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Objective: Many experimental studies have been conducted to evaluate vascular and endovascular graft
infections (VGEIs) and infectability in order to elaborate strategies to prevent or to treat their occurrence. A
systematic literature search was conducted to collect and summarise key features of infection and infectability
assessment techniques in VGEI experimental models.
Methods: The literature search was conducted using the Medline and Cochrane databases, with no limit on the
date of publication, until 10 August 2021. Ex vivo, in vitro, and in vivo animal studies on VGEIs, published in
English or French, were selected. Cross references retrieved from selected articles on PubMed database were
also included in the search. Data were collected on the techniques and the protocols performed for vascular graft
infection and infectability assessment.
Results: A total of 243 studies were included in the review: 55 in vitro studies, 169 animal studies, 17 combining
the two models, and two ex vivo studies. Many experimental techniques were performed, with a lot of protocol
discrepancies. The main experiments conducted were bacterial culture, with (n ¼ 82 studies) or without
sonication (n ¼ 120), histopathology (n ¼ 69), scanning electron microscopy (n ¼ 36), and graft diffusion tests
(n ¼ 28). These techniques were used to answer different research questions corresponding to different graft
infection steps, such as microbial adhesion and/or viability, biofilm biomass or organisation, human cell reaction,
or antimicrobial activity.
Conclusion: Many experimental tools are available to study VGEIs, but to improve their reproducibility and
scientific reliability research protocols must be standardised and include sonication of grafts before
microbiological culture. Moreover, the key role of the biofilm in VGEI physiopathology must be taken into account
in future studies.
� 2023 Published by Elsevier Ltd on behalf of European Society for Vascular Surgery. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Article history: Received 5 April 2022, Revised 23 March 2023, Accepted 9 May 2023,
Keywords: Biofilm, Infectability, Review, Vascular biomaterials, Vascular graft and endograft infections
INTRODUCTION

Vascular graft and endograft infections (VGEIs) are still
associated with high morbidity, mortality, and relapse
rates,1 but their physiopathology and treatment remain
insufficiently understood. Two major issues are addressed in
VGEI experimental studies: the infectability and the infec-
tion. Graft infectability is the susceptibility of a vascular
biomaterial to be infected, while graft infection refers to a
later stage, when microorganisms have already adhered and
colonised the biomaterial. These two terms represent
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successive steps of VGEIs but do not respond to the same
research issues.

The issue of infectability of vascular biomaterials is of
particular importance to improve the outcome of VGEIs and
to decrease their occurrence and their relapse on new
implanted grafts. However, even the word “infectability” is
not clearly defined in the literature. The first occurrence of
this word appears in 1975 in an experimental study, defined
as “that the susceptibility of a prosthetic graft to infec-
tion”;2 however, no consensual definition is currently
available in the literature. This first definition gives rise to
multiple notions of what susceptibility to infection can be.
Indeed, microbial colonisation of a biomaterial surface im-
plies several crucial steps that involve different patho-
physiological mechanisms, and infectability assessment
should be considered through these different mechanisms.
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Studies on graft infection focus on biofilm formation,
anti-infectious and antibiofilm treatments, surgical strate-
gies, and microbiological and imaging diagnosis. These two
notions are therefore part of a continuum, since the
infectability reflects the susceptibility to infection.

Two recent well conducted reviews have been published
on preclinical models evaluating vascular graft coating and
silver grafts,3,4 but no review has been conducted so far on
the analysis performed in experimental models to assess
vascular graft infectability and infection. This review was
conducted to collect and summarise key features of infec-
tion and infectability assessment techniques in VGEI
experimental models. The second aim was to classify these
techniques according to different research issues. This work
is complementary to a previous review published by this
multidisciplinary team on experimental models of VGEIs.5
MATERIAL AND METHODS

The study was conducted in accordance with the PRISMA
(Preferred Reporting Items for Systematic Reviews and
Meta-analysis) guidelines6 and the PICO strategy (Patient
Population [P], Intervention [I], Comparison [C], and Out-
comes [O]), which were used to structure and respond to
the research question. PICO criteria were: “In in vitro and
in vivo models of VGEIs (P), which experimental techniques
(I) are the most accurate (C) to investigate the issues on
vascular graft infection and infectability (O)”?
Search strategy and information sources

A duplicate comprehensive literature hand search was
conducted by M.P. and C.C. using the Medline and Cochrane
databases, with no limit on the date of publications. Dis-
agreements between M.P. and C.C. were resolved by
consensus. If consensus was not achievable, a third opinion
was given by X.B. The search was updated on 10 August
2021. The search terms for Medline and the Cochrane
Database search were as follows: “vascular graft infection”
or “vascular graft infectability” or “vascular graft infecti-
bility” combined using the Boolean operator “AND” with
“animal study”, “animal model”, “in vitro study”, or “in vitro
model”. The MeSH terms “blood vessel prosthesis” AND
“infections” AND “models, animal”, and “blood vessel
prosthesis” AND “infections” AND “in vitro techniques”
were also used. For each included article, the reference list
and the first 20 related articles on PubMed were screened
to retrieve potentially relevant articles.
Eligibility criteria and study selection

Studies were selected according to the following criteria.
Only in vitro and in vivo animal studies on VGEIs, published
in English or French, were selected. Clinical studies on hu-
man beings and experimental studies on other device in-
fections were excluded from analysis. Studies were first
selected on the basis of title and abstract, then on full text.
Duplicates were discarded.
Data collection process

Data were extracted by M.P. and C.C. From each study, the
source (main author, journal, and year of publication) and
the details the analysis performed for infectability and/or
infection assessment were collected.
RESULTS

A total of 243 articles were included in the narrative review:
55 in vitro studies, 169 animal studies, 17 which combined
both models, and two ex vivo studies (Fig. 1). The most
employed and/or promising techniques performed were
study infection and infectability, and their purposes were
successively detailed. More anecdotal analysis (seldomly
and/or formerly used) are detailed in Supplementary Data 1.
All techniques are summarised in Supplementary Table 1 and
illustrated in Fig. 2.
Microbial culture

Themicrobial count in colony forming units (CFU)/mL is often
considered as the gold standard for the quantification of
bacterial adherence on vascular graftmaterial and is themost
used analysis, in both in vitro and in vivo studies. The other
tests were more seldomly used (Supplementary Data 1).

Microbial count on infected grafts. In most studies, grafts
and perigraft tissues were processed using different tech-
niques before plating, in order to enhance bacterial culture
sensitivity. Grafts were sometimes sonicated before culture
(n ¼ 82 studies), sometimes associated with vortexing,7 but
the sonication process varied a lot among studies. Its
length varied between 1 minute and 20 minutes, but most
often was for 5 minutes.8 Ultrasound frequency was rarely
specified and varied between 20 kHz and 60 KHz. Soni-
cation efficacy was assessed in several studies either by
scanning electron microscopy (SEM)9 or optical micro-
scopy.10 However, most studies did not used sonication
(n ¼ 120).

Sometimes, grafts were only vigorously agitated11 or
vortexed 30 seconds to several minutes, until 1 hour of
vortexing.12 Other techniques were used, such as homog-
enisation with a dispersing instrument,13 ultrasonic
disruption,14 bead beaters with glass beads,15 hand crush-
ing with a sterile mortar,16 tissue grinding associated with
sonication,17 or trypsin digestion of the graft and perigraft
tissues.18

However, in several studies, grafts were not processed
before culture but only placed in broth medium before
plating on agar.19 Sometimes grafts were only rolled on agar
and removed before culture,20 or only imprinted on agar
before incubation.21

Despite protocol discrepancies, microorganism
recovery was better with sonication than with vortexing
alone14 or ultrasonic disruption.14 This superiority in
bacterial recovery has been assessed in both in vitro14,22

and animal models,17,23 especially for Staphylococcus
epidermidis,14,17,22,23 but also Staphylococcus aureus,
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(n = 1 087 studies)

Retrieved references from
articles and associated

articles (n = 62)

Articles assessed for full text eligibility
(n = 412)

Records screened
(n = 746)

Studies included in the systematic review
(n = 243)

In vitro studies (n = 55)
In vitro and animal studies (n = 17)

Animal studies (n = 169)
Ex vivo studies (n = 2)

Duplicates excluded (n = 403)

Articles excluded (n = 169)
  Not a vascular (endo)graft infection (n = 35)
  Not about infections (n = 72)
  Not in English or French (n = 4)
  Human studies (n = 48)
  Not a study (n = 10)
    Review (n = 8)
    Letter (n = 2)

Records excluded (n = 334)

Fig. 1. Flow chart according to Preferred Reporting Items for Systematic Reviews and Meta-analysis guidelines.
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Escherichia coli, Enterococcus faecalis, and Klebsiella
pneumoniae.14

The first animal study published in 1989 by Bergamini
et al. demonstrated an enhanced recovery of S. epidermidis
on aortic replacement grafts in dogs after sonication
compared with broth culture alone (8/36 vs 0/36, p <
.010).17 In another animal study conducted on dogs, soni-
cation also significantly improved the bacterial culture
positivity rate of S. epidermidis (p < .010).23 In vitro studies
demonstrated a higher bacterial load recovered from the
graft after sonication than ultrasonic disruption or vortexing
(>1 log).14,22

Among all these techniques evaluated to enhance mi-
crobial culture sensitivity, sonication was the most
employed and studied one, and therefore seems to be the
most reliable technique. Indeed, sonication with adapted
parameters helps to dislodge biofilm and viable microor-
ganisms from the graft surface.

Kill kinetic studies (n [ 8 studies). By repeating the bac-
terial count in the supernatant at several times of culture,
this analysis was meant to study either the impact and the
efficacy of several antibiotic molecules, or graft infectability
and bactericidal activity of antimicrobial grafts.24 A bacte-
ricidal effect was defined as a �3 log10 reduction in CFU
compared with the initial inoculum.25

Thanks to the evaluation of bacterial count at successive
time slots, this technique is particularly useful to evaluate
the efficacy of antimicrobial molecules and grafts over time
and biofilm formation.
Viability assessments

Adenosine triphosphate assay (n [ 2 studies). The mito-
chondrial adenosine triphosphate (ATP) concentration,
directly proportional to the amount of ATP in bacteria, was
measured to quantify the number of viable bacteria. This
test has also been used in these studies to compare several
antimicrobial molecules in vitro but could be useful to es-
timate the bacterial inoculate embedded in biofilm on graft
surface with no need to dislodge this biofilm.

Biofilm bacterial metabolism assays (n [ 4 studies). This
colorimetric assay is based on the reduction of a yellow
tetrazolium salt to purple formazan crystals by the mito-
chondrial dehydrogenase of metabolically active cells. This
semi-quantitative test, also called MTT or XTT, has notably
been used in vitro to evaluate metabolic activity of micro-
organisms in vascular graft biofilm. In the same way as the
ATP assay, this could also be an interesting technique to
assess viable bacterial load in biofilm of grafts.
Antimicrobial activity in biofilm

Minimal biofilm inhibitory concentrations and minimum
biofilm eliminating concentrations determination (n [ 7
studies). Minimal biofilm inhibitory concentrations (MBICs)
and minimum biofilm eliminating concentrations (MBECs)
were often further compared with minimum inhibitory
concentration (MIC). Before the concept of MBIC and
MBEC, some authors determined both MIC and minimal
bactericidal concentration (MBC) using the tube
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Fig. 2. Experimental analysis relevant to answer selective research questions. VGEI, vascular and endovascular graft infection; ATP ¼
adenosine triphosphate; MBIC ¼ minimal biofilm inhibitory concentration; MBEC ¼ minimum biofilm eliminating concentration; RT-
PCR ¼ reverse transcriptase polymerase chain reaction; SEM ¼ scanning electron microscopy; TEM ¼ transmission electron micro-
scopy; MRI ¼ magnetic resonance imaging; FDG-PET ¼ fluorodeoxyglucose-positron emission tomography; FISH: fluorescence in situ
hybridisation.
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microdilution method or by the agar dilution method. The
impact on MIC and MBC of antimicrobial molecules has also
been studied.

These concentrations should be performed experimen-
tally to evaluate the actual activity of antimicrobial mole-
cules in biofilm.
Biofilm staining

Crystal violet assay (n [ 3 studies). The crystal violet (CV)
assay uses a basic dye that binds negatively charged mol-
ecules and thus stains both bacteria and the surrounding
biofilm matrix.26 This technique was particularly used in
vitro studies but also in vivo studies to characterise the
bacterial strain before the onset of infection in animal
models. Only one study reported that the measurement of
CV via spectrophotometry was not suitable for vascular
graft surfaces because of high unspecific background
staining.27 However, two other studies have been published
since this first observation, to evaluate biofilm formation in
contact with a graft coating agent. The walls of microplate
well were covered either with gelatin, collagen, or an
antibiotic containing fibrin gel before bacterial inoculation,
culture, and then CV assay. CV assay might lack specificity
and allows no distinction in biofilm components; however,
its protocol is well standardised and easy to achieve.
Moreover, its frequent use in previous studies better allows
comparison of results (Supplementary Data 1).
Microscopy

Scanning electron microscopy (n [ 36 studies). SEM has
been used to better understand VGEI physiopathology,
notably biofilm formation and microorganism adhesion and
organisation on the graft surface. Rarely, SEM results were
analysed to estimate the approximate number of adhesive
bacterial microcolonies on graft segments. SEM has also
been used to observe biofilm formation kinetics on the graft
surface by serial acquisitions, graft endothelialisation, and
susceptibility to infection. Some studies tried to assess the
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sonication efficacy on dislodging bacteria by SEM, or the
efficacy of several antimicrobial treatments or antiseptic
molecules on infected vascular grafts. Only one ex vivo
study used SEM to analyse explanted infected grafts from
patients operated on for VGEI.28 SEM can still be useful to
study biofilm conformation on infected grafts, notably to
visualise the effects of antimicrobial therapy and/or grafts
(Supplementary Data 1).

Confocal microscopy (n [ 8 studies). Confocal microscopy
was first applied by Osada et al. in 1999 to study and
compare bacterial adhesion.29 In vitro, confocal microscopy
has been used to assess the thickness, density, and for-
mation kinetics of biofilm on various grafts with different
dyes. In animal models, confocal microscopy has been
applied to localise bacteria, immune cells, and antibiotics
with specific antibodies marked with fluorochromes.
Confocal microscopy and fluorochrome dyeing protocols are
well standardised and resolution is constantly improving.
Moreover, they allow the analysis of microorganisms and
host cells and their interaction.
Imaging

In vivo bioluminescence imaging (n [ 1 study). This non-
invasive imaging technique was evaluated only once in
VGEIs. The authors inoculated a bioluminescent S. aureus
strain, genetically engineered in order to express a modified
Photorhabdus luminescence lux operon, on vascular grafts
subcutaneously implanted in mice backs. The real time
bioluminescence was correlated with the total number of
bacteria to estimate the bacterial burden.30 This technique
could be interesting to study the dynamics of microbial
adhesion and biofilm formation in VGEIs (Supplementary
Data 1).
DISCUSSION

A narrative review was conducted on 243 studies evaluating
infectability and infection assessment analysis in VGEI
experimental models. Many interesting techniques have
been used to answer various research questions on vascular
graft infectability and infection, and future researchers
should select the analysis to perform according to their
hypotheses. All the analyses performed were summed up
for infection and infectability assessment in experimental
models of VGEIs (Fig. 2). To date, most published studies
have used microbial culture and/or microscopy to answer
their research issues.

In the following paragraphs, the focus will be on three
main points of interest: the necessity of protocol stand-
ardisation and particularly the importance of sonication
before microbial culture, the need for techniques which
take into account adhesion and biofilm formation, and
finally the potential contribution of new non-invasive
techniques.

Infectability and infection assessment techniques need
standardisation to be relevant and applicable to clinical
practice. Indeed, experimental protocols varied a lot among
studies, especially for microbial culture. For instance, in
most studies, which appeared to be the earliest ones,
infected vascular grafts were not sonicated. The better ef-
ficacy for microbial recovery after sonication has been
assessed in several in vitro and in vivo studies on
VGEIs.14,17,22,23 Its clinical impact on VGEI microbiological
diagnosis has been well demonstrated in bone and joint
infections (BJIs)31 and remains likely in VGEIs.32 It should
therefore be used in experimental studies before bacterial
count on grafts. However, the sonication protocol needs
standardisation, and here a protocol is proposed based on
the most employed protocols in the previously published
studies, which might offer the best microbial recovery along
with maximal viability. Grafts should be processed as fol-
lows: vortexing for 30 seconds, sonication for 5 minutes at a
ultrasonic frequency between 35 and 50 kHz, and then
vortexing for another 30 seconds before sonicate fluid
plating.8,31,32 Finally, to help standardisation in future
studies, researchers should adopt the protocols previously
published, and, if not, they should explain why they chose
to change a particular step or reagent. Moreover, there
might be room for Delphi consensus on selected topics in
the VGEI experimental research field.

Furthermore, some issues remain underexplored in the
VGEI field, especially microbial adhesion and biofilm. In the
vast majority of studies, graft infectability experiments did
not include any analysis of biofilm. Investigations on anti-
microbial therapy in experimental models of VGEIs are rare,
particularly regarding their activity in the presence of VGEI
biofilm. More importantly, no particular attention was given
to the ability of antimicrobials to penetrate biofilm and to
differentiate antimicrobial activity in the presence of an
established biofilm. Bacterial adherence and biofilm for-
mation on grafts are certainly key steps to understand the
onset of VGEIs and infection relapses. Some very interesting
studies have been recently published using confocal mi-
croscopy to analyse bacterial biofilm formation on different
grafts.8 Confocal microscopy has also allowed the recent
assessment that biofilm structures were correlated with
antibiotic activity, and that S. aureus was able to survive
inside macrophages. In the same study, the authors also
found that neither daptomycin nor vancomycin were able
to penetrate macrophages.33 These recent findings have
allowed great progress in the understanding of VGEIs and
have opened up a whole new area for VGEI research, where
VGEI physiopathology needs to be re-interpreted through
the lens of biofilm and immune cells. Indeed, this intracel-
lular bacterial persistence has already been described in
BJIs. S. aureus and S. epidermidis can persist in acidic
phagolysosomes of osteoblasts and fibroblasts, partly as
small colony variants, and that might contribute to chronic
BJI relapses.34 They further identified antibiotics with
intracellular activities which should be preferred in BJI
therapy in order to eradicate this lysosomal reservoir of
bacteria.34 In any case, research on biofilm formation, bio-
film characteristics, and the best antimicrobials active in
biofilm is far more advanced in the BJI field. However,
findings on BJI biofilms cannot be directly extrapolated to
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VGEIs due to many differences between these two types of
infection, including cell environment, blood flow, and high
shear stress applied to vascular grafts. Even the microor-
ganisms are different, and polymicrobial infections are more
frequent in VGEIs, especially in aortic position. Moreover,
confocal microscopy applications are numerous and prom-
ising, since new microscopes notably allow graft cartog-
raphy, live imaging, and visualisation of microbial
interactions in biofilm along with interactions between host
cells and microorganisms. These new applications could be
of a great interest to better elucidate VGEI physiopathology
and advocate for a larger use of confocal microscopy in
future studies.

New techniques that allow in vivo imaging, such as
bioluminescence and fluorescent imaging technologies, also
appear of particular interest, and are mentioned as research
priorities in the recently published European consensus1

and should be promoted. These techniques offer the op-
portunity to observe the in vivo course of biomaterial
associated infections in small animals, without the need to
sacrifice animals at different time points after the onset of
infection,35 and could be useful for the in vivo evaluation of
antimicrobial treatments and/or antimicrobial graft coating
effects on bacterial biofilm.35 Only Lorenz et al. have
studied bioluminescent imaging in VGEIs.30 This approach
has also been evaluated in animal models of BJIs36 and
vascular catheters.37 Other promising non-invasive tech-
niques have been evaluated in VGEIs, such as magnetic
resonance imaging and positron emission tomography (PET)
computed tomography,38 or in vascular catheter infections
with fluorodeoxyglucose-microPET.39 Finally, alternative
technologies to avoid animal testing, such as ex vivo flow
models, which have already been experimented on the VGEI
field, but also computed simulation, will hopefully increase
in the coming years.40

Hopefully this review will support the need for protocol
standardisation in order to help comparability of experi-
mental studies, but also the importance of selecting accu-
rate techniques to get closer to the truth about vascular
biomaterial infectability and infection.
Conclusion

Experimental research on VGEIs needs standardisation and
reproducibility. Many techniques have been employed over
the years but discrepancies in research protocols do not
allow their comparison. The most striking example is soni-
cation, which is still poorly used in VGEI studies, despite a
proven utility for improving microbiological culture perfor-
mance. Finally, the key role of biofilm in VGEI physiopa-
thology must be taken into account in future studies.
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