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The prevalence of biofilms in chronic wounds: a
systematic review and meta-analysis of

published data

The presence of biofilms in chronic non-healing wounds, have been identified through in vitro model and in vivo animal data.
However, human chronic wound studies are under-represented and generally report low sample sizes. For this reason we sought
to ascertain the prevalence of biofilms in human chronic wounds by undertaking a systematic review and meta-analysis. Our

initial search identified 554 studies from the literature databases (Cochrane Library, Embase, Medline). After removal of
duplicates, and those not meeting the requirements of inclusion, nine studies involving 185 chronic wounds met the inclusion
criteria. Prevalence of biofilms in chronic wounds was 78.2 % (confidence interval [CI 61.6-89,
p<0.002]). The results of our meta-analysis support our clinical assumptions that biofilms are ubiquitous in human chronic

non-healing wounds.
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Unlike  planktonic  microorganisms, biofilm
phenotypes have been defined as structured
consortiums of aggregated microbial cells,
surrounded by a polymer matrix, that adhere to
natural surfaces, to artificial surfaces or to
themselves.!  The concept of biofilms in
human health and  disease is now
universally accepted in tuberculosis,2
periodontal disease and  dental caries,3
cystic fibrosis,4_6 in-dwelling medical device
infections,7 otitis media and other upper
respiratory infections,8=9 and chronic

wounds.10-11 8o highly attuned are researchers to
the wide involvement of biofilm-associated

infections across the spectrum of human
health and disease, that the US Department of
Defense, has recognised the significance of
biofilm as being problematic in  wound
healing, and has prioritised research in this
area.12

Biofilm-phenotype microorganisms residing within
a chronic non-healing wound may promote a
hyper-inflammatory response, detrimental to the
host.13-15 Recent observations using oxygen
microsensors and  transcriptomics (examining
oxygen depletion in micro niches and microbial
metabolic activities) have provided alternate
insights  suggesting that bacterial biofilm in
chronic wounds may promote localised tissue
hypoxia reducing the availability of oxygen
required for wound healing. 16

Once established, biofilm often become
highly tolerant to standard treatment and

removal/eradication paradigms such as

mechanical debridement.!”

Several features that distinguish biofilm
phenotypes from their planktonic
counterparts are  their  tolerance to

antimicrobial agents,18 disinfectants and

the host’s immune defences.9-20
While  non-healing  chronic  wounds

represent an umbrella terminology for a
range of pathologies, biofilm have been
cited across all related  aetiologies

including venous leg ulcers (VLUS),21
pressure ulcers (PUs)14’22 and diabetic

foot ulcers (DFUs). 10 Collectively
these  chronic wounds contribute to

significant morbidity, mortality and
increased health-care expenditure.
Importantly, the continuing rise in
antimicrobial resistance has placed a greater
emphasis on  correctly diagnosing and
managing biofilm-associated infections in
non-healing chronic wounds. This will require
a shift in treatment paradigms to more
multifaceted biofilm-based approaches given
the resilience of biofilms in responding to
planktonic-



Fig 1. PRISMA flow diagram of literature search
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based treatments.

As the presence of biofilms across the spectrum of
chronic wounds has significant implications both
medically and economically, clear and concise
information is required to help guide health-care
professionals managing these recalcitrant causes of
delayed healing. An increasing body of evidence from
in vitro models and animal®? and human studies® has
identified the capacity of wound isolates to grow as
biofilms,and for chronic non-healing wound samples
to harbour biofilm.* This has been driven largely by
advancements in molecular microbiclogy, microscopy
technology and techniques for the study of bacterial
populations in situ. This has allowed authors to identify
biofilm as the cause of non-healing chronic wounds
and in the development of assodated clinical infections.

The bulk of evidence supporting the notion that
biofilm complicate non-healing chronic wounds is from
in vitro model and in vivo animal data.*—=" A recent
review of the scientific literature for the presence of
biofilm in chronic wounds has eloguently explored the
models used.3! However, human chronic wound studies
are under-represented with most having low sample
sizes. For this reason we aim to determine the prevalence
of biofilm recognised in human chronic wounds by
systematically reviewing the literature published on
in vive human chronic wound studies and to increase
sample size and power by performing a meta-analysis.

Methods

Search strategy

A start date of 2008 was used based on a decision by the
authors that this best represented the start of publications
that used acceptable terminology and wisualisation
methods that best described and depicted microbial

aggregates, extracellular polymeric substance (EPS) and
the spatial orientation of microorganisms in samples. A
systematic review of the Cochrane Library, Embase, and
Medline (PubMed) databases was conducted for articles
published between January 2008 and December 2015
using the following search terms: ‘biofilm’ [all fields]
AND “chronic wounds'.

A secondary search was undertaken using ‘biofilm’
with supplementary keyword filters: OR “diabetic foot
ulcers’ OR ‘wenous leg ulcers’ OR ‘pressure ulcers’ OR
‘decubitus ulcers” OR ‘non-healing surgical wounds’,
OR ‘visualization’, OR ‘scanning electron microscopy’
OR “fluorescent in-situ hybridization’, OR ‘165 rRNA'
Omnly articles in the English language were included.
The search was limited to prospective clinical studies,
case reports, case series and published conference
abstracts. The systematic review was conducted in
accordance with the PRISMA guidelines.®®

Data extraction

Investigators (MM and TB) independently reviewed titles
and abstracts of all articles to establish their eligibility on
the basis of predefined criteria. All eligible article
references were tabled and their abstracts obtained for
review. Articles meeting the eligibility criteria were hand-
searched for additional studies. For the purpose of the
meta-analysis, we extracted the following domains or
variables from the articles: date of study publication
(2008-20135), prevalence rates (number of confirmed
tissue samples over the total number of samples
screened), sample size and study design.

Study eligibility
Articles publishing data on in vive human chronic
wounds, in participants over the age of 18, were included.
Chronic wound aetiologies included in the search were
DFUs, VLUs, PUs and non-healing surgical wounds
(NH5Ws). Individual searches of the methodology
section were undertaken and universal definitions of a
chronic wound or phrases denoting the chronicity of
participant wounds such as ‘non-healing’, ‘delayed
healing” and/or ‘chronic’ were used to ensure eligibility.
Omnly articles detailing the presence of biofilm and
bacteria in general through microscopy with or without
combined molecular methods were included for review.
In line with recent guidelines*® the following
visualisation techniques were deemed appropriate for
the confirmation of biofilm presence: scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), confocal laser scanning microscopy (CLSM),
conventional and peptide nucleic acid-fluorescent in
situ hybridisation (PNA-FISH) and microscopy with or
without staining methods. Articles diagnosing biofilm
presence by clinical observation were excluded.
Confirmation of biofilm included all visualisations of
aggregated bacteria within the wound bed. 3
Additionally, to meet inclusion criteria, articles
must have cited optimal collection methods for the
sampling of chronic wounds with tissue biopsy,



Table 2. Random=-effects model of nine chronic wound biofilm studies

Authorfs [year) Study design Number of Visualisation Chronic wound Number of samples
participants methods with or astiologies with confirmed
without molecular biofilm (%)

James et al. (2008)° Prospective study i3} Light microscopy, 13 DFUs, 21 PUs 3050 (50%4)

case varsus control SEM 165 rRMNA with BVLUs, 24 NHSWs
DGGE

Kirketerp-Moller et al. (2008 Prospective cohort 22 PMA-FISH, CLSM Unspacified chronic wounds 1ar22 (B60%)
study

Fazli ot al. (2009)" Prospective cohort a PMA-FISH, CLSM 10 VLU= 1010 {100%4)
study

Thomsen et al. (2009)*+ Prospective cohort 2 PMA-FISH, 165 2VLUs 212 (100%6)
study, sub analysis rAMA

Han ot al. (2011)28 Prospective cohort 15 PMA-FISH, CLSM 4 DFUs, 5 PUs, 2VLUs 815 (60%)
study 165 rRNA 4 MHSWs

Meut ot al. (2011p*2 Case report 2 CLEM 2DFUs 22 {100%4)

Oates at al. (2014)%° Prospective cohort 4 FISH, SEM 4 DFU=s 4/4 (100%)
study, sub analysis

Martinez-Velasco et al. (2014P28 Prospective cohort 20 SEM, LM Unspecified chronic wounda ~ 20V20 (100%)
study, conferenca
abatract

Honorato-Sampaio et al. (2014¥  Prospective cohort 45 TEM 45 VLUs AG/45 (100%4)

study

SEM-scanning electron microscopy; 168 rANA-188 ribosomal AMA sequencing for isentification of microbes; DGGE-denathring gradient gel electrophoresis; PHA-FISH-peptide nucisic
leciron microecopy,

ackd-fluorescent In sy
ulcar; ViLU-yanous leg wicer; NHSW-non-healing surgical wound

curettage or debridement material being regarded as
gold standard. Swab cultures of the wound bed were
excluded for being inadequate for biofilm
identification, given the inability to distinguish
between planktonic and biofilm phenotype.®

Statistical analysis

Data from studies were extracted as raw numbers using
the number of samples with confirmed biofilm over the
total number of samples obtained. Data were analysed
using comprehensive meta-analysis software (Biostat
Inc., NJ, US). Prevalence estimate rates, weighted
averages and 95% confidence intervals (Cls) were
undertaken using fixed-effects meta-analysis. Forest
plots were reported for inconsistencies in effect sizes
and their Cls. Between-study variance or heterogeneity
in estimates was modelled using Cochran's @ and the
I2 statistic. Where Cochran's Q) value was reported with
p-values less than 0.10 and 2 values exceeded 50%, a
random-effects model was used.®®

Results

Search results

The search identified 554 studies from the literature
databases. After removal of duplicates, exclusion and
the screening of 452 titles and abstracts, eight studies
involving 185 chronic wounds met the inclusion
criteria (Fig 1). The numbers of each respective chronic
wound were: DFUs (n=33), VLUs (n=67), PUs (n=2a),

, CLEM-confocal laser scanning microscopy; LM-light microscopy; TEM- trensmission &

NH5Ws (n=28), unspecified chronic wounds (n=31).
There were eight articles from prospective cohort
studies with the remaining one study being case
reports/series (Fig 2). Primary authors were contacted
for data from two studies in order to clarify the number
of positive biofilm samples. *3 Between-study results
identified heterogeneity (Q test p<0.022, [2=55%), to
address this a random-effects model was used with
prevalence rates reported.

Prevalence of biofilms in chronic wounds

The prevalence of biofilms in chronic wounds was
78.2% [CI 61.6-89, p<0.002]. Biofilm prevalence across
studies identified the percentage(s) of positive biofilm
samples was no lower than 60% (noted in three
studies), %383 with all remaining studies identifying
100% biofilm prevalence.353740-43 Giyen the relatively
small sample size and the covariable of four different
chronic wound aeticlogies, inferences regarding
whether biofilms were more prevalent in one particular
chronic wound were not possible.

Discussion

Early publications providing evidence for the presence of
biofilm in chronic wounds have provided guidance for
clinicians and researchers alike.'®'"* These studies
identified that biofilm were present in 60% of non-
healing chronic wounds. Since then, studies employing
combined molecular and microscopy methods to directly

; DFU-diaatic foot ulcer; PL-pressure



Table 2. Random-effects model of nine chronic wound biofilm studies

Study authors (year)

James et al. (2008
Kirketerp-Moller st al. (200852
Fazli ot al. (2008p2

Thomsan st al. (20085

Han st al (201172

Must et al. (201192

Oates ot al. (2014)*
Martinez-Velasco et al. (2014
Honorato-Samaio et al. (201477

Total

Event rate
and 85% confidence interval

Upper limit Z-value  p-value

Statistics for each study
Eventrate  Lower limit

0.600 0.460 0.725 1.405
0.591 0.382 0772 0.848
0.955 0.552 0.9a7 2103

0.833 0194 0.830 1.038
0.600 0.348 0.808 0.769

0.833 0194 0.830 1.038

0.900 0.325 0.994 1.474

0.976 0713 0.999 2594
0.989 0.8489 0.999 3172

0.782 0.616 0.8090 3102

visualise biofilms have gathered pace.

This systematic review and meta-analysis has collated
all available in wive studies pertaining to the
identification of biofilms from non-healing human
chronic wounds. In doing so, our meta-analysis results
suggest that biofilms are prevalent in all these wounds.
Prevalence rates identify that 78% of non-healing
chronic wounds harbour biofilms, with prevalence
rates varying between 60% and 100%. We propose,
therefore, that biofilm are ubiguitous in nearly all non-
healing chronic wounds and the disparity in prevalence
rates may be a reflection of study design and
methodological limitations. For example, we argue that
heterogeneous distribution of microorganisms within
wounds may allow for wvariability in sampling,
increasing the likelihood of returning negative or
inconclusive samples.

Previous studies, 34445 have highlighted the
heterogeneous spatial distribution of wound microbiota
through sampling multiple areas of the wound bed,
identifying vast shifts in community diversity. This
suggests relying on a single site for sampling may
reduce the chances of visualising biofilm. Obtaining
samples from multiple sites of the wound may improve
the detection of biofilm. However, this is often not
feasible at a clinical level and is reflected in many
studies that employ tissue collection methods.

The primary aim of this systematic review and
meta-analysis was to provide a statistical approach for
further justifying the evidence that biofilm are present
in chronic non-healing wounds. We acknowledge
that our analysis has obvious limitations, in particular
the low number of human studies available and the
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requirement for further in vive studies with larger
sample sizes to support existing data. This, however,
further emphasises our rationale of performing a
meta-analytical approach.

It was also not our intention to provide guidance for
treatment of chronic wounds, for that we would like to
refer to the European Society of Clinical Microbiology
and Infectious Diseases (ESCMID) guideline for the
diagnosis and treatment of biofilm infections.

Another limitation or difficulty with analysing the
presence of biofilm in chronic wounds has centred
around ‘what we define as a biofilm'. Often biofilm
are defined based on in vitro observations, and these
describe biofilm as bacteria attached to surfaces
within a self-produced extracellular matrix and
tolerant to antimicrobials. In addition, biofilm
development is often described over three to five
stages, initiated by planktonic bacteria attaching to a
surface, maturation of the biofilm and, lastly, dispersal
of bacteria from the biofilm.*¢

However, in vifro observations based on flow cell
models using glass surfaces and fresh oxygenated
culture media continuously flowing over the bacterium,
differ greatly from the conditions within chronic
wound infections.* Here, the bacteria are not exposed
to a continuous flow of fresh media and are not
attached to a glass surface (or to a surface at all).!%3®
In vive chronic wound biofilm are also often
encapsulated in a matrix, which includes host material,
making dispersal problematic.

Therefore, using in vifre observations to define,
diagnose and treat biofilm in chronic infections may
provide a misguided impression.*” There are, however,



commonalities between in vitro and in vivo evidence that
can help in providing a definition of a biofilm. These
include: aggregation of bacteria, some sort of matrix that
is not restricted to self-produced as it can also be of host
origin, and extreme tolerance and protection against

most antimicrobial agents and the host defence.

We suggest following this simplified definition in
order to define biofilm in chronic infections: an
aggregate of bacteria tolerant to treatment and the

host defence.

Conclusion
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