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Abstract

Background

Well-constructed systematic reviews and meta-analyses are key tools in evidenced-based
healthcare. However, a common problem with performing a meta-analysis is missing data,
such as standard deviations (SD). An increasing number of methods are utilised to calculate
or impute missing SDs, allowing these studies to be included in analyses. The aim of this
review was to investigate the methods reported and utilised for handling missing change
SDs in meta-analyses, using the topic of exercise therapy in heart failure patients as a
model.

Methods

A systematic search of PubMed, EMBASE and Cochrane Library from 1 January 2014 to
31st March 2018 was conducted for meta-analyses of exercise based trials in heart failure.
Studies were eligible to be included if they performed a meta-analysis of change in exercise
capacity in heart failure patients after a training intervention.

Results

Twenty two publications performed a meta-analysis on the effect of exercise therapy on
exercise capacity in heart failure patients. Eleven (50%) publications did not directly report
the approach for dealing with missing change SDs. Approaches reported and utilised to deal
with missing change SDs included imputation, actual and approximate algebraic recalcula-
tion using study level summary statistics and exclusion of studies.

Conclusion

Change SDs are often not reported in trial papers and while in the first instance meta-ana-
lysts should attempt to obtain missing data from trial authors, this information is frequently
not forthcoming. Meta-analysts are then forced to make a decision on how these trials and
missing data are to be handled. Whilst not one approach is favoured for dealing with this
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matter, authors need to clearly report the approach to be utilised for missing change SDs.
Where change SDs are imputed meta-analyst are encouraged to explore several options
and have a sound rationale as to the choice, and where data is imputed, sensitivity analysis
should be conducted.

Introduction

Systematic reviews (SRs) and meta-analyses (MAs) serve key purposes; identifying, synthesiz-
ing and critically reviewing evidence, answering a specific question[1, 2]. Well-constructed
SRs and MAs play a key role in evidenced-based healthcare helping inform clinical guidelines
and practice[3, 4]. Furthermore, and as importantly, they assist in identifying knowledge gaps
and research needs[4, 5]. When feasible, systematic reviews use meta-analysis, the statistical
method for combining two or more studies to provide an estimate of the overall effect[2].

For meta-analysis of continuous variables, the standard approach requires information on
the mean, standard deviation (SD) or standard error (SE) and sample size, in order to calculate
an effect size[6]. There are multiple ways to calculate the effect size including change score
from baseline and follow-up scores. However, a common situation that arises when the change
score method is utilised is that change SD may not be reported[7]. While the best approach is
to obtain any missing data from the original study authors, this is not always feasible or possi-
ble. The absence of and inability to obtain data from authors may result in the omission of
studies from the review and analysis. However, omission of studies from a meta-analysis may
reduce statistical power and potentially cause bias[7]. For this reason, meta-analysts utilise a
range of methods to estimate SDs [6-8].

The Cochrane Handbook provides guidelines on a number of methods that can be utilised
to calculate missing change SDs[6]. Reported summary statistics such as confidence intervals
(CIs), t-values and p-values can be used for algebraic recalculation of SDs[6]. In instances
when exact levels of significance are not reported, but significance is represented by an upper
limit, i.e., p<0.05, then a conservative approach using the limit provided is often utilised[6].
Where reported data does not allow for algebraic recalculation, SDs may be imputed[6]. Both
single study level imputation and multiple imputation methods exist. Of the simpler single
study level imputation, common methods include assuming a relationship between the base-
line SD and post intervention SD, and utilising this correlation to impute a change SD, and the
use of direct substitution with a baseline or post-intervention SD utilised as the change SD[7].
Recently, fifteen methods were identified for dealing with missing SDs in meta-analyses[8].
This is in addition to the methods previously identified by Wiebe and colleagues in 2006[7].
An in-depth review of available methods to deal with missing SDs and variance data is beyond
the scope of this review and readers are referred to the reviews by Weir et al. (2018)[8] and
Wiebe et al. (2016)[7].

Heart failure remains a leading cause of morbidity and mortality worldwide. One of the pri-
mary symptoms of heart failure is reduced exercise tolerance. As cardiorespiratory fitness is
linked to heart failure prognosis [9, 10], therapies that improve exercise capacity are of interest
to clinicians, patients and researchers. Results of primary research and secondary level
research via SRs and MAs of exercise therapy in heart failure, have led to exercise therapy
being a Class 1A recommendation for stable heart failure patients, due in part to its ability to
improve exercise tolerance[11]. Therefore, changes in exercise capacity from baseline to post
intervention represent a continuous outcome frequently measured and analysed in this
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population and therefore is a suitable model upon which to investigate methodological
approaches utilised. The primary aim of this review was to investigate what approaches were
reported by meta-analysts for handling missing change SDs in the analysis of exercise capacity
after exercise therapy interventions in heart failure patients.

Methods
Search strategy

Potential studies were identified by conducting systematic searches of PubMed, EMBASE, and
the Cochrane Library from 1** January 2014 to 31 March 2018. Search terms were pre-speci-
fied. The following search terms were utilised to search databases: “heart failure”, “exercise”,
“aerobic exercise”, “resistance training”, “yoga”, “tai chi”, “functional electrical stimulation”,
“inspiratory muscle training”, “hydrotherapy”, “physical activity”, “physiotherapy”, “Kine-
siotherapy”, “cardiac rehabilitation”, and “exercise therapy”. The search was limited to system-
atic reviews and meta-analyses published in English from 2014 to 2018. The search strategy is
presented in S1 Appendix. One reviewer (MJP) conducted the search and two reviewers (MJP
and NAS) screened the titles and abstracts of identified citations using pre-specified eligibility
criteria. Potentially relevant publications were then fully reviewed to identify studies for
inclusion.

Inclusion criteria

Publications were included if they were published in English between 1st January 2014 and
31° March, 2018. The search period was limited as there are numerous meta-analyses in this
field and new methods have been introduced, so we wished to provide a contemporary
approach. Meta-analyses were included if they analysed continuous variables of either VO,pear
6MWT, peak power, exercise time or combined exercise capacity, in heart failure patients
undertaking exercise training. As the issue of missing SDs is generally more of a problem
when the MA is conducted using the mean difference or standardised mean difference for
change (pre-post intervention) between an intervention and control group, for the purpose of
this review we only included MAs that conducted statistical analysis using the change score
method; hence MAs that utilised follow-up methods for analysis were excluded. Exercise train-
ing included any form of exercise therapy, including physical therapy modalities of functional
electrical stimulation and inspiratory muscle training. Meta-analyses included studies of any
design. Meta-analyses in which other interventions were analysed, i.e., pharmacological ther-
apy or diet, were only included if exercise was analysed separately. Publications which identi-
fied themselves as a meta-regression analysis were included only if they provided the methods,
results and details of the associated meta-analysis.

Exclusion criteria

Meta-analyses were excluded if they included populations in addition to heart failure patients,
even if heart failure patients were included and a separate analysis and/or a sub analysis were
provided on heart failure patients. Abstracts or articles not available as full-text and non-
English publications were excluded. Meta-analyses were excluded if they did not analyse the
specified outcomes.

Data extraction

Data extraction was performed by one reviewer (MJP). For each meta-analysis the following
information was extracted: 1) author, year of publication and Journal, 2) study designs
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included in analyses, 3) type of intervention, 4) exercise capacity outcome measure, 5) statisti-
cal methods applied for meta-analysis, and 6) details of methods reported and utilised to han-
dle missing SDs.

Data analysis

The primary outcome to be assessed in the review was identification of the reported approach
in meta-analyses for dealing with missing change SDs. Meta-analyses, including supplemen-
tary files were individually reviewed and categorised based on the approach reported in the
publications to handle missing change SDs. Meta-analyses were allocated to one of four cate-
gories 1) No clear approach reported, 2) Algebraic or approximate algebraic recalculation of
SD, 3) Imputed SD, and 4) No imputation (studies with unrecoverable missing change SDs
were excluded from the meta-analysis). Where studies reported using more than one method
for dealing with missing change SDs (e.g., use of algebraic calculation and imputation) they
were allocated to both categories in the results. Where no approach for handling missing
change SDs was reported, our secondary aim was to examine, where possible, a random selec-
tion of studies in the identified meta-analysis in an attempt to ascertain what approach may
have been adopted by the meta-analyst.

Results

The initial search generated a total of 779 articles. After removal of duplicates and exclusion of
articles based on abstract and title, 38 full-text articles remained for screening. Full screening
resulted in 22[12-33] articles meeting the stated inclusion criteria (Fig 1). Details of MAs
reviewed, but excluded are provided in S1 Table.

Characteristics of included meta-analyses

A general description of included analyses is provided in Table 1. Twenty two [12-33] MAs
reported on change in exercise capacity. Meta-analysis of VO,ca was performed in 21 publi-
cations[12-16, 18-33], 6MWD was analysed in 12 publications[12-17, 19, 20, 22, 25, 28, 33]
peak power in two[12, 21] and exercise time in one[26] publication. Analyses examined a
range of exercise modalities across heart failure phenotypes, and Review Manager (Revman)
was the most popular software package utilised. Additional details of included publications are
reported in S2 and S3 Tables. The publications were spread across 14 journals.

Reported approaches for handling missing change SDs

A number of publications note contacting authors for missing and raw data; however, no MA
reported the specific details on any SD data requested, and if the requested information was
provided. A number of MAs within the review reported in the methods that more than one
approach for dealing with missing change SDs would be adopted if required. Specifically, two
MAs [24] [28] reported that algebraic recalculation from summary statistics (i.e, t-values or
95%CI) would be used, an in addition data presented as median (IQR) would be converted.
Only one MA [21] reported that a correlation coefficient would be used where possible, but if
no data was available for this calculation then the study would be excluded. Only one MA
quantified the number of studies with missing SDs and how each of these studies was dealt
with[21]. However, this was specifically in regard to the pre and/or post SD required to calcu-
late a change SD[21]. Two MAs [12, 29] report the exclusion of studies if suitable data was not
available, however, this appears to be only in the case where both mean and SD were missing.
Only one MA[21], specifically reported excluding a study due to missing pre/post SD required
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Fig 1. PRISMA Study flow diagram.
https://doi.org/10.1371/journal.pone.0205952.9001

to impute a change SD, and no other MA utilising change values for meta-analysis made refer-
ence to the possibility of missing pre or post SDs and how this would be handled. Table 2 pro-
vides a summary of approaches as reported in the MAs to deal with missing change SDs.

1) No method of handling missing change SD reported. Overall eleven [12, 17, 22, 23,
25-27,29, 31-33] MAs failed to report anywhere within the publication any clear approach to
deal with missing change SDs. Further examination of the 11 MAs revealed a range of methods
were utilised in these analyses, including actual and approximate algebraic recalculations using
actual or default p-values, post-intervention SDs and imputed SDs using correlation values
(Table 3).

2) Algebraic or approximate algebraic recalculation of SD. One MA[28] noted that the
t- value was utilised to calculate SD change. Five MAs [13, 14, 18, 19, 24] report utilising ClIs,
actual p-values or default p-values when an exact p-value was not available. Hence, in the case
of default p-values the SD value becomes an approximate algebraic recalculation. Further indi-
vidual examination of 4 MAs [13, 14, 18, 19] that noted using actual or approximate p-values
revealed that both actual and default p-values were utilised. Further review of one MAs[24]
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Table 1. Summary of characteristics of meta-analyses included in review.

Characteristics Number
Meta-analyses included in review 22
Associated Journals 14
Study Designs included in Meta-analysis
« RCTs only 18
« RCTs & Controlled Trials 4
Year Meta-analysis published
« 2014 4
« 2015 4
« 2016 7
« 2017 4
« 2018 3

Exercise Training/Therapy Modalities included in MAs

« Aerobic only

« Resistance only

« Aerobic, Resistance and/or Combined Training

« Mixed modalities (aerobic, resistance, combined, yoga, tai chi, NMES and/or IMT)
« Tai Chi only
« Yoga only

« Hydrotherapy/Aquatic only
o IMT only
« NMES and other Exercise

Exercise Capacity Outcome Measures in MAs
* VOypeak 21
e 6MWT 12
« Peak Power/Workload 2

« Exercise Time 1

D= =D N WD W

6MWT: 6-minute walk test, IMT: inspiratory muscle training, MAs: meta-analysis, NMES: neuromuscular electrical
stimulation, RCTs: randomised controlled trials

https://doi.org/10.1371/journal.pone.0205952.t001

Table 2. Summary of approaches to deal with missing change SDs as reported in the meta-analyses.

Approach Method reported in Publication Number of
Publications
No details reported/unclear No clear method for handling missing change SDs reported in 11
the paper
Algebraic or approximate SD calculated using SE, t or F- statistics, 95% CI, actual p- 6
algebraic recalculation values or default p-values using upper or lower bound p-
values and non-significant p-values
Data extracted from figures/visual analysis 1
Study level imputation Imputation using a correlation value 4
Directly substituted SD-Baseline SD used as change SD 1
Imputation of mean+SD using median and interquartile range 4
(IQR)
No Imputation Studies excluded from meta-analysis if data not available to 1
impute a SD

CI: confidence interval, SD: standard deviation, SE: standard error

https://doi.org/10.1371/journal.pone.0205952.t002
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Table 3. Summary of approaches utilised to deal with missing change SDs from the 11 publications where no
approach was reported.

Approach Method utilised Number of
Publications
Approach still unclear Approach still unclear after examination of a random selection 5
of individual studies included in MAs
Algebraic or approximate SD calculated using SE, t or F- statistics, 95% CI, actual p- 1
algebraic recalculation values or default p-values using upper or lower bound p-
values and non-significant p-values
Study level imputation Imputation using a correlation value 2
Directly substituted SD-Follow-up SD used as change SD 4

CI: confidence interval, SD: standard deviation, SE: standard error

https://doi.org/10.1371/journal.pone.0205952.t003

indicated that while the CI was reported as being utilised, the post intervention SD was directly
substituted for the change SD in the analysis. One[21] MA noted the extraction of data from
one included study using visual analysis.

3) Imputation of SD. If baseline and follow-up SDs are known, it is possible to calculate a
missing change SD using a value that represents the correlation between baseline and follow-
up scores[6]. If the actual correlation coefficient is not reported this value can be imputed[6].
Three MAs[15, 16, 30] reported utilising a specific correlation value to calculate the change
SD. Values of 0.8[16], 0.5[15] and 0.7[30] were utilised, however, only the study that utilised
0.5 noted why, stipulating it was a conservative value[15]. One additional MA[21] noted using
this same method to calculate the SD of each study; however, the correlation value was not
reported. Direct substitution was only reported in one MA[20], with the baseline SD utilised.
Four MAs [17, 24, 28, 29] noted the conversion of median and interquartile (IQR) to mean
+SD. Of these, one[17] calculated the SD using IQR/1.35, one[24] stipulated using previously
established methods, referencing Wan et al. (2014)[34], one[29] utilised a formula provided in
the paper (S2 Table), while one MA[28] notes using a formula, but provided no details. No
MAs reported the use of multiple imputation methods.

4) No imputation. One MA[21] reported the exclusion of studies if SDs were not available
to calculate the change score SD.

Sensitivity analysis. No meta-analysis reported performing a sensitivity analysis specifi-
cally in relation to imputed SDs in order to examine the impact of different imputed values.
Three MAs[14, 18, 19] that adopted the approach of utilising default p-values when actual val-
ues were not available, did however note that this approach was a limitation, which could
“introduce errors” into the analysis.

The problem of missing change SD and reporting of methods. While it is possible that
authors do not report on a method for dealing with missing change SDs due to the fact that no
change SDs are missing for included studies, it has and continues to be consistently reported
over time that missing change SDs are a problem. In an attempt to understand and highlight
the nature of the problem over time, we conducted a review of three meta-analyses (based on
the eligibility criteria for this review) from three different time periods. In 2004 the first
Cochrane Review[35] of exercise-based rehabilitation in heart failure patients conducted a sta-
tistical analysis of VOjpea and 6MWT. The review does report a method for dealing with miss-
ing change SDs, outlining the following method: “Where standard deviation differences were
not reported in the source papers, allowance has been made for within patient correlation from
baseline to follow-up measurements by using the correlation coefficient between the two
(Cochrane Heart Group; Follman 1992)”. After conducting a review of the eight studies
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included in the analysis of the 6MWT, it is clear that the actual change mean+SD (or SE) was
only reported in the source publications of three studies and this data subsequently utilised in
the analysis. Based on a review of the publications of the remaining five included studies, it
appears that only the pre and post intervention data were reported with no change data, hence
the change SD has been imputed in the meta-analysis. No specific details of the exact correla-
tion coefficient(s) utilised are provided, however, a brief audit of these studies indicates that a
correlation value of 0.5, which is considered a conservative value, may have been utilised for
these studies. Although 2004 is the first time, we aware of, that imputation techniques have
been used, they did not become part of mainstream practice until about 10 years later.

In a 2013 meta-analysis Smart and colleagues[36] examined the change in VO,pe.x in
functional electrical stimulation compared to cycling; five studies were included in the anal-
ysis. However, no trial included in the meta-analysis reported the change mean+SD in the
published trial paper. The meta-analysis was performed using the change between pre and
post intervention means for each intervention group and the change SD calculated, as
described by the authors in the methods: “Data used were continuous and were reported as
mean and standard deviation. Revman 5.1 enabled calculation of post-intervention change
from baseline for standard deviation, using the change in mean values, number of subjects and
p value for each group”. A review of the studies included in this meta-analysis indicated that
only one of the included studies (for VOypcai FES vs. cycling) reported the actual p values,
from which the change SD was calculated. The change SD for the remaining four studies
was imputed using upper/lower limits of estimated p-values, e.g., if p<0.05, then p = 0.049
was utilised, if p<0.001, then p = 0.00099, if p = not significant (ns) then p = 0.051 was
utilised.

The above two analyses highlight the issue of missing SDs and the issue of missing change
SDs has continued. A recent large meta-analysis by Santos et al. (2018)[29] included 46 data
sets (from 41 studies) in the analysis of VO, However, a review of the studies included in
the analysis indicated that only seven studies reported the change mean+SD (or SE) in the
published paper, with all remaining studies only reporting pre and post intervention data.
While not stated within the methods of this meta-analysis, a review of data indicates that in
conducting the analysis the authors’ imputed all change SDs for all included data sets, utilising
a correlation coefficient of 0.0.

While both the 2004[35] and 2013[36] analyses above specifically reported a method
within the paper to handle missing change SDs, a review of a random sample of meta-analyses
between 2004 and 2014, revealed no consistency in meta-analysts reporting on a method to
handle missing change SDs.

Discussion

This review examined methods currently reported and utilised to handle missing change SDs
in the statistical analysis of exercise capacity in heart failure patients after exercise therapy
interventions. While all publications in the current review included details of the applied statis-
tical methods for meta-analysis, reporting of the specific approach that would be employed to
handle missing change SDs was absent in 50% of publications. The omission of an approach to
deal with missing change SD is not to say that the approach or methods applied by the meta-
analysts are in anyway contrary to what is recommended. However it does raise a number of
issues when interpreting the results and drawing conclusions. Not only does the interpretation
of MAs become difficult with absent or ambiguous information, but insufficient detail on
methods and assumptions applied to handle missing change SDs impacts the transparency
and reproducibility of the meta-analysis[37].
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An increasing number of methods to dealing with missing variance data, including SDs are
reported in the literature [7, 8, 38-40]. Of the MAs included in our review, use of algebraic or
approximate algebraic recalculations using study summary statistics, was the most commonly
reported approach. However, in the majority of cases, identification as to whether MAs utilised
actual or approximate algebraic recalculations and which summary statistics, was only evident
upon an individual examination of the studies included in the MAs.

Three imputation methods were reported in the reviewed publications; use of a correlation
to calculate a change SD, direct substitution using an alternative SD (e.g., baseline or follow-up
SD), and conversion of median (IQR) data. Missing change SDs can be calculated if pre and
post SDs are available utilising an imputed value for the correlation coefficient[6]. The correla-
tion value can be acquired from a number of sources, including using data from a similar
study, from a similar meta-analysis, use of what is often considered a conservative value (0.5),
or an assumption of no correlation (0.0), which is the most conservative[6, 7]. However, only
one of the included MAs to adopt a correlation value provided a reason for the value. While
median (IQR) data is actual, and not borrowed data it is also considered a method of imputa-
tion[7], and hence was included as an approach in our review. Interestingly, while four MAs
made note of the conversion of median (IQR) in the methods when no mean+SD was provide,
only two of these provided an approach to dealing with missing change SDs when mean data
was reported.

Only one[21] MA identified the studies with missing change SDs and how different
approaches were applied. The finding that the majority of the MAs did not specifically identify
which studies had imputed SDs or whether SD data was acquired from authors, is in accor-
dance with findings of Page and Colleagues (2018)[37] in their review of reproducibility of
research practices in systematic reviews.

In the case of approximate algebraic recalculation or imputation, no MA reported perform-
ing sensitivity analysis in regard to these assumptions. While previous studies have suggested
that different methods of imputation for missing variances do not alter the conclusion of MAs
[41, 42], the results of these reviews in specific populations or involving specific interventions,
cannot be generalised and applied to all MAs. Importantly, as imputation involves making
assumptions, it is recommended that sensitivity analysis be performed to assess the impact of
changing assumptions [6-8].

Given the large percentage of publications without a clear statement of approach to dealing
with missing change SDs, and in an attempt to create a more accurate picture of the range of
methods currently utilised, we reviewed a sample of individual studies included within the
identified MAs. Upon further investigation we were able to determine the methods utilised
by the majority of authors; which were consistent with the reported approaches. We did not
attempt to completely reproduce any meta-analysis, but identify what methods may have been
utilised in the case of missing change SDs. Interestingly, two studies[43, 44] not meeting the
inclusion criteria for the review, due to the use of follow-up scores for statistical analysis, spe-
cifically noted the use of follow-up scores due to the lack of reporting of change SDs.

One of the reasons for performing a meta-analysis is to increase statistical power and
provide context[2], and the omission of studies from a systematic review and meta-analysis
due to missing SDs may result in bias and reduce the overall power[7]. If meta-analysts con-
sider it inappropriate, for whatever reason, to calculate or impute missing SDs, it may be
appropriate to present studies not included in the statistical analysis in a non-pooled tabulated
format or provide an additional narrative review [6-8] so as not to exclude possible valuable
information.

While individual studies are essential for providing data, with the increasing volume of
studies, clinicians, researchers and policy makers have less time to sift through and make sense
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of this primary research. Systematic reviews and MAs therefore play a key role; however, a
review is only as robust as the data supporting it; therefore rigor in design and reporting is cru-
cial. A number of reporting guidelines exist to assist the meta-analyst, with the PRISMA State-
ment[3] one of the most frequently used. Designed to improve the transparency and reliability
of systematic reviews and meta-analyses it states that authors should make note of how missing
data was handled, any data transformations that are to be undertaken and which study results
were not directly reported and required estimation[3]. In deciding on an approach to dealing
with missing SDs, previously Wiebe and colleagues (2006)(7] provided a brief guideline, to
which Weir et al. (2018)[8] suggest an additional step, and these guidelines represent a good
starting point for the meta-analysts.

As best practice and in the first instance meta-analysts should attempt to contact trial
authors for missing data. In the event that this information is not forthcoming, and as identi-
fied by Wiebe et al. (2006)[7] and Weir et al. (2018)[8], meta-analysts should proceed based on
the information available. Where exact summary statistics are available they can be used for
algebraic recalculation of the change SD, however, when these are not available the meta-ana-
lyst is left with the option of excluding studies or imputing the change SD, utilising multiple
imputation, single level imputation and/or use of nonparametric statistics. In imputing the
missing change SDs meta-analysts are encouraged to explore several options and have a sound
rationale as to the choice. However, in any event sensitivity analysis should be conducted
where data is imputed. Furthermore, where approximate algebraic recalculation and imputa-
tion are utilised, meta-analysts should clearly note these as possible limitations in that errors of
varying sizes could have been introduced into the analysis.

The identification of fifteen new methods for handling missing SDs[8], in addition to the
methods previously identified[7], highlight the expansion of statistical methodology applied in
meta-analyses. There is no consensus as to which approach for dealing with missing SDs is
best[39] and meta-analysts need to consider not only why the SD may be missing, but also the
best approach in order to provide a comprehensive and robust presentation of the available
evidence. Therefore, to improve the value of MAs, authors are encouraged to accurately report
what they did and what they found. Meta-analysts should not only report the approach and
methodology for handling missing change SDs in the methods section, or supplementary
material, but also detail the number of studies with missing change SDs and identify the stud-
ies to which a particular approach has been applied. This can be done annotated in tables or
supplementary files. All of which increase the transparency and reliability of the MA.

Strengths and limitations in the systematic review

A limitation of this review was that it only considered MAs that measured exercise capacity as
a continuous outcome, however, this is the most common continuous outcome reported to
date in this population in regard to exercise training. Meta-analyses of other continuous out-
comes may have reported and utilised additional methods to deal with missing change SD.
Furthermore, the results of this review are only applicable to the population and intervention
investigated. In studies in which no approach for handling missing change SDs was noted, we
conducted a review of a sample of studies included in the MA in order to identify possible
methods that had been applied.

Conclusion

Systematic reviews and meta-analyses are a key component of evidenced-based healthcare and
provide valuable information for researchers. Currently there is no one or standardised
approach utilised in dealing with missing change SDs when assessing continuous outcomes
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and exercise interventions in heart failure. As a minimum meta-analysts should clearly stipu-
late how they will handle missing change SDs in the methods, and conduct sensitivity analysis
when SDs are imputed.

Supporting information

S1 Appendix. Search strategy.
(DOCX)

S1 Table. Meta-analyses reviewed but excluded.
(DOCX)

S2 Table. Details of meta-analyses included in review.
(DOCX)

$3 Table. Additional details of meta-analyses included in review.
(DOCX)

S4 Table. PRISMA checKklist.
(DOC)

Author Contributions

Conceptualization: Melissa J. Pearson, Neil A. Smart.
Data curation: Melissa J. Pearson.

Formal analysis: Melissa ]. Pearson.

Investigation: Melissa J. Pearson.

Methodology: Melissa ]. Pearson, Neil A. Smart.
Supervision: Neil A. Smart.

Writing - original draft: Melissa J. Pearson.

Writing - review & editing: Melissa J. Pearson, Neil A. Smart.

References
1. Gough D, Oliver S, Thomas J. An introduction to systematic reviews: Sage; 2017.

2. Borenstein M, Hedges LV, Higgins JP, Rothstein HR. Introduction to meta-analysis: John Wiley &
Sons; 2011.

3. Liberati A, Altman DG, Tetzlaff J, Mulrow C, Ggtzsche PC, loannidis JP, et al. The PRISMA statement
for reporting systematic reviews and meta-analyses of studies that evaluate health care interventions:
explanation and elaboration. PLoS medicine. 2009; 6(7):e1000100. https://doi.org/10.1371/journal.
pmed.1000100 PMID: 19621070

4. Djulbegovic B, Guyatt GH. Progress in evidence-based medicine: a quarter century on. The Lancet.
2017; 390(10092):415-23.

5. ShamseerL, Moher D, Clarke M, Ghersi D, Liberati A, Petticrew M, et al. Preferred reporting items for
systematic review and meta-analysis protocols (PRISMA-P) 2015: elaboration and explanation. Bm;.
2015; 349:97647.

6. Higgins JP., Green S. Cochrane handbook for systematic reviews of interventions version 5.1.0. The
cochrane collaboration. 2011; 5(0).

7. Wiebe N, Vandermeer B, Platt RW, Klassen TP, Moher D, Barrowman NJ. A systematic review identi-
fies a lack of standardization in methods for handling missing variance data. Journal of clinical epidemi-
ology. 2006; 59(4):342-53. https://doi.org/10.1016/j.jclinepi.2005.08.017 PMID: 16549255

PLOS ONE | https://doi.org/10.1371/journal.pone.0205952 October 18, 2018 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205952.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205952.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205952.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205952.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205952.s005
https://doi.org/10.1371/journal.pmed.1000100
https://doi.org/10.1371/journal.pmed.1000100
http://www.ncbi.nlm.nih.gov/pubmed/19621070
https://doi.org/10.1016/j.jclinepi.2005.08.017
http://www.ncbi.nlm.nih.gov/pubmed/16549255
https://doi.org/10.1371/journal.pone.0205952

®PLOS | one

Reported methods for handling missing change standard deviations in meta-analyses

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Weir CJ, Butcher |, Assi V, Lewis SC, Murray GD, Langhorne P, et al. Dealing with missing standard
deviation and mean values in meta-analysis of continuous outcomes: a systematic review. BMC medi-
cal research methodology. 2018; 18(1):25. https://doi.org/10.1186/s12874-018-0483-0 PMID:
29514597

Keteyian SJ, Patel M, Kraus WE, Brawner CA, McConnell TR, Pifia IL, et al. Variables measured during
cardiopulmonary exercise testing as predictors of mortality in chronic systolic heart failure. Journal of
the American College of Cardiology. 2016; 67(7):780-9. https://doi.org/10.1016/j.jacc.2015.11.050
PMID: 26892413

Sato T, Yoshihisa A, Kanno Y, Suzuki S, Yamaki T, Sugimoto K, et al. Cardiopulmonary exercise testing
as prognostic indicators: Comparisons among heart failure patients with reduced, mid-range and pre-
served ejection fraction. European journal of preventive cardiology. 2017; 24(18):1979-87. https://doi.
org/10.1177/2047487317739079 PMID: 29086584

Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG, Coats AJ, et al. 2016 ESC Guidelines for the
diagnosis and treatment of acute and chronic heart failure: The Task Force for the diagnosis and treat-
ment of acute and chronic heart failure of the European Society of Cardiology (ESC) Developed with the
special contribution of the Heart Failure Association (HFA) of the ESC. European heart journal. 2016;
37(27):2129-200. https://doi.org/10.1093/eurheartj/ehw128 PMID: 27206819

Adsett JA, Mudge AM, Morris N, Kuys S, Paratz JD. Aquatic exercise training and stable heart failure: A
systematic review and meta-analysis. International journal of cardiology. 2015; 186:22-8. https://doi.
org/10.1016/j.ijcard.2015.03.095 PMID: 25804460

Chan E, Giallauria F, Vigorito C, Smart NA. Exercise training in heart failure patients with preserved
ejection fraction: a systematic review and meta-analysis. Monaldi Archives for Chest Disease. 2016; 86
(1-2).

Dieberg G, Ismail H, Giallauria F, Smart NA. Clinical outcomes and cardiovascular responses to exer-
cise training in heart failure patients with preserved ejection fraction: a systematic review and meta-
analysis. Journal of applied physiology. 2015; 119(6):726-33. https://doi.org/10.1152/japplphysiol.
00904.2014 PMID: 25749444

Fukuta H, Goto T, Wakami K, Ohte N. Effects of drug and exercise intervention on functional capacity
and quality of life in heart failure with preserved ejection fraction: a meta-analysis of randomized con-
trolled trials. European journal of preventive cardiology. 2016; 23(1):78-85. https://doi.org/10.1177/
2047487314564729 PMID: 25520380

Giuliano C, Karahalios A, Neil C, Allen J, Levinger |. The effects of resistance training on muscle
strength, quality of life and aerobic capacity in patients with chronic heart failure—A meta-analysis.
International journal of cardiology. 2017; 227:413-23. https://doi.org/10.1016/j.ijcard.2016.11.023
PMID: 27843045

Gu Q, Wu S-J, Zheng Y, Zhang Y, Liu C, Hou J-C, et al. Tai Chi Exercise for Patients with Chronic Heart
Failure: A Meta-analysis of Randomized Controlled Trials. American journal of physical medicine &
rehabilitation. 2017; 96(10):706—16.

Ismail H, McFarlane JR, Dieberg G, Smart NA. Exercise training program characteristics and magni-
tude of change in functional capacity of heart failure patients. International journal of cardiology. 2014;
171(1):62-5. https://doi.org/10.1016/j.ijcard.2013.11.045 PMID: 24326210

Jewiss D, Ostman C, Smart N. The effect of resistance training on clinical outcomes in heart failure: a
systematic review and meta-analysis. International journal of cardiology. 2016; 221:674-81. https://doi.
org/10.1016/j.iicard.2016.07.046 PMID: 27423089

Montemezzo D, Fregonezi GA, Pereira DA, Britto RR, Reid WD. Influence of inspiratory muscle weak-
ness on inspiratory muscle training responses in chronic heart failure patients: a systematic review and
meta-analysis. Archives of physical medicine and rehabilitation. 2014; 95(7):1398-407. https://doi.org/
10.1016/j.apmr.2014.02.022 PMID: 24631801

Neves LMT, Cahalin LP, Silva VZM, Silva ML, Arena R, Spielholz NI, et al. Effect of chronic neuromus-
cular electrical stimulation on primary cardiopulmonary exercise test variables in heart failure patients: a
systematic review and meta-analysis. IJC Metabolic & Endocrine. 2014; 5:28-35.

Neto MG, Oliveira FA, Dos Reis HFC, de Sousa Rodrigues E, Bittencourt HS, Carvalho VO. Effects of
neuromuscular electrical stimulation on physiologic and functional measurements in patients with heart
failure: a systematic review with meta-analysis. Journal of cardiopulmonary rehabilitation and preven-
tion. 2016; 36(3):157—66. https://doi.org/10.1097/HCR.0000000000000151 PMID: 26784735

Gomes-Neto M, Rodrigues ES Jr, Silva WM Jr, Carvalho VO. Effects of yoga in patients with chronic
heart failure: a meta-analysis. Arquivos brasileiros de cardiologia. 2014; 103(5):433-9. hitps://doi.org/
10.5935/abc.20140149 PMID: 25317861

Neto MG, Duraes AR, Concei¢do LSR, Saquetto MB, Ellingsen @, Carvalho VO. High intensity interval
training versus moderate intensity continuous training on exercise capacity and quality of life in patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0205952 October 18, 2018 12/14


https://doi.org/10.1186/s12874-018-0483-0
http://www.ncbi.nlm.nih.gov/pubmed/29514597
https://doi.org/10.1016/j.jacc.2015.11.050
http://www.ncbi.nlm.nih.gov/pubmed/26892413
https://doi.org/10.1177/2047487317739079
https://doi.org/10.1177/2047487317739079
http://www.ncbi.nlm.nih.gov/pubmed/29086584
https://doi.org/10.1093/eurheartj/ehw128
http://www.ncbi.nlm.nih.gov/pubmed/27206819
https://doi.org/10.1016/j.ijcard.2015.03.095
https://doi.org/10.1016/j.ijcard.2015.03.095
http://www.ncbi.nlm.nih.gov/pubmed/25804460
https://doi.org/10.1152/japplphysiol.00904.2014
https://doi.org/10.1152/japplphysiol.00904.2014
http://www.ncbi.nlm.nih.gov/pubmed/25749444
https://doi.org/10.1177/2047487314564729
https://doi.org/10.1177/2047487314564729
http://www.ncbi.nlm.nih.gov/pubmed/25520380
https://doi.org/10.1016/j.ijcard.2016.11.023
http://www.ncbi.nlm.nih.gov/pubmed/27843045
https://doi.org/10.1016/j.ijcard.2013.11.045
http://www.ncbi.nlm.nih.gov/pubmed/24326210
https://doi.org/10.1016/j.ijcard.2016.07.046
https://doi.org/10.1016/j.ijcard.2016.07.046
http://www.ncbi.nlm.nih.gov/pubmed/27423089
https://doi.org/10.1016/j.apmr.2014.02.022
https://doi.org/10.1016/j.apmr.2014.02.022
http://www.ncbi.nlm.nih.gov/pubmed/24631801
https://doi.org/10.1097/HCR.0000000000000151
http://www.ncbi.nlm.nih.gov/pubmed/26784735
https://doi.org/10.5935/abc.20140149
https://doi.org/10.5935/abc.20140149
http://www.ncbi.nlm.nih.gov/pubmed/25317861
https://doi.org/10.1371/journal.pone.0205952

®PLOS | one

Reported methods for handling missing change standard deviations in meta-analyses

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

with heart failure with reduced ejection fraction: A systematic review and meta-analysis. International
journal of cardiology. 2018.

Neto MG, Conceigcdo CS, de Jesus FLA, Carvalho VO. Hydrotherapy on exercise capacity, muscle
strength and quality of life in patients with heart failure: A meta-analysis. International journal of cardiol-
ogy. 2015; 198:216-9. https://doi.org/10.1016/j.ijcard.2014.10.132 PMID: 26173056

Neto MG, Martinez BP, Conceigcdo CS, Silva PE, Carvalho VO. Combined exercise and inspiratory
muscle training in patients with heart failure: a systematic review and meta-analysis. Journal of cardio-
pulmonary rehabilitation and prevention. 2016; 36(6):395—401. https://doi.org/10.1097/HCR.
0000000000000184 PMID: 27182763

Pandey A, Parashar A, Kumbhani D, Agarwal S, Garg J, Kitzman D, et al. Exercise training in patients
with heart failure and preserved ejection fraction: a meta-analysis of randomized control trials. Circula-
tion: Heart Failure. 2014:CIRCHEARTFAILURE. 114.001615.

Ren X, LiY, Yang X, LiJ, LiH, Yuan Z, et al. The Effects of Tai Chi Training in Patients with Heart Fail-
ure: A Systematic Review and Meta-Analysis. Front Physiol 2017 8: 989 https://doi.org/10.3389/fphys.
2017.00989 PMID: 29375390

Santos FV, Chiappa GR, Ramalho SHR, de Lima ACGB, de Souza FSJ, Cahalin LP, et al. Resistance
exercise enhances oxygen uptake without worsening cardiac function in patients with systolic heart fail-
ure: a systematic review and meta-analysis. Heart failure reviews. 2018; 23(1):73-89. https://doi.org/
10.1007/s10741-017-9658-8 PMID: 29199385

Vromen T, Kraal J, Kuiper J, Spee R, Peek N, Kemps H. The influence of training characteristics on the
effect of aerobic exercise training in patients with chronic heart failure: a meta-regression analysis. Inter-
national journal of cardiology. 2016; 208:120-7. https://doi.org/10.1016/j.iicard.2016.01.207 PMID:
26849686

ZhangY, Xul, Yao Y, Guo X, SunY, Zhang J, et al. Effect of short-term exercise intervention on cardio-
vascular functions and quality of life of chronic heart failure patients: A meta-analysis. Journal of Exer-
cise Science & Fitness. 2016; 14(2):67-75.

Ganga HV, Leung A, Jantz J, Choudhary G, Stabile L, Levine DJ, et al. Supervised exercise training
versus usual care in ambulatory patients with left ventricular assist devices: A systematic review. PloS
one. 2017;12(3).

Grosman-Rimon L, Lalonde SD, Sieh N, Pakosh M, Rao V, Oh P, et al. Exercise rehabilitation in ventric-
ular assist device recipients: a meta-analysis of effects on physiological and clinical outcomes. Heart
failure reviews. 2018:1-13.

Wan X, Wang W, Liu J, Tong T. Estimating the sample mean and standard deviation from the sample
size, median, range and/or interquartile range. BMC medical research methodology. 2014; 14(1):135.

Rees K, Taylor RR, Singh S, Coats AJ, Ebrahim S. Exercise based rehabilitation for heart failure. The
Cochrane database of systematic reviews. 2004(3):CD003331. https://doi.org/10.1002/14651858.
CD003331.pub2 PMID: 15266480

Smart NA, Dieberg G, Giallauria F. Functional electrical stimulation for chronic heart failure: a meta-
analysis. International journal of cardiology. 2013; 167(1):80-6. https://doi.org/10.1016/j.ijicard.2011.12.
019 PMID: 22236510

Page MJ, Altman DG, Shamseer L, McKenzie JE, Ahmadzai N, Wolfe D, et al. Reproducible research
practices are underused in systematic reviews of biomedical interventions. Journal of clinical epidemiol-
ogy. 2018; 94:8—18. https://doi.org/10.1016/j.jclinepi.2017.10.017 PMID: 29113936

Ma J, Liu W, Hunter A, Zhang W. Performing meta-analysis with incomplete statistical information in
clinical trials. BMC medical research methodology. 2008; 8(1):56.

Fu R, Vandermeer BW, Shamliyan TA, O'Neil ME, Yazdi F, Fox SH, et al. Handling continuous out-
comes in quantitative synthesis. 2013.

Stevens JW. A note on dealing with missing standard errors in meta-analyses of continuous outcome
measures in WinBUGS. Pharmaceutical statistics. 2011; 10(4):374-8. https://doi.org/10.1002/pst.491
PMID: 21394888

Philbrook HT, Barrowman N, Garg A. Imputing variance estimates do not alter the conclusions of a
meta-analysis with continuous outcomes: a case study of changes in renal function after living kidney
donation. Journal of clinical epidemiology. 2007; 60(3):228—40. https://doi.org/10.1016/j.jclinepi.2006.
06.018 PMID: 17292016

Furukawa TA, Barbui C, Cipriani A, Brambilla P, Watanabe N. Imputing missing standard deviations in
meta-analyses can provide accurate results. Journal of clinical epidemiology. 2006; 59(1):7—10. https:/
doi.org/10.1016/j.jclinepi.2005.06.006 PMID: 16360555

Uddin J, Zwisler A-D, Lewinter C, Moniruzzaman M, Lund K, Tang LH, et al. Predictors of exercise
capacity following exercise-based rehabilitation in patients with coronary heart disease and heart

PLOS ONE | https://doi.org/10.1371/journal.pone.0205952 October 18, 2018 13/14


https://doi.org/10.1016/j.ijcard.2014.10.132
http://www.ncbi.nlm.nih.gov/pubmed/26173056
https://doi.org/10.1097/HCR.0000000000000184
https://doi.org/10.1097/HCR.0000000000000184
http://www.ncbi.nlm.nih.gov/pubmed/27182763
https://doi.org/10.3389/fphys.2017.00989
https://doi.org/10.3389/fphys.2017.00989
http://www.ncbi.nlm.nih.gov/pubmed/29375390
https://doi.org/10.1007/s10741-017-9658-8
https://doi.org/10.1007/s10741-017-9658-8
http://www.ncbi.nlm.nih.gov/pubmed/29199385
https://doi.org/10.1016/j.ijcard.2016.01.207
http://www.ncbi.nlm.nih.gov/pubmed/26849686
https://doi.org/10.1002/14651858.CD003331.pub2
https://doi.org/10.1002/14651858.CD003331.pub2
http://www.ncbi.nlm.nih.gov/pubmed/15266480
https://doi.org/10.1016/j.ijcard.2011.12.019
https://doi.org/10.1016/j.ijcard.2011.12.019
http://www.ncbi.nlm.nih.gov/pubmed/22236510
https://doi.org/10.1016/j.jclinepi.2017.10.017
http://www.ncbi.nlm.nih.gov/pubmed/29113936
https://doi.org/10.1002/pst.491
http://www.ncbi.nlm.nih.gov/pubmed/21394888
https://doi.org/10.1016/j.jclinepi.2006.06.018
https://doi.org/10.1016/j.jclinepi.2006.06.018
http://www.ncbi.nlm.nih.gov/pubmed/17292016
https://doi.org/10.1016/j.jclinepi.2005.06.006
https://doi.org/10.1016/j.jclinepi.2005.06.006
http://www.ncbi.nlm.nih.gov/pubmed/16360555
https://doi.org/10.1371/journal.pone.0205952

o @
@ : PLOS | ONE Reported methods for handling missing change standard deviations in meta-analyses

failure: a meta-regression analysis. European journal of preventive cardiology. 2016; 23(7):683-93.
https://doi.org/10.1177/2047487315604311 PMID: 26330205

44. Zwisler A-D, Norton RJ, Dean SG, Dalal H, Tang LH, Wingham J, et al. Home-based cardiac rehabilita-
tion for people with heart failure: A systematic review and meta-analysis. International journal of cardiol-
ogy. 2016; 221:963-9. https://doi.org/10.1016/j.ijcard.2016.06.207 PMID: 27441476

PLOS ONE | https://doi.org/10.1371/journal.pone.0205952 October 18, 2018 14/14


https://doi.org/10.1177/2047487315604311
http://www.ncbi.nlm.nih.gov/pubmed/26330205
https://doi.org/10.1016/j.ijcard.2016.06.207
http://www.ncbi.nlm.nih.gov/pubmed/27441476
https://doi.org/10.1371/journal.pone.0205952

