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The Spaulding classification, originally proposed in 1957, is awidely used system formatching the
disinfection and sterilization of surfaces, particularly those of re-usable medical/surgical devices,
with available processes. It presents a ranking, from simple disinfection through to sterilization,
that should be considered in the reprocessing of devices, based on the risks associated with their
use, ranging from ‘critical’ (presenting a high risk), through ‘semi-critical’ to ‘non-critical’
(presenting a low risk). The different levels of disinfection are based on demonstrating antimi-
crobial activity against established marker micro-organisms representing a range of pathogens.
Although this classification system isprobablyas valid todayas itwas in1957, theunderstandingof
microbiology and micro-organisms has changed. This article discusses some examples of disin-
fection studies with viruses, bacteria, protozoa and prions that challenge the current definitions
and expectations of high-, intermediate- and low-level disinfection. In many of these examples,
the test micro-organisms demonstrate atypical tolerance or resistance profiles to disinfection
processes. In addition to laboratory-based studies, there is now clinical evidence for at least some
of these micro-organisms that biocide resistance can lead to infection outbreaks due to unex-
pecteddisinfection failure. These reports should encourage the reader to challenge current dogma,
and reconsider the expectations of disinfection and sterilization practices.

� 2011 The Healthcare Infection Society. Published by Elsevier Ltd. All rights reserved.
Introduction

Disinfection is one of the cornerstones of infectionprevention and
control, defined as the antimicrobial reduction ofmicro-organisms to
a level previously specified as appropriate. This definition is inten-
tionally broad to cover a variety of applications, including medical/
surgical device reprocessing, liquid/gas treatment and general
environmental surface disinfection. It encompasses other processes,
such as pasteurization, sanitization, antisepsis, fumigation and
preservation. Disinfectionmethods can be classified as being physical
or chemical in antimicrobial activity.1 Physical methods include
radiation and heat, while chemical methods are based on the use of
biocides such as alcohols, aldehydes, halogens and quaternary
ammonium compounds. Given the range of disinfection methods
available and their clinical applications, classification systems are
used to aid healthcareworkers to choose the correctmethod to safely
reduce patient risks. One such system is the Spaulding classification
for surgical or medical devices, which has been in use since 1957.2
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Spaulding defined the minimum levels of disinfection to be
employed according to the infection risk associated with a device
when used with a patient.

Critical devices present the highest risk as they enter a normally
‘sterile’ area of the body, such as the bloodstream. Sterilization of
these devices is recommended. Sterilization is distinct from but
encompasses disinfection, being defined as a process used to render
a surface or product free from viable micro-organisms, including
bacterial spores. A sterile device is free fromviable organisms, while
disinfected devices or surfaces can only be presumed to have
reduced microbial levels. Typical sterilization processes use steam,
ethylene oxide, liquid peracetic acid and hydrogen peroxide gas.

Semi-critical devices pose a lower risk as they may only contact
mucous membranes or non-intact (broken) skin. In the past, many
of these devices (such asflexible endoscopes) could not be sterilized
in a reasonable time frame for practical clinical use. The compromise
was to recommend high-level disinfection, thereby inactivating
most pathogenic micro-organisms such as viruses, bacteria
(including mycobacteria), fungi and, if possible, bacterial spores (in
these cases, generally requiring longer exposure times). High-level
disinfectants, such as those based on heat (hot water for some
devices), glutaraldehyde, ortho-phthaldehyde (OPA), hydrogen
Elsevier Ltd. All rights reserved.
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peroxide and peracetic acid, could provide rapid turnaround times
for these devices.

Non-critical devices present the lowest risk to patients, as they
may only contact intact skin. In these cases, low- or intermediate-
level disinfection is often recommended, encompassing certain
types of viruses [especially enveloped viruses such as influenza and
human immunodeficiency virus (HIV)], most bacteria and some
fungi. Intermediate-level disinfectants should also provide efficacy
against a broader group of viruses (non-enveloped) and some
mycobacteria. Efficacy claims of disinfectants vary betweenproducts.
Examples include alcohol-, aldehyde-, phenolic- and quaternary-
ammonium-compound-based disinfectants.

Simple as this classificationmay appear, it can often be difficult to
make a decision regarding the risk to a patient. Examples include
flexible endoscopes and similar devices that are considered to be
semi-critical devices. Does the semi-critical or critical definition not
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resistance shown on the left, with examples of micro-organism types that are typical of ea
depend on how and why the device is used on a patient? For simple
investigational purposes, they may be considered semi-critical, but
are they also critical in the case of an internal bleed, taking a biopsy
during a procedure or in the surgical use of such devices (e.g. for
natural orifice transluminal endoscopic surgery)?3 As a general point,
it is itself a paradox that these devices e being difficult to reprocess,
frequently associated with infection outbreaks (published and
unpublished), and of such complexity e are not subjected to greater
scrutiny from an infection control point of view.4

In addition to the practical difficulties, there is growing scientific
debate on thepractices and expectationsof disinfection.Disinfection/
sterilization methods are classified and labelled for use based on an
understanding of the hierarchy of microbial resistance to such
processes. The traditional hierarchy considered by Spaulding is still
widely used today, and was essentially based on microbial knowl-
edge in 1957 (Figure 1). Demonstration of efficacy against different
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types ofmicro-organismswas sufficient to define low-, intermediate-
or high-level disinfection, where high-level disinfection was
considered to be effective against most known pathogens. Today,
depending on local registration requirements (if they exist in a given
country/region), various strains of marker organisms representative
of the different classes of micro-organisms in this hierarchy are used
to test the efficacy of disinfectants/sterilants. For example, myco-
bactericidal activity demonstrated by passing a disinfectant test with
marker strains of Mycobacterium bovis or M. terrae is considered as
evidence of activity against all mycobacteria and other types of
micro-organisms that are considered to be less resistant (e.g. other
bacteria, viruses and fungi). The understanding of micro-organisms,
particularly pathogens, has evolved and a more updated summary
can be proposed as a guide (Table I). It is important to note that these
hierarchical scales are only given as guides tomicrobial resistance, as
theycanvary dependingon the typeofmicro-organism,how theyare
presented for disinfection, and the antimicrobial process under
investigation. This may often be related to the test method. As an
example, greater levels of resistance to disinfection can be shown
with vegetative bacteria (often tested in the presence of interfering
soils) compared with ‘clean’ suspensions of bacterial spores. Such
comparisons are artefacts of test methods rather than a true resis-
tance concern. In contrast, fungal spores (particularly Aspergillus) are
more resistant to ultraviolet (UV) irradiation than bacterial spores,
and certain strains of mycobacteria demonstrate extreme resistance
to aldehydes at concentrations that are effective against bacterial
spores.5,6 Such reports highlight that although these hierarchy and
classification lists may be useful, they may also be misleading. This
article discusses some examples of inactivation studies with viruses,
bacteria, protozoa and prions that challenge the current definitions
and expectations of disinfection.

Viral resistance

In general, viral resistance to disinfection is not as well studied
as bacterial resistance. Viruses have been classified into three
groups based on their structure and lipophilicity: enveloped
viruses [e.g. HIV and hepatitis B virus (HBV); very sensitive to
disinfectants], large non-enveloped viruses (e.g. adenoviruses and
Table I
Hierarchy of microbial resistance to disinfectants and sterilants, based onMcDonnell
(2007). Micro-organisms are listed in order (highest to lowest) of known resistance
to disinfectant inactivation, but this will vary depending on the disinfectant. It
cannot be taken for granted that efficacy against micro-organisms with higher
resistance will be effective against micro-organisms lower in the list

Micro-organism Examples

Prions Scrapie, CreutzfeldeJakob disease,
chronic wasting disease

Bacterial spores Bacillus, Geobacillus, Clostridium
Protozoal oocysts Cryptosporidium
Helminth eggs Ascaris, Enterobius
Mycobacteria Mycobacterium tuberculosis,

M. terrae, M. chelonae
Small, non-enveloped

viruses
Poliovirus, parvoviruses, papilloma viruses

Protozoal cysts Giardia, Acanthamoeba
Fungal spores Aspergillus, Penicillium
Gram-negative bacteria Pseudomonas, Providencia, Escherichia
Vegetative fungi and algae Aspergillus, Trichophyton, Candida,

Chlamydomonas
Vegetative helminths

and protozoa
Ascaris, Cryptosporidium, Giardia

Large, non-enveloped viruses Adenoviruses, rotaviruses
Gram-positive bacteria Staphylococcus, Streptococcus, Enterococcus
Enveloped viruses Human immunodeficiency virus, hepatitis

B virus, herpes simplex virus

Source: McDonnell G. Antisepsis, disinfection and sterilization: types, action and
resistance. Washington, DC: ASM Press; 2007.
rotaviruses; intermediate resistance to disinfectants) and small
non-enveloped viruses (e.g. poliovirus and papilloma viruses;
highest resistance to disinfectants).1,7 Internationally, test
methods to demonstrate the viricidal efficacy of disinfectants can
vary considerably. It is expected that representative viruses from
each of these three groups should be tested, otherwise the claim
can be misleading. Due to their notoriety, enveloped viruses such
as HIV, HBV and influenza are often used, but these viruses are
considered relatively susceptible to most disinfectants due to
disruption of their outer envelope being sufficient to render them
non-infectious. A note of caution is warranted; although some
viruses may be very sensitive to inactivation, other factors such as
virus clumping and the presence of protective organic materials
can increase their resistance profile to disinfection. This is not only
true for viruses but for all micro-organisms. Non-enveloped
viruses display higher intrinsic resistance based on their structure.
In the past, the marker virus for this group was poliovirus
(an enterovirus in the Picornaviridae family, a group of RNA non-
enveloped viruses); however, this is under review in different
countries, primarily due to efforts to eradicate poliovirus from the
human population.

The resistance profiles of other non-enveloped viruses (human
and animal pathogens) have been investigated recently. These
include parvoviruses, coxsackieviruses, other enteroviruses, hepatitis
A virus and noroviruses. Disinfection studies have shown that some
of these viruses are distinctly more resistant than the poliovirus
marker, including thermal and chemical disinfection methods.8e10

The most significant to date are the parvoviruses. Parvoviruses are
small (18e26 nm), non-enveloped, hydrophilic, single-stranded DNA
viruses. Although they have been widely associated with animal
infections, until recently, they were not frequently associated with
human infections.11 The first human parvovirus was described in the
1970s, when B19 (B19V) was reported to be a cause of aplastic
anaemia in children. In recent years, at least two new groups have
been described, including humanbocaviruses (HuBoV) and the Parv4
viruses.11 HuBoV is now considered to be a significant cause of lower
respiratory tract infections in children, being both community- and
hospital-associated.12 Parv4 has been isolated from patients with
acute viral infection syndrome, and has been suggested to have
a possible role in liver and heart disease.13e15 It has been known for
some time that parvoviruses present unique resistance to disinfec-
tion. In a German study in 1979, bovine parvovirus was found to be
highly resistant to chemico-physical disinfection methods.16 It is
interesting to note from this report that other non-enveloped viruses,
such as a reovirus and three enterovirus strains, also showed high-
resistance profiles. Bovine parvovirus was found to be highly resis-
tant to thermal inactivation in the 75e90 �C range typically used for
disinfection (including pasteurization) applications.17 More recent
reports have highlighted this concern in hospital disinfection prac-
tices.8,9,18 There is no standardized test method, but each study
investigated the resistance of enveloped and non-enveloped viruses
using their specified test methods. In all cases, the parvoviruses were
the most resistant viruses. In one study, two different parvovirus
strains (porcine and minute virus of mouse) were compared with
other marker viruses.9 The parvoviruses demonstrated the highest
level of resistance to chemical and heat-based disinfection, with
porcine parvovirus being particularly tolerant. This included a lack of
significant activity with some intermediate- and high-level disin-
fectants (particularly aldehydes), despite rapid activity against the
reference poliovirus. Interestingly, minute virus of mouse demon-
strated greater resistance to acid-based disinfectants, and porcine
parvovirus was more resistant to alkaline-based disinfectants.9,19

Studies with parvovirus B19, as a human pathogen, also suggested
high resistance.20 Some parvoviruses used in industrial settings have
even higher resistance to disinfectants (Eterpi and Thomas, personal
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communication). The resistance of parvoviruses may be due to the
nature of the capsid structure and the stability of the internal DNA
molecule. In some cases, only the nucleic acidmolecule is required to
initiate viral infection; therefore, biocidal effects that do not directly
disrupt these structures presumably do not eliminate infectivity.1

Although less research has been undertaken, similar non-
enveloped enteroviruses (also of the Picornaviridae family), such as
coxsackieviruses and echoviruses, have been the subject of some
water disinfection investigations due to their tolerance to chlorine
and known pathogenicity.8,10,21,22 Coxsackieviruses are often associ-
ated with mild influenza-like illness, but can also cause more severe
infections such as meningitis, particularly in children. Other entero-
viruses cause a similar range of infections, and have recently been
linked with other health effects such as chronic fatigue syndrome.24

An example is enterovirus 71, closely related to poliovirus, that has
been identified in large outbreaks.25 To date, little has been reported
regarding the effectiveness of disinfectants used on medical devices
against these viruses. At least one report has suggested marked
variation in the efficacy of surface disinfectants, particularly
aldehyde-based disinfectants.26 Hepatitis A virus, a non-enveloped
virus, is a concern as a leading cause of acute liver disease. Disinfec-
tant studies to date have shown mixed results depending on the
strains and disinfectants tested.10,18,27 Finally, there is ongoing debate
regarding the innate resistance of, and disinfectant efficacy against,
noroviruses.28,29 Noroviruses (also referred to as ‘Norwalk agents’)
aremembers of theCaliciviridae family, and are leading causes of viral
gastroenteritis. They are a particular concern in hospitals due to their
highly infectious and persistent nature.30 Noroviruses are non-
enveloped viruses, and, to date, it has not been possible to
routinely culture human strains in laboratory conditions. For this
reason, surrogate strains (such as feline calicivirus) have been used in
disinfection studies, and resistance appears to be equivalent to that of
poliovirus.31,32 Recent studies with murine and human norovirus
strains reported higher resistance to chlorine disinfection (in aquatic
studies) compared with poliovirus.33

The innate resistance of a virus, as with other micro-organisms,
can be disinfectant-specific. This has been shown, for example, in
UV water disinfection studies with adenoviruses. Adenoviruses are
enteric, medium-sized viruses that are typically described as having
resistance to disinfection that is intermediate between enveloped
and non-enveloped viruses. Studies have shown that adenoviruses
actually have greater resistance toUV light thanenteroviruses suchas
poliovirus, coxsackieviruses and echoviruses.34 In another report,
chlorine dioxide was particularly effective against a coxsackievirus,
but calicivirus and hepatitis A virus demonstrated greater resis-
tance.35 Overall, many enveloped and non-enveloped viruses
demonstrate surprising resistance to widely used chemical and
physical methods of disinfection, and further investigation is war-
ranted to understand the implications for hospital disinfection
practices. In some cases, as highlighted with parvoviruses, currently
used high-level disinfectants may not provide the expected level of
efficacy based on efficacy claims for poliovirus inactivation. It is also
true to conclude that efficacy against poliovirusmay not be sufficient
to assume efficacy against other non-enveloped and pathogenic
viruses.

Bacterial resistance

Intrinsic and acquired bacterial resistance to disinfection have
been well documented.1 Intrinsic resistance is defined as any
mechanism that is a natural property of bacteria. Examples include
bacterial cell wall structures (particularly the mycobacterial cell
wall), biofilm development and sporulation (with Bacillus,
Geobacillus and Clostridium). A recent review discussed the impli-
cations of chemical disinfectant resistance mechanisms for infection
prevention and control, and suggested that the current risks to
healthcare disinfection practices were low.23 This viewpoint requires
closer examination. Acquired resistance, although ‘tolerance’may be
a more correct term in most of these cases, is defined as resistance
due to mutations (developed environmentally and under laboratory
conditions) and/or acquisitions of plasmids/transposons. Examples
include increased minimum inhibitory concentration (MIC) levels to
biocides such as chlorhexidine, triclosan and quaternary ammonium
compounds.36e38 Increased MICs did not translate to clinical failure
as the biocides remained active at higher concentrations, and the
minimum bactericidal concentration or biocidal effects of disinfec-
tants remained the same, as in the case of triclosan.39 In this sense,
‘tolerance’ refers to an increased MIC but not ‘resistance’ that would
relate to clinical failure. A greater concern has been the indirect
impact on antibiotic resistance, where the induction of biocide
tolerance could lead to antibiotic resistance and vice versa. This topic
has been discussed elsewhere.23,40 Overall, it does not appear that
such reports in the literature should affect the clinical use of disin-
fectants, apart from highlighting the importance of using such
products prudently and correctly. However, there has been an
increase in the number of reports suggesting that the development
of true disinfectant resistance with clinical implications is a reality.

The development of glutaraldehyde resistance in mycobacteria
associatedwith outbreaks has been reported inmany countries since
the 1990s.6,41e43 Mycobacteria, such asM. tuberculosis, M. avium and
M. abcessus, are known pathogens that are widely distributed in the
environment, including water. Despite their intrinsic resistance to
disinfection, high-level disinfectants are considered to be effective
againstmycobacteria and othermicro-organisms, with the exception
of large numbers of bacterial spores.44 ‘Pseudo-outbreaks’ with
mycobacteria strains of M. chelonae var. absessus, M. chelonae var.
chelonae and M. gordonae have been associated with the use of
flexible endoscopes and automatedwasher-disinfectors. Such strains
were found to have developed high-level resistance to
glutaraldehyde-based disinfectants. It does not appear, from these
reports, that these strains caused serious infections in patients, but
they were clinically highlighted as being acid-fast mycobacteria and
presumptively attributed to M. tuberculosis. Investigations on these
strains have shown significant resistance to glutaraldehyde disin-
fection at recommended or extended contact times, but sensitivity to
other types of disinfectants. Since these reports, there has been
growing concern regarding mycobacterial infections associated with
re-usable medical devices, chemical-based washer-disinfectors and
contaminated rinse water.45,46 Surgical site infections with strains of
M. avium, M. chelonae and M. fortuitum followed the use of such
devices in ophthalmology procedures, mesotherapy, implants,
arthroscopy, laparoscopy, cholecystectomy and even bronchoscopy.
Other mycobacteria outbreaks have been reported, but the source of
contamination was not investigated.47,48 Due to the slow-growing
nature of these micro-organisms, infections do not appear for many
months following surgery, which presents significant difficulties in
investigating their sources. Themost significant outbreak to datewas
reported in Brazil, and affected over 3000 patients following surgical
or bronchoscopic procedures. This outbreak was predominantly due
to one clonal strain of M. massiliense (Duarte, personal communica-
tion).43 Although under continued study, initial investigations
confirmed that M. massiliense strains are highly resistant to glutar-
aldehyde (up to 8% for>1h), but are rapidly susceptible to alternative
oxidizing-agent-based disinfectants (Jackson and Duarte, personal
communication). Biochemical and genetic investigations have been
conducted with a M. massiliense outbreak strain (known as BRA-
100),43 as well as similar investigations to understand the mecha-
nism(s) of resistance inM. chelonae andM. smegmatis.49 These studies
concluded that the cell surface structure has beenmodified to protect
it from the activity of glutaraldehyde. At aminimum, themechanism
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of resistance includes the deletion or change in surface availability of
porins.49 Porins are proteins associatedwith the cell wall surface that
allow the transport of chemicals into and out of the cell. They are also
a major protein component of the outer mycobacteria cell wall.50

Glutaraldehyde and other aldehydes are surface-acting molecules
that act by cross-linking proteins.1 The lack of reactivity in resistant
strains appears to be due to a lack of or unavailability of porins, and
therefore reactive proteins, at the cell surface.49 These significant
structural changes at the cell surface have also raised concern about
cross-resistance to antibiotics, which was tested by MIC analysis.49

One M. chelonae strain was found to have increased resistance
(five- to 100-fold) to large and/or hydrophobic antibiotics such as
rifampicin, vancomycin, ciprofloxacin, clarithromycin and erythro-
mycin.49 The strain was also four- to >10-fold more resistant to
linezolid and tetracycline. Cross-resistance has also been described in
the M. massiliense outbreak strains. As a preliminary note, in-vivo
studies in mice have shown that the M. massiliense BRA-100 strain
can persist in tissues such as the lungs and spleen, therefore
demonstrating increased virulence factors in addition to biocide/
antibiotic resistance (Ordwayand Jackson, personal communication).
It is acceptable to speculate, based on the mode of action of glutar-
aldehyde,1 that the lack of available surface or reactive protein on the
cell wall surface of these bacteria is sufficient to provide resistance to
glutaraldehyde as a biocide (Figure 2); this conclusion is supportedby
genetic and biochemical studies, butmay not be the onlymechanism
of resistance in some strains.49 A further collection of strains
(including Mycobacterium, Methylobacterium and other bacterial
strains) isolated from washer-disinfectors using glutaraldehyde or
OPA for disinfection have shown particularly high-level resistance to
OPA as a disinfectant but not glutaraldehyde and vice versa, sug-
gesting that there are differences in the phenotypic expression of
aldehyde resistance.51

Protozoal resistance

Protozoa are an abundant group of micro-organisms, including
various pathogens, which are not generally considered in device
disinfection/sterilization discussions. This is surprising in that they
include notable pathogens, such as Giardia lamblia, Acanthamoeba
castellanii, Plasmodium falciparum and Cryptosporidiumparvum. They
are a particular challenge to inactivate as they have both vegetative
and dormant (cyst or oocyst) formsduring their life cycles (Figure 3).1

Protozoal cysts/oocysts are known to present greater resistance to
environmental factors (such as drying and, to a limited extent,
elevated temperatures compared with bacterial endospores) and
chemical disinfection.1,52 It has previously been estimated (but not
confirmed) that the vegetative forms (known as trophozoites or
sporozoites) demonstrate similar resistance to inactivation as vege-
tative fungi. This is anoversimplification given the rangeof structures,
Porinsa b

Mycolate

Arabinogalactan
Peptidoglycan

Figure 2. Proposed mechanism of high-level resistance to glutaraldehyde. (a) A simplified r
tripartite cell wall structure (peptidoglycan, arabinogalactan and mycolate, including the lon
allowing chemical transport into and out of the cell. (b) A mutant cell wall structure is asso
limiting the reactivity and therefore the antimicrobial activity of glutaraldehyde and other
and does not always appear to be the case.52e54 Many studies have
focused on the effects of biocides used in liquid disinfection against
Acanthamoeba trophozoites, such as biguanides (chlorhexidine and
the polyhexamethylene biguanides), quaternary ammonium
compounds, chlorine and oxidizing agents such as hydrogen
peroxide.52 Formulations containing hydrogen peroxide have been
reported to have greater efficacy, although long contact times appear
to be required for both trophozoites and (particularly) amoebal cysts.
In contrast, lowconcentrations of hydrogenperoxide gas appear to be
particularly effective.55 Overall, there are many discrepancies in
reports of antimicrobial efficacy against protozoal vegetative and
dormant forms.

Dormant cyst forms (e.g. those produced by Giardia and Acan-
thamoeba) are often considered to present resistance at least as
high as that of some fungal spores (e.g. Aspergillus ascospores), and
oocysts demonstrate even greater resistance (e.g. Cryptosporidium
parvum). In a recent example, disinfection efficacy against a variety
of Acanthamoeba culture collection and environmental isolates
(trophozoites and cysts) was studied.53 Overall, a significant
difference in disinfection efficacy was observed between strains,
with higher resistance being observed for environmental
(including hospital) isolates. The trophozoites of all strains were
inactivated by all the chemical disinfectants tested (including 70%
ethanol and various high-level disinfectants), with the notable
exception of glutaraldehyde-based disinfectants; for the latter,
survival was observed after 30-min exposures. Efficacy against
cysts was more variable. Moist heat disinfection was consistently
effective at 65 �C for 10 min, with little to no effect observed at
55 �C. Disinfection with chlorine (0.25% sodium hypochlorite,
approximately equal to a 1/20 dilution of household bleach) for
a 10-min contact time demonstrated a significant range in activity,
from no effect to complete (>5 log10) reduction in cyst viability,
depending on the strains tested. Some strains even survived
exposure for 30 min, particularly those isolated from hospital
sources. Surprisingly, 70% ethanol was more effective against cysts
than a range of glutaraldehyde-based high-level disinfectants;
neither disinfectant type was fully effective against all strains
tested, with some strains demonstrating little to no effect to 30-min
exposure to glutaraldehyde. Although formulation dependent,
disinfectants based on hydrogen peroxide and peracetic acid dis-
played consistent disinfection efficacy against all strains. However,
even with these biocides, the strains ranged in tolerance to inac-
tivation. Overall, amoebal cysts can be highly resistant to some
high-level disinfectants; this has potential implications for clinical
practice. C. parvum oocysts have been the subject of a number of
disinfection studies and are particularly resistant to most widely
used high-level disinfectants, including those based on glutaral-
dehyde, OPA and, in some cases, peracetic acid.56,57 With chemical
disinfection, oocysts can be considered to have higher resistance
Cell wall

Cell membrane

epresentation of the mycobacterial cell wall structure, showing the inner cell wall and
g-chain mycolic acids). Porins represent a major, stable component of the outer surface,
ciated with the lack of or inaccessibility of porin proteins on the surface, significantly
aldehydes.



Figure 3. (a) Acanthamoeba trophozoite and (b) mature cyst.

Table II
Diseases associated with protein precipitation

Disease Associated protein
precipitation

Evidence of transmissibility

Alzheimer’s disease Amyloid b-peptide
and Tau

Experimental evidence

Parkinson’s disease a-Synuclein No evidence
Cataracts Crystallins No evidence
Systemic

amyloidosis
Amyloid-A and
apolipoprotein
AII amyloid

Experimental evidence
suggests a potential
transmissible/acceleration
nature

Sources: Aguzzi A. Nature 2009;459:924e925. Scheibel T, Buchner J. Handb Exp
Pharmacol 2006;172:199e219.
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than mycobacteria and bacterial endospores to some biocides. As
pathogenic micro-organisms, protozoa should be considered as
part of disinfection/sterilization practices, but are outside the scope
of the existing Spaulding classification.

The significance of protozoa to human health can be debated
based on their direct and indirect effects. It has been known for some
time that free-living amoebae, in both vegetative and dormant
forms, provide an internal environment for the survival and growth
of a growing list of bacteria and viral pathogens.52,58 Amoebae are
found ubiquitously in aquatic environments, and can offer unique
intracellular ecosystems for other micro-organisms. Notable bacte-
rial pathogens that are known to survive and/or replicate in amoebae
include Acinetobacter, Campylobacter, Escherichia, Helicobacter,
Legionella, Listeria, Mycobacterium, Pseudomonas and Staphylococcus.
Further interactions have been described with various viral (e.g.
coxsackieviruses and adenoviruses) and fungal (e.g. Cryptococcus)
pathogens. Many newly identified micro-organisms have also been
described.52,59 For this reason, amoebae, and other less studied
protozoal strains, are considered to be the ‘Trojan horses’ of the
microbial world. It is of concern that these pathogens can essentially
escape disinfection/sterilization within protozoa by intracellular
protection in both vegetative and dormant forms. The implications of
such associations remain to be understood.

Infectious proteins: on the edge of microbiology

Prions, as infectious proteins and the causative agents in a group
of diseases known as transmissible spongiform encephalopathies,
are notable in their resistance to disinfection and sterilization.1,60,61

Initial studies on the inactivation of prions indicated that aggres-
sive physical (steam sterilization at 134 �C for 18 min) and chemical
(1N NaOH or 2% available chlorine, in the form of sodium hypo-
chlorite, for 1 h)methodswere required, and thiswas recommended
by the World Health Organization in 1999.62 Since this time, these
methods have been tested on contaminated surfaces and found to be
effective (although associated infectivity is not always removed
completely), but damage numerous types of devices.61,63 At the same
time, relatively simple cleaning processes can be effective against
prions without broad-spectrum antimicrobial activity.63 Removal of
prion contamination is a complicated matter, with studies showing
that cleaning chemistries can decrease or even increase the resis-
tance of prion contamination to steam sterilization.61,63 In terms of
the efficacy of disinfection, moist heat and various disinfection
methods are not considered to be effective against prions. Some
peracetic acid, phenolic and biocide combination formulations,
lower concentrations of alkali (NaOH and KOH), and hydrogen
peroxide gas treatments have significant activity. Indeed, the activity
of hydrogen peroxide gas in vacuum-based sterilization processes
has been shown to be effective in some cases64,65 but not others,65,66

despite similarities in these processes, highlighting the complexity of
prion inactivation. It has been suggested that prion decontamination
can be considered as being addressed during normal, routine
reprocessing of devices when appropriate cleaning formulations and
reprocessing methods are used. Considering the long incubation
times and often sporadic nature of prion diseases, this may be
prudent but is still a topic of some discussion. Of further debate is the
handling of devices that are known to be or are at high risk of being
contaminated with prions, as reviewed elsewhere.63 In some cases,
removal of such devices from clinical use is recommended, while
others suggest reprocessing these devices with cleaning and
extended steam sterilization (at 134 �C for 18 min). Overall, prions
may not be highly resistant to reprocessing methods, depending on
the process used, and efficacy against prions does not imply that
other micro-organisms have been inactivated.

Priondiseases are rare,with themost prevalent being Creutzfeldt-
Jakob disease (1e3 cases per million population). However, prion
diseases are considered to be representative of other protein-
precipitation-associated diseases (Table II).

There is considerable debate about the transmissible nature of
such diseases,67,68 with growing evidence under experimental
conditions for Alzheimer’s disease.69 This suggests, by a similar
seeding mechanism to that described for prions, that such diseases
could be transmissible under certain situations, including transfer via
contaminated surfaces.70 Further research is required to verify these
reports, but if they are confirmed, the impact of current reprocessing
standards, including effects of disinfection, will need to be
reconsidered.
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Conclusions

Dr Earle Spaulding defined a classification system for the safe
reprocessing of surgical/medical devices to address the clinical needs
of the day; these needs have changed little since 1957 and are equally
applicable today. The expectations associated with various different
levels of disinfection, and indeed sterilization, are based on the
understanding of microbiology, particularly pathogens, and risks
associated with device use on patients. Disinfection and sterilization
claims are based on passing established test methods, with marker
organisms chosen to represent various types of micro-organisms.
With high-level disinfection, for example, the demonstration of
mycobactericidal and some level of sporicidal activity are taken to
indicate efficacy against most known types of pathogens. However,
this is not always true. Various types of viruses, bacterial strains and
protozoahavebeenshownto survive existinghigh-level disinfection/
sterilant processes, outside of what would be expected from the
Spaulding classification system. Protozoa are rarely considered, and
marker strains of viruses and bacteria may not always reflect disin-
fection activity against groups of micro-organisms. The potential
risks with atypical transmissible agents such as prions and other
protein-precipitation-associated diseases are already considered
completely outside of such classification systems. It is difficult to
estimate the true clinical risks associated with many of these agents.
Recent examples with large device-related outbreaks and atypical
mycobacteria that are resistant to high-level aldehyde-based disin-
fectants should be considered as a warning sign. Such high-level
disinfectants may be labelled as passing a series of tests, but may
not be effective against many types of pathogens. It is expected that
many other similar device-related infections may occur due to
inadequate disinfection/sterilization but are not always identified,
investigated or published. One suggestion is that the Spaulding
classification remains the same, but that the required testmethods to
confirm the various levels of disinfection are changed to include
many of the pathogens discussed in this review. As part of this, it is
suggested that protozoa (vegetative and dormant forms) should be
included for high-level disinfection and sterilization claims. Similarly,
if certain types of existing high-level disinfectants/sterilants are not
effective against certain types of viruses and mycobacteria, this
should be recognized as theymay not be applicable for use in certain
(such as semi-critical) clinical applications. It should also be consid-
ered, especially for sterilization applications, that efficacy against
prions should be required to provide a standard precaution against
these agents. From this brief review, while the Spaulding classifica-
tion system is as applicable today as it was in 1957, the expectations
for the efficacy of various levels of disinfectants, and even sterilants,
and how they are determined may need to be reconsidered.

Conflict of interest statement
Both authors are employed by disinfection/sterilization-related
companies.

Funding sources
None.
References

1. McDonnell G. Antisepsis, disinfection and sterilization: types, action and resis-
tance. Washington, DC: ASM Press; 2007.

2. Spaulding EH. Chemical disinfection and antisepsis in the hospital. J Hosp Res
1957;9:5e31.

3. Song S, Itawi EA, Saber AA. Natural orifice translumenal endoscopic surgery
(NOTES). J Invest Surg 2009;22:214e217.

4. Antonnucci TA, Williams N, Robinson NA. Reprocessing flexible endo-
scopes: origin or standards, overview of structure/function, and review of
recent outbreaks. In: Manivannann G, editor. Disinfection and
decontamination: principles, applications and related issues. Boca Raton, FL:
CRC Press; 2008. p. 177e214.

5. Beguma M, Hocking AD, Miskelly D. Inactivation of food spoilage fungi by ultra
violet (UVC) irradiation. Int J Food Microbiol 2009;129:74e77.

6. van Klingeren B, Pullen W. Glutaraldehyde resistant mycobacteria from
endoscope washers. J Hosp Infect 1993;25:147e149.

7. Prince HN, Prince DL. Principles of viral control and transmission. In: Disin-
fection, sterilization and preservation. Philadelphia, PA: Lippencott Williams &
Wilkins; 2000. p. 543e572.

8. Sauerbrei A, Wutzler P. Testing thermal resistance of viruses. Arch Virol 2009;
154:115e119.

9. Eterpi M, McDonnell G, Thomas V. Disinfection efficacy against parvoviruses
compared with reference viruses. J Hosp Infect 2009;73:64e70.

10. Bigliardi L, Sansebastiano G. Study on inactivation kinetics of hepatitis A virus
and enteroviruses with peracetic acid and chlorine. New ICC/PCR method to
assess disinfection effectiveness. J Prev Med Hyg 2006;47:56e63.

11. Brown KE. The expanding range of parvoviruses which infect humans. Rev Med
Virol 2010;20:231e244.

12. Durigon GS, Oliveira DBL, Vollet SB, et al. Hospital-acquired human bocavirus in
infants. J Hosp Infect 2010;76:171e173.

13. Jones MS, Kapoor A, Lukashov VV, et al. New DNA viruses identified in patients
with acute viral infection syndrome. J Virol 2005;79:8230e8236.

14. Fryer JF, Delwart E, Hecht FM, et al. Frequent detection of the parvoviruses,
PARV4 and PARV5, in plasma from blood donors and symptomatic individuals.
Transfusion 2007;47:1054e1061.

15. Corcioli F, Zakrzewska K, Fanci R, et al. Human parvovirus PARV4 DNA in
tissues from adult individuals: a comparison with human parvovirus B19
(B19V). Virol J 2010;7:272.

16. Mahnel H. Variations in resistance of viruses from different groups to chemico-
physical decontamination methods. Infection 1979;7:240e246.

17. Bräuniger S, Fischer I, Peters J. The temperature stability of bovine parvovirus.
Zentralbl Hyg Umweltmed 1994;196:270e278.

18. Terpstra FG, van den Blink AE, Bos LM, et al. Resistance of surface-dried virus to
common disinfection procedures. J Hosp Infect 2007;66:332e338.

19. Eterpi M, McDonnell G, Thomas V. Virucidal activity of disinfectants against
parvoviruses and reference viruses. Appl Biosaf 2010;15:165e171.

20. Mani B, Gerber M, Lieby P, Boschetti N, Kempf C, Ros C. Molecular mechanism
underlying B19 virus inactivation and comparison to other parvoviruses.
Transfusion 2007;47:1765e1774.

21. Cromeans TL, Kahler AM, Hill VR. Inactivation of adenoviruses, enteroviruses,
and murine norovirus in water by free chlorine and monochloramine.
Appl Environ Microbiol 2010;76:1028e1033.

22. Kahler AM, Cromeans TL, Roberts JM, Hill VR. Source water quality effects on
monochloramine inactivation of adenovirus, coxsackievirus, echovirus, and
murine norovirus. Water Res 2011;45:1745e1751.

23. Meyer B, Cookson B. Does microbial resistance or adaptation to biocides
create a hazard in infection prevention and control? J Hosp Infect 2010;76:
200e205.

24. Chia JK, Chia AY. Chronic fatigue syndrome is associated with chronic
enterovirus infection of the stomach. J Clin Pathol 2008;61:43e48.

25. Ooi MH, Wong SC, Lewthwaite P, et al. Clinical features, diagnosis, and
management of enterovirus 71. Lancet Neurol 2010;9:1097e1105.

26. Yilmaz A, Kaleta EF. Evaluation of virucidal activity of three commercial
disinfectants and formic acid using bovine enterovirus type 1 (ECBO virus),
mammalian orthoreovirus type 1 and bovine adenovirus type 1. Vet J 2003;
166:67e78.

27. Abad FX, Pintó RM, Bosch A. Disinfection of human enteric viruses on fomites.
FEMS Microbiol Lett 1997;156:107e111.

28. Weber DJ, Rutala WA, Miller MB, et al. Role of hospital surfaces in the
transmission of emerging health care-associated pathogens: norovirus,
Clostridium difficile, and Acinetobacter species. Am J Infect Control 2010;38:
S25eS33.

29. Dettenkofer M, Block C. Hospital disinfection: efficacy and safety issues. Curr
Opin Infect Dis 2005;18:320e325.

30. Atmar RL, Opekun AR, Gilger MA, et al. Norwalk virus shedding after experi-
mental human infection. Emerg Infect Dis 2008;14:1553e1557.

31. Jimenez L, Chiang M. Virucidal activity of a quaternary ammonium compound
disinfectant against feline calicivirus: a surrogate for norovirus. Am J Infect
Control 2006;34:269e273.

32. Whitehead K, McCue KA. Virucidal efficacy of disinfectant actives against feline
calicivirus, a surrogate for norovirus, in a short contact time. Am J Infect Control
2010;38:26e30.

33. Kitajima M, Tohya Y, Matsubara K, et al. Chlorine inactivation of human nor-
ovirus, murine norovirus and poliovirus in drinking water. Lett Appl Microbiol
2010;51:119e121.

34. Gerba CP, Gramos DM, Nwachuku N. Comparative inactivation of enteroviruses
and adenovirus 2 by UV light. Appl Environ Microbiol 2002;68:5167e5169.

35. Zoni R, Zanelli R, Riboldi E, et al. Investigation on virucidal activity of chlorine
dioxide. Experimental data on feline calicivirus, HAV and coxsackie B5. J Prev
Med Hyg 2007;48:91e95.

36. Cookson BD, Bolton MC, Platt JH. Chlorhexidine resistance in methicillin-
resistant Staphylococcus aureus or just an elevated MIC? An in vitro and
in vivo assessment. Antimicrob Agents Chemother 1991;35:1997e2002.

37. McMurry LM, Oethinger M, Levy SB. Triclosan targets lipid synthesis. Nature
1998;394:531e532.



G. McDonnell, P. Burke / Journal of Hospital Infection 78 (2011) 163e170170
38. Sidhu MS, Heir E, Leegaard T, et al. Frequency of disinfectant resistance genes
and genetic linkage with beta-lactamase transposon Tn552 among clinical
staphylococci. Antimicrob Agents Chemother 2002;46:2797e2803.

39. McDonnell G, Pretzer D. Action and targets of triclosan. ASM News 1998;64:
670e671.

40. Maillard JY. Bacterial resistance to biocides in the healthcare environment:
should it be of genuine concern? J Hosp Infect 2007;65(Suppl. 2):60e72.

41. Griffiths PA, Babb JR, Bradley CR, Fraise AP. Glutaraldehyde resistant Myco-
bacterium chelonae from endoscope washer disinfectors. J Appl Microbiol
1997;82:519e526.

42. Nomura K, Ogawa M, Miyamoto H, et al. Antibiotic susceptibility of
glutaraldehyde-tolerant Mycobacterium chelonae from bronchoscope washing
machines. Am J Infect Control 2004;32:185e188.

43. Duarte RS, LourençoMC, Fonseca Lde S, et al. Epidemic of postsurgical infections
caused by Mycobacterium massiliense. J Clin Microbiol 2009;47:2149e2155.

44. Healthcare Infection Control Practices Advisory Committee. Guideline for
disinfection and sterilization in healthcare facilities. Atlanta, GA: US CDC; 2008.

45. Rodrigues C, Mehta A, Jha U, et al. Nosocomial Mycobacterium chelonae infec-
tion in laparoscopic surgery. Infect Control Hosp Epidemiol 2001;22:474e475.

46. Vijayaraghavan R, Chandrashekhar R, Sujatha Y, Belagavi CS. Hospital outbreak
of atypical mycobacterial infection of port sites after laparoscopic surgery.
J Hosp Infect 2006;64:344e347.

47. van Ingen J, de Zwaan R, Dekhuijzen RPN, et al. Clinical relevance of Myco-
bacterium chelonae-abscessus group isolation in 95 patients. J Infect
2009;59:324e331.

48. Moore JE, Kruijshaar ME, Ormerod LP, et al. Increasing reports of non-tuberculous
mycobacteria in England, Wales and Northern Ireland, 1995e2006. BMC Public
Health 2010;10:612.

49. Svetlíková Z, Skovierová H, NiederweisM, et al. Role of porins in the susceptibility
of Mycobacterium smegmatis and Mycobacterium chelonae to aldehyde-based
disinfectants and drugs. Antimicrob Agents Chemother 2009;53:4015e4018.

50. Niederweis M. Mycobacterial porins e new channel proteins in unique outer
membranes. Mol Microbiol 2003;49:1167e1177.

51. McDonnell G. Glutaraldhyde and other aldehyde resistant bacteria associated
with the use of washer disinfectors. Society for Healthcare Epidemiology
of America (SHEA) 19th Annual Scientific Meeting, San Diego, CA, USA,
19e22 March 2009.

52. Thomas V, McDonnell G, Denyer SP, Maillard JY. Free-living amoebae and their
intracellular pathogenic microorganisms: risks for water quality. FEMS Micro-
biol Rev 2009;34:231e259.

53. Coulon C, Collignon A, McDonnell G, Thomas V. Resistance of Acanthamoeba
cysts to disinfection treatments used in health care settings. J Clin Microbiol
2010;48:2689e2697.
54. Greub G, Raoult D. Biocides currently used for bronchoscope decontamination
are poorly effective against free-living amoebae. Infect Control Hosp Epidemiol
2003;24:784e786.

55. Thomas V, McDonnell G. Efficacy of hydrogen peroxide gas against amoebal cysts
and amoebae-associated mycobacteria. Poster. ASM Annual General Meeting,
Boston, MA, USA, 1e6 June 2008.

56. Barbee SL, Weber DJ, Sobsey MD, Rutala WA. Inactivation of Cryptosporidium
parvum oocyst infectivity by disinfection and sterilization processes. Gastro-
intest Endosc 1999;49:605e611.

57. Sell JM, Haire D, Antloga K, et al. Efficacy of peracetic acid against Cryptospo-
ridium and Giardia. Poster. ASM Annual General Meeting, Orlando, FL, USA,
20e24 May 2001.

58. Khan NA, Siddiqui R, Elsheikha H. Enemy within: strategies to kill ‘superbugs’
in hospitals. Int J Antimicrob Agents 2010;36:288e294.

59. Janda WM. Amoeba-resistant bacteria: their role in human infections.
Clin Microbiol Newslett 2010;32:177e184.

60. Taylor DM. Inactivation of transmissible degenerative encephalopathy agents;
a review. Vet J 2000;159:10e17.

61. McDonnell G. Prion disease transmission: can we apply standard precautions
to prevent or reduce risks? J Perioper Pract 2008;18:298e304.

62. World Health Organization. Infection control guidelines for transmissible spon-
giform encephalopathies 2000. Report of a WHO consultation. WHO/CDS/CSR/
APH/2000/3. Geneva: WHO; 1999.

63. Fichet G, Harrison J, McDonnell G. Reduction of risk of prion transmission on
surgical devices with effective cleaning processes. Centr Sterilis 2007;15:
418e437.

64. Fichet G, Antloga K, Comoy E, et al. Prion inactivation using a new gaseous
hydrogen peroxide sterilisation process. J Hosp Infect 2007;67:278e286.

65. Rogez-Kreuz C, Yousfi R, Soufflet C, et al. Inactivation of animal and human
prions by hydrogen peroxide gas plasma sterilization. Infect Control Hosp
Epidemiol 2007;30:769e777.

66. Yan ZX, Stitz L, Heeg P, et al. Infectivity of prion protein bound to stainless steel
wires: a model for testing decontamination procedures for transmissible
spongiform encephalopathies. Infect Control Hosp Epidemiol 2004;25:280e283.

67. Aguzzi A. Cell biology: beyond the prion principle. Nature 2009;459:924e925.
68. Scheibel T, Buchner J. Protein aggregation as a cause for disease. Handb Exp

Pharmacol 2006;172:199e219.
69. Meyer-Luehmann J, Coomaraswamy T, Bolmont S, et al. Exogenous induction of

cerebral amyloidogenesis is governed by agent and host. Science 2008;313:
1781e1784.

70. Eisele YS, Bolmont T, Heikenwalder M, et al. Induction of cerebral beta-
amyloidosis: intracerebral versus systemic Abeta inoculation. PNAS USA
2009;106:12926e12931.


	 Disinfection: is it time to reconsider Spaulding?
	 Introduction
	 Viral resistance
	 Bacterial resistance
	 Protozoal resistance
	 Infectious proteins: on the edge of microbiology
	 Conclusions
	 Conflict of interest statement
	 Funding sources
	 References


