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Background: Catheter infections remain one of the most persistent adverse events causing significant morbid-
ity, economic impact and mortality. Several strategies have been proposed to reduce these infections including
the use of catheters embedded with antibiotics and/or antiseptics. One reoccurring challenge is the fear
that antimicrobial medical devices will induce resistance. The aim of this systematic review is to evaluate the
evidence for induced antimicrobial resistance caused by exposure to antimicrobial medical devices.

Methods: Four electronic databases [MEDLINE, Embase, Cumulative Index to Nursing and Allied Health
Literature (CINAHL) and Scopus] were screened for studies published between 1983 and 2019 regarding assess-
ment of microbial resistance with use of medical devices containing chlorhexidine, minocycline, rifampicin
or combinations thereof. Development of new resistance, selection for tolerant organisms and ‘no change in
resistance’ were assessed.

Results: Forty-four publications, grouped by study type and stratified by drug assessed, were included for analy-
ses. The majority of studies found no change in resistance after exposure to antimicrobial medical devices
(13'invitro, 2 in vivo, 20 clinical). Development of new resistance was commonly reported with the use of rifampi-
cin as a single agent and only reported in one study assessing the minocycline/rifampicin combination (M/R);
however, the increase in MIC was well below clinical relevance.

Conclusions: Emergence of new resistance to combinations of M/R, minocycline/rifampicin/chlorhexidine (M/R/
CH) and chlorhexidine/silver sulfadiazine (CHXSS) was rare. No clinical trials confirmed its occurrence and some
refuted it. The risk of development of new resistance to these antimicrobial combinations appears more fear-

based than substantiated by clinical and experimental evidence but warrants continued surveillance.

Introduction

Central line-associated bloodstream infections (CLABSIS) remain
one of the most persistent post-insertion adverse events causing
significant morbidity as well as substantial economic impact and
mortality." Central lines coated with antimicrobial agents were
introduced to reduce the risk of CLABSIs.? While using antimicrobial
catheters can potentially reduce the risk of CLABSI, their use
introduces other risks to patients.** These include irritation and
inflammatory responses to the antimicrobial agents, allergic
reactions to the antimicrobial agents, breakthrough infections by
virulent organisms against which the antimicrobial agents have
limited effectiveness and the induction of antimicrobial resistance

through prolonged exposure to the antimicrobial agents on the
catheters. Allergic reactions by patients to the agents in the anti-
microbial central lines (most commonly chlorhexidine) have been
rare and doses of antimicrobial agents on catheters have been
titrated to levels generally producing acceptably biocompatible
responses following contact with the antimicrobial agents on
the devices.” Antimicrobial resistance is the result of organisms de-
fensively adapting to exposure to subinhibitory or sublethal doses
of antimicrobial agents and developing defensive mechanisms
whereby the microbes are able to thwart and render ineffective
the mechanisms of action of the antimicrobial agents.® The conse-
quence of antimicrobial resistance is that microbes may become
more virulent and, when they cause infections, there may be fewer
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and potentially more toxic antimicrobial drugs that are available
to treat the infections.

Two antimicrobial catheter treatments that are combinations
of different agents have been widely studied and have been rec-
ommended by the CDC at the level of category 1A. One is a triple
combination of two antiseptic agents and one antibiotic, specifical-
ly chlorhexidine/silver sulfadiazine (CHXSS), and the other is a com-
bination of two antibiotics, specifically minocycline and rifampicin
(M/R).” Studies on the first-generation CHXSS catheter, performed
at a time before rigorous hygienic insertion practices were widely
adopted, demonstrated significant reduction in  CLABSIs.
Subsequent large prospective randomized clinical trials (RCTs) con-
ducted following the adoption of modern insertion practices with a
second-generation CHXSS catheter, having significantly higher
chlorhexidine content, have repeatedly failed to significantly re-
duce CLABSIs.2 0 A peripherally inserted central catheter (PICC)
containing chlorhexidine as a sole antimicrobial agent similarly
failed to reduce CLABSIs in a randomized prospective trial when
compared with a non-antimicrobial PICC.** Several meta-analyses
have reinforced the ineffectiveness of CHXSS catheters in prevent-
ing CLABSI.*? Nevertheless, chlorhexidine-based catheters remain
widely used. In contrast, the M/R catheter has significantly reduced
CLABSIs in multiple randomized prospective clinical trials and sev-
eral meta-analyses have further reinforced the effectiveness of
the M/R combination in reducing CLABSIs.*? The enhanced anti-
microbial activity from combining chlorhexidine with M/R on cathe-
ters has been reported and the combination proposed for future
use.’® We therefore focus in this systematic review on the evi-
dence for induced antimicrobial resistance caused by exposure to
catheters and other medical devices containing chlorhexidine,
minocycline, rifampicin and combinations thereof because of the
prevalence of their use and extensive history of published in vitro,
invivo and clinical studies.

Methods
Search strategy

Four electronic databases [MEDLINE, Embase, Cumulative Index to Nursing
and Allied Health Literature (CINAHL) and Scopus] were searched for
studies assessing resistance to rifampicin, minocycline or chlorhexidine
that were published between 1983 and February 2019. Search terms were
mapped to the MeSH headings (MEDLINE) and Emtree terms (Embase). The
following search string was used: (rifampin OR rifampicin OR minocycline
OR chlorhexidine) AND (central venous catheter OR catheters OR catheters,
indwelling OR vascular access devices OR catheterization, central venous
OR CVC OR catheterization, peripheral OR PICC OR bandages OR bandages,
hydrocolloid OR biological dressings OR occlusive dressings OR prosthesis
and implants OR dental implants OR penile prosthesis OR pacemaker, artifi-
cial OR pacemaker OR catheter dressing OR dressing OR penile implant OR
disinfection OR wipes) AND (drug resistance OR drug resistance, microbial
OR drug resistance, bacterial OR drug resistance, fungal OR resistance OR
antibiotic resistance OR emerging antibiotic resistance).

Search results were first screened by title and abstract by two independ-
ent reviewers. Any disagreements were discussed by authors to an agreed-
upon consensus. Resulting articles were read for full-text review and data
abstraction. Relevant references cited in primary literature were also
screened to be included in analyses. Manuscripts were excluded if they
were in a language other than English, were conference abstracts, did not
assess the drug combination of interest (minocycline, rifampicin, chlorhexi-
dine or combination thereof), did not assess a medical device (i.e. systemic

use of drug agents), did not directly assess development of resistance or
were a descriptive case series. Literature reviews were also excluded from
the primary assessment and will be summarized independently.

Data abstraction

All primary literature to be abstracted were first classified into in vitro,
in vivo or clinical study types. Manuscripts with more than one study type
had data extracted from each type. All data abstracted from each manu-
script were recorded electronically in the data abstraction form (DAF). Data
from the DAF were then organized by spreadsheet for assessment. Quality
control was assessed periodically to ensure accurate transfer of abstracted
data. Dataq, including (i) study objective; (ii) device assessed; (iii) drug
assessed; (iv) method for drug attachment to device; (v) method for assess-
ing resistance; (vi) results; and (vii) conclusions were collected from each
study type. Data from in vitro studies also included organisms assessed
(challenge organisms) and their antimicrobial resistance profiles. Data ab-
straction pertaining to in vivo animal models included species and number
of animals tested as well as organisms assessed (challenge organisms)
and their antimicrobial resistance profiles. Clinical studies included data
abstraction for study design (retrospective, prospective, case-control or
RCT) and objective, number of patients assessed, causative organisms
being treated with the antimicrobial device and their resistance profiles.

Definitions

Based on authors’ conclusions regarding the potential for developing resist-
ance after exposure to antimicrobial devices, each manuscript was catego-
rized as follows:

1. No change in (antimicrobial) resistance

2. Selection for (antimicrobial agent-) tolerant strains (clinical studies
only)

3. Development of new (antimicrobial) resistance

4. (Antimicrobial) resistance not assessed

‘No change in antimicrobial resistance’ was defined as no or inconsequen-
tial shift in MIC after use of antimicrobial devices. ‘Selection for
antimicrobial agent-tolerant strains’ was defined as an increasing shift in
MIC for the single agent or combination of agents; however, MIC remained
below the threshold for clinical susceptibility (i.e. below CLSI cut-offs for
resistance).’* ‘Development of new antimicrobial resistance’ was defined
as a clinically consequential shift in MIC to concentrations above the CLSI
resistance concentration cut-off for clinical susceptibility.

Quality assessment

To assess quality and bias in each manuscript, any critique to study design,
methodology or conclusions based on presented data was also recorded in
the DAF. Clinical studies were assessed for bias using the National Heart,
Lung, and Blood Institute Study Quality Assessment Tools (2018).' Clinical
studies were stratified by study type (observational, case-control and
controlled intervention trial) and then scored based on the questions exam-
ining various reporting measures. Observational studies were scored out of
12 points and had questions focused on study objective, population, expo-
sures of interest and validated measurements of outcome. Case-control
studies were scored out of 13 points and had questions focused on study
objective, population, selection of cases and controls, exposures of interest
and validated measurements of outcome. Clinical intervention trials
were scored out of 14 points and had questions focused on study objective,
randomization, blinding, interventions and adherence to intervention
protocols, sample size and validated measurements of outcome.

For in vitro and in vivo studies, articles were assessed for bias using the
Animal Research: Reporting in vivo experiments (ARRIVE) guidelines.®
While the ARRIVE guidelines were originally developed for in vivo studies,
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they have been adapted and assessed for quality criteria in in vitro
studies.!” In vitro studies were scored out of 19 and had questions pertain-
ing to reporting of study objective and design, experimental procedure, use
of appropriate controls, validated measurements of outcome and analyses.
In vivo studies were scored out of 23 and had questions pertaining to
reporting of study objective and design, experimental procedure, animal
husbandry, exposures and controls, blinding, validated measurements of
outcome and analyses.

Finally, all studies were graded with a score of A-D on methodology
used for assessment of examining development of resistance. Articles were
scored as follows:

1. Grade A if the article described AND referenced a validated model for
assessing resistance such as CLSI or EUCAST methods for MIC or MBC.

2. Grade B if the article either described OR referenced a validated model
for assessing resistance.

3. Grade Cif the article assessed resistance with a method other than a
microbiologically validated model (i.e. presence of resistance genes)
or resistance was assessed only from the hospital record.

4. Grade D if the article did not describe or reference any method for re-
sistance (i.e. only stated that resistance was assessed).

Results

Search strategy

Searches in MEDLINE, Embase, CINAHL and Scopus identified 526,
1040, 85 and 421 studies, respectively, for a total 2072 citations.
Title and abstract screening identified 183 studies, 66 of which were
duplicates, resulting in a total of 127 studies for full-text review.
During full-text review, 19 studies were excluded because they did
not assess one of the target drugs or drug combination, 13 studies
were excluded because no antimicrobial device was assessed, 4
were excluded because they were conference abstracts/proceed-
ings that did not contain complete data for analyses, 4 studies were
excluded because they were descriptive case series and 23 were
excluded because they didn’t directly assess development of resist-
ance. These studies typically reported whether organisms broke
through with the use of an antimicrobial device, indicating that the
antimicrobial device was not efficacious, not whether organisms
developed resistance. Though CHXSS is a drug combination of chlor-
hexidine and silver sulfadiazine, which is not specifically our drug
combination of interest (chlorhexidine, minocycline and rifampicin),
it was included for assessing the potential for development of resist-
ance against chlorhexidine combinations. Additionally, 26 manu-
scripts were identified as literature reviews and will be summarized
independently. An additional six studies were identified by screen-
ing bibliographies of primary literature and were included in analy-
ses. A total of 44 publications were included for qualitative
assessment of the potential for developing new resistance after
being exposed to antimicrobial medical devices (Figure 1).

Study characteristics

Characteristics and results of all in vitro studies included are sum-
marized in Table 1, in vivo studies in Table 2 and clinical studies in
Table 3.

In vitro

A total of 18 in vitro studies were included in the analyses
(Table 1), including 4 studies assessing rifampicin alone,*®2?

Search Results:

Medline 526 citations
Embase 1040 citations
CINAHL 85 citations
Scopus 421 citations
Total 2072 citations

|

183 title/abstract screening
56 duplicates
127 studies full-text review

H/8_9 full text manuscripts excluded

19 did not assess drug/combination of
interest

13 no antimicrobial device assessed

4 conference abstract

4 case series — not included

23 resistance not directly assessed

\ 26 narrative reviews

Ve

6 additional studies identified by screening
bibliographies of primary literature

A

44 primary studies included for
assessment

Figure 1. PRISMA flow chart for identification of primary literature
included in review.

9 studies assessing chlorhexidine (CH or CHXSS),?%73° 2 studies
assessing M/R**32 and 1 study assessing the triple combination
of M/R/CH.?® Two studies assessed multiple drugs: Sampath
et al.>* assessed the CHXSS and M/R combinations and Tambe
et al.>® assessed minocycline, rifampicin, M/R and CHXSS. Three
different devices (wipes/scrub,?*~3° vascular grafts*®'%?! and
catheters?%223173%) were assessed. Figure 2a depicts the device
and drug combinations.

Authors reported no change in resistance in eight studies
assessing exposure to devices containing chlorhexidine,?2-27:29:30:34
two studies assessing M/R,***? one study that assessed minocycline
alone®® and the one study that assessed M/R/CH.>* Development
of new resistance was reported in five studies, the majority of
which assessed rifampicin alone.'® 213> Two studies concluded
that resistance developed after exposure to M/R***> and one with
exposure to chlorhexidine.?®

In vivo

Three in vivo studies were included in the analyses (Table 2), all of
which assessed rifampicin alone'®2%3 in vascular graft models.
Two studies assessed rifampicin-soaked vascular grafts in a sheep
model***’ and one study assessed colonized vascular grafts with
aqueous rifampicin in a subcutaneous mouse model.*® Figure 2a
depicts the device and drug combinations studied.

Most in vivo studies with full-text review assessed efficacy
of the antimicrobial device (breakthrough) and did not assess
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After contact with the

Continued

Table 1.

device, which of the
following does the

study show: (i) no
change in resistance; or

(ii) development of

Methodology; resist-

new resistance

Results

ance measurement

Organisms assessed

Concentration(s)

Device

Drug

Citation

CHXSS: no change in

CHXSS: 2-fold increase for SE,

20 serial passages

SE, EC

CHXSS, CVC, CHXSS

Sampath

unchanged for EC; M/R: 8- resistance; M/R:

through subinhibi-

(Arrowguard
Plus), M/R

M/R

etal.,

development of new

resistance
M, CHXSS: no change in

fold increase for SE, 4-fold

increase for EC
M: NS increase in MIC; R:

tory concentration;

MIC tube dilution
20 serial passages

20013

(Spectrum)
antimicrobials

SE

M, R, M/R,

Tambe

resistance; R:

25 000-fold increase in MIC;
M/R: 10-fold increase for
ATCC strain, 16-fold in-

through subinhibi-

associated with

CcvC

CHXSS

etal.,

development of new

tory concentration;
MIC tube dilution

2001%°

resistance; M/R: less
development of
resistance

crease for clinical strain;

CHXSS: NS increase in MIC

M, minocycline; R, rifampicin; CH, chlorhexidine; SS, silver sulfadiazine; ZOI, zone of inhibition; NS, not significant; MRSE, methicillin-resistant SE; EN, Enterococcus species; AN,
Acinetobacter species; KB, Klebsiella pneumoniae; PS, Pseudomonas aeruginosa; SM, Stenotrophomonas maltophilia; EB, Enterobacter species; CB, Citrobacter species; CA, Candida albi-

cans; CP, Candida parapsilosis G+, Gram-positive organisms; G—, Gram-negative organisms; —, data not presented in the manuscript being abstracted.

development of resistance after exposure to the device and thus
were not included in the final analysis. Only three studies assessed
resistance after exposure to a rifampicin vascular graft, two of
which reported no change in resistance.*®3’ Garrison et al.'®
reported development of new resistance after implanting biofilm
formed on an uncoated vascular graft into a subcutaneous pocket
then exposing it to high-dose rifampicin infused into the pocket.
MICs increased from 0.1 to >30mg/L.*® This is consistent with
other reports that de novo rifampicin resistance is more common
with higher concentrations of organisms than those typically cul-
tured from infected devices.

Clinical

In total, 24 clinical studies were included in the analyses (Table 3):
2 case-control studies,*®39 6 retrospective studies,**** 8 pro-
spective studies*®>3 and 8 RCTs.>*"®* Among the clinical studies,
15 assessed chlorhexidine in three different devices, 9 assessed
wipes/scrub,3941:4248751.5862 4 gssessed CHXSS central venous
catheters (CVCs)38°36061 gnd 2 assessed chlorhexidine in dress-
ings or sponges.“®*® Nine studies assessed M/R-impregnated
CV(s. 3745525475760 Darouiche et al.®® assessed both CHXSS and
M/R CVCs.?° Only one study assessed rifampicin alone in vascular
grafts.*® Figure 2b depicts all device and drug combinations
studied.

The majority of studies found no change in resistance after ex-
posure to either chlorhexidine (13 studies)®94%#6-51:53:5861 or M/R
CVCs (7 studies).**> 4>°45%57.63 Three studies reported selection for
more tolerant strains in chlorhexidine wipes,*! CHXSS CVC*® and ri-
fampicin alone.*® Wright et al.>? reported development of new re-
sistance of Staphylococcus epidermidis (SE) to rifampicin after
exposure to M/R catheters, with an increase in rifampicin resist-
ance from 3/12 SE isolates recovered from catheters prior toimple-
mentation of M/R catheters to 8/8 SE isolates recovered from
catheters after implementation of M/R catheters. No other
changes in susceptibility patterns were reported.

Quality assessment

Quality assessments of each included manuscript are presented in
Table 4. Out of the in vitro articles assessed, scores ranged from 13
to 18 (out of 19), indicating that the majority of studies have a low
risk of bias. Ten out of 18 studies (55%) were graded ‘A’ for meth-
odology, 7 of 18 (38.9%) were graded ‘B’ and only 1 study (5.5%)
was graded ‘C’ for methodology. For the three in vivo studies
assessed, scores ranged from 18 to 21 (out of 23). Two of the three
studies (66.7%) were graded ‘A’ for methodology while one was
graded ‘C’. In the assessment of clinical studies, observational
studies scores ranged from 6 to 11 (out of 12), case-control studies
scores from 11 to 13 (out of 13) and controlled intervention trials
scores from 9 to 14 (out of 14). Six of the 24 clinical studies (25%)
were graded ‘A’ for assessment of resistance methodology, 12 of
24 (50%) were graded ‘B’, 3 of 24 (12.5%) were graded ‘C’ and 3 of
24(12.5%) were graded ‘D’

Reviews

Of the literature reviews assessed, the majority discussed literature
pertaining to other primary endpoints such as breakthrough after
antimicrobial exposure, efficacy of antibiotics/biocides in infection
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prevention or mechanisms of potential resistance. Four reviews
had varied conclusions on potential development of resistance
with repeated or sublethal use of chlorhexidine.®*®” In two of the
reviews, authors had no definitive conclusions, stating some stud-
ies assessed had found potential for chlorhexidine resistance while
others did not and needed additional study.**®” One of the
reviews concluded that exposure to sublethal chlorhexidine
increased the risk of resistance in Gram-negative organisms®®
while another review reported no evidence of resistance with
repeated chlorhexidine exposure.®® Three other reviews assessed
the potential for antimicrobial resistance with the use of M/R and
overwhelmingly concluded that the use of M/R devices is unlikely
to cause resistance.®®"°

lowing does the study
resistance

After contact with the
device, which of the fol-
show: (i) no change in re-
sistance; or (i) develop-
ment of new resistance
no change in resistance
no change in resistance

development of new

Results

Discussion

The focus of this review was evidence in the literature for the de-
velopment of antimicrobial resistance as a consequence of the use
of antimicrobial devices containing minocycline, rifampicin, chlor-
hexidine or combinations thereof. No trends in findings were seen
based on which device was studied. There were trends based on
the agents or combinations of agents in the devices so the discus-
sion is structured accordingly. First, however, our analysis frame-
work is described.

R-treated grafts remained
from BL (0.1 to >30mg/L)

sensitive
MIC of recovered SE from

same R MIC as starting

high-dose R increased
Breakthrough MRSA had
inoculum

All SA isolated from

Methodology; resist-
ance measurement
antibiotic disc
MIC broth dilution
agar dilution

Development of new antimicrobial resistance versus
development of antimicrobial tolerance versus selection
of tolerant strains

For this review, development of new antimicrobial resistance to
minocycline, rifampicin and chlorhexidine is taken as a complete
loss of inhibitory or bactericidal effect at therapeutically achievable
concentrations due to adaptive changes by organisms following
exposure to minocycline, rifampicin and/or chlorhexidine.
Organisms that were not susceptible to minocycline, rifampicin
and chlorhexidine prior to de novo exposure could be classified as
having pre-existing resistance; however, they would not have pre-
sented as having developed new antimicrobial resistance as a re-
sult of exposure to these agents (but rather as possessing an
innate pre-existing absence of susceptibility). In contrast to newly
developed antimicrobial resistance, we include development of
antimicrobial tolerance as a milder form of reduced antimicrobial
susceptibility following exposure to minocycline, rifampicin and/or
chlorhexidine. Development of antimicrobial tolerance can be a re-
sult of organisms responding to the presence of antimicrobial
agents by expressing similar adaptive genes that phenotypically
alter the concentrations of antimicrobial agents required to be ef-
fective. In some cases there is a limit to the concentration of inter-
fering molecules an organism can express and in others less
efficient alternative pathway responses result in impairment but
incomplete inactivation of the effects of the antimicrobial agents.
Developed antimicrobial tolerance responses typically are seen as
shifts in MICs of antimicrobial agents to higher MICs in order to be
inhibitory or cidal but would still be within potentially therapeutic-
ally attainable concentrations for antimicrobial agents. In the ex-
treme, if organisms lose susceptibility to minocycline, rifampicin
and/or chlorhexidine at therapeutically achievable concentrations
they would have crossed the threshold to have developed new
antimicrobial resistance. Selection of tolerant strains from

Breakthrough ZOL; R
Biofilm eradication;
Breakthrough MIC;

Organism(s)
assessed

A
SE
MRSA

(n); implant site;
duration
neous pocket; 4, 18

Animal model species

sheep (20); carotid
artery; 3 weeks

mouse (42); subcuta-
and 42 h

sheep (9); carotid
artery; 3 weeks

1000x MIC R infused
in subcutaneous

pocket
vascular graft; soaked in
1.2 mg/mL aqueous R

Device: how is drug
attached; concentration
100 mg aqueous R

vascular graft; soaked in
aqueous 4x and

uncoated vascular graft;

Drug
R
R
R

Avramovic
etal.,
19913°

Garrison
etal,
199718
199537

Sardelic
etal.,

Table 2. In vivo assessment of potential resistance to rifampicin, minocycline and/or chlorohexidine

3)
Z01I, zone of inhibition; BL, baseline.

Citation
Rifampicin (n
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development of new

M/R CVC Susceptibilities of M and MIC microbroth Pre: 3/12 SE isolates resistant

prospective (40: 23

Wright et al.,

resistance

to R; post: 8/8 SE isolates re-
sistant to R; no other

dilution

Rin organisms cul-
tured from CVC

pre, 17 post)

2001°2

changes in susceptibility

patterns

1)
M/R CVC, CHXSS CVC

Comparison of multiple drug combinations (n

no change in resistance

MIC microbroth No differences in M or R MIC

Susceptibilities of M and

RCT (738:356 M/R,

Darouiche

ranges for SE and EN cul-

dilution

Rin organisms cul-
tured from CVC or skin

382 CHXSS)

etal,

tured from M/R CVC, CHXSS

CVC or skin

19990

prior to insertion

M, minocycline; R, rifampicin; CH, chlorhexidine; SS, silver sulfadiazine; MRSE, methicillin-resistant SE; EN, Enterococcus species; AN, Acinetobacter species; PS, Pseudomonas aeruginosa;

SM, Stenotrophomonas maltophilia; EB, Enterobacter species; CB, Citrobacter species; CA, Candida albicans; G+, Gram-positive organisms; G-, Gram-negative organisms; CRBSI, cath-

eter-related bloodstream infection; CRI, catheter-related infection; SSTI, skin and soft tissue infection; BMT, bone marrow transplant patients.

—
)
—

Wipes/Scrub  Venous Catheter Other Catheter Vascular graft

Number of studies included
o b (] w F =y w o ~J (<] O

—
Az

L~
(8] -

[y
o

Number of studies included

0 =

Wipes/Scrub  Venous Catheter Vascular graft Sponge/Dressing
M Rifampicin ®m CHX mCHXSS mM/R M/R/CH

Figure 2. In vitro, in vivo and clinical studies included in assessment by
device and drug. Devices and drug/drug combinations for in vitro and
in vivo studies (a) and clinical studies (b).

exposure to a device containing minocycline, rifampicin or
chlorhexidine results when, as a consequence of prior exposure,
organisms have different innate susceptibilities to particular anti-
microbial agents or combinations. This is not an adaptive response
but rather a separation of low-susceptibility strains from high-
susceptibility ones based on their ability to tolerate the presence of
threshold concentrations of minocycline, rifampicin, chlorhexidine
or combinations thereof. Based on finite doses of antimicrobial
agents on devices, tolerant organisms (higher MICs) will be able
to survive and colonize antimicrobial devices before highly suscep-
tible organisms (lower MICs) can. Differences in tolerance can ex-
plain why some organisms are able to break through and colonize
antimicrobial devices before others are able to, as well as why
organisms can preferentially colonize devices with one combin-
ation of antimicrobial agents versus a different combination. The
selection of tolerant strains following exposure to an antimicrobial
device is not indicative of development of antimicrobial tolerance
nor indicative of development of new antimicrobial resistance
unless, prior to exposure to the antimicrobial agents on the device,
the organisms were susceptible to those agents.

Single antimicrobial agent device studies
Rifampicin alone
Four in vitro studies reported that devices containing

rifampicin alone exhibited newly developed resistance following
exposure. The culprit organism was SE in these studies and

19,20,34,35
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Table 4. Quality assessment

In vitro studies

In vivo studies

Clinical studies

method method method

citation quality score score citation quality score score citation quality score score
Modak, 1992 14/19 A Avramovic, 1991 19/23 C Maki, 1997 11/14 C
Bergamini, 1996 16/19 B Sardelic, 1995 18/23 A Raad, 1997 14/14 B
Garrison, 1997 14/19 A Garrison, 1997 21/23 A Darouiche, 1999 11/14 B
Sampath, 2001 14/19 B Bandyk, 2001 10/12 D
Norton, 2001 13/19 C Wright, 2001 8/12 B
Tambe, 2001 15/19 B Chatzinikolaou, 2003 11/12 A
Martro, 2003 16/19 B Chatzinikolaou, 2003 13/14 B
Aarestrup, 2004 18/19 A Hanna, 2004 12/14 B
Munson, 2004 16/19 A Schuerer, 2007 9/12 D
Bayston, 2009 17/19 A Timsit, 2009 9/14 B
Skovgaard, 2013 16/19 A Batra, 2010 8/12 A
Johnson, 2013 14/19 B Lee, 2011 11/13 B
Apisarntharak, 2014 11/19 B Ramos, 2011 10/12 A
Suwantarat, 2014 18/19 A Ho, 2012 12/13 B
Wesgate, 2016 15/19 A Soma, 2012 8/12 A
Ekizoglu, 2016 16/19 B Schlett, 2014 10/14 A
Berard, 2019 16/19 A Mendoza-Olazaran, 2014 10/12 A
Rosenblatt, 2019 13/19 A Chung, 2015 8/12 B
McNeil, 2016 8/12 B
Gilbert, 2016 12/14 C
Lowe,2017 9/12 B
Turnbull, 2018 6/12 D
Velazquez-Meza, 2017 8/12 B
Choudhury, 2017 8/12 C

resistance was assessed through increases in MICs following ex-
posure. Several in vivo studies assessed rifampicin devices; how-
ever, most did not assess development of new resistance. Two
studies on soaked vascular grafts®®*” reported no changes in re-
sistance for Staphylococcus aureus (SA) or MRSA but one study'®
reported development of new resistance for SE. One human
study“° evaluating vascular grafts soaked in rifampicin reported
recurrent breakthrough infections in two patients with two
rifampicin-resistant SE and with MRSA. These results were consist-
ent with selection for rifampicin-resistant strains but it is not
possible to determine whether exposure to the rifampicin grafts
induced newly developed resistance or whether the rifampicin
resistance was pre-existing.

Resistance to rifampicin has been reported by occurrence of
single point mutations in the B-subchain of bacterial RNA polymer-
ase.”! These point mutations so impair rifampicin binding and
subsequent inactivation of bacterial RNA polymerase that the MIC
increases to greater than the limit of testing (i.e. resistant). Point
mutations have the greatest likelihood of spontaneously arising
and being selected for when a bacterial population is in the pres-
ence of rifampicin alone since they involve changes to only a single
amino acid. Consequently, development of new resistance has
been repeatedly observed and use of rifampicin alone appears un-
wise. If other antimicrobial agents are present, they can continue
to inhibit or kill bacteria even with favourable RNA polymerase

mutations, so rifampicin-resistant bacterial populations might not
be able to survive or propagate in the presence of rifampicin in
combination with other antimicrobial agents.

Minocycline alone

One in vitro study>” reported no development of new resistance
following repeated exposure to devices containing minocycline
alone. No in vivo or human studies were conducted on devices
containing minocycline alone. Minocycline resistance has been
reported to occur through expression of efflux pumps and less
commonly through expression of ribosomal protection pro-
teins.”>’3 In contrast to rifampicin, these types of resistance re-
quire acquisition of new genes and expression of new proteins,
which are less probable than the occurrence of point mutations.
Similarly, bacteria that do acquire minocycline efflux pump or
ribosomal protection protein genes when in the presence of mino-
cycline with other antimicrobial agents might not be able to survive
and propagate in the presence of the combination because of
the antimicrobial activity of the other agent.

Chlorhexidine alone

Eight in vitro studies?® 227?939 gssessing devices with chlorhexi-

dine alone reported no change in resistance following exposure.
One in vitro study”® reported development of new resistance. The
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experimental design assessed MICs of colonizing organisms fol-
lowing exposure to chlorhexidine wipes. The results of a significant
increase in prevalence of reduced chlorhexidine susceptibility
following chlorhexidine exposure are consistent with selection
for more tolerant strains. Insufficient information was provided to
determine whether the exposure induced new chlorhexidine re-
sistance or whether the reduced susceptibility was pre-existing
prior to the exposure. No in vivo studies with devices containing
chlorhexidine alone assessed development of new resistance.
Two human studies®®*! reported selection for chlorhexidine-
tolerant strains following chlorhexidine exposure and nine stud-
ies?942:46:48-51.58 raported no changes in resistance. Chlorhexidine
resistance has been reported to be due to the presence of efflux
pumps,’“ requiring acquisition of new genes and expression of
new proteins. Development of new chlorhexidine resistance
appears to be rare but continued surveillance is warranted.

Antimicrobial combination device studies
M/R device studies

Two in vitro studies***> on combination M/R devices reported de-

velopment of new resistance to SE and Escherichia coli (EC). The
increases in MIC for the combination were modest (4-16-fold) and
were much lower than increases in rifampicin MICs (25 000-fold)
following exposure to devices containing rifampicin alone. In prac-
tical terms, in one of the studies®> the M/R MIC for one strain of
SE was reported to increase from 0.02 to 0.25mg/L following
exhaustive sequential passaging at subinhibitory concentrations
and for another strain it increased from 0.015 to 0.25mg/L. These
ultimate MICs remain below the CLSI thresholds for susceptibility
for minocycline (less than or equal to 4mg/L) and rifampicin
(less than or equal to 1 mg/L);** thus, while drift of MICs against
the combination plausibly occurred, its clinical relevance was
more theoretical (as a tolerance shift) than practical because the
organisms remained within the therapeutic susceptible range and
thus the MIC drifts reported for the SE strains were not clinically
relevant. Similarly, the other study®* reported an MIC increase for
SE from 0.02 to 0.31 mg/L and for EC from 0.25 to 1 mg/L. Again,
the driftin MIC went from very susceptible to susceptible, reflecting
increased antimicrobial tolerance; however, the clinical relevance
was more theoretical than practical as the organisms remained
susceptible and thus the tolerance shift was not clinically relevant,
in that the organisms remained susceptible to the M/R combin-
ation. In contrast, two other in vitro studies*™*? reported no
development of new resistance following exposure to devices
containing the combination of M/R. More substantively, eight
human studies*3~4>>%>57.€063 renorted no development of new
M/R resistance following exposure to M/R devices. This includes
two independent studies**“* over multi-year periods that reported
no changes in rifampicin or tetracycline resistance for SA isolates
when compared over prolonged periods prior to and following im-
plementation of the routine use of M/R devices. In contrast, one
small human study>? reported the development of new SE resist-
ance following implementation of the use of M/R catheters. In the
period prior to use of the M/R devices, 3/12 infectious SE isolates
were resistant to rifampicin, while following use of the M/R devices
8/8 SE isolates were rifampicin resistant. This study did not report
development of new minocycline resistance or new resistance to

the M/R combination and did not report results for MIC testing
other than for rifampicin. In addition, since rifampicin-resistant iso-
lates were present prior to use of the M/R device it is quite possible
that the results reflect selection for more tolerant SE isolates rather
than development of new resistance. The authors acknowledged
that the clinical significance of their results was not clear.

It appears that development of new rifampicin resistance fol-
lowing exposure to devices containing the M/R combination might
be theoretically possible for SE but was more a tolerance increase
that was not clinically relevant because the culprit organisms
remained susceptible to M/R combinations. Additionally, the
development of new resistance against the M/R combination for
SA was refuted by two independent studies. Since minocycline
and rifampicin act with different mechanisms of action at entirely
different places in microbial cells, the combination does appear
to decrease the likelihood of development of newly resistant
organisms, particularly over devices containing rifampicin alone,
because two completely different resistance mechanisms would
need to simultaneously emerge in the target cells.”>”®

CHXSS device studies

Although silver sulfadiazine is not a component of the proposed
M/R/CH catheter, studies on development of new resistance to
CHXSS are included in this review to assess the potential for resist-
ance to emerge against chlorhexidine combinations. No change in
resistance was reported in three in vitro studies.?>***° No in vivo
studies assessed development of new resistance following
exposure to CHXSS. Three human studies reported no change in
resistance.”>*%%* One human study>® reported selection of more
tolerant MRSA strains following exposure to CHXSS; however, this
finding was entirely based on genetic analysis (i.e. more isolates
contained gacA/B efflux pump genes) and more clinically signifi-
cant measurement of increases in MICs were not performed. It
appears there is a theoretical potential for chlorhexidine resistance
to develop but it has been unlikely and has not been clinically wide-
spread or confirmed, particularly when chlorhexidine antimicrobial
combinations have been present.

M/R/CH device studies

One invitro study assessed the potential for development of resist-
ance with repeated exposure to subinhibitory concentrations of
M/R/CH.?* Organisms with high susceptibility to individual agents
as well as low susceptibility to individual agents showed no
development of resistance over 20 passages. Only one
carbapenem-resistant Enterobacter showed a 4-fold increase in
MIC during the 20 passages. While there was an increase in MIC,
the increase was still well below clinical relevancy. Additionally,
after the stressor (M/R/CH) was removed and the organism was
passaged in broth alone, the MIC returned to baseline, indicating a
phenotypic adaptation rather than development of new resist-
ance. Further, for Gram-positive pathogens common to catheter
infections, M/R/CH was highly effective. In the first few passages,
subinhibitory concentrations were established for a few SA and SE;
however, within two passages, the organisms died and passages
could not continue. Based on this study and previous drug
combination studies, with the addition of the third component
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(chlorhexidine) to M/R there is no evidence of the potential for new
resistance developing after exposure.

Conclusions

A systematic literature review was undertaken to assess evidence
for the development of new antimicrobial resistance from exposure
to medical devices containing rifampicin, minocycline, chlorhexidine
or their combinations. Strengths of this study include: a search
strategy that was conducted in multiple databases; use of system-
atic criteria to select studies and abstract data from these studies,
thus reducing potential for selection bias; and use of standardized
metrics for assessing the quality of studies. Limitations include:
while multiple databases were searched, we did not include confer-
ence abstracts or search grey literature for additional studies; manu-
scripts included were limited to English language; and variability in
the quality of studies. While the majority of our studies were scored
as ‘high quality’ there were a few studies that did not present
detailed methods or criteria and were scored as ‘low quality’ and
should not be compared with equal weight.

Resistance was most likely to emerge in devices containing
rifampicin as a single antimicrobial agent because only a single
point mutation in RNA polymerase was required for rifampicin
resistance to emerge. Development of rifampicin resistance was
seen in multiple studies. In contrast, development of new resist-
ance to minocycline or chlorhexidine single-agent devices was
much less likely because acquisition of genes and expression of
new proteins was required for new resistance to develop. Clinically
meaningful development of new resistance against minocycline
or chlorhexidine in devices was not confirmed in human studies
although slight drifts in MICs were observed.

Emergence of new resistance to double combinations of M/R or
CHXSS, although theoretically possible, was rarer and no clinical
trials confirmed its occurrence and some refuted it. Studies did
demonstrate that selection of more tolerant isolates capable of
colonizing devices occurred when testing was performed on these
combinations, but the lower innate susceptibilities of the tolerant
strains likely existed prior to the exposure. The risk of development
of new resistance to these antimicrobial combinations appears
more fear-based rather than substantiated by clinical and experi-
mental evidence but warrants continued surveillance.
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