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Abstract

Background

Pressure ulcers are a prevalent and global issue and support surfaces are widely used for
preventing ulceration. However, the diversity of available support surfaces and the lack of
direct comparisons in RCTs make decision-making difficult.

Objectives

To determine, using network meta-analysis, the relative effects of different support surfaces
in reducing pressure ulcer incidence and comfort and to rank these support surfaces in
order of their effectiveness.

Methods

We conducted a systematic review, using a literature search up to November 2016, to iden-
tify randomised trials comparing support surfaces for pressure ulcer prevention. Two review-
ers independently performed study selection, risk of bias assessment and data extraction.
We grouped the support surfaces according to their characteristics and formed evidence
networks using these groups. We used network meta-analysis to estimate the relative
effects and effectiveness ranking of the groups for the outcomes of pressure ulcer incidence
and participant comfort. GRADE was used to assess the certainty of evidence.

Main results

We included 65 studies in the review. The network for assessing pressure ulcer incidence
comprised evidence of low or very low certainty for most network contrasts. There was mod-
erate-certainty evidence that powered active air surfaces and powered hybrid air surfaces
probably reduce pressure ulcer incidence compared with standard hospital surfaces (risk
ratios (RR) 0.42, 95% confidence intervals (Cl) 0.29 to 0.63; 0.22, 0.07 to 0.66, respec-
tively). The network for comfort suggested that powered active air-surfaces are probably
slightly less comfortable than standard hospital mattresses (RR 0.80, 95% CI1 0.69 to 0.94;
moderate-certainty evidence).
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Conclusions

This is the first network meta-analysis of the effects of support surfaces for pressure ulcer

prevention. Powered active air-surfaces probably reduce pressure ulcer incidence, but are
probably less comfortable than standard hospital surfaces. Most prevention evidence was
of low or very low certainty, and more research is required to reduce these uncertainties.

Introduction

Pressure ulcers are localised injuries to the skin and/or underlying tissue, which are also
known as pressure injuries, pressure sores, decubitus ulcers and bedsores [1]. Pressure ulcers
represent a serious heath burden with a point prevalence of approximately 3.1 per 10,000 in
the United Kingdom (UK) [2]. It has been estimated that the treatment of pressure ulcers costs
approximately 4% (between £1.4 and £2.1 billion) of the total health budget of the UK (1999/
2000 financial year) [3].

Pressure ulcers are caused by localised pressure and shear [1], thus intervention to alleviate
pressure and shear is an important part of pressure ulcer prevention. Support surfaces (e.g.
mattresses, overlays, integrated bed systems) are designed to work towards preventing pressure
ulcers primarily in this way [4]. Various types of support surfaces have been developed with
different mechanisms for pressure and shear relief including (1) redistributing the weight over
the maximum body surface area; (2) mechanically alternating the pressure beneath body to
reduce the duration of the applied pressure [5]; or (3) redistributing pressure by a combination
of the above, allowing health care professionals to change the mode according to a person’s
needs [6]. Support surfaces are made from a variety of construction materials (e.g. foam) and
have different functional features (e.g. low-air-loss) [4]. Identification of the optimum support
surface from the diverse options available requires evidence on their relative effectiveness in
terms of how well they prevent the incidence of new pressure ulcers [2].

Currently, seven systematic reviews containing meta-analyses have summarised rando-
mised controlled trial (RCT) and quasi-randomised trial evidence to inform choice of support
surface [7-13]. Of these reviews, one high-quality Cochrane review includes all studies covered
by the remaining six reviews and offers the most comprehensive summary of current evidence
[9]. However, all these reviews (including the Cochrane review [9]) use an outdated support
surface classification systems [5] now superseded by the recent internationally agreed NPUAP
Support Surface Standards Initiative (S3I) classification system [4]. Additionally, the reviews
all use pairwise meta-analysis to synthesise evidence for head-to-head comparisons of support
surfaces. There remains a lack of evidence on the relative effects of different support surfaces,
in part due to a lack of head-to-head RCT data across the plethora of treatment options
available.

To tackle this problem, an advanced meta-analysis technique, network meta-analysis, can
be employed. The approach can simultaneously compare multiple competing interventions in
a single statistical model whilst maintaining randomisation as with standard meta-analysis
[14-16]. The network meta-analysis has the following advantages. Firstly network meta-analy-
sis can produce “indirect evidence” for a potential comparison where a head-to-head compari-
son is unavailable. A network can be developed to link the direct evidence of, say, A vs. B and
B vs. C (i.e. evidence from studies with A vs. B and B vs. C as head-to-head comparisons), via a
common comparator (i.e. B in this example) to derive an indirect estimate of A vs. C. Sec-
ondly, both indirect and direct evidence can be used together which then improves the
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precision of effect estimates. Thirdly, effect estimates from network meta-analysis can be
linked to probabilistic modelling to allow the ranking of treatments based on which is likely to
be the most effective for the outcome of interest, which is likely to be the second best and so
on. This is a valuable approach for considering the results of the network across multiple inter-
ventions in a single measure [14-16].

The aim of this work was to synthesise the available evidence from RCTs in a network
meta-analysis to: (1) assess the relative effects of different classes of support surfaces for reduc-
ing pressure ulcer incidence in adults in any setting; (2) to assess the relative effects of different
classes of support surface in terms of reported comfort; and (3) to rank all classes of support
surface in order of effectiveness regarding pressure ulcer prevention.

Methods

This review was preceded by a protocol and registered prospectively in PROSPERO
(CRD42016042154). This report complies with the relevant PRISMA extension statement [17]
(see S1 File).

Search strategy

As the most comprehensive summary of available evidence in the topic of our review, the cur-
rent Cochrane review had identified and included 59 RCT's and quasi-randomised trials com-
paring support surfaces for pressure ulcer prevention, with a database search up to April 2015
[9].

We performed an update search of the following databases for the current Cochrane review:
the Cochrane Wounds Specialised Register (10 August 2016); the Cochrane Central Register
of Controlled Trials (CENTRAL) (2016, Issue 7); Ovid MEDLINE (1946 to 10 August 2016);
Ovid EMBASE (1974 to 10 August 2016); EBSCO CINAHL Plus (1937 to 10 August 2016).
Additionally, we searched the Chinese Biomedical Literature Database (1978 to 30 November
2016). There was no restriction on the basis of language or publication status (see S2 File for
Ovid MEDLINE Search Strategy).

We also searched other resources: ClinicalTrials.gov and WHO International Clinical Trials
Registry Platform (ICTRP) (24 August 2016), the Journal of Tissue Viability via hand-search-
ing (1991 to November 2016), and the reference lists of seven previously published systematic
reviews [7-13].

Eligibility criteria

We included published and unpublished RCT's, comparing pressure-redistribution support
surfaces—mattresses, overlays, and integrated bed systems—in adults at risk of pressure ulcer
development, in any setting. We excluded studies of seating and cushions, limb protectors,
turning beds, traditional Chinese medicine-related surfaces and home-made support surfaces.
Recent concern about the validity of RCTs from China led us to only consider those with

full descriptions of robust randomisation methods (e.g. random number tables) as eligible
(18, 19].

Our primary outcome was pressure ulcer incidence. We considered this outcome as either
the proportion of participants developing a new ulcer at the latest trial follow-up point (or the
pre-specified time point of primary focus if this was different to the longest follow-up point)
or time-to-pressure ulcer incidence. The secondary outcome was patient-reported comfort on
support surface (measured as the proportion of patients reporting comfort).
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Selection of studies

Two reviewers independently assessed the titles and abstracts of the search results for relevance
and then independently inspected the full text of all potentially eligible studies. Because the
non-Chinese database search was an updated search of the Cochrane review published by
Mclnnes and colleagues [9], all studies included by the Cochrane review were checked again
for relevance. Disagreements were resolved by discussion between the two reviewers and
involvement of a third reviewer if necessary.

Data extraction

Where eligible studies had been previously included in McInnes et al [9], one reviewer checked
the original data extraction of these studies and extracted additional data where necessary, and
another reviewer checked all data. Two reviewers independently extracted data for new
included studies. Any disagreements were resolved by discussion and, if necessary, with the
involvement of a third reviewer. Where necessary, the authors of included studies were con-
tacted to collect and/or clarify data.

The following data were extracted using a pre-prepared data extraction form: basic charac-
teristics of studies (e.g. country, setting, and funding sources); characteristics of participants
(including eligibility criteria, average age, proportions of participants by gender, and partici-
pants’ baseline skin status); description of support surfaces and details on any co-interven-
tions; number randomised, follow-up durations; drop-outs; primary and secondary outcome
data.

In order to assign support surfaces to intervention groups, we extracted full descriptions
from included studies where possible. However, when necessary we supplemented the infor-
mation provided with that from external sources such as other publications about the same
support surface, manufacturers’ and/or product websites and expert clinical opinion [20].

Classification of interventions. Support surfaces in included studies were classified using
the NPUAP system [4] and assigned to one of 14 intervention groups [21] (see S3 File for the
detailed steps and Table 1 for the 14 intervention groups).

Risk of bias assessment

We used Cochrane’s Risk of Bias tool to assess risk of bias of each included study [22]. For new
included studies, two reviewers independently assessed domain-specific risk of bias [22]. For
studies included by McInnes and colleagues [9], previous judgements were checked by two
reviewers independently and, where required, updated. Any discrepancy between two review-
ers was resolved by discussion and a third reviewer where necessary.

We then followed GRADE principles to summarise the overall risk of bias across domains
for each included study [23]. After this, we applied the approach proposed by Salanti and col-
leagues [24] to judge the overall risk of bias (referred to hereon as “study limitations”) for
direct evidence (i.e. pairwise meta-analysis), network contrasts, and the entire network. Three
categories were used to qualitatively rate study limitations: no serious limitations; serious limi-
tations; and very serious limitation.

Data synthesis and analyses

We conducted all meta-analyses based on a frequentist framework with a random effects
model [25]. All estimates are presented as risk ratios (RR) with 95% confidence intervals (CIs).
When presenting summaries of findings, we also calculated the absolute risk of an event for a
specific intervention group compared with that for a standard hospital surface. The baseline
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Table 1. 14 intervention groups, explanations and selected examples from included studies.

Intervention groups

Powered/non-powered reactive
air surfaces

Powered/non-powered reactive
low-air-loss air surfaces

Powered reactive air-fluidised
surfaces

Non-powered reactive foam
surfaces

Non-powered reactive fibre
surfaces

Non-powered reactive gel
surfaces

Non-powered reactive
sheepskin surfaces

Non-powered reactive water
surfaces

Powered active air surfaces

Powered active air surfaces and
non-powered reactive foam
surfaces

Powered active low-air-loss air
surfaces

Powered hybrid system air
surfaces

Powered hybrid system low-
air-loss air surfaces

Standard hospital surfaces

Reviewers’ explanations

A group of support surfaces constructed of air-cells, which
redistribute body weight over a maximum surface area (i.e. has
reactive pressure redistribution mode), with or without the
requirement for electrical power

A group of support surfaces made of air-cells, which have reactive
pressure redistribution modes and a low-air-loss function, with
or without the requirement for electrical power

A group of support surfaces made of air-cells, which have reactive
pressure redistribution modes and an air-fluidised function, with
the requirement for electrical power

A group of support surfaces made of foam materials, which have
a reactive pressure redistribution function, without the
requirement for electrical power

A group of support surfaces made of fibre materials, which have a
reactive pressure redistribution function, without the
requirement for electrical power

A group of support surfaces made of gel materials, which have a
reactive pressure redistribution function, without the
requirement for electrical power

A group of support surfaces made of sheepskin, which have a
reactive pressure redistribution function, without the
requirement for electrical power

A group of support surfaces based on water, which has the
capability of a reactive pressure redistribution function, without
the requirement for electrical power

A group of support surfaces made of air-cells, which
mechanically alternate the pressure beneath the body to reduce
the duration of the applied pressure (mainly via inflating and
deflating to alternately change the contact area between support
surfaces and the body) (i.e. alternating pressure (or active)
mode), with the requirement for electrical power

A group of support surfaces which use powered active air surfaces
and non-powered reactive foam surfaces in combination

A group of support surfaces made of air-cells, which have the
capability of alternating pressure redistribution as well as low-air-
loss for drying local skin, with the requirement for electrical
power

A group of support surfaces made of air-cells, which offer both
reactive and active pressure redistribution modes, with the
requirement for electrical power

A group of support surfaces made of air-cells, which offer both
reactive and active pressure redistribution modes as well as a low-
air-loss function, with the requirement for electrical power

A group of support surfaces made of any materials, used as usual
in a hospital and without reactive nor active pressure
redistribution capabilities, nor any other functions (e.g. low-air-
loss, or air-fluidised).

https://doi.org/10.1371/journal.pone.0192707.t001

Selected examples (with support surface brands if possible)

Static air mattress overlay, dry flotation mattress (e.g., Roho,
Sofflex), static air mattress (e.g., EHOB), and static mode of Duo 2
mattress

Low-air-loss Hydrotherapy

Air-fluidised bed (e.g., Clinitron)

Convoluted foam overlay (or pad), elastic foam overlay (e.g.,
Aiartex, microfluid static overlay), polyether foam pad, foam
mattress replacement (e.g. MAXIFLOAT), solid foam overlay,
viscoelastic foam mattress/overlay (e.g., Tempur, CONFOR-Med,
Akton, Thermo)

Silicore (e.g., Spenco) overlay/pad

Gel mattress, gel pad used in operating theatre

Australian Medical Sheepskins overlay

Water mattress

Alternating pressure-relieving air mattress (e.g., Nimbus II,
Cairwave, Airwave, MicroPulse), large-celled ripple

Alternating pressure-relieving air mattress in combination with
viscoelastic foam mattress/overlay (e.g., Nimbus plus Tempur)

Alternating pressure low-air-loss air mattress

Foam mattress with dynamic and static modes (e.g. Softform
Premier Active)

Stand-alone bed unit with alternating pressure, static modes and
low air-loss (e.g., TheraPulse)

Standard hospital (foam) mattress, NHS Contract hospital
mattress, standard operating theatre surface configuration,
standard bed unit and usual care

risk used was the outcome on standard hospital surfaces (the median risk across studies that

provided data for the outcome).

We performed pairwise meta-analyses in RevMan, calculated I-squared (I*) measures and

visually inspected the forest plots to assess statistical heterogeneity [26]. We then conducted
network meta-analysis in STATA®) (StataCorp. 2013) using published network commands
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and network graph packages [27, 28] (see S4 File for STATA commands used in the review). A
consistency model was fitted to estimate relative effects [29]. Following this, we calculated the
relative rankings of intervention groups and presented the surface under the cumulative rank-
ing curve (SUCRA) percentages [27]. For any outcome, we performed network meta-analysis
only if intervention groups could be connected to form a network; however, we did not
exclude comparisons of support surfaces assigned to the same group from the overall system-
atic review. The full dataset is available on request.

We assessed the transitivity assumption for each network by comparing the similarities of
study-level characteristics across direct comparisons within the network [30]. When data were
insufficient for this assessment, we assumed that the transitivity assumption was met. Inconsis-
tency between direct and indirect evidence was examined globally by running the design-by-
treatment interaction model and locally by using the node-splitting method and inconsistency
plot test [28, 31-33]. We also explored the sensitivity of the global inconsistency finding to
alternative modelling approaches by running a post hoc sensitivity analysis using the model of
Lu and Ades [34]. It is worth noting that because the model of Lu and Ades [34] depends on
the ordering of treatments in the presence of multi-arm studies [28] the design-by-treatment
interaction model was used in the main analysis. We then evaluated the common network het-
erogeneity using the tau-squared (tau”) and the I> measure and the 95% CIs of I, and decom-
posed the common network heterogeneity to inconsistency and within-study heterogeneity in
R to locate the source of heterogeneity [35]. The heterogeneity was considered as low, moder-
ate, or high if I = 25%, 50%, or 75%, respectively [36].

When important inconsistency and/or heterogeneity occurred, we followed steps proposed
by Cipriani and colleagues [37] to investigate further. Of these steps, we performed pre-speci-
fied subgroup analyses for funding sources [38] and risk of bias [39]; as well as four exploratory
sub-group analyses: setting, considering operating theatre as setting or not, baseline skin sta-
tus, and follow-up duration. Additionally, we performed one sensitivity analysis to assess the
impact of missing data (i.e. a complete case analysis for the main analysis, followed by a
repeated analysis with missing data added to the denominator but not the numerator) and
another one for the impact of unpublished studies by removing them from the analysis.

Assessing the certainty of evidence

We assessed the potential for publication bias by considering the completeness of the literature
search (i.e. inspecting the scope of the literature search, and assessing the volume of unpub-
lished data located), and plotting the funnel plot for each pairwise meta-analysis that included
more than 10 studies and a comparison-adjusted funnel plot for the network [24, 27, 40]. To
obtain a meaningful comparison-adjusted funnel plot, we ordered the intervention groups by
assuming that small studies are likely to favour advanced support surfaces [27]. Finally, we fol-
lowed the GRADE approach proposed by Salanti and colleagues [24] to assess the certainty of
evidence from the network meta-analysis for each network contrast and the ranking of inter-
vention groups: the overall certainty could be rated from high, moderate, low to very low.

Results
Search results

The search identified 2,816 records. Full-text screening of 108 potentially eligible studies led to
inclusion of 22 studies; eight published in English (one of the eight was then associated with an
included study in the McInnes and colleagues’ review [9]) and 14 studies published in Chinese.
We also identified two on-going studies [41, 42]. In addition, our rescreening of the 59 studies
included by McInnes and colleagues [9] identified 44 as specifically eligible for this review. In
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Studies included in previous Records identified Records identified through
version of review (n = 59) through update WHO International Clinical
database searching Trials Registry Platform

until August 2016 and (ICTRP), ClinicalTrials,
removing duplicates hand-search, contact
Studies excluded, with reasons (n=425) trialists & references
screening (n = 269
Heel and limb related devices Records identified 9! )
(n=9) through CBM
database searching
Bed-focused interventions until November 2016
(e.g. profiling bed) (n=3) and removing

Full texts re-assessed for Incorrect randomised trials duplicates (n = 2125)
eligibility (n = 59) (n=3)

Records after duplicates
Re-inclusions (n = 44) removed (n=2816)
Records screened Records excluded
(n=2816) (n =2708)

Full-text articles excluded, with
reasons (n = 84)

Duplicates (n=5)

Review (n=6)

Commentaries of other included
studies (n=1)

Treatment RCT (n=6)

Not randomised clinical trials
(.9. non-randomisation,
experimental studies, etc.) (n=15)
Risk factor study (n=1)

Irrelevant and ineligible
interventions (e.g. chair-related
interventions, care bundle,
complex intervention, textiles,
Traditional Chinese
Medicine-related cares,
home-made intervention, etc.)
(n=20)

Turning beds (n=2)

Interface pressure outcome (n=1)

i -texts (n=
Full-text articles 'Waiting for full-texts (n=1)
assessed for || Unclear randomisation method in
eligibility (n = 108) Chinese papers (n=26)

New included studies (n =
21)

One full-text attached to
one previously included
study (n=1)

Ongoing studies (n = 2)

The TOTAL number of eligible studies
in the review (associated the full-text to
the previously included study) (n = 65)

Ongoing studies (n = 2)

Studies included in the network
meta-analysis of primary outcome (n

=47)

Fig 1. Flow diagram of included studies.

https://doi.org/10.1371/journal.pone.0192707.9001

total therefore we included 65 studies in the review (see Fig 1, and S5 File for a reference list of
included studies). Three were unpublished (one is a conference abstract [43] and two are
research reports [44, 45].

Trial and study population characteristics

The characteristics of included studies are summarised in Table 2. The 65 studies enrolled a
total of 14,332 participants (median of study sample sizes: 100; range: 10 to 1,972). Setting was
specified in 63 of 65 study reports (97%) and included accident and emergency departments
and acute care, intensive care units, general medical wards, orthopaedic centres, operating the-
atres, and long-term care settings (i.e. nursing homes, extended care facilities, rehabilitation
wards, long-term units).
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The average age of participants was specified for 64 studies (98%) and ranged from 37 to 85
years (median: 70 years). Gender was specified for 57 studies (with 13,158 participants), within
these 53% of participants were female. Forty included studies (62%) recruited only participants
with intact skin at baseline and/or those with grade I ulcers. Ten studies (15%) enrolled partici-
pants with existing ulcers (recorded or assumed to be grade II or above). In the 44 studies
(68%) that clearly stated duration of follow-up the median was 14 days (range: 5 to 180). There
were 23 studies (35%) that were completely or partly funded by industry and 15 studies (23%)
supported by public funding.

In terms of intervention groups, of 65 studies, four (6%) used support surfaces that were
impossible to classify into an intervention group due to insufficient detail; and an additional
11 studies (17%) compared support surfaces within the same intervention groups (see
Table 2). These 15 studies were removed from quantitative analysis because their intervention
groups were unconnected to any network although they are still included in the review.

Risk of bias assessment

Of 65 studies, 28 studies (43%) were judged to have no serious limitations; and the remaining
37 studies (57%) had serious or very serious limitations (see S6 File).

Network meta-analysis

We conducted two main network meta-analyses; the first for pressure ulcer incidence (the Pre-
vention Network) and the second for patient comfort (the Comfort Network). No network
was formed for time-to- pressure ulcer incidence because the eight (12%) studies (Refs 13, 28,
34, 35, 37, 53, 54, 58 in the Table 2) with available outcome data did not form a network con-
necting more than two intervention groups.

Prevention network: Summary of included evidence. All 65 included studies reported
the outcome of pressure ulcer incidence, of which 20 were excluded from analysis: three
reporting zero events in both arms (Refs 9, 17, 40 in the Table 2) (see Discussion for further
consideration of these three studies), six with incomplete outcome data and intervention
descriptions (Refs 5, 15, 19, 51, 63, 64 in the Table 2), and 11 comparing support surfaces from
the same intervention groups (Refs 11, 13, 20, 23, 29, 37, 38, 41, 42, 58, 62 in the Table 2) (see
Table 2). Of the remaining 45 studies, 43 were included in the main analysis and two (Refs 2
and 52 in the Table 2) were only considered in the sensitivity analysis imputing missing data.
The 43 studies (Ref 1, 3, 4, 6-8, 10, 12, 14, 16, 18, 21, 22, 24-28, 30-36, 39, 43-50, 53-57, 59—
61, 65 in Table 2), involved 9,430 participants and formed 24 direct comparisons and a net-
work of 14 intervention groups.

Prevention network: Main findings. The results of the pairwise and network meta-analy-
ses are summarised in Fig 3 along with the GRADE certainty of evidence assessment for the
network meta-analysis (see S7 File for pairwise meta-analyses; see S9 File for GRADE assess-
ment). Of the 24 direct comparisons, 12 (50%) were judged to have serious or very serious lim-
itations (see Fig 2). The entire network was considered to have serious study limitations.
Additionally, the network was considered to be sparse as 13 of the 24 direct links were only
informed by one study in each case.

The analysis results suggest that powered hybrid low-air-loss air surfaces have the highest
probability of being the most effective intervention (SUCRA = 87.4%). However we remain
uncertain as to the true ranking of these treatments because the certainty of evidence was very
low (see Fig 3 and S9 File).

Overall, the evidence regarding the relative effects of support surfaces on pressure ulcer
development is of low or very low certainty for 89 of the 91 network contrasts in the network.
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npReSheepskin npReGel

npReWater npReFoam

PACtAIr

npReFibre

pActAirnpReFoam

pActLAL pnpRelLAL

pHybridAir
. pnpReAir
pHybridLAL pReAirfluid

Fig 2. Network plot for the incidence of pressure ulcers produced by STATA networkplot command. Fourteen
intervention groups are coded in the plot (i.e., nodes): SC = standard hospital surfaces, npReFibre = non-powered
reactive fibre surfaces, npReFoam = non-powered reactive foam surfaces, npReGel = non-powered reactive gel
surfaces, npReSheepskin = non-powered reactive sheepskin surfaces, npReWater = non-powered reactive water
surfaces, pActAir = powered active air-cells surfaces, pActAirnpReFoam = powered active air-cells surfaces plus non-
powered reactive foam surfaces, pActLAL = powered active low-air-loss air surfaces, pHybridAir = powered hybrid
air-cells surfaces, pHybridLAL = powered hybrid low-air-loss air surfaces, pReAirfluid = powered reactive air-fluidised
surfaces, pnpReAir = powered or non-powered reactive air-cells surfaces, and pnpReLAL = powered or non-powered
reactive low-air-loss air surfaces. Each node size is proportional to the number of direct comparisons involving each
intervention group. Taking any two of the six nodes forms 91 network contrasts. 24 lines between nodes represent
direct comparisons driven by RCTSs; and line thickness is proportional to the number of studies involved in each direct
comparison. Direct evidence of two or more comparisons can generate indirect evidence for contrasts that did not
involve a head-to-head RCT (e.g., indirect evidence for the comparison of npReFoam vs. npReWater generated from
comparisons, for example, of npReFoam vs. SC and npReWater vs. SC). In this way, indirect evidence informs the
remaining 67 of the 91 network contrasts. The risk of bias assessment was based on the most frequent level of bias
recorded for studies included in that comparison and denoted using coloured lines (or links). A green link indicates no
serious study limitations; yellow indicates serious limitations; and red indicates very serious limitations.

https://doi.org/10.1371/journal.pone.0192707.9002

We present a further narrative summary of the network meta-analysis findings for what are
considered key comparisons: the 13 intervention groups compared with standard hospital
surfaces.

There is moderate certainty evidence that powered active air surfaces and powered hybrid
air surfaces probably reduce the incidence of pressure ulcers compared with standard hospital
surfaces (the latter having an assumed baseline risk of 219 per 1,000 participants) (RR 0.42,
95% CI 0.29 to 0.63; and RR 0.22, 95% CI 0.07 to 0.66, respectively). This represents 127 fewer
people developing new ulcers per 1,000 (95% CI 81 to 155 per 1000) on powered active air sur-
faces and 171 fewer people developing new ulcers per 1,000 (95% CI 74 to 204) on powered
hybrid air surfaces than on standard hospital surfaces. There is low-certainty evidence that
non-powered reactive fibre surfaces, non-powered reactive water surfaces, powered hybrid
low-air-loss air surfaces, and powered/non-powered reactive air surfaces may reduce pressure
ulcer incidence compared with standard hospital surfaces. It is uncertain whether the remain-
ing seven intervention groups reduce the incidence of pressure ulcers compared with standard
hospital surfaces as the evidence is of very low certainty.

Prevention network: Results of transitivity assessment and heterogeneity analyses.

We deemed that the transitivity assumption held and there was no suggestion of global
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Fig 3. Results of pairwise meta-analyses via RevMan and network meta-analysis with consistency model via STATA for pressure ulcer incidence. Results of
pairwise meta-analyses with the numbers of included studies and participants are presented above the diagonal cells (see S7 File); network meta-analysis results and the
corresponding certainty of evidence assessments are shown below the diagonal cells. The diagonal cells show the codes of intervention groups and their SUCRA values
and rankings in brackets: SC = standard hospital surfaces, npReFibre = non-powered reactive fibre surfaces, npReFoam = non-powered reactive foam surfaces,
npReGel = non-powered reactive gel surfaces, npReSheepskin = non-powered reactive sheepskin surfaces, npReWater = non-powered reactive water surfaces,

pActAir = powered active air-cells surfaces, pActAirnpReFoam = powered active air-cells surfaces plus non-powered reactive foam surfaces, pActLAL = powered active
low-air-loss air surfaces, pHybridAir = powered hybrid air-cells surfaces, pHybridLAL = powered hybrid low-air-loss air surfaces, pReAirfluid = powered reactive air-
fluidised surfaces, pnpReAir = powered or non-powered reactive air-cells surfaces, and pnpReLAL = powered or non-powered reactive low-air-loss air surfaces. §@HO
= Moderate certainty of evidence; @O0 = Low certainty of evidence; and @000 = Very low certainty of evidence.

https://doi.org/10.1371/journal.pone.0192707.9003

inconsistency in the network using either the design-by-treatment interaction model or the
model of Lu and Ades [34]. There was one loop with potential inconsistency (SC-npReFoam-
pActAir): this was likely due to the influence of one pairwise meta-analysis in the loop which
had high heterogeneity (non-powered reactive foam surfaces versus standard hospital
surfaces).

The common network heterogeneity was moderate: tau” = 0.195; and I* = 56% (95% CI: 36
to 70%). This means that there was moderate variation in the mean effect size estimate across
studies in each network contrast (i.e. in one network contrast, some included studies may sug-
gest benefit for one intervention group but others may suggest harm). This moderate common
network heterogeneity may be due to the very high heterogeneity (I* > 75%) of three pairwise
meta-analyses in the network (powered or non-powered reactive low-air-loss air surfaces,
non-powered reactive sheepskin surfaces, and non-powered reactive foam surfaces compared
with standard hospital surfaces). Additionally, subgroup analysis suggested that funding
sources, considering operating theatres as settings or not, follow-up duration, and baseline
skin status defined by authors may explain the network heterogeneity (tau® from 0.195 to
0.160, 0.160, 0.178, and 0.129, respectively) but risk of bias assessment and setting may not (see
S10 and S11 Files for the above analyses).
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npReWater npReFoam

pACctAir
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pReAirfluid pnpReAir

Fig 4. Network plot for the patient comfort on a support surface produced by STATA networkplot command. Six
intervention groups (i.e., six nodes) are coded in the plot: SC = standard hospital surfaces, npReFoam = non-powered
reactive foam surfaces, npReWater = non-powered reactive water surfaces, pActAir = powered active air-cells surfaces,
pReAirfluid = powered reactive air-fluidised surfaces, pnpReAir = powered or non-powered reactive air-cells surfaces.
Taking any two of the six nodes forms 15 network contrasts. The size of each node is proportional to the number of
direct comparisons involving each intervention group. The six lines between nodes in the plot represent the only direct
comparisons and line thickness is proportional to the number of studies involved in each direct comparison. The
direct evidence arising from two or more comparisons can generate indirect evidence for contrasts that have not been
compared in head-to-head RCTs (e.g., indirect evidence for the comparison of npReFoam vs. npReWater generated
from comparisons of npReFoam vs. SC and npReWater vs. SC). In this way, indirect evidence informs nine of the 15
network contrasts. The risk of bias assessment was based on the most frequent level of bias recorded for studies
included in that comparison and denoted using coloured lines (or links). A green link indicates no serious study
limitation, yellow indicates serious limitations; and red very serious limitations.

https://doi.org/10.1371/journal.pone.0192707.9004

Prevention network: Results of sensitivity analyses. Sensitivity analyses did not suggest
that missing data and unpublished data would affect the relative effects and rankings of inter-
ventions groups (see S8 File).

Prevention network: Publication bias. No funnel plot was produced for the pairwise
meta-analyses because none included more than 10 studies. For the network meta-analysis,
the comparison-adjusted funnel plot appeared slightly asymmetric, suggesting the possible
presence of small-study effects; i.e. advanced support surfaces like powered hybrid air surfaces
appear to have favourable prevention effects in small studies (see S9 File).

Comfort network: Summary of included evidence. Twelve of 65 studies (18%) presented
outcome data on patient comfort, of which eight studies could not be included in the network:
six studies were excluded as they compared support surfaces from the same intervention
groups (Refs 11, 13, 20, 37, 41, 42 in the Table 2), and two (Refs 39, 44 in the Table 2) could
not be connected to the network. Thus, the final network included four studies (Refs 1, 17, 19,
57 in the Table 2) (with 802 participants) which formed six direct comparisons and a network
of six intervention groups (Fig 4).

Comfort network: Main findings. The results of the pairwise and network meta-analyses
are summarised in Fig 5 along with the GRADE-based assessment of the certainty of the evi-
dence in the network meta-analysis. Four out of six (67%) direct comparisons had no serious
limitations but another two had very serious limitations; and the whole network had serious
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Fig 5. Results of pairwise meta-analyses and network meta-analysis with consistency model for the comfort of a support surface.
Results of pairwise meta-analyses with the numbers of included studies and participants are presented above the diagonal cells; network
meta-analysis results and the corresponding certainty of evidence assessments are shown below the diagonal cells. The diagonal cells show
the codes of intervention groups and their SUCRA values and rankings in brackets: SC = standard hospital surfaces, npReFoam = non-
powered reactive foam surfaces, npReWater = non-powered reactive water surfaces, pActAir = powered active air-cells surfaces,
pReAirfluid = powered reactive air-fluidised surfaces, pnpReAir = powered or non-powered reactive air-cells surfaces. §®@® = High
certainty of evidence; ®®@®O = moderate certainty of evidence; @O0 = low certainty of evidence; and OO0 = very low certainty of

evidence.

https://doi.org/10.1371/journal.pone.0192707.9005

limitations. The network was also sparse, each of the six direct comparisons was informed by
only one study. It was not possible to explore publication bias because only four studies were
included in the network.

Non-powered reactive water surfaces have the highest probability of being the best inter-
vention in terms of comfort (SUCRA = 93.9%), and powered active air surfaces had the lowest
probability of being the most comfortable (moderate certainty evidence) (see Fig 5).

Overall, evidence regarding the comfort of different surfaces is moderate or high certainty
for nine of the fifteen network contrasts in the network but is low or very low for the remain-

ing six contrasts. We present a summary here of key network meta-analysis findings for five

intervention groups compared with standard hospital surfaces for the outcome of comfort.

Compared with standard hospital surfaces (with 866 per 1,000 participants reporting com-

fort on a support surface), powered active air surfaces, powered reactive water surfaces, and
powered reactive air fluidised surfaces are probably less comfortable (RR 0.80, 95% CI 0.69 to
0.94; RR 0.67, 95% CI 0.56 to 0.82; and RR 0.27, 95% CI 0.11 to 0.67, respectively), correspond-
ing to 173 fewer participants reporting comfort per 1,000 (95% CI 52 to 268), 286 fewer per
1,000 (95% CI 156 to 381), and 632 fewer per 1,000 (95% CI 286 to 771), respectively. Evidence
for the three comparisons is of moderate certainty. There appears to be no difference in com-

fort between non-powered reactive foam surfaces and standard hospital surfaces (RR for
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participants reporting comfort 1.00, 95% CI 0.90 to 1.12; high-certainty evidence), nor
between powered/non-powered reactive air surfaces and standard hospital surfaces (RR 0.96,
95% CI 0.77 to 1.20; moderate-certainty evidence).

Comfort network: Results of heterogeneity analyses. The entire network has a tau® less
than 0.001 suggesting no inconsistency or heterogeneity.

Discussion
Main findings

We present a systematic review and network meta-analysis of the evidence from 65 RCT's
(with 14,332 participants) of the relative effects of different types of support surface in terms of
pressure ulcer prevention and patient comfort. The specific support surfaces were successfully
classified into 14 groups using an established classification system [4]. The included studies
form two sparse networks; the studies were heterogeneous in terms of settings, participants’
baseline skin status, and follow-up durations; and over half of the studies had serious or very
serious study limitations. All these issues reflect the uncertainty of evidence and the limited
data included in each network.

There is moderate certainty evidence that powered active air surfaces and powered hybrid
air surfaces probably reduce the risk of pressure ulceration compared with standard hospital
mattresses; however participants were less likely to find powered active air-surfaces comfort-
able compared with standard hospital surfaces. Overall, it is highly uncertain which one of 14
classes of support surface is the most effective for preventing pressure ulcers but there is mod-
erate certainty evidence that non-powered reactive water surfaces are probably the most com-
fortable of those surfaces compared. However, we identified only four studies (addressing six
intervention groups) that assessed comfort and thus cannot link relevant findings to those of
pressure ulcer prevention effects for all 14 intervention groups.

Generalisability of results

The included studies were conducted in a variety of settings, and recruited participants with dif-
fering baseline skin status (the majority included people with intact skin and up to grade 1
ulceration). Most study participants were over 55 years old. It is worth noting that we assumed
no prevention effect difference between mattresses and overlays with the same pressure redistri-
bution mode and construction material (e.g. powered active air mattress vs. powered active air
overlay) [46]. Rather, we used random-effects model to estimate on average relative effects of
intervention groups [25]. So evidence in the review presents average relative effects that are gen-
erally applicable for the older adult population regardless of settings and baseline skin status.

Included studies also had a wide range of follow-up periods (ranging from 5 to 180 days
with a median of 14). Based on available data we assumed no change in the rate of pressure
ulcer incidence over time, and thus deemed that evidence on the relative effects is applicable
for the case of an expected 14-day hospitalisation. We were unable to adjust the effects of inter-
ventions for follow-up duration or form a network of time-to-event data to understand how
the hazard of ulcer development might change over time.

We identified only six studies from the operating theatre setting and thus the results of this
review might not apply to operating theatre settings. Furthermore powered hybrid air surfaces
were only evaluated in three small RCTs, and these studies were mainly conducted in ICU and
acute care settings. Water-filled support surfaces were only evaluated in pre-1992 studies [47,
48] and these surfaces (and the evidence from these evaluations) might not be relevant today.

To assess the certainty of evidence for publication bias Salanti and colleagues [24] suggest
not solely relying on evidence of funnel plots but also considering the scope of the literature
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search and the volume of unpublished data located. In this review, a comprehensive search
was performed and unpublished data were also included where possible. All pairwise meta-
analyses included fewer than 10 studies in each case; so for network contrasts, we did not
assess funnel plots for publication bias and did not downgrade the certainty for this reason.
For the ranking of intervention groups, though the asymmetric comparison-adjusted funnel
plot suggested the possible presence of small-study effects in the overall network, given the
comprehensive search and the inclusion of unpublished data but then the small number of
included studies, we did not consider the asymmetry as concrete evidence of publication bias
and thus did not downgrade the certainty of evidence for publication bias for this reason [24].

Finally, evidence on patient comfort should be also treated with caution because only a sub-
set of surfaces (standard hospital surfaces, non-powered reactive foam surfaces, non-powered
reactive water surfaces, powered active air-cells surfaces, powered reactive air-fluidised sur-
faces, and powered or non-powered reactive air-cells surfaces) were evaluated.

Overall quality of the evidence

The certainty of evidence in this review was mainly downgraded for study limitations, impreci-
sion and inconsistency.

In assessing study limitations, we acknowledge that blinding of participants and personnel
(to protect against performance bias) is impractical for some comparisons (e.g., powered active
air surfaces versus standard hospital surfaces) but could be ensured for others (e.g., powered
active low-air-loss surfaces versus powered active air surfaces). Yet these practical issues do
not change the importance of assessing the risk of performance bias which remains because,
for example, caregivers’ knowledge of which support surface was provided might result in the
imbalanced implementations of other co-interventions (e.g., repositioning) between study
arms. Because of this we considered a consistent performance bias assessment across included
studies in this network meta-analysis. We also considered that unblinded outcome assessment
could substantially bias effect estimates (unblinded assessment has been found to exaggerate
odds ratios by 36% for subjective binary outcomes) [49]. Downgrading for detection bias was
undertaken on a study by study basis where blinded outcome assessment e.g., masked adjudi-
cation of photographs of pressure areas had not been utilised [50]. Most of the included studies
(57%) were judged at serious or very serious limitations; reflected in the certainty of evidence
assessment by downgrading once. We also considered risk of bias as a modifier in subgroup
analysis to evaluate its impact on relative effects with no major impact detected. This finding is
consistent with the first network meta-epidemiological study investigating the impact of risk
of bias on relative effects [51]. Because of this we did not adjust relative effects for study limita-
tions in any further analyses.

Secondly, as with pairwise meta-analysis, network meta-analysis is dependent on the vol-
ume of the included data and when data are sparse the confidence intervals around effect sizes
are wide [52]. In this review, data in two networks were sparse; classifying support surfaces
into intervention groups did not improve the sparseness. Most of the network contrasts had
wide or very wide confidence intervals (see Fig 3), for which we downgraded the certainty of
the evidence for imprecision. However, we could not tell to what extent imprecise effect sizes
were related to sparseness or the use of the random-effects model (incorporating heterogeneity
in effects). Therefore, although statistical approaches for addressing sparse networks have been
proposed [52], there is no consensus as to the best approach and we did not apply them in this
review.

Finally, the inconsistency assessment should be based on joint assessment of statistical het-
erogeneity and network inconsistency [24]. However, our decision to downgrade the certainty

PLOS ONE | https://doi.org/10.1371/journal.pone.0192707  February 23, 2018 22/29


https://doi.org/10.1371/journal.pone.0192707

@° PLOS | ONE

Support surfaces for pressure ulcer prevention

of evidence for inconsistency was largely based on the presence of moderate common hetero-
geneity (I = 56%) and not the network inconsistency. We did not find evidence of a global
inconsistency by using both the design-by-treatment interaction model and the model of Lu
and Ades [34]. There was one loop of linked data that was potentially inconsistent (i.e. SC-
npReFoam-pActAir) but it was not clear whether this was truly inconsistent (based on statisti-
cal testing) or the result of high heterogeneity in some pairwise comparisons analyses [33] (see
S10 File).

Strengths and limitations

This work has a number of strengths. Firstly, we conducted a robust systematic review and
searched for and included all eligible studies. For example, we sought Chinese studies and
scrutinised them for evidence of robust randomisation. Then, to tackle the complex range of
support surfaces available, we applied a “clinically meaningful elements” approach [20] using
the NPUAP support surface classification system [4]. In this approach, we considered that the
support surfaces with similar pressure redistribution modes, construction and function char-
acteristics were associated with similar pressure ulcer prevention effects and treated as a
“class” [20]. Alternative approaches included the “components and dismantling” approach,
which considers these elements as independent components [20] or a different “lumping”
approach grouping support surfaces with similar pressure redistribution modes (but different
construction materials) together. The advantage of our approach was that it is coherent with
the fact that support surfaces work, as combinations of some dependent but different elements,
to prevent pressure ulcer development.

However, this review also has limitations. Firstly, in defining intervention groups, we disre-
garded co-interventions of included studies (e.g. repositioning) because these co-interventions
were assumed to have been provided equally to participants in each trial arm (where the study
had a pre-specified objective of comparing different support surfaces). It was often challenging
to consider these co-interventions in more detail because some of the included studies
regarded co-interventions as “usual care” but did not fully describe them.

Secondly “standard hospital surfaces” vary over time, by country and by setting [53] there-
fore the grouping “standard hospital surfaces” as the reference in network meta-analysis might
bias the calculation of relative effects for other intervention groups across studies. However,
because we considered standard hospital surfaces as a group and then estimated the average
effect of the group, we did not overemphasise variations in “standard hospital surfaces” in the
review.

Thirdly, we excluded three studies (Refs 9, 17, 40 in the Table 2) with zero events in both
arms from the analysis because we were unable to analyse them within STATA and they were
regarded as not contributing evidence of relative effects [54]. However, in practice, zero events
in both arms could suggest that: (1) during the study process, both specific support surfaces of
a study successfully reduced the risk of pressure ulcer development; and/or (2) because of a
small sample size and short follow-up duration, a study is under-powered to show the potential
pressure ulcer incidence in study arms. In either case zero events in both arms might be con-
sidered as “no statistical difference”, which is consistent with evidence from other studies that
provided data.

Fourthly, we have to acknowledge that the inclusion of a multi-arm trial in the network
meta-analysis may result in dependent effect estimates of comparisons within the trial so
within-study correlation should have been addressed. However, methods for within-study cor-
relation are less well developed than those for between-study correlation [55]. Besides, using
current STATA mvmeta and network commands commonly assumes the within-study
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variance as known and ignores the within-study correlation [28, 56]. Hence we did not con-
sider this issue in this network meta-analysis, which is consistent with common practice [55].
Finally, we found that 36% of included studies were funded completely or partly by industry; a
finding that is consistent with the proportion of industry-funded studies across wound care
(41%) [2] and funding sources may explain the network heterogeneity to some extent. How-
ever, we did not adjust relative effects for funding sources due to the limited number of
included studies.

Placing the findings in context of previous work

The earlier Cochrane review [9] reported that non-powered reactive foam surfaces reduce the
proportion of participants developing a new ulcer compared with standard hospital surfaces.
However, when we considered the certainty of evidence here we concluded that this result is
highly uncertain. This has potential implications since popular pressure ulcer prevention guide-
lines currently recommend the use of “a high-specification foam mattress or foam theatre mat-
tress” (i.e. non-powered reactive foam surfaces, in our review) for hospitalised adults at high
risk [1, 53]; and non-powered, reactive, foam surfaces are in widespread clinical use (e.g., used
by 48% of people at high risk [57]) and might have been used as standard support surfaces [53].

Regarding other reactive surfaces, McInnes and colleagues [9] presented separate analyses
for static air-cells, water-, gel-, and fibre-filled surfaces but only evaluated direct, head-to-head
comparisons and did not compare them with each other. In this review we defined these “con-
stant low-pressure supports” as different intervention groups and compared them with each
other in a network. Our network results suggest that the evidence is uncertain due to very low
certainty for almost all network contrasts between these intervention groups. Two previous
reviews [9, 10] evaluated the prevention effect of non-powered reactive sheepskin surfaces (a
surface primarily used in the Australian context) compared with standard hospital surfaces,
and concluded that the sheepskin surfaces are effective in reducing the proportion of partici-
pants developing a new ulcer. We regard this result as highly uncertain due to the low certainty
of the evidence (downgraded for study limitations, imprecision, and inconsistency). Finally,
considering that non-powered reactive foam surfaces are widely used and powered active air
surfaces were suggested as effective in our analysis, we believe that RCTs of non-powered reac-
tive foam surfaces compared with powered active air surfaces are urgently needed. We expect
that an ongoing study that is planning to recruit 2,954 high-risk participants will help to reduce
this evidence gap [42].

Conclusions

Current moderate-certainty evidence from the prevention network suggests that, compared
with standard hospital surfaces, powered active air surfaces and powered hybrid air surfaces
probably reduce the incidence of pressure ulcers by 58% and 78% on average, respectively.
However, a limited network for the outcome of comfort suggests lower comfort on powered
active air surfaces than standard hospital surfaces. The evidence is uncertain for the pressure
ulcer prevention effects of other intervention groups.

The network, with sparse data and very low quality of studies, suggests that more high-qual-
ity research is required. In particular more RCT evidence is required for powered hybrid air
surfaces which were evaluated in only three studies in the network meta-analysis and non-
powered reactive foam surfaces (which are widely used) and non-powered reactive sheepskins
should be prioritised for research.

The poor quality of the existing evidence makes it particularly important that researchers
undertaking any new research ensure study rigour. For example, it may be possible to
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minimise detection bias by using digital photography and adjudicators of the photographs
being masked to support surface [50]. The existing studies are marred by short durations of
follow up and we would recommend follow-up for at least 14 days or longer (e.g. 30 days) con-
sidering that most pressure ulcers occur in the first two to four weeks after admission [58]. Tri-
alists should fully describe co-interventions (e.g. repositioning) and, if relevant, standard
hospital surfaces as control arm, and report time-to-event data and ideally provide cost-effec-
tiveness evidence. Additionally, the public sector should be encouraged to invest in further
studies.
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