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Background: Interpretation of microbial tolerance and resistance to disinfectants has long
been inconsistent, with heterogeneous definitions and no clinically meaningful threshold.
We propose the concept of replication capacity after use (RCAU) as a practical endpoint to
assess whether microbial survival after disinfectant exposure constitutes a clinically rel-
evant phenomenon under recommended use conditions. RCAU is defined as the ability of
micro-organisms to replicate after exposure at recommended application concentration
and exposure time. A critical RCAU corresponds to failure of a standardized quantitative
suspension test.

Methods: We reassessed published evidence across the most common disinfectant sub-
stances listed by the German Association for Applied Hygiene. Reported findings on sur-
vival, tolerance and resistance were re-evaluated against the RCAU definition, with
particular attention to whether testing was performed using quantitative suspension
methods at application concentration.

Results: No disinfectant group has demonstrated a critical RCAU under application con-
ditions in standardized suspension testing. Reports of reduced susceptibility or microbial
survival exist, but many were not based on suspension tests at use concentrations, making
interpretation with respect to RCAU uncertain. Transient or reversible adaptations have
been described, yet without evidence of a critical RCAU. Only triclosan and silver com-
pounds show established resistance mechanisms, though even here no critical RCAU has
been confirmed under standardized testing.

Conclusion: RCAU provides a transparent, use-condition-anchored framework to differ-
entiate non-critical survival from clinically relevant resistance development. Applied
across disinfectant classes, it shows that no critical failures have occurred at use con-
centrations, although many reported findings were not assessed by standardized suspen-
sion tests.
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1. Background

The pandemic spread of antibiotic resistance with its con-
sequences for treatment failure is undisputed [1]. The question
is therefore regularly raised as to whether tolerance or
resistance to disinfectants and antiseptics is also possible. This
would lead to a further restriction in the control of pathogens
with serious consequences for infection prevention.

The terms tolerance and resistance are clearly defined in
the evaluation of the clinical efficacy of usually very specifi-
cally effective antibiotics. Even though some research groups
have recently attempted to develop new definitions for
reduced susceptibility to biocides [2—4], it is recommended
that the terms tolerance and resistance are not used when
referring to the context of the efficacy of broadly multi-target
disinfectants and antiseptics. In this paper, the Association for
Applied Hygiene (VAH) presents a proposal for a new termi-
nology that is useful for evaluating effectiveness and assesses
the risk of reduced sensitivity to disinfectants and antiseptics
based on the current state of knowledge.

Disinfectant surface cleaning or surface disinfection is
intended to render surfaces that are inevitably contaminated
with pathogens during patient care safe by killing or inacti-
vating the pathogens as a pathogen reservoir, and it is also
intended to limit or prevent the spread of pathogens during
patient care and treatment [5]. The same applies to hand
antisepsis [6]. Disinfection is an essential step in the reproc-
essing of medical devices in order to avoid putting patients at
risk when the medical devices are subsequently used [7]. The
aim of prophylactic antisepsis is to decontaminate skin,
mucous membranes, eyes and wounds contaminated or
colonized with pathogens, if necessary, also by local applica-
tion in body cavities, to protect the affected person, to prevent
the transfer of pathogens from contaminated or colonized to
non-microbially colonized areas of the body or to implants, to
normalize dysbiosis or to kill facultative pathogens after acci-
dental contamination. The objective of therapeutic antisepsis
is to kill micro-organisms or inactivate viruses on or in living
tissue for the local treatment of infections [8]. The declared
efficacy of the disinfectants or antiseptics, based on in-vitro
and in-vivo tests carried out according to defined standards,
is a prerequisite for the success of disinfection and antisepsis.

As antiseptic active ingredients are also used as combination
partners in some disinfectants, e.g. polyhexanide in surface
disinfectants and disinfectant cleaners, chlorhexidine digluco-
nate (CHG), triclosan (TCS) and quaternary ammonium com-
pounds (QACs) in hand antiseptics [9], and the latter three also in
cosmetics for preservation [10], they are also taken into account
in the following risk assessment in addition to disinfectants.

2. Adaptation possibilities of micro-organisms
to changed living conditions

Micro-organisms are highly adapted to their respective
natural habitats and in some cases have a high natural resist-
ance to harmful environmental influences (tenacity). In

addition, micro-organisms have different ways of defending
themselves against newly occurring stress conditions such as
those caused by disinfectants and antiseptics. They can also
evade their antimicrobial effectiveness. Knowledge of these
defence options is crucial to be able to counter them. The
various options are explained in the following.

Due to different evolutionary adaptation strategies to their
natural habitats, micro-organisms exhibit different intrinsic
resistance to environmental stress factors, which is usually
rooted in the chromosomal nuclear genome of the organisms
(genetically manifested). Even for genetically unmodified wild-
types of different species, different concentrations of biocides
are needed to achieve the required inactivation of the organ-
isms. In addition, a reduced sensitivity can occur in wild-type
organisms due to a transition to an altered physiological status,
usually induced by environmental factors (Figure 1). This has
been demonstrated in particular for the formation of endo-
spores or multicellular biofilms adhering to inanimate surfaces
[11—15]. The persistence of micro-organisms in a dormant,
viable but not culturable (VBNC) status is also associated with
reduced susceptibility to the inactivating effect of dis-
infectants and antiseptics [16,17]. The evolutionary adaptation
to stressful environmental conditions and the change in phys-
iological status generally lead to increased robustness to vari-
ous biocides and are therefore independent of the active
substance.

Non-wild-types are organisms with newly acquired genetic
changes (Figure 1), which lead to a phenotypic change in sen-
sitivity to disinfectants and antiseptics and are usually selected
by contact with these substances. In non-wild-type organisms,
the genetic changes can result from (point) mutations in
existing gene loci with changes to existing cellular structures or
from the inclusion of new gene loci and expression of new
structures [18—20]. The development of mutations in existing
gene loci is induced and subsequently selected in particular by
long-term or repeated exposure to subinhibitory concen-
trations of biocides [18,21,22]. The sensitivity can be gradually
increased by multiple mutations [23]. Bacteria in particular,
but also yeasts, have an ultra-short generation time compared
with humans, which can be 10—60 min under optimal con-
ditions [24], disproportionately higher possibilities for adapting
to changing life circumstances. The probability of a sponta-
neous mutation as the cause of chromosomally induced
reduced sensitivity is 107° to 10~""/h [25]. As the entire pop-
ulation of organisms often does not exhibit mutations, wild-
type or non-wild-type organisms with a lower sensitivity
threshold can often reassert themselves in the population
when the selection pressure is removed so that phenotypic
reversion can occur [26,27].

In addition to the modification of existing structures, the
genetic information for additional structures or metabolic
pathways can be incorporated into micro-organisms via hori-
zontal gene transfer and lead to reduced sensitivity. Horizontal
gene transfer often takes place via mobile genetic elements
(MGEs) such as plasmids, transposon insertion elements, etc.
[28,29]. The uptake of MGEs usually leads to an irreversible
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Figure 1. Distinction between genetic and non-genetic mechanisms in the development of bacterial strains with reduced sensitivity.

VBNC, viable but not culturable.

phenotype as transposons and insertion elements are often
anchored in the existing chromosome and the stability of
plasmids is ensured by accompanying gene loci (e.g. tox-
in—antitoxin systems).

3. Phenotypic significance in relation to the
application concentration

Disinfectants are applied at a defined concentration (appli-
cation concentration) over a defined period (exposure time).
Furthermore, the aim of disinfection is the inactivation of micro-
organisms to a non-critical amount through a single application
in the effective concentration and exposure time [30]. In con-
trast, treatment with antibiotics usually involves several doses
over longer periods of time with variable concentrations of
active substances at the site of infection [31,32]. In many cases,
inhibiting the bacterial replication is sufficient for the ther-
apeutic success. Therefore, the definitions of resistance and
tolerance to antibiotics, which are based on the correlation of
minimal inhibitory concentrations with clinical efficacy at the
site of infection, are unsuitable in the context of disinfection.

Since disinfection measures are intended to reduce the
number of remaining micro-organisms capable of replication to
such an extent that there is no longer any significant risk of
transmission from the surface, replication capacity after cor-
rect disinfection is a suitable correlate for assessing the
effectiveness of disinfectants. Based on the concept presented
by Kramer et al. [33], we therefore propose the new term
‘replication capacity after use concentration (RCAU)’ as an
assessment criterion suitable for extended determinations of
the RCAU.

RCAU can be determined in vitro using existing methods for
testing disinfectants. The recently described microscale
quantitative suspension test is particularly suitable for exten-
ded RCAU determination. It should be noted that the RCAU is

determined according to the exposure time specified by the
manufacturer of a product [34].

Definition

RCAU thus describes—in relation to a specific strain—the
survivability of planktonic micro-organisms after exposure to a
disinfectant under the recommended conditions of use (con-
centration and exposure time). Importantly, RCAU is distinct
from a general postexposure replication capacity as the latter
refers to an undefined exposure without specification of con-
centration or contact time. RCAU is a phenotypic and opera-
tional relevance criterion under recommended use conditions
and is independent of predefined mechanistic or resistance-
based classifications. In this context, RCAU reflects the abil-
ity of micro-organisms to survive the initial exposure under
defined laboratory test conditions and to subsequently recover
and resume replication after temporary stress. The concept of
achieving a safe status of surfaces after disinfection resulted in
the definition of a minimum reduction of the micro-organisms
used in the test procedure, depending on the organism.
Therefore, passing the test procedure does not require com-
plete elimination of the test organisms used but allows the
detection of replication-capable subpopulations of the organ-
isms (persisters) if the overall reduction performance is suffi-
cient. A retest of the persisters regularly results in sufficient
reduction performance so that the occurrence of persisters is
not associated with an adaptation of the tested organisms to
the disinfectants. Therefore, a non-critical RCAU of individual
persisters, which show sufficient overall reduction in a retest in
standard test procedures, must be distinguished from a critical
RCAU in which the overall reduction performance is no longer
achieved in a retest.

For example, despite relatively low initial concentrations on
surfaces, low amounts of replicable organisms can still be
found in medical facilities even after adequate surface
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disinfection [35,36]. For these organisms, a critical RCAU
should only be assumed if they have subsequently been tested
in a quantitative suspension test (micro or macro method) and
show an insufficient lg-level reduction.

Due to the varying intrinsic resistance to environmental stress
factors and the possibilities of altered physiological status in
wild-type organisms, as well as the altered sensitivity to

A. Kramer et al. / Journal of Hospital Infection 170 (2026) 139—151

disinfectants due to mutation or horizontal gene transfer, dif-
ferent assessments of RCAU can be assumed for populations of
micro-organisms (examples shown in Figure 2). For the care of
patients, only those subpopulations that retain their ability to
replicate after disinfection are relevant when disinfectants are
used correctly. In the case of micro-organisms with very low
intrinsic resistance (Figure 2A), a population with slightly
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Figure 2. Schematic representation of the effects of genetic and non-genetic mechanisms in the development of bacterial strains with
reduced sensitivity to biocides in relation to the application concentration and the RCAU. A: The application concentration is well above
the sensitivity of the wild-type; neither spontaneous adaptations nor genetic changes in sensitivity lead to the survival of a relevant
number of bacterial cells in the application concentration; there is no critical RCAU for any of the strains. B: The application concen-
tration kills the entire wild-type population. Mechanisms with a minor effect cause reduced sensitivity in the blue strain, but the majority
of the population is killed more reliably (5 lg reduction). Genetic changes with a strong effect mean that the majority of the population in
the red strain is no longer killed. A critical RCAU exists for this strain only. C: The application concentration is already so close to the
sensitivity of the wild-type that small parts of the population can survive, but sufficient killing kinetics with 5 Ig levels are still achieved.
In this case, both spontaneous adaptations and genetic changes can reduce sensitivity to such an extent that relevant parts of the
population survive. There is a critical RCAU for both strains (blue and red). RCAU, replication capacity after use.
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Table |
Assessment of the probability of critical RCAU and the development of resistance of frequently used active ingredients in disinfectants and
antiseptics
Active ingredient group Reproduction or survival Derivation of a critical Reference Probability of resistance
in working concentration® RCAU from results of a
suspension test” possible
Aldehydes/aldehyde Possible (e.g. M. massiliense) Yes, for application [44,45,47] No evidence
releasers concentrations of genetically coded
that are now obsolete resistance to date
Alcohols Not described to date No [49-51] Unlikely
Halogens Not described to date No [52] Unlikely
lodine-releasing Not described to date No Unlikely
compounds
Alkylamines/alkyl Not described to date No No evidence of
derivatives genetically coded
resistance to date
Amphoteric surfactants Not described to date No [55] No evidence of
genetically coded
resistance to date
Glucoprotamines Not described to date No [56] No evidence of
genetically coded
resistance to date
Guanidines/guanidine Possible (e. g. A. xylosoxidans, No [60—62,68] No evidence of
derivatives S. marcescens, B. cepacian) genetically coded
resistance to date
Pyridine derivatives Not described to date No [65] No evidence of
genetically coded
resistance to date
QAC Possible (e.g. S. marcescens, No [90] No evidence of
Achromobacter species) genetically coded
resistance to date
Peracetic acid Decreased sensitivity in biofilm No [70—-73] Unlikely
for K. pneumoniae
Triclosan Not described to date No [75—82] Resistance mechanisms
described; risk at
sublethal dosage
Hexachlorophene Not described to date No [83] No evidence of
genetically coded
resistance to date
Acids (inorganic/organic)  Not described to date No [84,88] Unlikely
and bases
Heavy metal Possible (e.g. K. pneumoniae, No [89] Possible due to plasmid

compounds/silver ions  Enterobacter cloacae, P. aeruginosa

resistance

QAC, quaternary ammonium compound; RCAU, replication capacity after use.

@ With nosocomial infection as a possible consequence.
b e.g. EN 13727, VAH Method 9, or VAH Method 20.

reduced sensitivity will still be completely eliminated by a cor-
rect disinfection measure, and even in the case of changes with
a high effect, only a very small proportion of the population will
survive after the exposure time at the application concentration
(non-critical RCAU). In the case of micro-organisms with medium
intrinsic resistance (Figure 2B), a population with slightly
reduced sensitivity will be largely eliminated and only a very
small proportion of the population will be capable of replication
after a disinfection process (non-critical RCAU). In micro-
organisms with moderate intrinsic resistance (Figure 2B), a
population with slightly reduced sensitivity is largely captured
and only a very small proportion of the population will be
capable of replication after a disinfection process (non-critical
RCAU). However, in the case of changes with a high effect, the

entire population may survive after the exposure time at the
application concentration (critical RCAU). In micro-organisms
with already high intrinsic resistance (Figure 2C), even a sub-
population of the wild-type population can survive a correct
disinfection measure (critical RCAU).

4. Importance of the antimicrobial mode of
action for altered phenotypes against
disinfectants and antiseptics

With the exception of QAC, disinfectant agents destroy the
cell as a whole non-specifically. In contrast, most antiseptic
agents have targets in the bacterial cell due to their specific
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mode of action comparable with antibiotics, e.g. damage to the
cell membrane, inhibition of membrane transport processes or
inactivation of metabolic steps. Reversible events include, for
example, the initial release of intracellular potassium, which
leads to a depletion of the membrane potential, to a reduction
in ATP biosynthesis and subsequently to an interruption of
transport and metabolic processes, inhibition of membrane
transport processes up to the inhibition of replication. Con-
tinued exposure to the antiseptic eventually leads to irreversible
damage including changes in cytosolic pH with disruption of
enzymatic function and coagulation of intracellular material. If
the cytoplasmic membrane is significantly damaged, cytoplas-
mic components of the cytoplasm including proteins, nucleo-
tides, pentoses and other ions may be lost from the cell [37]. For
antiseptic agents with a specific mechanism of action, the pos-
sibility of reduced sensitivity has been demonstrated in labo-
ratory studies. However, the concentration increases
demonstrated in vitro were far below the application concen-
tration so that clinical efficacy is assured. However, in-vitro
studies with bacteria adapted to the antiseptic agent have
also shown reduced sensitivity to antibiotics, which could be due
to common resistance mechanisms [38].

In contrast to antimicrobials with a specific mode of action,
antimicrobials with a non-specific mode of action completely
destroy the structure and thus the life processes of the
cell. This is the case with alcohols, aldehydes, oxidants, per-
acetic acid (PAA), povidone-iodine (PVP-iodine) [39] and pol-
yhexanide [40]. Thus polyhexanide forms nano-objects through
the self-organization of biguanide groups, which can interact
with the phospholipid membrane in a similar way to positively
charged nanoparticles [41] or cell-penetrating peptides [42].
As a result, the bacterial cell cannot compensate for the drug
attack metabolically or by changing the cell membrane. This
means that no development of resistance is to be expected.
QACs are an exception due to their specific mode of action [43].

5. Evaluation of antimicrobial agents regarding
the risk of clinically relevant resistance
development based on RCAU

Many publications mention the terms tolerance and resist-
ance to disinfectants with different definitions. The following
explanations describe the terms used in the original pub-
lications and evaluate the results with regard to the new term
RCAU. A concise overview of all disinfectant classes, their
reported mechanisms and the corresponding assessment
according to RCAU is provided in Table I.

Aldehydes/aldehyde releasers

Glutaraldehyde (GDA) continues to be used for instrument
disinfection (e.g. flexible endoscopes) and, in some cases, in
surface disinfectants in combination with other active ingre-
dients. Mycobacterium massiliense isolates isolated from sur-
gical-site infections have been described which could not be
completely inactivated in suspension tests even at concen-
trations of up to 7% GDA, whereas reference strains were killed
at concentrations of 1.5—3% GDA [44]. Isolates of Mycobacte-
rium chelonae did not show sufficient reduction in suspension
tests at 2% in 60 min with 0.6 lg (4 lg would be required for

Mycobacterium avium) [45]. It is therefore possible that crit-
ical RCAUs may occur in mycobacteria after the use of GDA.

M. massiliense was isolated from 2% GDA [46]. However, the
species Mycobacterium abscessus, Mycobacterium bovis,
Mycobacterium chelonae, Mycobacterium neoaurum and
Mycobacterium smegmatis, which were tested for comparison,
were killed within 30 min. Regarding the M. massiliense iso-
lates, a critical RCAU may have occurred, but this was not
sufficiently counter tested. Whether this is due to intrinsic
resistance or tolerance after adaptation remains unclear.

During the inspection of the mechanical reprocessing of
duodenoscopes, a Pseudomonas aeruginosa strain was isolated
against which the GDA-based disinfectant used was ineffective
at the concentration and exposure time declared by the man-
ufacturer (1%, 5—10 min, temperature: 50—60 °C) (at 1%,
10 min, 55 °C, reduction 4.42 lg instead of 5 lg) [47]. Since no
genomic analysis was performed, the cause remains unknown.
However, it is likely to be a tolerance associated with biofilm
formation as no R-plasmids against GDA are known to date. The
results, which were confirmed by a suspension test, suggested
a critical RCAU for the application concentration of 1% so that
this was subsequently increased to 2%.

Passaging Escherichia coli in sublethal concentrations of
GDA resulted in an 11—26% increase in sensitivity caused by
mutations in the transcription activator yghC, which led to an
8- to more than 30-fold overexpression of the aldehyde
reductase gene. The protective effect was limited exclusively
to yghD as other aldehyde reductase genes of E. coli such as
yahK, ybbO, yghA and ahr did not offer protection against the
biocide [48]. In the absence of standardized testing, it remains
unclear whether a critical RCAU was achieved.

M. chelonae was isolated from cleaning and disinfection
devices for endoscopes when using 2% GDA. Against this back-
ground, the sensitivity of three strains of M. chelonae var.
chelonae (type strain NCTC 946) was compared with two
machine isolates in a suspension test. The result was that the
type strain, which was not exposed to selection pressure, was
significantly more sensitive [45]. However, it remains unclear
whether a critical RCAU was reached. Since no genetic resist-
ance was detected, it can be assumed that this was a case of
tolerance development.

Alcohols

Alcohols such as ethanol, propan-1-ol and propan-2-ol are
mainly used in hand and skin antiseptics as well as in surface
disinfectants. To date, there have been no reports of clinically
relevant micro-organisms surviving or multiplying in applica-
tion concentrations of these active ingredients or of isolates
being insufficiently inactivated by these active ingredients in
application concentrations [49].

Pidot et al. [50] described infections with multi-drug-
resistant Staphylococcus aureus and Enterococcus faecium
with a higher alcohol tolerance to 70% propan-2-ol determined
in a mouse intestinal model. However, Gebel et al. [51] were
able to demonstrate with a relevant E. faecium isolate (ATCC
6057, ST 796 [2-propanol-tolerant strain]) and the corre-
sponding reference strain of EN 13727 (Enterococcus hirae
ATCC 10541) with propan-2-ol at 60% and 70% sufficient
reductions > 5 lg levels within 15 s.

The RCAUs are within the non-critical range across the
entire population.
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Halogens

Sodium hypochlorite/tosylchloramide sodium: Ten pas-
sages of Gram-negative bacteria, particularly Klebsiella
pneumoniae and P. aeruginosa, with concentrations below the
MIC of sodium hypochlorite (NaOCL) were sufficient to increase
the MIC to >2500 pg/mL. After overnight incubation with a
sublethal concentration of NaOCl, a significant increase in MIC
was observed for imipenem. The investigation revealed that
resistance to imipenem was increased due to the enhanced
expression of resistance nodulation divisional (RND) efflux
pumps such as AcrAB-TolC and MexAB/XY-OprM. It was there-
fore hypothesized that exposure to NaOCl may influence the
expression of RND efflux pump genes, contributing to imipenem
cross-resistance [52]. This is an example of the need for strictly
indicated use of disinfectants at effective concentrations.

Again, no data from standardized tests are available. Since
typical application concentrations are around 0.5% (5000 pg/
mL), it is unlikely that a critical RCAU is reached.

lodine-releasing compounds: No data indicating critical
RCAUs have been published in the literature to date for iodine-
releasing compounds.

Surface-active compounds

Cationic compounds: Similar to QACs, tertiary amines as
surface-active agents lead to a significantly stronger depola-
rization of the membrane potential [53], resulting in increased
membrane permeability [54]. Since the bacterial cell is not
immediately and completely destroyed in a non-specific man-
ner, it can be assumed that not only the development of tol-
erance is possible but also resistance genes could be selected,
similar to QACs. In contrast to QACs, our research has not yet
found any published studies on the development of tolerance
and resistance.

Amphoteric surfactants: For amphoteric biocides, it has
been shown in P. aeruginosa that repeated subcultivation in
increasing sublethal concentrations leads to gradual, rever-
sible adaptation. This was associated with cross-resistance to
biguanides, increased hydrophobicity and ultrastructural
changes in the outer membrane. In addition, changes in fatty
acid composition were observed, indicating a modification of
the outer membrane [55]. A relevant development of resist-
ance, indicating the attainment of a critical RCAU, has not yet
been described.

Glucoprotamine: In Acinetobacter baumannii, it has been
shown that overexpression of RND-type efflux pumps (AdeABC,
AdelJK) increases the survival rate after exposure to gluco-
protamine and other quaternary biocides. In standardized
sensitivity tests, the effect was only slight (non-critical RCAU),
but in time-kill assays, pump-overexpressing strains showed
prolonged survival. Stable, genetically fixed resistance to glu-
coprotamine has not yet been described [56].

Guanidines

CHG is found in some alcohol-based skin antiseptics to
achieve a sustained effect. The literature describes isolates of
Gram-negative species that were able to survive in aqueous
solutions at concentrations of 2.5% (Achromobacter xylosox-
idans), 2% (Serratia marcescens) or 0.12% CHG (Burkholderia
cepacia) [57—59]. In addition, isolates of Enterococcus faecalis

and E. faecium have been described that were insufficiently
killed by 4% CHG in suspension tests within 5 min (4%, 5 min, <
2.4 1g) [60]. In general, the risk of cellular adaptation to low
CHG concentrations is higher in Gram-negative than in Gram-
positive species [61]. This is due to specific adaptation mech-
anisms that occur in the outer membrane or arise through the
expression of efflux pumps [57]. Since the concentrations of
CHG in aqueous solution tested to date do not indicate a crit-
ical RCAU and the behaviour in combination with alcohols in
microbicidal concentrations has not been investigated, the
relevance of the in vitro findings remains open.

The use of CHG and octenidine dihydrochloride (OCT) for
the prevention of vascular catheter-associated infections
resulted in a decreased sensitivity in coagulase-negative
staphylococci. Critical RCAUs were not detected under the
conditions tested. There was no evidence of the presence of
resistance-coding genes [62]. After passage in vitro, bacteria
with reduced sensitivity to CHG were also less sensitive to
antibiotics. This could be due to common mechanisms. In the
future, it will be important to investigate the replication
capacity at the application concentration to understand the
role of CHG in selection [63]. Due to the widespread use of CHG
and QAC, the resistance genotypes (resistance genes and
integrons) in P. aeruginosa and A. baumannii were associated
with resistance patterns to antibiotics and antiseptics [64].
Although clinical studies to support the hypothesis of cross-
resistance of CHG with antibiotics are currently lacking, its
use should be limited to essential indications.

Pyridines

Planktonic cultures of P. aeruginosa survived at >50% of the
application concentration of a common OCT formulation during
the recommended exposure time. Seven strains of
P. aeruginosa adapted after continuous exposure to increasing
concentrations of OCT. Adaptation increased tolerance to OCT
formulations and CHG by up to 32-fold. Continuous OCT expo-
sure of a multi-species community in a simulated clinical
environment resulted in up to an eightfold increase in toler-
ance to OCT and CHG in P. aeruginosa, which was lost again
after OCT was removed [65]. To date, there is no evidence of
critical RCAU.

Quaternary ammonium compounds

QACs such as benzalkonium chloride (BAC) and didecyldi-
methylammonium chloride are mainly used in surface dis-
infectants. Isolates of some bacterial species such as
Achromobacter species or S. marcescens were able to multiply
at room temperature in application solutions of QAC-based
products [66]. In a patient with a brain cyst, the clonal identity
between the towel dispenser isolate and the clinical isolate led
to the assumption that the source of the infection could have
been the disinfectant solution in the towel dispenser [67]. This
implies that QACs are ineffective against individual strains at
the application concentration, i.e. critical RCAUs may occur
[49]. If we follow the definition that QAC-resistant micro-
organisms are able to survive in a ready-to-use concentration
of a product, then examples of QAC-resistant bacteria also
include those obtained from contaminated disinfectants or
antiseptic solutions in clinical settings. Contaminated dis-
infectants and antiseptics have repeatedly caused nosocomial
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outbreaks [43]. However, the evidence did not include any
analyses of the genetic origin of the resistance, so it was
probably a case of tolerance development. The risk of toler-
ance development to low BAC concentrations is higher in Gram-
negative than in Gram-positive species [68,69]. However, the
detection of bacterial strains in disinfectant working solutions
is not evidence of critical RCAU as there may be a variety of
causes for this, including incorrect concentrations or biofilms.
Testing in a standardized suspension test is therefore essential
for assessing the relevance of such isolates.

The finding that exposure to BAC in microbial soil ecosys-
tems increased both the absolute and relative frequency of
antimicrobial resistance genes is alarming. This enrichment
was most pronounced at BAC concentrations such as those
observed in sediments and sludge. Although the development
of tolerance is certain, no clinically defined antibiotic resist-
ance has been detected to date. However, the emergence of
mobile genetic determinants carrying multiple genes encoding
QAC or antibiotic tolerance raises the question of whether the
widespread use of QAC could promote the development of
antibiotic resistance [67]. Despite some evidence from
laboratory-based studies, there is currently insufficient evi-
dence to conclude that the frequent use of QAC-based dis-
infectants and antiseptics has promoted the development of
antibiotic resistance [43]. However, the association between
QAC and carbapenemase-producing Gram-negative clusters
requires further observation.

Oxidizing agents/peroxide compounds

Peroxides such as PAA or hydrogen peroxide are found, for
example, in surface, instrument and laundry disinfectants. The
probability of a relevant reduction in sensitivity to substances
in these groups of active ingredients is low due to the non-
specific mode of action of these active ingredients. To date,
there have been no reports of clinically relevant micro-organ-
isms surviving or multiplying in the concentrations in which
these active substances are used, and thus no critical RCAUs
have been identified, i.e. isolates have not been sufficiently
inactivated by these active substances in the concentrations in
which they are used [49].

In an isolate of OXA-48 carbapenemase-producing
K. pneumoniae from an endoscope-washer-disinfector in which
PAA was used as an active ingredient, a slightly increased tol-
erance of the outbreak strain in planktonic form to PAA was
found, but not to other disinfectants tested. The biofilm
formed by the outbreak strain could not be eliminated with the
standard PAA concentration used for the reprocessing of duo-
denoscopes at the time of the outbreak [70]. Although this was
not a case of resistance but rather the development of toler-
ance, the example illustrates that even increased tolerance
can jeopardize the success of disinfection. However, no critical
RCAUs have been described; only increases in tolerance have
been observed to date in combination with biofilms and long-
term presence of the microbicidal active ingredient in sol-
utions that closely resemble the conditions in a bioreactor
[71-73].

Surprisingly, antibiotics-resistant E. coli were rendered
viable but not culturable (VBNC) after exposure to PAA by
destroying proteins. However, this does not indicate a risk of
resistance development. As with any microbicidal agent,
selection is possible at microbiostatic concentrations [74]. This

once again underscores the need for standardized disinfectant
testing (using RCAU determination) to assess relevance.

Phenol/phenol derivatives/phenol ethers

Tolerance against triclosan (TSC) is caused by mutations in
the target site, the gene for acyl carrier protein reductase and
its overexpression, as well as increased efflux of the substance
through upregulation of multi-drug efflux pumps [75—77]. Iso-
lated cases of changes in the composition of the cell membrane
and different morphologies in colony-forming units have been
reported [78,79]. As with QACs, the broad substrate spectrum
of multi-drug efflux pumps in triclosan-induced overexpression
means that there is a possibility of a simultaneous decrease in
sensitivity to antibiotics [80,81]. Initial results indicate that the
unrestricted use of TCS-containing antiseptics enhances both
chromosomal and horizontally acquired resistance mechanisms
[82] as triclosan is used below microbicidal concentrations in
both consumer products and oral antiseptics. It is therefore not
possible to make a statement on RCAU in disinfectants.

Against hexachlorophene, two R-plasmids against sulfa-
diazine and gentamicin simultaneously reduced the MIC of
P. aeruginosa fivefold. It is not possible to make a statement
about RCAU because the application concentrations are
unknown and no quantitative suspension tests were per-
formed. The investigation of the same plasmids against 12
other phenol derivatives or chlorophenols showed no influ-
ence on the MIC [83].

Acids (inorganic/organic) and bases

Organic acids such as formic acid, tartaric acid or citric acid
act via pH-dependent diffusion of uncharged molecules into
the cell, followed by intracellular dissociation into protons and
anions, which causes a decrease in intracellular pH and toxic
anion accumulation. This leads to membrane damage, dis-
ruption of central metabolic processes and inhibition of proton-
dependent transport mechanisms [84].

Previous studies show that micro-organisms can develop
temporary adaptation under repeated exposure to sublethal
concentrations, for example through altered membrane per-
meability or activation of stress responses [85,86]. However,
classic, genetically fixed resistance mechanisms have not been
detected. In a study with Salmonella enterica, exposure to
subinhibitory acetic acid concentrations did not lead to a sta-
ble ‘acid tolerance response’ [87].

The clinical relevance of resistance development is there-
fore considered to be low. Even though moderate changes in
sensitivity have been described under laboratory conditions,
these remain well below the concentrations used in practice
[84,88]. Critical RCAU is therefore not to be expected.

Heavy metal compounds

Plasmid resistance to silver ions has been known for more
than 60 years and has been the cause of nosocomial outbreaks.
The plasmids often also contain resistance determinants
against other heavy metals such as cobalt, nickel, cadmium,
lead, zinc and antibiotics. As a consequence, antibiotic-
resistant pathogens can be spread by silver-containing anti-
septics or preservatives [89].
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In Table | an overview is provided of the risk of a critical
RCAU or resistance occurring.

6. Surveillance of phenotypic changes to
disinfectants and antiseptics

In contrast to antibiotics, there is no surveillance of bac-
terial sensitivity to disinfectants and antiseptics because there
has been no need to date [91]. The reason for targeted inves-
tigations was the detection of bacteria in working solutions of
an active agent or from disinfectant solutions from automated
reprocessing procedures, whereby in these cases the (addi-
tional) release from biofilms cannot be ruled out.

In the event of an outbreak caused by a pathogen that is
multi-resistant or pan-resistant to antibiotics, it may be
advisable to check whether there is tolerance to a QAC. How-
ever, a test carried out in this regard did not reveal any evi-
dence of tolerance development [92]. In such cases, it is easier
to carry out surface disinfection with disinfectants based on
oxidants or PAA, for example. This also reduces the risk of co-
selection of QAC-tolerant and carbapenemase-producing
strains, e.g. in the biofilm of sanitary areas.

7. Discussion

With long-term exposure to subinhibitory concentrations of
active agents, a change in sensitivity to a single active sub-
stance is possible for each substance. However, this does not
necessarily mean that the RCAU will be undershot. In contrast,
the probability of the occurrence of chromosomally encoded
dual resistance is only 107'8-1024/h and should not be ach-
ievable in practice [93].

As the disinfection result can be called into question in the
event of tolerance, the VAH offers to check whether the listed
concentration-to-time ratios are effective in the event of an
accumulation of infections caused by a specific bacterium. For
this purpose, the VAH reference laboratory at the Institute for
Hygiene and Public Health (IHPH) has established a microtitre
plate procedure that enables simplified screening of isolates
and comparison with reference strains [34]. At the same time,
the isolates could be examined for the presence of resistance
genes to clarify the genetic background.

To date, there is no evidence that resistance can develop to
antimicrobials with a non-specific mode of action, i.e. a non-
targeted destructive effect on the cell. Only in the case of
disinfectants and antiseptics with specific mode of action,
which contain the active ingredient below the microbicidal
concentration, can the risk not be ruled out and requires fur-
ther analysis.

None of the known mechanisms necessarily leads to a
remaining replication capacity of the micro-organisms after
exposure to the substances at the usual application concen-
tration and exposure time. The term RCAU is best suited to
describe relevant increases in resistance because it refers to
the correct conditions of use. It therefore summarizes mech-
anisms that have previously been referred to as resistance,
tolerance and adaptation and applies equally to wild-types and
genetically modified micro-organisms. Testing is carried out
using methods suitable for disinfectant testing in quantitative
suspension tests under low stress conditions in accordance with
the relevant European standards or VAH methods or the VAH

micro method. If a critical RCAU is reached, the disinfection or
antisepsis result is called into question. In this context, the
identification of clinically relevant changes in susceptibility
relies primarily on standardized disinfectant efficacy tests
performed under recommended use conditions. Further
experimental or mechanistic studies may provide valuable
complementary insights into the underlying causes of an
increased RCAU but are considered supportive rather than
decisive for assessing practical relevance, which is determined
by the reproducible demonstration of a critical RCAU. In
infection prevention practice, RCAU provides a pragmatic
framework for interpreting recurrent or epidemiologically
linked microbial findings. It allows differentiation between a
non-critical RCAU, reflecting occasional survivors without loss
of efficacy upon retesting, and a critical RCAU, where the
disinfectant or antiseptic fails to achieve the required reduc-
tion under recommended application concentration and
exposure time. This distinction supports targeted follow-up
testing and informed decision-making in outbreak situations.

If disinfectants are used on surfaces and not under con-
ditions where biofilm formation is possible (e.g. in siphons,
water-bearing systems, washer-disinfectors, medical devices
with cavities, especially endoscopes), the VAH Disinfectant
Commission assumes, based on current knowledge, that the
products published in the VAH disinfectant list are also effec-
tive against antibiotic-resistant micro-organisms in the certi-
fied application concentrations. However, it should be noted
whether the intrinsic resistance of a vegetative pathogen to be
detected by disinfection is higher than that of the test organ-
isms for determining bactericidal/levurocidal activity (see
Figure 1C). This applies to Candida auris, for example. As
QAC may be less effective against C. auris, the European
Centre for Disease Prevention and Control (ECDC) [94] and the
CDC [95] recommend the use of sporadically effective surface
disinfectants and, after release from isolation, room fogging
with hydrogen peroxide. However, more recent studies do not
confirm this. Since QACs cannot be used for room disinfection
by fogging for toxicological reasons, only hydrogen peroxide or
NaOCl can be used for fogging if desired. Although studies
confirm that QACs are sufficiently effective against C. auris,
whereas gaps have been identified in the case of peri-
compounds [96,97]. In these cases, too, in order to assess
relevance, it should always be checked whether there is a
critical RCAU for the strain concerned.

The colonization of carbapenemase-producing Gram-neg-
atives in wastewater-carrying systems (sink drains, shower
drains, sinks and toilets as well as the sewer system) in con-
tinuous exposure to the different groups of active ingredients
of disinfectants and antiseptics in diluted concentrations, in
biofilms in wastewater systems provide opportunities for
micro-organisms to develop tolerance to disinfectants and
antiseptics. Wastewater reservoirs are therefore one of the
most important sources of infection for antibiotic-resistant and
disinfectant-tolerant micro-organisms [98]. This is one of the
major challenges in preventing and controlling nosocomial
infections. This problem cannot be solved solely using dis-
infection procedures but requires structural—functional sol-
utions that safely prevent patient exposure to the micro-
organisms present.

If antiseptics are known to have plasmid-controlled resist-
ance, they should only be used for medical indications and not
for cosmetic purposes, e.g. in deodorants and antiperspirants,
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in personal hygiene products, in mouthwashes or as con-
servans. Even in the case of antiseptic indications, it must be
considered whether an active agent with the potential to
select R-plasmids or an active substance with an unspecific
mechanism of action should be used.

In conclusion, this conceptual framework introduces
RCAU as a unifying concept for interpreting microbial survival
and postexposure replication under recommended use con-
ditions of disinfectants and antiseptics. RCAU provides a
structured basis for distinguishing transient survival from
reproducible postuse replication and for assessing when
microbial findings have practical relevance. In infection pre-
vention practice, failure of an antiseptic or disinfectant to
achieve the expected effect or persistent outbreak situations
despite intensified disinfection measures should prompt an
assessment of RCAU in laboratory tests under recommended
use conditions.

Key points of the framework are as follows:

1. There are many mechanisms that can increase the resist-
ance of micro-organisms to disinfectants or antiseptics.
The term ‘RCAU’ summarizes mechanisms that have pre-
viously been referred to as resistance, tolerance and
adaptation and applies equally to wild-types and genet-
ically modified micro-organisms.

2. Increases in resistance below a critical RCAU are irrelevant
in practice, except for mechanisms that are also linked to
antibiotic resistance.

3. For mechanisms described as ‘resistance’, ‘tolerance’ and
*adaptation’, the presence of a critical RCAU should always
be checked to assess their relevance.

4. MIC determinations or the mere observation that micro-
organisms are present after a disinfection measure are not
sufficient to speak of a critical RCAU or a situation requiring
intervention.

5. Critical RCAU can only be detected using methods suitable
for disinfectant testing in quantitative suspension tests
under low load conditions in accordance with the relevant
European standards or VAH methods including the VAH
micro method.
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