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Abstract
The commonly accepted requirement for a
maximum sterility assurance level (SAL) of a
terminally sterilized product is 10-6, which is the
probability of one in 1 million that a single
viable microorganism will be on a product after
sterilization. Achieving an SAL of 10-6 often
requires sterilization cycles that are expensive
and might have adverse effects on materials.
ANSI/AAMI ST67:2011 allows for performing
risk analyses of alternate SALs and Annex C of
that standard provides one example, but there
are few published examples of such a risk
analysis. Therefore, because the risk analysis
methods and the related regulatory paths are not
clear, which might result in delays to the market
with innovative products, it is difficult for
product manufacturers to invest resources in
performing risk analyses. Many products are
then rejected as not capable of being terminally
sterilized because of their sensitivity to the
conditions necessary to achieve the rigorous 10-6
SAL target, and they might not be manufactured
at all because of the extreme cost of setting up an
aseptic process.
If a statistical model based on standard
academic statistical practices is used, the effects
on the surgical site infection (SSI) rate of
removing devices, adding devices, and changing
a device SAL can be estimated. This SSI rate
can then be compared with the baseline SSI rate
to determine if there is a statistically significant
change. The use of probability statistics offers a
practical approach for analyzing the impact of
Industrial Sterilization

alternate device SALs. This approach might
allow for the production of new, potentially
life-saving products that would otherwise not be
manufactured or that would incur the additional expense of aseptic processing.

Introduction
In the May/June 2012 BI&T article, “Medical
Device SALs and Surgical Site Infections: A
Mathematical Model,” a mathematical model
was presented that can be used to predict the
impact of choosing an alternate, industrywide SAL on the overall incidence of SSIs.1
This new article attempts to illustrate specific
examples of how this mathematical model
can be adapted and used as a risk analysis
tool for justifying alternate SALs for individual medical devices in accordance with
ANSI/AAMI ST67:2011.2 Readers unfamiliar
with probability concepts are encouraged to
refer to the BI&T article.1
“Sterility assurance level” (SAL) is a term
formally defined as the probability of a
single viable microorganism occurring on
an item after being subjected to the sterilization process.3 Used to describe the
predicted outcome of applying a sterilization process, SAL generally takes a value
less than 1 and is, for convenience,
expressed as the negative logarithm to base
10, i.e., 10-x. Typically, SAL takes the value of
10-6 or 10-3 in industrial applications. When
this quantitative value is applied to assurance of sterility, a 10-6 SAL is a lower value
© AAMI
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than 10-3, but provides in theory a greater
assurance of sterility.4
Many types of devices that normally would
be required to be sterilized to an SAL of 10-6
cannot withstand sterilization to an SAL of
10-6 because of material incompatibilities
with available sterilization methods. For
devices that cannot withstand sterilization to
an SAL of 10-6, there are few options available
short of aseptic processing. ANSI/AAMI
ST67:2011 allows for performing risk analyses
to justify alternate SALs,2 but in practice
these risk analyses are rarely performed
because the methods of risk analysis and the
related regulatory paths are not clear. This
article provides a practical approach for how
the mathematical model presented in the
referenced BI&T article1 can be used within
the framework of ANSI/AAMI ST67:20112 to
perform a risk analysis for justifying an
alternate SAL.
The SAL for a device can be used to approximate the probability of the patient contracting
an SSI from that device. This approximation is
conservative, and it relies on the following two
worst-case assumptions:
1. All devices used in the surgical procedure
are at exactly the SAL for the device. This
is a worst-case assumption because
terminally sterilized products possess a
range of SALs, usually within several
orders of magnitude beyond the required
SAL, such as 10-6 to 10-9, with 10-6 being
the least rigorous SAL in the range.
2. The likelihood that one viable microorganism will survive sterilization will always
translate into a patient infection. This is
also a worst-case assumption because in
reality, many factors affect whether a
microorganism that survived sterilization
can produce an infection. These factors
include whether the microorganism is still
viable at the time of use, whether the titer/
level of the microorganism is sufficient to
cause infection, whether the surviving
microorganism is located on the portion of
the product that has patient contact,
whether the microorganism is in a
location of the body where it can cause
infection, and whether the microorganism
is pathogenic.

Mathematical Model
By breaking down the probability of an SSI
into a set of independent events classified by
the source of the microorganisms that would
lead to infection, it is possible to create a
model in which the effects of changing the
probability of infection from a single source
on the overall infection rate can be analyzed.
Therefore, let the following variables be
defined for purposes of this model:
POther The probability of infection from all
other sources than those under study
P’Other The probability of no infection from
all other sources than those under study, where:
POther + P’Other = 1		

(1)

Pi The probability of infection from
source “i” under study, assumed to be the SAL
P’i The probability of no infection from
source “i” under study, where:
Pi + P’i = 1

(2)

PSurg The estimated overall probability of
infection for the surgery
P’Surg The estimated overall probability of
no infection for the surgery, where:
PSurg + P’Surg = 1		

(3)

Figure 1 shows a Venn diagram illustrating
the sample space for the study of a single
device. In this study, the probability of
infection from the surgery and the probability of no infection from the surgery can be
expressed as follows:
PSurg = P1UPOther

or

PSurg = P1 + POther–(P1 x Pother)
and
P’Surg = P’1 P’Other
or
P’Surg = P’1 x P’Other
Figure 2 shows a Venn diagram illustrating
the sample space for the study of two devices.

© AAMI

Industrial Sterilization

95

© Copyright AAMI 2013. Single user license only. Copying, networking, and distribution prohibited.

Quality Management Systems and Sterility Assurance

In this study, the probability of infection from
the surgery and the probability of no infection
from the surgery can be expressed as follows:
PSurg = P1UP2UPOther
or
PSurg = [P1+P2+POther]
–[(P1xP2)+(P1xPOther)+(P2xPOther)]
+[P1xP2xPOther]
		
		 and
P’Surg = P’1 P’2 P’Other

or

P’Surg = P’1xP’2xP’Other

Figure 1. Venn Diagram Depicting the Sample Space for the SSI Rate from a Single Device
and All Other Sources

As more devices are added to the study
(i.e., are used in a single surgery), the terms
expressing the probability of infection from
the surgery becomes considerably more
complicated, but it can be seen that the
expression of the probability of no infection
does not complicate as quickly. A study of
three devices cannot be easily shown in a
two-dimensional Venn diagram, but a list of
all possible outcomes of such a study is
illustrated in Figure 3. In this study, the probability of no infection from the surgery can
be expressed as follows:
P’Surg = P’1 P’2 P’3 P’Other
		
or
=
P’Surg P’1 x P’2 x P’3 x P’Other
The probability of infection from the
surgery (PSurg ) is the sum of all of the other
possible outcomes.
Summarizing the model for any number of
devices, the probability of no infection from
the surgery in a model analyzing any number
of devices can be expressed as follows:

Figure 2. Venn Diagram Depicting the Sample Space for the SSI Rate from Two Devices and
All Other Sources

P’Surg = P’1 ... P’i P’Other
		
or
=
P’Surg P’1 x...P’i x P’Other		

(4)

Figure 3. List Depicting All Possible Outcomes of a Study of Three Devices and All Other Sources
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In order to express equation (4) in terms of
“probability of infection” instead of “probability of no infection,” equations (1), (2), and (3)
can each be solved for their respective P’ and
then substituted into equation (4). The
following equation results:
1–PSurg = (1–P1)x...x(1–Pi) x(1–POther)
n
or
1–PSurg = (1–POther) x ∏ (1–Pi)
i=1

(5)

Examples of Risk Analyses

Equation (5) can then be solved for PSurg:
n

PSurg = 1–[(1–POther) x ∏ (1–Pi)]
i=1

(6)

Equation (5) can also be solved for POther:
POther = 1–

n

		

enough sample size for the initial estimation
of PSurg must be selected to provide for a
sufficiently accurate estimation of the overall
infection rate. The reader is encouraged to
explore statistical texts, such as Probability
and Statistics for Engineers and Scientists5 and
Juran’s Quality Handbook6, to better understand the effects of sampling error on
population proportions.

(7)

∏

i=1

Equation (7) can be used to estimate POther
when the probability of infection for a surgery
and the SAL for the devices under study are
known. Equation (6) can then be used to
create a hypothetical new probability of
infection for the same surgery, should the SAL
be adjusted for the devices under study. This
hypothesized probability of infection from the
surgery will be referred to as PSurg,Hyp.
It is important for the reader to note that as
the size of the data set used to estimate PSurg
becomes smaller, the error in the estimation
of the population infection grows. A large

The following examples of risk analyses use
completely fabricated, hypothetical data in
conjunction, in one case, with illustrative
published data. The examples are shown not
to demonstrate a new device to be introduced
into the market, but instead to show how
statistics can be used as a tool in part of the
risk analysis required to provide a justification for the selection of an alternate SAL.
Although the data have been fabricated in a
way to appear plausible, all devices, device
characteristics (including their ability to
withstand specific radiation doses and
ethylene oxide sterilization [EO] conditions),
and (except for certain published illustrative
data) infection rate data have been fabricated
for the purpose of showing the examples. It
is the responsibility of the medical device
manufacturer to perform research and
testing to establish the data to be used in the
risk analyses of their own devices.

Question

Response

Is the product intended to come into contact with
compromised tissue?
(ANSI/AAMI ST67:2011, Section 4.2.2)

Yes, the drug-eluting stent is an intravascular implant.

Is the product capable of withstanding the selected terminal sterilization process to a 10-6 SAL?
(ANSI/AAMI ST67:2011, Section 4.2.3)

No, cycle development studies have shown that even with a BI/bioburden-based approach, the best
SAL that can be achieved is 10-4.

Can any of the following allow the product to
achieve a 10-6 SAL?
A. Alternative validation method
B. Alternative terminal sterilization process
C. Product redesign
D. Material change
(ANSI/AAMI ST67:2011, Section 4.2.3)

No, the BI/bioburden-based approach is the most conservative validation method for EO sterilization of
this product. The product’s naturally occurring bioburden has been shown to be predominantly sporeformers, so use of B. atrophaeus on a BI has been selected as the most appropriate for the product in
this example. Performance of thorough bioburden resistance testing has shown the BI at 102 colonyforming units (CFU) to be slightly more resistant than the naturally occurring bioburden. The product
is radiation- and heat-sensitive, and other chemical methods of sterilization are incompatible with the
drug coating. Alternative drug coatings would present the same challenges for sterilization.

Does the product offer unique benefits for patient
diagnosis, treatment, or care?
(ANSI/AAMI ST67:2011, Section 4.2.4)

The drug coating would allow for targeted administration of the drug at a much lower dose in comparison to injection or oral administration, thereby reducing the number of side effects associated with
its use. This would be beneficial for certain patients who would not be able to withstand the typical
side effects of the drug.

Table 1. Evaluation of a Drug-Eluting Stent for an SAL Other Than 10-6

© AAMI
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Example 1: Drug-Eluting Stent
This is a traditional stent that now has a drug
coat. Stents have been manufactured for years
and have been sterilized by EO using the
overkill method. The drug coat is known to be
very sensitive to radiation but has been shown
to be minimally damaged by EO if the cycle
temperature and humidity are low (maximum
of 35°C and 20% RH) and the exposure time
is short (maximum of one hour). Cycle
development studies have shown that a
30-minute, low-temperature, low-humidity
half-cycle will result in only a 3-logarithm
reduction in the spore population of a Bacillus
atrophaeus biological indicator (BI). Thus,
using a BI/bioburden validation approach
with a BI titer of 102 spores, the best SAL that
can be achieved is 10-4.
According to ANSI/AAMI ST67:2011,2 a
number of criteria must be met in order to
select an SAL other than 10-6. Table 1 outlines
an example in which the drug-eluting stent
has been evaluated to determine if it is a
candidate for an SAL other than 10-6.
On the basis of this analysis, ANSI/AAMI
ST67:2011 would allow an SAL of 10-5, 10-4, or
10-3 to be validated, provided that the most
rigorous SAL achievable is selected on the
basis of the product’s functionality and a risk
analysis demonstrates an acceptable level of
risk. This risk analysis is demonstrated below.
For illustration purposes, let us assume that
the developers of this hypothetical drug-eluting stent conducted a research study into
procedures in which stents are implanted and
it was found that, on average, two stents are
placed in a single surgical event. Additionally,
for the 17,304 surgeries in the period surveyed,
437 surgical site infections were reported, for
an estimated SSI rate of 2.52543%.
Considering that the predicate products
used in the coronary stent implantation for
the procedures surveyed were all terminally
sterilized with sterilization cycles validated to
produce an SAL of 10-6 or better, equation (7)
can be used to estimate the probability of an
SSI from sources other than the stent devices:
POther = 1–
POther = 0.0252523
Should two drug-coated stent devices be
98
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substituted into the surgery, each with a
validated SAL of 10-4 or better, equation (6)
can be used to formulate a hypothetical SSI
rate as follows:
PSurg,Hyp = 1 –[(1–0.0252523)x(1–10-4)x(1–10-4)]
PSurg,Hyp = 0.0254473
Considering that the effect of the SAL
change of the two devices would, in a
situation of worst-case assumptions,
increase the overall SSI rate for the procedure from 2.52543% to 2.54473%, it would
then be the responsibility of the medical
device manufacturer to compare the
increase in SSI rates to the benefits of the
proposed device. Items to consider in this
analysis could include the following:
• Is the proposed device more effective than the
predicate devices in treating the condition?
• Are there unique benefits of the design or
packaging of the device that would reduce
other factors that contribute to the overall
SSI rate?
• What are the potentially contaminative
organisms found on the device during
bioburden characterization, and would an
increase of approximately 0.02% in the SSI
rate in the area of surgery be an unacceptable level of risk to the patient?
• Would an overall increase in infections
for the surgery of 2 per 10,000 surgeries performed represent an unnecessary
public health risk for patients undergoing
the procedure?
• If the device were manufactured aseptically instead of terminally sterilized, would
the maximum achievable probability of a
non-sterile unit (PNSU, the aseptic manufacturing equivalent of SAL) represent an
increase or a decrease in the infection risk
of the procedure?

Example 2: Osteochondral Graft
This product is an osteochondral graft (OC
graft). It is a dowel cut out of the knee of the
donor that consists of cancellous and cortical
bone and a layer of cartilage. It is used to
replace areas of the knee that have damaged
cartilage. It tends to be very low in bioburden
counts (usually 0 CFU are recovered), so
using VDmax one could validate a 15 kiloGray
(kGy) sterilization dose and using Method 2B
one could validate an approximately 9 kGy
© AAMI
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dose.7 There is only so much of this tissue in
donors, so it is very difficult to obtain enough
samples to perform a Method 2B dose
validation, but it could be done.
In this instance, the chondrocytes need to be
living cells, so high doses of radiation are not
an option. Even lower doses will usually not be
possible. For illustration purposes, let us
assume that the manufacturer has performed a
study that has demonstrated that doses of up to
5 kGy have been shown to leave enough living
cells for the graft to be effective. A 5 kGy
maximum dose would require a minimum
dose of 4 kGy. Even if validated according to
Method 2B, the best SAL that can be achieved
with a 4 kGy minimum dose in this particular
example would be approximately 10-3.
Because of sterilization dose limitations,
these products are typically aseptically produced and the cleaning process is not very
rigorous because of the cartilage. It usually
involves only soaking in antibiotic solutions
followed by a sterility test of 10% of the products from the donor to determine if they were
sterile. If any of the 10% demonstrate growth,
then the donor tissue is either reprocessed,
followed by additional testing, or discarded.
According to ANSI/AAMI ST67:2011,2 a
number of criteria must be met in order to
select an SAL other than 10-6. Table 2 outlines
an example in which the OC graft has been
evaluated to determine if it is a candidate for
an SAL other than 10-6.
On the basis of this analysis, ANSI/AAMI
ST67:20112 would allow an SAL of 10-5, 10-4, or
10-3 to be validated, provided that the most

rigorous SAL achievable is selected on the basis
of the product’s functionality and a risk
assessment demonstrates an acceptable level of
risk. This risk analysis is demonstrated below.
Instead of using fabricated infection rate
data in this example, illustrative published
data are used. According to CDC data published in the American Journal of Infection
Control, from 2006 to 2008 there were a total
of 171,183 knee prosthesis procedures, of
which 1,528 resulted in a surgical site infection,8 yielding an SSI rate of 0.89261%. For
illustrative purposes, the infection rate for the
OC graft can be assumed to be the same.
Assuming that the predicate products used
in the knee prosthesis procedures surveyed
were all terminally sterilized with sterilization processes validated to produce an SAL of
10-6 or better, equation (7) can be used to
estimate the probability of an SSI from
sources other than the knee prosthesis:
POther = 1–
POther = 0.008925
Should an OC graft be substituted into the
surgery with a validated SAL of 10-3 or better,
equation (6) can be used to formulate a
hypothetical SSI rate as follows:
PSurg,Hyp = 1– [(1–0.008925)x(1–10-3)]
PSurg,Hyp = 0.009916
In this case, it is hypothesized that the
infection rate for the surgery would increase
from 0.8925% to 0.9916%, an increase of

Question

Response

Is the product intended to come into contact with compromised tissue? (ANSI/AAMI ST67:2011, Section 4.2.2)

Yes, an OC graft is used to replace areas of the knee that have damaged cartilage.

Is the product capable of withstanding the selected terminal sterilization process to a 10-6 SAL?
(ANSI/AAMI ST67:2011, Section 4.2.3)

No, studies have shown that the product can withstand a maximum gamma radiation sterilization dose of only 5 kGy. To achieve a 10-6 SAL, a minimum dose of approximately 9 kGy
would be required according to Method 2B.7

Can any of the following allow the product to achieve a
10-6 SAL?
• Alternative validation method
• Alternative terminal sterilization process
• Product redesign
• Material change
(ANSI/AAMI ST67:2011, Section 4.2.3)

No, the minimum possible dose that can be substantiated from any validation method is
9 kGy. Chemically based sterilization methods such as EO or vaporized hydrogen peroxide
sterilization would damage the tissue and therefore are not an option. Steam sterilization is
not an option for the same reason. Because the product is living tissue, it is not possible to
redesign the product or change the material.

Does the product offer unique benefits for patient diagnosis,
treatment, or care? (ANSI/AAMI ST67:2011, Section 4.2.4)

A number of different treatment options are available for repairing damaged knee cartilage,
each with its own risks and benefits. This product offers the best outcome and unique
benefits for patients who are not candidates for other treatments.

Table 2. Evaluation of an OC Graft for an SAL Other Than 10-6
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0.0991 percentage points, which would increase the overall
number of infections from the surgery by 11.1%. Consequently, the manufacturer might want to consider alternative
methods of sterility assurance for the device—that is, unless
the manufacturer can make a compelling argument to justify
the increase. Again, the manufacturer would want to consider the questions in the previous example as part of the
analysis, along with other benefits of the proposed device
and/or the surgical methods employed.

Conclusion
This mathematical model can be a useful tool as part of a risk
analysis within the framework of ANSI/AAMI ST67:2011 to
justify an alternate SAL for a terminally sterilized medical
device. This model allows the user to quantify the effects of an
alternate SAL on the infection rate for a surgery, which allows
for a more informed judgment on the alternate SAL. If an
alternate SAL can be justified, some devices that would
otherwise be aseptically produced might instead be terminally
sterilized. Alternate SALs can also allow for medical device
manufacturers to bring new, potentially life-saving devices to
market that would otherwise be considered not cost-effective to
manufacture or not possible to produce aseptically. n
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