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Abstract
Medical devices are sterilized before being used for invasive clinical procedures such as surgery, to prevent pathogen transfer. Failure to
sterilize medical devices properly presents a risk of healthcare-associated infections. Studies and reports have indicated that inadequately
sterilized medical devices are one of the causes of a higher rate of healthcare-associated infections in developing countries. Steam sterilization
(autoclaving) is the most widely used method for sterilization and is considered the most robust and cost-effective method for sterilization of
medical devices. The effectiveness of steam sterilization can be measured using biological indicators. A literature search was undertaken to
understand the effectiveness of autoclaving in sterilizing reusable medical devices in healthcare facilities across the globe. Studies using
biological indicators for measuring the effectiveness of autoclaving were obtained. Failures of steam sterilization practices were identified and
discussed as a means of identifying factors that might be associated with the ineffectiveness of steam sterilization practices between different
countries. The number of studies measuring the effectiveness of steam sterilization is small, and few evaluate the effectiveness of steam
sterilization specifically in developing countries. There are fewer studies on higher level healthcare facilities than dental facilities. More
evidence about the effectiveness of autoclaving in healthcare facilities is needed to draw firm conclusions, but the data suggest that there are
inadequacies in autoclave procedures and operator education.
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Introduction
Healthcare-associated infections (HAIs) are
“infections occurring in a patient in a hospital or other
healthcare facility in whom the infection was not
present or incubating at the time of admission” [1].
Hospitalized patients in both developed and developing
countries acquire HAIs at a proportion of 7% and 10%
respectively [2]. The sources of HAIs could be from the
patients themselves, from healthcare personnel, from
medical
equipment/devices,
from
healthcare
environment, or from visitors [2]. Surgical site infection
(SSI) is the most frequent HAI in developing countries;
between 1995 and 2010, 1.2% to 23.6% of procedures
resulted in SSIs in developing counties, whereas the
incidence was very much lower (1.2% to 5.2%) in
developed countries [2]. In addition, the rate of hospital
acquired neonatal infections in developing countries
has been reported to be 3-20 times higher than in
developed countries [3].
HAIs can prolong a patient’s stay in hospital, cause
long-term disability, increase the financial burden for

health systems, increase costs for patients and their
families, and can result in deaths [2]. It has been
estimated that the financial loss in Europe due to HAIs
is about €7 billion/year (approx. US$7.5 billion) and in
the USA approx. US$ 6.5 billion in 2004 [2]. Similarly,
estimates suggest that HAIs may take up as many as 2
million bed-days per annum in Australia [1].
Importantly, a considerable proportion of infections
caused by drug resistant microorganisms are HAIs [46] – this has implications for the spread of resistant
bacterial strains.
Medical devices are commonly used in healthcare
for diagnosis, prevention, treatment and monitoring of
diseases and injuries. After use they may be
contaminated with microorganisms including,
Staphylococcus spp., Micrococcus spp., Diphtheroids,
Bacillus spp., Gram-negative rods, fungi and yeasts [711]. Indeed, coagulase-negative Staphylococcus spp.,
Escherichia
coli,
Pseudomonas
spp.,
Stenotrophomonas
maltophilia,
Acinetobacter
baumannii complex, Cladosporium spp., Aspergillus
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spp., and/or Candida spp. have been recovered from
surgical instruments after clinical use [12]. Used
medical devices are sterilized before reuse for invasive
clinical procedures; however, if the devices are not
properly sterilized prior to their reuse, microorganisms
(including pathogens) might be transferred to tissues or
mucous membranes during invasive clinical procedures
such as surgery, resulting in HAIs. Reuse of medical
devices is driven by major cost savings across medical
disciplines [13]. However, if sterility of reused medical
devices is not assured, the potential cost of HAIs will
affect the cost-benefit ratio. Clearly, in the present
scenario of burgeoning HAIs, effective sterilization of
medical devices before reuse is of paramount
importance.
Reporting of HAIs associated with medical devices
is relatively poor globally and there have been
comparatively few investigations of device-associated
infections [14]. An investigation into a sudden increase
in SSI rates following ‘clean’ surgery in the UK showed
that post-sterilization contamination of surgical
instruments was responsible [15]. In the USA, Tosh, et
al. conducted a case-control study to investigate the
source of seven SSIs that occurred after arthroscopic
procedures at a Hospital in Texas in 2009 and found that
SSIs caused by P. aeruginosa were likely related to
surgical instrument contamination during reprocessing
[16]. Inadequate reprocessing of medical devices has
been considered as one of the factors contributing to
higher rates of HAIs in developing countries [2,3,17].
An acute hepatitis outbreak in Gujarat in India and a
high prevalence of anti-hepatitis C seropositivity
(28.9%) in a Chinese village were both attributed to
inadequately sterilized medical equipment, including
needles and syringes [18,19].
Autoclaving is the most widely used method for
sterilization worldwide and is considered the most
robust and cost-effective method for sterilization of
medical devices [20,21]. The effectiveness of
sterilization is defined by the probability of a viable
microorganism being present on a sterilized medical
device; this is termed the Sterility Assurance Level
(SAL). A SAL of 10-6 is a requirement for reuse of
medical devices [22,23]. Different indicators have been
developed to ensure the effectiveness of sterilizing
procedures including autoclaving. The effectiveness of
autoclaving can be monitored using chemical or
biological indicators - monitoring each autoclave cycle
is recommended by most guidelines and standards
[24,25]. Biological indicators are considered the most
reliable monitor of sterilization effectiveness [26,27].
Biological indicators are based on microorganisms, e.g.
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Geobacillus stearothermophilus spores that are killed at
the standard autoclave temperature (121°C). The
indicator is placed inside the autoclave along with the
medical devices to be sterilized. Once the sterilization
cycle is complete, the indicator is removed and
incubated in a culture medium at an optimum
temperature for growth of the indicator organism. If the
organism grows, the sterilization cycle is considered to
have been ineffective, and the medical devices are also
considered unsterile.
This review was carried out to understand the
current effectiveness of autoclaving in sterilizing
reusable medical devices in healthcare facilities across
the world. The review was expected to help identify
factors likely to be associated with steam sterilization
failures. Identifying key knowledge gaps in steam
sterilization of medical devices was also an objective of
the review. The findings of the review were expected to
help improve steam sterilization practices in healthcare
facilities and contribute to the prevention of HAIs.
Methodology
Studies on the effectiveness of steam sterilization
practices were sought from the following databases,
Google Scholar, MEDLINE and CINAHL using the
following keywords, ‘infection control’, ‘sterilization’,
‘decontamination’, ‘autoclave’, ‘hospital’, ‘healthcare’,
‘medical devices’, ‘reuse’, ‘patient safety’,
‘reprocessing’, and ‘monitoring’. At first, articles found
in the data bases were screened based on their title and
abstract. Full-text of original articles (i.e. not reviews or
guidelines) published after 1980 in English were read
and screened. Only studies which used biological
indicators to evaluate effectiveness of autoclaving,
included detailed information about methods and were
published after 1980 in English were included in the
review. Bibliographies from the retrieved articles were
used to identify further relevant publications meeting
these criteria. Articles reporting the effectiveness of
sterilization methods other than autoclaving were
excluded from the review.
Full-texts of the articles included in the review were
read carefully and relevant data were extracted from
each of the articles. First author’s name, year of
publication, location (i.e. country) of study, type of
healthcare facilities included in the study and steam
sterilization failure proportions were extracted from
each of the articles and included in the review. In
addition, detailed information about methods (i.e.
sample size, type of biological indicator unit used for
evaluating effectiveness, microorganism used in
biological indicator unit, number of spores contained in
859
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each biological indicator unit and method of
administration of the biological indicator unit) were
also extracted from the articles. The data extracted from
the articles were then tabulated.
Results
Altogether 253 articles on decontamination and
reprocessing of medical devices in healthcare facilities
were retrieved using the search criteria described in
Methods. Of these 5.9% (n = 15) reported studies on the
effectiveness of autoclaving in healthcare facilities [2842]. A summary of these studies is shown in Table 1;
these studies showed sterilization failure proportions
between 1.5% (dental practice, UK) and 43% (dental
practice, USA). Of the 15 studies shown in Table 1, 12
were undertaken in dental practices and 3 were
undertaken in general or specialized healthcare
facilities (e.g. eye care hospitals).
Among the studies measuring the effectiveness of
autoclave cycles in healthcare facilities, some
variations in the biological methods used for measuring
the effectiveness were observed. Some studies used
spore strips (i.e. bacterial spores on paper strips) for
measuring the effectiveness, while others used
ampoules with bacterial spores in culture media. Most
of the studies used spores of G. stearothermophilus as
an indicator for measuring the effectiveness of
sterilization; however, others used a mixture of G.
stearothermophilus and Bacillus subtilis spores [31,42].
Also, the number of spores contained in the biological
indicator units used was not reported in most of the
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studies. The number of autoclave cycles tested varied
considerably between studies, ranging from 22 to 2437
autoclave cycles [28,36].
Discussion
Evidence for autoclave effectiveness
Globally, the number of published studies
measuring the effectiveness of autoclave practices
using biological indicators is small (n = 15); the reason
for this is uncertain. The number of such studies is small
in both developed and developing countries. In
developed countries, there are strict national regulatory
requirements, use of sophisticated technologies,
provision of trained sterilization staff and regular
infection control audits. This situation could have
created a degree of complacency among researchers in
these countries, meaning that they do not see the
necessity for such studies. However, medical deviceassociated infections have been reported from
developed countries; therefore, monitoring and
documenting the effectiveness of autoclave practices in
these countries cannot be neglected. On the other hand,
most developing countries are likely dependent on less
sophisticated autoclaves and under-skilled operators,
which might lead to sterilization failures. Clearly,
evidence for the effectiveness of sterilization practices
in these countries is crucial.
From the global literature there appears to be no
declining trend in sterilization failures. A study
published in 1998 reported a low sterilization failure
proportion in dental practices in the UK [33].

Table 1. Summary of studies using biological indicators to assess the effectiveness of steam sterilization.
Type of
Autoclave
Author (year) Country
healthcare
failure
Remarks
facilities
proportion
Oral surgeons were provided with biological indicator units and
instructions for using them (type and number of spores contained in
Skaug (1983)
Norway
Oral surgeries
22.7%
the indicator unit were not reported). Altogether, 22 autoclaves were
[28]
tested twice using 4 biological indicator units for each sterilization
cycle.
Practitioners were provided with two biological indicator strips and
instructions for using them (each strip containing spores of B.
Palenik et al.
Endodontic
US
6.1%
subtilis and G. stearothermophilus; number of spores contained in
(1986) [29]
offices
the strip was not reported). Altogether, 66 autoclaves were tested
twice using one indicator strip for each sterilization cycle.
Each dental practice was provided with five biological indicator
Scheutz and
units (type and number of spores contained in the indicator unit were
Reinholdt
Denmark
Dental offices
4.5%
not reported). Altogether, 314 dental offices tested their autoclaves
(1988) [30]
five times using the indicators provided.
Dental practitioners were provided with two biological indicator
strips (each containing 1.3-1.6×106 spores of B. subtilis and 1.3Messieha et
Ohio, US
Dental offices
43.0%
1.6×105 spores of G. stearothermophilus) and instructions for using
al. (1989) [31]
them. Altogether, 194 autoclaves were tested once using the
indicators provided.
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Table 1 (continued). Summary of studies using biological indicators to assess the effectiveness of steam sterilization.
Type of
Autoclave
Author (year) Country
healthcare
failure
Remarks
facilities
proportion
Dental offices were provided with 24 biological indicator strips
McErlane,
(each containing 1.2-2.2×104 spores of B. stearothermophilus and
Rosebush and
1.3-2.1×106 spores of B. subtilis) and instructions for using them. In
Canada
Dental offices
2.3%
Waterfield
total, 502 dental offices participated in the study and tested 1,190
(1992) [32]
autoclave cycles with the indicators provided during a period of one
year.
Dental practitioners were provided with three biological indicator
Burke et al.
Dental
strips and instructions for using them (type and number of spores
UK
1.5%
(1998) [33]
practices
contained in the indicator strips were not reported). In total, 401
practices tested their autoclaves twice using the indicators provided.
In the 1985 study, practitioners were provided with four biological
indicator units and instructions (type and number of spores contained
in the indicator unit were not reported); altogether, 212 autoclaves
Skaug et al.
Dental offices / 8.8% (1985)
were tested once using the indicators provided. In the 1996 study,
Norway
(1999) [34]
clinics
1.8% (1996)
practitioners were provided with two sets of three biological
indicator units (each containing 3.2×105 spores of G.
stearothermophilus) and instructions; in total, 163 autoclaves were
tested twice with the indicators provided.
Practitioners were provided with three biological indicator ampoules
England
and instructions for using them (each indicator ampoule contained
Coulter et al.
Primary care
and Wales,
2.0%
spores of G. stearothermophilus, but number of spores contained in
(2001) [35]
practices
UK
the ampoule was not reported). In total, 302 autoclaves were tested
twice with the indicators provided.
Practitioners were provided with biological indicator strips (each
Acosta-Gío et
containing 105 spores of G. stearothermophilus and 1.7×106 spores
Mexico city Dental offices
6.7%
al. (2002) [36]
of B. subtilis) and trained in using them. In total, 61 dental offices
tested 2,437 autoclave cycles.
Eleven eye hospitals were supplied with biological indicator strips
Kelkar, Bal
(each containing 105 spores of G. stearothermophilus); however, the
Eye care
and Kulkarni
India
12.0%
person performing the autoclave testing was not clear. The
hospitals
(2004) [37]
autoclaves in the hospitals were tested once each month during a
period of one year. Altogether, 125 autoclave cycles were tested.
Practitioners were provided with three biological indicator units and
Healy et al.
Dental
instructions for using them (type and number of spores contained in
Ireland
11.3%
(2004) [38]
practices
the indicator unit were not reported). In total, 265 autoclaves were
tested twice with the indicators provided.
Practitioners were provided with two biological indicator ampoules
Wai-Kwok
Private dental
and instructions for using them (type and number of spores
and Chi-Ming
Hong Kong
7.0%
practices
contained in the indicator ampoule were not reported). In total, 175
(2007) [39]
autoclaves were tested once with the indicators provided.
Autoclaves in six government hospitals were tested with biological
indicators once a week for 52 weeks (each indicator unit contained
Miranzadeh et Kashan,
Government
spores of G. stearothermophilus, but number of spores contained in
2.9%
al. (2013) [40] Iran
hospitals
the unit was not reported). It is not clear whether operators or the
researcher tested the autoclaves. Altogether, 312 autoclave cycles
were tested.
Clinics were provided with biological indicator units and
instructions for using them (each indicator unit contained spores of
Okemwa,
Western
G. stearothermophilus, but number of units contained in the ampoule
Kibosia and
part of
Dental clinics
31.0%
was not reported). Altogether, 29 sterilizers were tested once.
Nyamagoba
Kenya
However, two of the sterilizers used sterilization techniques other
(2014) [41]
than autoclaving. Failure proportion specific to the autoclaves was
not provided.
Practitioners were provided with one biological indicator unit per
Patiño-Marín
sterilizer, with instructions for using them (each indicator unit
et al. (2015)
Mexico
Dental offices
21.0%
contained spores of G. stearothermophilus and B. subtilis, but
[42]
number of units contained in the ampoule was not reported). In total,
62 autoclaves were tested once.
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However, recent studies from Kenya and Mexico show
sterilization failure proportions in dental practices of
31% and 21% respectively [41,42]. It is noteworthy that
the sample sizes for these studies were small compared
to many other dental practice studies [38-40]. The
majority of the studies obtained in this review showed
sterilization failure proportions of > 6%, indicating a
need for improvement.
In most studies, the practitioners were given
biological indicator strips/ampoules and asked to
include them in their autoclave cycles to test sterility
and report the results. This methodology relied on the
practitioner’s appropriate use of the indicators and
reliable reporting of the results. The sterilization failure
proportions reported by these studies must be
interpreted in this context. It is possible that reported
failure proportions might be lower than the actual
failure proportions in these healthcare facilities. This is
because there might be some reluctance among
healthcare workers to report very high sterilization
failure proportions and tendency to report smaller
failure proportions.
Dental practices versus general healthcare facilities
There are reported cases of infections associated
with medical devices in general healthcare facilities
[15,16,43], but most of the published sterilization
effectiveness studies are concerned with the use of
autoclaves in dental practice. Surprisingly, there is little
evidence for the effectiveness of autoclave practices in
general healthcare facilities (including all levels of
hospitals; i.e. primary, secondary and tertiary). Coulter
et al. conducted a study on autoclave performance in
primary care practices in the UK and found a sterility
failure proportion of 2% using biological indicators
[35]. However, this failure proportion was reported by
the respondents of the self-administered postal surveys
after performing the tests themselves. Clearly, this
could have introduced bias.
Autoclaving in developing (low- and middle-income)
countries
There are few studies that have evaluated the
effectiveness of autoclaving in developing countries.
Studies in India, Kenya and Mexico showed
comparatively higher percentages (12%, 31%, and 21%
respectively) of sterilization failure than in Canada,
UK, Ireland, Hong Kong and Iran (2.3%, 1.5%, 11.3%,
7.0%, and 2.9% respectively). A gap analysis of
infection control in six developing countries revealed
that on average 30% (range 0% - 100%) of the
recommended practices for autoclaving were not
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followed [44]. In another multicentre pilot study
conducted in seven developing countries, 90 autoclave
cycles were tested using chemical indicators. Of the
tested cycles, 22% showed unacceptable indicator
results. However, none of the tested cycles had
acceptable temperature and/or pressures readings [45].
These studies clearly demonstrate gaps in autoclave
practices in developing countries.
The reuse of medical devices in developing
countries is less likely to be regulated with national
standards and/or regulatory requirements [46,47].
Limited resources in developing countries may mean
that the level of reuse of medical devices in these
countries may be higher than in developed countries
[48]. However, there are no studies providing exact
measurement of the effectiveness of autoclaving
practices that cover all categories of hospitals in
developing countries. To ensure the sterility of medical
devices and consequently reduce the burden of HAIs in
these countries, more stringent evidence of the
effectiveness of autoclaving is imperative.
Factors associated with steam sterilization failures
Documented causes of sterilization failures are
related to management, staff, sterilization processes,
and/or equipment (e.g. autoclave). Absence of strict
regulatory requirements, lack of appropriate
instructions, lack of supervision, power failures,
inadequate knowledge, inadequate sterilization
temperature and time, improper packaging and loading,
faulty equipment, and inadequate maintenance of
equipment were considered as some of the factors
associated with sterilization failures [32,34,40].
However, statistically significant associations of these
factors with sterilization failures were not reported.
Conclusion
From the data available, it is clear that there is a
high proportion of sterilization failure in healthcare
facilities in the developing world, but many of the
studies relate to dental practices and might not be
extrapolatable to higher-level health care facilities. The
reasons for sterilization failures are unclear from the
published studies. As in the developed countries, the
developing countries should have regulations and
guidelines in place to ensure appropriate steam
sterilization procedures are followed in healthcare
facilities. Such procedures need to be validated using
appropriate indicators following national/international
guidelines. Sterilization is the end result in a process
consisting of different steps including cleaning,
disinfection, packaging and autoclaving. Standard
862
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protocols are required for each of these steps and need
to be complied with to ensure adequate sterilization.
Operator’s education on these protocols as an ongoing
activity in a clinical setting would impact favourably on
the effectiveness of steam sterilization. Further robust
studies are necessary to draw firm conclusions about the
effectiveness of autoclaving in healthcare facilities of
all levels, globally.
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