. Specifically, for meta-analyses
4

of binary outcomes, 64.81% (35/54) referred to pharmaceutical in-
terventions, and only 35.19% (19/54) referred to non-
pharmaceutical interventions. In contrast, for those of continuous
outcomes, more referred to non-pharmaceutical interventions
(60.25%). There was also a large difference based on word cloud
analysis for the binary and continuous outcomes (Figure S2).

3.2. Reproducibility of the data

3.2.1. Continuous outcomes
For the 1,448 trials, the data on 298 (20.03%) could not be

reproduced. Among them, 29.87% (89/298) were due to data
extraction errors, 57.05% (170/298) were due to data estimation
errors, and 13.09% (39/298) were mixed with both errors. For the
error site, 9.73% (29/298) occurred on the mean value, 56.71% (169/
298) occurred on the SD, 6.04% (18/298) occurred on the sample
size, 16.78% (50/298) occurred on both mean value and SD, 0.34%
(1/298) occurred on both mean and sample size, 2.35% (7/298)
occurred on the mean value, SD and sample size, and 8.05% (24/
298) were not classifiable due to ambiguous or missing information
(Fig. 1a).

At the systematic review level, 37 (86.05%) of the 43 systematic
reviews had at least one meta-analysis of continuous outcomes
with data errors. Of the 244 meta-analyses, 106 (43.44%) had errors
on at least one included trial. The median proportion of studies
with errors within a meta-analysis was 33.33% (IQR: 20.00%e
50.00%).

Subgroup analysis suggested that, for studies with pharmaceu-
tical interventions, there was a higher proportion (22.10% [99/448]
vs. 16.54% [134/669]) of errors than those with non-pharmaceutical
interventions (OR ¼ 1.43, 95% CI: 1.07 to 1.91; P ¼ 0.015).

3.2.2. Binary outcomes
For the 403 trials, 14.14% (57/403) of the data used in the meta-

analysis could not be reproduced, all due to data extraction errors.
Amongst the errors, numerical error accounted for the most
(59.65%, 34/57), followed by ambiguous data error (36.84%, 21/57).
Two (3.51%, 2/57) mismatching errors were recorded, and no
(0.00%, 0/57) zero-assumption error was recorded. In terms of the
components, the majority (82.46%, 47/57) of the errors referred to
the erroneous extraction of event counts, 15.79% (9/57) referred to
both group sample size and the event counts extraction, and only
1.75% (1/57) referred to the group sample size extraction (Fig. 1b).

For the 54 eligible meta-analyses, there were 22 (40.74%) with
data extraction errors in at least one trial. For those with errors, the
proportion of studies with data extraction errors within a meta-
analysis ranged from 5.88% to 100.00%, with a median of 22.50%
(IQR: 14.29%e50.00%). For the 22 systematic reviews, 59.09% (13/
22) had data extraction errors in at least one meta-analysis of bi-
nary outcomes. When combining the meta-analyses of binary
outcomes and continuous outcomes together for a systematic re-
view, the proportion of error at the systematic review level in total
was 83.33% (40/48).

Subgroup analysis in terms of the type of interventions sug-
gested that those studies with pharmaceutical interventions were
more likely to have the data incorrectly extracted by review authors
(15.41% [47/305] vs. 10.20% [10/98]), although the effect was not
statistically significant (OR ¼ 0.62, 95% CI: 0.30 to 1.29, P ¼ 0.20).

3.3. Reproducibility of the results

3.3.1. Continuous outcomes
Of the 106 meta-analyses of continuous outcomes with data

errors, only 92 could be used to investigate the impacts of the errors
on the results with exclusions due to ambiguous data error or



Fig. 1. Location of the errors A) continuous outcomes and B) binary outcomes.
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inestimable missing SD in 14 meta-analyses. Our results suggested
that, when using our corrected (and reproducible) data, the
magnitude of the effects was moderately or largely impacted in
36.96% (34/92) of the meta-analyses, where an absolute bias was
larger than 20%; the magnitude of the effects was largely impacted
in 17.39% (16/92) of the meta-analyses, where an absolute bias was
larger than 50%. In addition, 6.52% (6/92) of the meta-analyses
would have the direction of the effects changed to the other side,
and 9.78% (9/92) of the meta-analysis would have the significance
of the P-value changed at the 0.05 threshold.

For the 67 meta-analyses that used the MD as effect estimates,
the proportions with moderate and above impacts, large impacts,
changes in the effect direction, and changes in the significance of P-
value were 35.82%, 16.42%, 5.97%, and 13.43%, respectively. For the
25 that used the SMD as the effect estimate, the proportions were
40.00%, 20.00%, 8.00%, and 0.00%. These results suggested that the
SMD was more susceptible to the impacts on the point estimation
(40.00% vs. 35.82%, P ¼ 0.71; 20.00% vs. 16.42%, P ¼ 0.69; 8.00% vs.
5.97%, P ¼ 0.73), while the MDwas more susceptible to the impacts
on the P-value (13.43% vs 0.00%, P ¼ 0.17); see Fig. 2A.

For each single type of error, we were able to investigate the
impacts of data extraction error (n ¼ 25), estimation error (n ¼ 20),
and misconception error (n ¼ 13) on the pooled results. For those
with data estimation error, the proportions with moderate and
above impact, large impact, changes in the effect direction, and
changes in the significance of P-value were 15.00%, 5.00%, 0.00%,
and 5.00%. For those with data extraction error, the proportions
Fig. 2. Impacts of data reproducibility issues on the results
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were 20.00%, 12.00%, 0.00%, and 4.00%; For those with data
misconception error, the proportions were 84.62%, 46.15%, 15.38%,
and 7.69%, which were substantially larger than for other types of
errors (Fig. 3).

For the 60 meta-analyses with only one type of aforementioned
errors, the proportions with moderate and above impacts, large
impacts, changes in the effect direction, and changes in the sig-
nificance of P-value were 31.67%, 16.67%, 3.33%, and 5.00%. For the
32 with two or more aforementioned errors, the proportions were
46.88%,18.75%,12.50%, and 18.75%, whichwere substantially higher
than those with one type of errors (46.88% vs. 31.67%, P ¼ 0.14;
18.75% vs. 16.67%, P ¼ 0.80; 12.50% vs. 3.33%, P ¼ 0.12; 18.75% vs.
5.00%, P ¼ 0.049); see Fig. 3.

3.3.2. Binary outcomes
The impacts of data extraction errors on the pooled results were

assessed on 16 of the 22meta-analyses of binary outcomes deemed
erroneous, because 6 of them contained ambiguous errors and the
true value of the data was unclear to us. All of the 16 meta-analyses
involved a single error; 15 contained numerical errors, and 1 con-
tained a mismatching error. Therefore, a subgroup analysis by the
type of errors was not feasible. Fig. 2B presents the impacts of the
errors on the results.

In total, when using error-corrected data, 25.00% (4/16) of the
effects would be moderately or substantially impacted, and 18.75%
(3/16) would be substantially impacted. In addition, 6.25% (1/16) of
the meta-analyses would have the direction of the effects changed,
by A) continuous outcomes and B) binary outcomes.



Fig. 3. Impacts of data reproducibility issues on the results by type of errors. A) classified by data extraction error and data estimation error; B) classified by single type of error and
mixed type of errors.
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and 6.25% (1/16) would have the significance of P-value altered.
Subgroup analysis was conducted by the effect measures used. For
those using the OR as the effect measure (n ¼ 6), one in three
(33.33%, 2/6) of the effects would be substantially impacted, 16.67%
(1/6) would have the direction of the effects changed, and therewas
no altered the significance of the P-value. For those using the RR as
the effect estimator (n¼ 10), one in five (20.00%, 2/10) of the effects
would be moderately or substantially impacted, none (0.00%, 0/10)
had the direction of the effects changed, and 10.00% (1/10) had an
altered the significance of the P-value.

3.4. Sensitivity analysis

Missing information on data errors occurred in 16 (1.08%) trials
for meta-analyses of continuous outcomes due to the limited access
to the original source. By removing the meta-analyses with missing
information, the proportion of errors did not show substantial
changes: 15.69% (179/1,141) for the trial level, 41.13% (95/231) for
the meta-analysis level, and 82.5% (33/40) for the systematic re-
view level. Missing information on data errors occurred in 5 (1.24%)
trials for meta-analyses of binary outcomes, and again, there had no
substantial changes by removing those with missing information:
11.02% (40/363) for the trial level, 38.46% (20/52) for the meta-
analysis level, and 55.00% (11/20) at the systematic review level.

4. Discussion

In this study, we have investigated data reproducibility issues in
published systematic reviews and the potential impacts on the
pooled results of the meta-analyses. Our results suggest that for
continuous outcomes, one-fifth of the data used in meta-analyses
in sleep medicine cannot be reproduced at the trial level, almost
half (43%) of the data cannot be reproduced at the meta-analysis
level, and more than three-quarters (86%) of the data cannot be
reproduced at the systematic review level. These reproducibility
issues led to just under 1 in 10 (6.5%) of the meta-analyses to
present changes in the direction of the effects, and 1 in 10 (9.8%) of
the meta-analysis had the significance of the P-value changed, and
those meta-analyses with two or more types of errors are more
susceptive to the changes. Similar findings were observed for meta-
analyses of binary outcomes.

The proportion of errors at the study level for meta-analysis of
binary outcomes was smaller than those of continuous outcomes
(14.14% vs. 20.03%). This could be expected, as in our parallel study
of continuous outcomes, errors not only occurred during data
extraction but also occurred in data estimation (missing value
estimation). Actually, at the meta-analysis level, the proportion of
meta-analyses with errors was similar in these two different data
6

types (40.74% vs. 43.44%). There was a much higher proportion of
errors for continuous outcomes with regard to the systematic re-
view level; again, this can be partly explained by the additional type
of errors. On all accounts, ultimately, the impacts of these errors on
the conclusions were comparable for meta-analyses of binary and
continuous outcomes.

The findings of the current study largely concur with our pre-
vious investigation on systematic reviews of safety [5]. The pro-
portions at the trial level and systematic review level were similar,
although the current study had a lower proportion than our pre-
vious study (43.4% vs. 66.8%) at the meta-analysis level. The pro-
portion at the systematic review level of this study was also higher
than the study by Jones et al. [4] (83.3% vs. 58.5%) and the study by
Gøtzsche et al. [15] (83.3% vs. 63.0%), where continuous outcomes
were examined. This may be due to the inherent variation among
different topics. The subgroup analysis of the current study on the
type of interventions reinforced our previous finding that data on
trials with pharmaceutical interventions are more likely to be
erroneously reproduced than non-pharmaceutical interventions.

In terms of the impacts, the results of our study were discordant
with the previous conclusion: in amethodological review, Tim et al.
summarized studies on data extraction errors and concluded that
such errors had a minor impact on the results [16]. One important
mechanism could be that the impact of data reproducibility issues
largely depends on the number of studies, total sample size, as well
as the proportion of such issues within a meta-analysis. For
example, in the current study, the median number of studies per
meta-analysis was 3 for continuous outcomes and 5 for binary
outcomes, so a difference in the data in one of the studies may lead
to a substantial change in the results.

In the subgroup analysis, studies of pharmaceutical in-
terventions were more likely to have the data incorrectly extracted,
regardless of binary outcomes or continuous outcomes. In another
investigation of ours on systematic reviews of safety, the same
phenomenon was observed [5]. The mechanism behind it was
unclear; it could be due to the definition and reporting of the
outcomes varying among pharmaceutical and non-pharmaceutical
interventions. We hypothesize that outcomes of pharmaceutical
interventions are more diverse and complex. However, there is
currently no direct evidence to support our hypothesis. Further in-
depth investigations are worthwhile to be implemented.

Formeta-analyses of continuous outcomes, we noticed that data
extraction error had a larger impact than data estimation error,
while data misconception error had the largest impact on the
former two. This is beyond our expectation that estimation error
did notmattermuch, as it is the most frequent type of error and can
be largely influenced by different estimationmethods. One possible
explanation could be that data estimation error often occurs on



Practice Points

1. One-fifth of the data used inmeta-analyses of continuous

outcomes in sleep medicine cannot be reproduced at the

trial level, almost half (43%) of the data cannot be

reproduced at the meta-analysis level, and more than

three-quarters (86%) of the data cannot be reproduced at

the systematic review level.

2. In meta-analyses of binary outcomes, data reproduc-

ibility issues occurred more than one in ten (14.14%) at

the study level, four in ten (40.74%) at the meta-analysis

level, and almost six in ten (59.09%) at the systematic

review level.

3. These reproducibility issues led to changes in the con-

clusions of meta-analyses for both binary and contin-

uous outcomes; those meta-analyses with two or more

types of errors are more susceptive to the changes.

Research Agenda

1. Future systematic review authors should pay special

attention to the validity of the data extraction for meta-

analysis to ensure the quality of the evidence synthesis.

2. Considering the high frequencies and the serious im-

pacts, healthcare personnel should pay great attention to

potential data reproducibility issues before decision-

making, and may rate down the level of the evidence if

reproducibility issues are considerable.

3. Current evidence-based guidelines may benefit from

incorporating guidance specific to these types of data

reproducibility issues in systematic reviews and meta-

analyses.

4. Implementation guidelines on data extraction and esti-

mation for meta-analysis are urgently needed.
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standard deviation rather than the mean value, and therefore it
may have a larger impact on the significance. This hypothesis can
be reinforced by our results that both data estimation error and
data misconception error showed a higher proportion of meta-
analyses that changed the significance of the P value compared
with data extraction error. Unfortunately, due to the small sample
size, we are unable to investigate the impact of each single error on
the results for binary outcomes.

In our study, we found that the SMDwasmore susceptible to the
impacts of data reproducibility issues on the point estimation,
while the MD was more susceptible to the impacts on the P-value.
This could be partly explained by the properties of the two esti-
mates d the magnitude of SMD could be largely influenced by the
SD while the MD does not [12,17,18]. This is also the reason that the
Cochrane Handbook cautioned the interpretation of SMD [12].
Another reason might be due to the totally different samples and
weighting schemes used in the two such that those meta-analyses
which use the MD tend to have a higher proportion of pharma-
ceutical interventions (42.2% vs. 338%) and a smaller proportion
that use the random-effects model (61.9% vs. 83.1%). Such differ-
ences were also observed for OR and RR, while the sample size was
too small to support a conclusive finding. Due to the above reasons,
the findings of the current study were unable to determine which
of the two estimates is better.

The implications of the current findings are: 1) it is recom-
mended that at least one statistician to be included as co-authors
on further systematic reviews where studies are synthesized
mathematically. 2) authors should check the data carefully and
ensure no errors of the information and provide the details the
extracted data (e.g., location of the information, formulars of the
estimation of missing data) to allow for spot checking of the data
and results.3) A pilot training for data extractors should be
employed and a duplicate extraction strategy should be strictly
implemented. 4) peer reviewers should check the reproducibility of
the data when reviewing systematic reviews. 5) a statistical review
of the study results should be considered by journals to assess
reproducibility before publication. 6) An implementation guideline
should be developed to formulate the data extraction and estima-
tion of systematic reviews.

To the best of our knowledge, this is the first study that in-
vestigates data reproducibility issues and the impacts on the con-
clusions from systematic reviews in the field of sleep medicine. The
findings of the current study highlight the importance of improving
the validity of data extraction and missing data estimation in meta-
analyses of binary as well as continuous outcomes. Our findings are
expected to provide an in-depth insight into how these reproduc-
ibility issues impact the results and the need for further strategies
to avoid such issues.

This study should be read in light of the limitations. First is the
eligibility criteria since, to ensure the feasibility of the imple-
mentation of the current study, we set the eligibility criteria of
systematic reviews to be based on RCTs and provision of full
summarized data for each included trial. Such limitations would no
doubt lead to the loss of representativeness of the findings of this
study. However, there might be no better solution for this as the
reporting of published systematic reviews is still poor [19,20].
Second, the collection of the systematic reviews was limited to 19
academic journals in the sleep medicine area; some systematic
reviews related to sleep medicine might be published in general
journals that were not included in this study. As the policy of
publication and requirements on the quality differs a lot across
journals, the findings of this study may not be well suited to those
systematic reviews published in general journals. However, based
on available empirical evidence, we believe that the non-
reproducibility of the data is a broad and serious issue that
7

applies to the majority of systematic reviews in general. Third, the
current study targeted pairwise meta-analyses; we did not
consider network meta-analyses or other types of meta-analysis.
This is because the mechanisms of data reproducibility issues
may differ under various synthesis methodologies and assump-
tions. Further methodological studies should focus on other types
of meta-analysis. Moreover, for the evaluation of data estimation
error, it is well-known that different software could generate some
differences in the effect estimates and variances; Although the
differences would be minor, this may have some mild impact on
our results.
5. Conclusions

In conclusion, sleep medicine systematic reviews and meta-
analyses face serious issues in terms of the reproducibility of
their data extraction and estimation. These reproducibility issues
can lead to changes in the conclusions. The impact on the conclu-
sions differs by effect estimates and types of errors. Finally, our
findings have implications for current evidence-based guidelines,
which may benefit from incorporating guidance specific to these
types of data reproducibility issues in systematic reviews andmeta-
analyses that are reported here.
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