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DEDICATION

Charles Artandi
1917 - 1980

During the preparation for the Second Kilmer Conference the organizing committee lost one of its
most loyal supporters.

There appears from time to time an individual whose particular gifts enable him to exercise a
profound and beneficient influence on his colleagues. Charles Artandi was such a man. During his
long career he became a recognized international authority on industrial sterilization and occupied
many positions where his understanding and willingness to help enabled him to contribute much of
value. He was also the mainstay for the Johnson & Johnson high standard for sterile products.

We shall surely miss his guidance and enthusiastic support. This volume is dedicated to his
memory.
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PREFACE

This volume represents the proceedings of a symposium held at the Washington Hilton Hotel,
Washington, D.C. on October 16 and 17, 1980. The symposium was the second in a series organized
as a tribute to Fred B. Kilmer, the first Director of Research of Johnson & Johnson and a pioneer in
the sterilization of medical products as well as in the microbiological control of the environment.

The Second Johnson & Johnson International Kilmer Memorial Conference was planned with
several objectives in mind. The major objective of the Conference was to provide a forum for a
selected group of world experts in the field of sterilization of medical products to exchange
information on the forefront of this specialized technology. The divergent regulatory requirements
governing sterile medical products in various countries were also examined. Approximately 150
participants from 17 nations, representing government, universities, hospitals and industry were in
attendance.

Another objective was the recognition of Dr. Jocelyn C. Kelsey as the recipient of the Second
Kilmer Award for his many contributions to sterlization and the control of microorganisms in the
environment. Dr. Kelsey, an internationally renowned microbiologist and retired Deputy Director of
the Public Health Laboratory Service of Great Britain, has published widely, but is best known
perhaps for his paper entitled “The Myth of Surgical Sterility.” This classical paper is reprinted in
this volume by permission of the Editor of The Lancet.

The editors should like to express their sincere appreciation to the speakers for their efforts,
cooperation and expertise in putting into final form the information presented orally at the sessions; to
the chairman, especially to the Conference General Chairman, Dr. R. W. Campbell, who devoted a
great deal of his time both before and during the Conference and contributed greatly to its success.

The editors are grateful also for the sponsorship of the Johnson & Johnson Corporate Office of
Science and Technology, Mr. Herbert G. Stolzer of the Johnson & Johnson Executive Committee and
Mr. Herbert Kramer of Johnson & Johnson International. Finally, the editors are indebted also to Mrs.
Sylvia Perweiler and Ms. Janet Stavola for their assistance in the planning and the conduct of the
Conference.

Johnson & Johnson
New Brunswick, NJ
Ethicon, Inc.

Eugene R.L. Gaughran
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Validation of Sterilization Processes for Medical Devices
John R. Gillis

Skyland Scientific Services, Inc.
Belgrade, Montana, USA

Validation of the sterilization process is expensive and time consuming. The requirement to
validate this process has not been clearly stated in the Medical Device Good Manufacturing Practices
(GMP) (1) published by the Food and Drug Administration. However, as industry gains more
knowledge about the sterilization process, I predict it will become an internal requirement by all
manufacturers of sterile medical devices, irrespective of government regulations.

The medical devices industry is a non-sophisticated consumer when it comes to the sterilization
process. Many manufacturers still treat the sterilizer as a “magic black box” that is absolutely
infallible. Sterilization process parameters many times are established on little if any sound scientific
data. These processes have evolved into pseudo-sophisticated processes. Time is the most frequently
adjusted parameter to achieve an “acceptable process.” For example, if an eight hour cycle has a
sterility test failure, then many times the cycle is arbitrarily extended, sometimes even doubled. If the
sterility tests now are acceptable, no additional data is generated to demonstrate the effectiveness on
the product. Under certain conditions, time can be increased with little or no increase in sterilization
efficacy. Certainly this is not the method that should be used to establish an acceptable process.

The sterilization process has been perceived by many to be an art. However, today we are
attempting to approach it as a science. Sterilization has had several periods when it appeared that it
was becoming a science. This first scientific approach to sterilization appeard in that classic article
on “Modern Surgical Dressings” by F.B. Kilmer, published in the American Journal of Pharmacy in
January 1897, (2) to whom this conference is dedicated. It took most of the scientific community
about 60 years to comprehend what was revealed in that early work. It was not until the United States
National Aeronautics and Space Program that a scientific approach to sterilization was really
applied. The requirement was that an interplanetary spacecraft had to be sterilized to a probability of
less than one chance in a million of having a single living microorganism contained on it. More
recently, the pharmaceutical and medical device industry has applied these scientific approaches to
process development and documentation. We have called this approach validation.

The sterilization process is the last manufacturing step applied to the product. If this process is not
well understood and controlled, it can compromise the entire integrity of the product. Extreme
compromises can result in sterile products that are not functional or functional produts that are not
sterile. Without adequate process control, sterile products may be produced today and products
produced tomorrow may be nonsterile. Validation should be a must for any sterilization process, if the
manufacturer is concerned with product integrity. I believe most manufacturers certainly are.

Manufacturers typically direct their major process control efforts toward those areas that they
know impact on the product quality. Manufacturers who have very little knowledge of the sterilization
process and do not understand the problems that can occur to their product, pay little attention to the
control of this process. There is a degree of comfort derived from naiveté. As knowledge of the
sterilization process grows, no manufacturer will feel comfortable with anything less than a
sterilization process based on sound scientific data, a strong validation program, and a process



appropriately controlled for routine processing. With this knowledge, manufacturers will develop
cost effective processes. They will have less resterilized product, less scrapped materials, and fewer
product failures in the field. All of these situations positively impact on the profits of the corporation.
Validation is an investment — it takes a cash outlay before a return can be realized.

I would like to address several general questions often asked about validation before I get too
deeply into the details of the process.

What is validation?

Validation is a term that has been used frequently describing a test on a sterilizer and a product to
determine if the process if performing properly. Validation is much more than a single terminal test. It
1s an entire systems approach to the assurance thay your process performs as you expect each and
every time it is performed.

Why do I have to validate?

Validation is not a specific requirement in the United States for processing medical services.
However, the concept of process control permeates the entire Medical Device GMP. Validation is the
means of assuring that your process is valid for its intended use and that it 1s controlled. Therefore,
you must validate to assure that you have control of the process. Validation is also a mechanism of
knowing your process and it becomes an invaluable tool in diagnosing problems when the process
fails for one reason or another.

How extensively do I test?

Validation is not just a test. It has many facets. It includes documentation of the manufacturing
process. It includes an installation qualification on all equipment used in the process. It includes a
complete metrology program on all process sensors, indicators, recorders and controllers. It also
includes performance qualification of the system. It is the last step that has been commonly and
mistakenly portrayed as “validation”. Performance qualification involves the physical performance of
the sterilizer as well as the biological performance of the process on the product. This final step
integrates the product with the hardware.

Many aspects of validation are an ongoing manufacturing process. In certain instances, such as
performance qualification specific comprehensive tests must be repeated periodically.

How often do I re-test the performance qualification?

The performance qualification must be retested at certain key times. These include:
1. After any major change has occured to the sterilizer;
2. After any modification has occurred to the product or package;
3. After any failure in the testing of the product which may be explained by the failure of the
process equipment; and
4. At least annually to assure that the mechanical equipment controlling the process has not
deteriorated.

What are the key elements of the validation program?

A validation program has many facets. First, the medical device must be manufactured under Good
Manufacturing Practices. This will assure you that the product and the package that is being sterilized
1s controlled and identical each time.



Packaging in many respects is just as important as the product and it 1s many times overlooked.
The package acts not only as a biological barrier to maintain a sterile product, but it is also a barrier
to the sterilant and can retard or inhibit the sterilization process. Many times inappropriate coatings
placed on normally permeable barriers may not be visibly different but can cause nonsterile products
to be produced in an otherwise sound sterilization process.

Component material changes, such as different suppliers of components and slight design
engineering changes may alter the device’s ability to be sterilized. It is therefore, imperative to
document all material changes of both the product and the package, and the manufacturing process to
assure proper sterilization of the product.

Documentation

The documentation package must include: Protocols, Procedures, Specifications and Reports. All of
these must have the appropriate review and approval signatures.

Protocol: The Protocol is a document that outlines in technical detail exactly the scope of a study.
The study may be as simple as proving a procedure, or as complex as developing the sterilization
performance qualification of a product and process. Protocols contain the following information:

1. Title of the study.
Organization for which this study is being performed.
Organization which is performing this study.
The person who is directing the study.
Scope of the study.
The approach used in the study, including specific detailed methods and materials.
Identification of all supportive documentation.
Definitions of specific terms that apply to the study.
Signatures and dates of approval for both the performing organization and the organization for
whom it is to be performed.
The Protocol must be completed prior to the commencement of any testing.

Procedures: Procedures describe, in a step-by-step manner, a specific task. Each individual task
necessary to perform the total validation program must be identified and documented in this manner.
The procedure must be verified, using a Protocol. Following this verification, the procedure is
approved with appropriate management signatures and issued. This document now needs only to be
referenced by appropriate number and title designation in the protocols for the various steps in the
validation process.

Specifications: Specifications describe a material or standard process in sufficient detail to
assure replication each time the task is performed. Specifications are proved using the protocol
process in the same manner as procedures.

Reports: The reports are the accumulated experimental data generated by performing the protocol.
The reports must reference the protocol and the detailed procedures contained in them. If the data was
not generated in the manner described in the protocol, the exceptional conditions must be detailed in
the report. Exceptional conditions must be explained. The data format in the report may be raw data
or summarized data. In cases where the raw data is too voluminous or bulky to present conveniently
in a report, a summary of the data is more appropriate. If only summarized data is presented, then
specificsreferences: must bensupplied toindicate.wherethe raw data is available for review. The
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report should also contain the conclusions reached based on the analysis of the study data. The report
should contain the appropriate signatures from performing organization as well as those from the
sponsoring organization.

Validation Testing Program

The validation testing program must be documented as described in the previous section. The
actual testing program is segmented into three phases: Equipment Installation Qualification,
Calibration and Performance Qualification.

Equipment Installation Qualification: This phase of the validation program involves an
engineering evaluation of the process equipment. Each piece of equipment involved in the process of
producing a sterile product must be qualified. This qualification starts with a detailed physical
description of each piece of equipment. Engineering drawings are reviewed for accuracy and
completeness. Discrepancies are noted and red lined in the drawings. The manufacturer’s
specifications are reviewed for utility service requirements. Operating characteristics are evaluated
to assure that the equipment is functioning properly. Preventative maintenance procedures are
reviewed or established. Spare parts listings are also reviewed. Components are evaluated to
determine which are critical to the control of the process and which are not. When a critical
component 1s changed during a maintenance program, it may be necessary to rerun performance
qualification tests.

Calibration: All sensors, indicators, controllers, and recorders must be calibrated on the
equipment following the installation qualification testing. If a sensor or indicator 1s not critical to the
performance of the process, calibration can be omitted. However, in this case, a “reference only”
label should be used, thus indicating it is not important to the control of the process.

Calibration testing should be performed using instrumentation traceable to the National Bureau of
Standards (NBS). The appropriate certificates indicating traceability to NBS should be included in
the report.

Calibration data should reflect the precision and accuracy of the indicator, controller or recorder.
Appropriate correction factors should also be included.

The frequency of recalibration is established based on past performance history and how
important the system is to the process. In some cases a sensor or controller may be calibrated before
each use, as well as after each use. Generally calibration frequencies range from three to six months.

Performance Qualification: Performance qualification refers to that phase of the validation test
program when product and process equipment are tested together. This phase is the culmination of the
validation test program and has inappropriately been referred to as validation. The equipment has
been documented from an engineering perspective, all control systems have been calibrated so that
they will yield meaningful data, and now the equipment will be evaluated with the product to
determine its performance.

It is assumed that the sterilization cycle has already been developed for the product. All of the
important process parameters must be monitored. Parameter distribution within the sterilizer as well
as parameter penetration into the product must be determined. In steam and dry heat sterlization
processes, only temperature distribution and penetration studies are usually performed. Ethylene
oxide gas sterilization processes have ethylene oxide gas concentration, moisture and temperature as
the key process parameters.



Parameter sensors are placed throughout the sterlizing chamber and inside packaged product,
distributed throughout the chamber. These sensors are placed in the location that 1s most difficult to
sterlize within both the chamber and product. The loading pattern for the product can influence the
ability of the sterilant to reach the product. Therefore, if several different load configurations are
used, each must be evaluated to determine the influence on the sterilant’s capacity to reach the
product.

The integration of parameter level and time is demonstrated by the use of a biological monitoring
system. This system uses bacterial spores of known resistance and population. These spores are
demonstrated to be more resistant to the sterlization process than those organisms that are naturally
occurring on the product prior to sterlization.

The system which is qualified is one which that has demonstrated acceptable performance in
achieving desired parameter control within the sterilizing chamber and product. Such a system has
also demonstrated acceptable microbial lethality in producing a sterile product.

The completion of the above described three phases (equipment installation qualification,
calibration and performance qualification), results in a validated sterilization process.

Does the medical device industry believe in validation? Certainly the major medical device
manufacturers do. That belief has only come with their increased knowledge of the sterilization
process. As the small medical device manufacturers gain in the same knowledge, they too will begin
to see its value. Industry, in general, will proceed in the direction of validation because the
knowledge gained througha proper validation program is effective in controlling manufacturing costs.

References

1. Manufacture, Packing, Storage, and Installation of Medical Devices—Regulations Establishing
Good Manufacturing Practices. (1978). Federal Register 43: 31508-31532.
2. Kilmer, F.B. (1897). Modern Surgical Dressings, Am. J. Pham. 69: 24-39.
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Bioburden: A Rational Approach
Robert F. Morrissey

Ethicon, Inc.
Somerville, New Jersey, USA



Historical

The man whom we are honouring at this gathering was well aware of the meaning and impact of
the modern day term “bioburden”—those microorganisms found on medical products just prior to
sterilization. Fred B. Kilmer went to great lengths to maintain what we refer to today as a “high
degree of sterility assurance” (Figure 1).

Figure 1. Fred B. Kilmer first Director of Research for Johnson & Johnson, ca. 1930.

Without the aid of D-values of kill curves, he intuitively understood the relationship between the
number of organisms on a product and the extent of sterilization processing required. Environmental
control was his forté. Describing the physical layout and operation for the manufacture of the first
commercial sterile surgical dressings, Dr. Kilmer stated, “The buildings set apart for this work were
built for this special purpose—made plain and tight to exclude dirt. They are admirably situated away
from busy and dusty streets. For miles on either side stretches river and meadow-land, securing an
almost dustless atmosphere. In fitting up the rooms in which the manipulations take place, the ideas
kept in view were the exclusion of bacteria, easiness of keeping clean” (10).

Within the buildings, Kilmer went on to say, “The walls and ceilings are glass-smooth. The floors
are filled and polished. There are no closets or shelving, no cracks or crevices to harbor dust or dirt.
The furniture consists of glass-topped tables with iron frames, allowing effectual and easy cleansing.
The principal of the work 1s done in the ‘aseptic room,” so called because all things within it are at
all times kept surgically clean.” Kilmer developed an elaborate set of rules governing disinfection
procedures for equipment and personnel who were to enter the “aseptic room.”

dn his. quest to reduce,contamination, he went so.far,as.to presterilize all gauze materials and glass



containers before the dressings were cut, folded and packed. After packaging, the dressings were then
subjected to a terminal steam sterilization process. This same approach was followed some 78 years
later when Johnson & Johnson decided to reduce the bioburden on unbleached cotton stockinet prior
to component fabrication into disposable hospital gowns. Such an approach to increase the sterility
assurance of Cobalt-60 sterilized disposable hospital packs was favorably received by the FDA, and
helped to foster the rapid approval of “dosimetric release” within the USA (13).

Kilmer not only pioneered procedures for the control of bioburden but was the first person to use
biological indicators to monitor a commercial sterilization process (5). The concepts that this first
Director of Research of Johnson & Johnson followed during the late 1800’s can be seen in practice
today. He controlled the presterilization microbial population, then went on to use an “overkill”
steam cycle which he validated using Bacillus anthracis inoculated product biological indicators. He
was keenly aware of the impact of such important parameters as load density and geometry and took
pains to insure that the biological indicators were placed in the center of the package in the middle of
the trays.

Much later, other investigators referenced the importance of bioburden and environmental control.
In 1940, R.M. Savage (14), while investigating various technical considerations associated with
product sterility testing, pointed out that when material is heavily contaminated prior to sterilization,
failure to sterilize will result in a discrete number of contaminated units. Tattersall in a 1961 report
(15) entitled, “Control of Sterility in a Manufacturing Process,” 1llustrated that fractional sterilization
of a batch of plastic articles processed by ethylene oxide, was related to initial contamination.
Emphasis was on “the nature and degree of contamination of production articles,” rather than
resistance, in the designing of “test pieces”.

J.C. Kelsey discussed the importance of good factory hygiene, indicating that products should be
handled as little as possible during processing. In describing an effective sterilization process Kelsey
said, “For most processes both the cost of sterilizing and the damage done to the load increase with
exposure, so that the smallest safe exposure must be sought™ (9).

With the United States commitment to space exploration, the National Aeronautics and Space
Administration (NASA) initiated a program to search for extraterrestial life. In doing so, precautions
were taken to prevent external contamination of the planets. Sterilization was deemed necessary and
bioburden loading became critical. Sterility testing of large spacecraft components was obviously
impractical and unscientific. The emphasis shifted toward a probability approach. The official NASA
policy acknowledged the possibility of extraterrestial life and recognized that microbial
contamination originating from Earth would interfere in the investigation of extraterrestial life and
make detection impossible (3,6,7,16).

Lawrence Hall, Planetary Quarantine Office, said that NASA standards required a “sterilization
level such that the probability of a single viable organism aboard any spacecraft intended for
planetary landing or atmospheric penetration would be less than 1 x 10, and a probability limit for
accidental planetary impact by unsterilized flyby or orbiting spacecraft of 3 x 10~ or less.” Hall
discussed methods of limiting the “viable burden” on a capsule including the sterilization of raw
materials. He also used the terms “microbial burden,” “biological burden” and “biological loading”
to describe those microorganisms found on space capsules before terminal sterilization. He
concluded that if it was possible to assemble a spacecraft with sufficient assurance that the microbial
population was indeed small, then an appreciable reduction in the terminal sterilization cycle was



justified (6).

Hall and Lyle summed up the essence of the NASA approach to sterilization: “A suitable low
probability for the survival of microorganisms after spacecraft sterilization requires the application
of sterilants in proportion to the biocontaminant load present on the spacecraft at the beginning of
sterilization... It is also desirable to minimize the viable biological load in order to reduce the
sterilization to be applied to the spacecraft” (7).

The concepts of environmental control and bioburden awareness enunciated in the 1890°s by Fred
Kilmer for the manufacture of sterile dressings, were in the 1960’s refined, expanded upon and
became an integral part of the space exploration effort.



Assessment of Bioburden

Figure 2 illustrates the extensive range of presterilization bioburden loading on various types of
medical products. Factors contributing to the presterilization microbiological flora include the nature
of the components, the type of manufacturing procedures employed, the extent of human contact, and
other environmental conditions. The list (Figure 2) contains seven commercially manufactured
products and one hospital prepared item. The variability between these diverse products is in the
order of one million microorginisms.

As products increase in complexity frequently the microbiological load also increases. The effect
of a minor component may have a major impact. Unbleached cotton was linked to 99% of the total
bioburden of disposable hospital packs (13). As expected, natural products especially those of
animal origin show high numbers with wide variations in count.

BIOBURDEN LOAD ON MEDICAL PRODUCTS
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Figure 2. Bioburden load on various medical products. Vertical bar identifies the arithmetic mean
(1,8,11,12,13).

Miller (12) reported that up to 60% of all plastic disposable syringes were sterile when removed
from the manufacturing line prior to terminal sterilization. Since the manufacturing process included
high temperature extrusion accompanied by automated assemble, it is easy to understand why the
microbial population was so low.

Looking further into the relationship between product characteristics and microbial loading, it is
possible to delineate several broad groups (Figure 3).

If a product fulfills certain criteria it is possible to predict, with reasonable certainty, the
associated bioburden load. It has not always been recognized that the manufacturing processes for
many synthetic materials have inherent sterilizing properties. High temperature is the most common,
and 1s associated with the production of metal devices and many plastics. It is only after such
products are stored or handled that the microbial population accumulates. Low counts associated with
the automated production and packaging of disposable plastic syringes attests to this reality.



BIOBURDEN LOAD RANGES
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Figure 3. Classification of bioburden into four generic groups as a function of product
characteristics.

An intermediate range of bioburden may result from the use of processes that only partially reduce
the microbial population, along with products having high surface area and where assembly is not
completely automated. At the extreme are natural materials of biological origin where the
manufacturing steps introduce exacerbating factors such as water, elevated temperature, humidity, etc.

Knowledge of raw materials and manufacturing procedures is the first step in understanding and

identifying bioburden loading points. An experienced environmental specialist can frequently predict
the outcome of bioburden testing based on such information.



Applications of Bioburden

There are two broad applications in which bioburden information assist a medical products
manufacturer:

1. Evaluation of changes that impact on the presterilization quality of a product.
2. In designing an appropriate sterilization process.

Bioburden analyses can be of great value when determining the impact of product associated
changes on inherent product quality, functionability, and sterilizability. Process and equipment
modifications can be evaluated, alternate raw materials qualified, and the impact of human handling
versus mechanical methods assessed. Where microbiological monitoring of air, water and surfaces
takes place as a part of a regulatory or in-house requirement, bioburden testing of actual product
samples provides a much more simple, direct, and meaningful readout. Organisms recovered from the
air, for example, may or may not come into contact with product.

There are two basic approaches in developing effective sterilization cycles: The overkill
approach and the bioburden approach. A recent recommended practice document published by the
Association for the Advancement of Medical Instrumentation called, “Guidelines for Industrial
Ethylene Oxide Sterilization of Medical Devices” states that the overkill concept assures that the
sterilization process will inactivate selected numbers of resistant spores typically Bacillus subtilis
var niger, with an additional safety factor, without necessarily relating the challenge population to the
presterilization bioburden. This method provides an overkill, because the cycle conditions
established to kill the challenge indicator are more severe than those required to kill the
presterilization bioburden (2).

The bioburden approach is to collect presterilization data and to relate the numbers and/or
resistance of the bioburden to the indicator microorganism. This permits cycle selection by
establishing the challenge indicator population with a safety factor added above the anticipated
bioburden.

Overkill cycles are traditional for many types of sterilization processes including steam, ethylene
oxide and radiation and require that the product withstand the stringent exposure and perform
satisfactorilly afterwards. Bioburden cycles can be considered a refinement over the overkill
approach, and require monitoring the presterilization population on a periodic basis. It is the cycle of
choice for heat-labile products, such as large volume parenterals, which may not tolerate overkill
conditions.

A graphical representation comparing bioburden and biological indicator resistance can be seen
in Figure 4. Note the slope for the standard biological indicator organism as the surviving fraction
decreases with increasing exposure time (dose). More often than not the bioburden exhibits only a
fraction of the resistance of the biological indicator. Rarely do we see bioburden more resistant than
the standard resistant biological indicator, and this is usually the result of an organism/substrate
interaction or incomplete sterilant penetration due to the protective action of certain packaging
materials.



MICROBIOLOGICAL INACTIVATION GURVES
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Figure 4. Microbiological inactivation curves illustrating the relative resistance of biological
indicator to bioburden population.

Figure 5, adapted from actual data, shows the relationship between bioburden resistance and
standard biological indicator resistance which has been extended into the probability range. There
are at least four possible sterilization cycles that could be derived from these data:

Cycle 1

The classical overkill cycle requiring inactivation to 10° at five minutes plus an additional six log
safety factor for a total exposure time of ten minutes is easily visualized. Total inactivation is 12 logs
of resistant biological indicator. The D-value equals 0.83 minutes.

Cycle 2

The bioburden inactivation is extremely rapid. In two minutes approximately nine logs are
reduced; the 1,000 presterilization bioburden organisms plus a six log safety factor. The D-value of
0.21 minutes if four times less resistant than the standard biological indicator, resulting in a bioburden
cycle time of two minutes. The difference between the overkill exposure time and bioburden exposure
time 1s five fold (two minutes versus ten minutes).



MICROBIOLOGICAL INACTIVATION CURVES
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Figure 5. Derivation of sterilization cycles based on extrapolation of microbiological inactivation
curves into the probability range.

Cycle 3

Another approach might consider the selection of a five minute exposure time. This would be
sufficient to inactivate 1,000,000 standard resistant spores or the astronomical figure of 1033
bioburden organisms.

Cycle 4

A fourth, more appropriate procedure would utilize what I call a “Bioburden Calibrated
Biological Indicator” (BCBI). This means that a biological indicator could be used as the routine
process control monitor, but it would be calibrated against the bioburden resistance. In this case, a
spore population of 10% would more than suffice for routine monitoring and would insure that a safety
factor of at least 10° is maintained with an exposure time of approximately three minutes.

The point that [ am trying to get across with these examples is one of flexibility. Flexibility in
cycle design. There are a wide variety of approaches to cycle development and routine monitoring.
The more knowledge you have about bioburden resistance the more you can refine the process. In the
previous examples cycle time was refined. It is not a simple matter of classifying a set of conditions
as strictly a “bioburden cycle” or an “overkill cycle.” There are areas that exist between the two
extremes. There are degrees of overkill. The use of biological indicators specifically calibrated
against bioburden is a logical solution for everyday process monitoring.



Alternatives to Bioburden Testing

Where facilities for bioburden testing do not exist, or in those situations where such analyses are
too costly or complicated, there are at least three alternatives (Figure 6).

ALTERNATIVES TO BIOBURDEN TESTING
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Figure 6. Some alternatives to bioburden testing. Testing being defined as the laboratory
determination of microbial counts.

1. Incremental Dose Studies
This procedure consists of subjecting product samples to fractional exposures and then testing
the samples for sterility. Sterility tests can be conducted by the smaller laboratories or by
outside contract laboratories, and are scored as positive or negative. The application of this
technique is at the heart of the Dose Setting method for radiation sterilized products which
will be presented elsewhere.

2. Specialized Good Manufacturing Practices (GMP)
Assuming the source of bioburden loading can be identified and controlled, then procedures
used to control bioburden can be institutionalized as a specialized GMP program. These GMP
procedures once validated, can be monitored by Quality Assurance to insure that all
parameters meet specification compliance. This can be considered an indirect method of
bioburden monitoring. If the procedures to control bioburden have been validated and are
reproducible, then there is no need to conduct routine bioburden tests.

3. Use of Overkill Cycle
For those instances where bioburden monitoring is inappropriate, and the product can
withstand excessive cycle conditions, then the use of the overkill approach may be the method
of choice. Although not required, some bioburden information is useful. Knowledge of
bioburden can be arrived at indirectly by an initial examination of material and process
characteristics as described earlier.



The Future

In some circles bioburden testing has led to much confusion. There was a time when FDA
Investigators, while inspecting medical device firms, asked for bioburden data but had little
understanding as to the significance of the numerical values. Worse than that, some manufacturers
started up bioburden testing programs with the sole intention of keeping the investigator happy on his
next inspection. This attitude prevailed for several years but was clarified in November, 1979, in the
FDA publication entitled, “Application of the Device Good Manufacturing Practice Regulation to the
Manufacture of Sterile Devices” (4). The document stated that, “...bioburden testing is not required
unless the firm’s own internal procedures require such testing. For medical devices FDA: (a) does
not require that the sterilization process be established on the basis of bioburden and (b) does not
specify that bioburden testing is essential to all sterilization processes...” The important point is that
the FDA does not require bioburden data when overkill cycles are used. However, if a manufacturer
utilizes a bioburden based cycle he is required to maintain bioburden at or below prescribed levels.
On the other hand, FDA is not enamored with overkill processes and warned the field force that firms
may grow lax in presterilization practices and cover up microbial or particulate filth problems with a
severe overkill process.

The science of sterilization processing has undergone marked advances within the past ten years.
The late Charles Artandi (1) characterized sterility controls as falling into three distinct periods of
development:

1. The Period of Innocence
2. The Period of Doubt
3. The Period of Enlightenment

We have evolved from a period of innocence of reliance upon the statistically invalid technique of
product sterility testing, advanced into the use of biological monitors, and now incorporating the
common sense of bioburden with the realization that as our knowledge increases, the concept of
parametric release for most forms of sterilization, including ethylene oxide, will be realized (Figure
7).
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Figure 7. Chronology of sterility control.

I"hope'“thatour' 'dotibts “about bioburden’ will'"diminish, and be replaced with the enlightened



realization that bioburden can be a powerful tool for optimizing our current processes.
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A Quantitative Approach to Microbiological Safety
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I had thought to use the title “How many germs?”. The present title better describes the content of
this talk, but still “How many germs?” is the real problem. This is really the question which the
manufacturer of medical devices must ask and it is the question which the user of those products must
answer.



Germs

First of all we must know of what we speak. We are talking about germs. We are not talking about
bacteria or microorganisms in general, but germs! Bacteria, or more generally microorganisms, are
impersonal; they are innocuous looking and non-threatening things. There are microorganisms which
can do nasty things when all the conditions are just right, but many are quite harmless, others are
beneficial and some are essential to human well-being. They can even eat oil spills and manufacture
hormones and other useful things. Now germs on the other hand are nasty, vicious creatures which
cause infection and make people ill. It is germs that we are concerned with.

I think that this distinction 1s important to make, because what we are ultimately concerned with is
clinical safety, a reduction of clinical hazard. We are looking for assurance that a particular device is
safe for its particular use in a particular place. It is also important to distinguish between
contamination and infection. Contamination is the presence of something which is not supposed to be
there—contamination is not desirable, particularly bacterial contamination, but it does not necessarily
result in infection. Infection involves the growth and multiplication of germs and undesirable
reactions with living tissue.

To be a germ, a microorganism must be of the right type, in the right state, in the right quantities, in
the right environment, at the right place and at the right time. If any of these conditions are not met it is
not a germ; it does not produce infection. If we can prevent even one of these conditions from being
met, we remove the threat.

We all know that general acceptance of the “germ theory” is relatively new, although such an idea
had been suggested many times. It is difficult now to fully appreciate the complicated theories of
disease transmission which were prevalent before the germ theory was accepted. We had fixed
contagium in palpable morbid products—these were viruses; and volatile contagium in the
impalpable emanations of the body—a miasm. So we ended up with infectious contagious disease,
infectious miasmatic disease and miasmatic contagious disease among many other labels (1).



Environment

From the very beginning of the development of a germ theory, and even before, the environment
was considered to be the most important in disease: important in its progress and in its outcome. Flint
said: “The seed must have its appropriate soil and various circumstances may on the one hand
promote and on the other hand prevent its germination”(1). The treatment of infections was
necessarily entirely symptomatic when the cause was not known and the prevention of the spread
disease was haphazard and often ineffective for the same reason.



Germ Theory

About 1540 Hieronymus Fracastorius Veronensis suggested that contagious disease may be due to
invisible animal life. Then in 1640 Athanasius Kircher thought he could actually see these animals
with his primitive microscope, but he thought that the various “worms”, as he called them, found in
meat left outside through the night were due to “corruption contracted from the moon”(2). Perhaps
they were!

Sir Henry Holland suggested in 1839 that the source of epidemic disease is animalcule life. But
although support for the germ theory grew in the latter part of the nineteenth century, and Louis
Pasteur’s work added supportive evidence, still in 1890 there was no universal acceptance of the
theory (1).



Killing Germs

Obviously one doesn’t think of killing germs until they are shown to be the cause of infection, but
fumigants were used for many years as a disinfectant in contagious fevers. Dr. Carmichael Smyth
received £ 5000 from the British Parliament in the early 1800’s for his fumigant of nitre in heated
sulphuric acid. It 1s interesting to note that he recommended a quantitative approach to disinfection.
He instructed that: “The vessels (of disinfectant) should be arranged at a distance of 20 ft. or more
from each other according to the virulence of the the contagium”(3).



Different Levels

The principle that the response should be graded according to the stimulus is a very old one. It is
applied in general and it has been applied in medicine for as long as there are records. There are
many catch-phrases: “Drastic cures for drastic diseases”, “You don’t amputate for ring-worm”. And
in the germ area: “Some procedures require more sterility than others”(4,12).

Dr. A. Auvard in his Traite Pratique de Gynecologie of 1892 suggests that: “Pour une simple
exploration, un savonnage ordinaire des mains (suivi au besoin de I’1immersion pendant deux ou trois
minutes dans une solution de sublime a 1/2000) est suffisante.” But on the other hand: “Quand on veut
pratiquer une opération et surtout une laparotomie, un lavage plus complet est nécessaire”(5)—
another clear statement of the need to grade cleanliness, the need for different processes to produce
hands which are acceptable for different procedures.

This principle is something all physicians and nurses realize and utilize in designing procedures.
Sewing up a thigh wound requires less microbiological care than aspirating a knee joint, syringing an
ear less than draining a hydrocoele and removing a sebaceous cyst less than performing a spinal tap.
We all know this; we all accept this; and we also know that the microbiological state of the equipment
used 1in these procedures could vary and could be graded in such a way that the clinical hazard in
each procedure would remain acceptable. This “gradation of cleanliness”, or whatever term one
wishes to use, was accepted without having really been discussed. It was an intuitive thing and the
result of experience in many fields. No one has really explained or codified it, though the hierarchy of
required cleanliness has been developing since before Lister.



The Word “Sterile”

Perhaps everything would have continued to develop very nicely and quietly if the word “sterile”
had not been pressed into use in the context of surgical cleanliness and clinical safety. People began
to use the words “sterile,” “sterility,” “sterilization”, etc. in this sense only quite recently. It is
interesting to look at three dictionary definitions of the word “sterilize”:

- Noah Webster’s American Dictionary of the English Language 1892; to make barren, to
impoverish, to exhaust of fertility. To deprive of fecundity.

- British Empire Universities Modern English Dictionary 1914; to make sterile; deprive of the
power of reproduction, as bacteria.—(germs are now being recognised).

- The Oxford Universal Dictionary 1955; to cause to be unfruitful. To deprive of fecundity. To
render free from microorganisms.

So here we finally have what everyone now knows to be the meaning! But do they?

The word “sterile” began to be used in medicine and biology without anyone really troubling to
define it properly. It replaced the range of surgical cleanlinesses that the health professions had
understood without defining. It became used to denote a general condition and it came to be thought
desirable in itself. So now instruments, devices, products, people and places were designated either
sterile, or not sterile and the use to which they were put, what happened there, was considered of
very secondary importance in determining their suitability.

The use of the word “sterile” in many ways stultified thought and progress in the area of surgical
cleanliness and clinical safety. Sterile was good; non-sterile was bad. Under these circumstances
how can anyone begin to ask or answer the question, “How many germs?”’

But luckily many people did—though not out loud at first. “Sterile”—the magic word, meant many
different things to many different people. It sill kept its proper meaning of inability to reproduce, but
for the surgeon’s hands it meant 10 minutes of scrubbing with some specially concocted fluid (4,5),
for a patient’s abdomen it meant being shaved, washed with disinfectant and draped with a sheet from
an autoclave, and for instruments and devices it meant coming out of a packet marked “sterile”. There
had been many mutterings, but doubts of the value of the word were first raised formally by Kelsey in
1972 (6).



How Sterile?

Postoperative infections did not cease following the introduction of the word, so it was obvious
that some part of the system (one of the steriles) was not sterile, or at least not as sterile as one would
like.

The whole process must be considered and checked to ensure an acceptable end result or product.
In 1940 Dr. John Drew said: “The plentiful and regular use of soap and water i1s far more efficacious
than the occasional application of the most powerful disinfectant”(13). This sounds very much like a
plea for process control and GMP.

Medical products which require to be sterile are subjected to various processes designed to
achieve this state. Testing of samples has been done by various methods to verify the sterile state, but
end product testing has serious limitations when one is looking for a very low probability of
contamination in products which are produced in small quantities. Unfortunately, in the case of
medical devices this situation is quite common.

Arriving at a figure for the probability of contamination of a product can be done in several ways.
One must take into account many factors: what potential germs are present, how these behave when
subjected to the process designed to kill them, how well all the variables of the process are
controlled and how stable and reproducible are the conditions in the system, from raw material to
finished transported product. This is the area which is difficult, subject to much discussion and an
area which requires very specialized technical expertise.

I can appreciate the many problems which have been cited as causing difficulty in determining a
number for the probability of contamination (7), but the point is that manufacturers need a number
(from testing, or monitoring and control of their process). This is how they decide whether or not they
can call their product sterile. They still use the word “sterile” because it is comforting to everyone
concerned, but they have in their head a number which indicates the acceptable probability of any one
product being contaminated and this number 1s their cut off point. If their calculations from testing,
process control, bioburden estimates, etc. give a probability of contamination less than their magic
number, then they feel justified in using the magical, comforting word “sterile” on the product.

The argument that a number for probability of contamination cannot be properly calculated is
specious. Despite the difficulties, it is being done, and being used to decide whether the word
“sterile” 1s or is not used on a label.

The degree of confidence with which a probability number can be quoted will also vary with
many factors, but this i1s so with almost any assertion that one wishes to make. Surely one gets a
better, more useful, idea about the size of a table if told that it will seat about twelve people, rather
than if told that it is big!

Again, to suggest that a number indicating probability of contamination would merely confuse
health professionals (8) seems vaguely insulting. I have never heard anyone argue that automobile
speedometers should consist of two lights: red meaning fast and green meaning slow, on the basis that
marking it in k.p.h. would be too complicated and confusing for the motorist!

The 1dea that the word “sterile” should be used only in its proper absolute sense is by no means
new. It has been proposed many times and of course we all know of the Munson case (9). If this idea
were followed, then the word “sterile” would drop out of use in the field of medical products and
something must replace it. If on the other hand the word is to be qualified, then the qualification must
be quantified. There really is no other way; it is one or the other. In either case we will end up with a



grading of surgical cleanliness, the levels of which will have to be designated in some way—by
letter, number or other symbol. We must in other words return to the orderly evolution which was
taking place before this upstart word “sterile” was thrust upon us.

I think it 1s fair to say that if the probability of contamination cannot be calculated and stated, then
one has no right to pretend that one can call the product sterile.



Clinical Safety

To try and approach this whole subject rationally it would seem that the best point of departure is
the destination.

Our objective is clinical safety or lack of clinical hazard. Now this in itself is an absolute which
1s unattainable, but it is a target to aim at and a target which has been aimed at with varying degrees
of persistence and varying degrees of success (10).

The advances of medical science, advances in available drugs and very largely the advances in
medical devices and their related technology have meant that procedures previously quite impossible
because of the clinical hazard involved are now acceptable. However, these advances often utilizing
and relying on the many invasive probes, pumps, monitors and implants, generate their own new
hazards. Someone, somewhere has always to make a judgement consciously or unconsciously as to
whether the expected benefits are sufficient to warrant the risks involved.

Would it be possible to measure the factors affecting clinical safety and feed them into a formula
which would generate a clinical hazard index (CHI)? And if it were possible, would it be useful?

To be able to measure something is always an advantage when comparisons must be made and,
therefore, it should be useful as long as an idea of the expected accuracy of this measurement is
available. So, what are the factors of which account would need to be taken in determining such an
index? They can be listed under four headings:



Patient
- General condition - (resistance to insult).
- Tissue involved and the region of the body where the procedure takes place.
- Duration of contact.



Attendant
- Level of general medical competence (ability to deal with complications).
- Expertise in the procedure.



Place
Where the procedure takes place (O.R.; hospital or clinic environment; other).



Device

- Expected material/tissue interaction.

- Expected functional reliability.

- Probability of microbiological contamination(10).

It certainly would not be an easy task to decide how to measure these factors and how to weigh
them in such a way as to arrive at a clinical hazard index which could be used in the comparison of
alternatives and as an aid in planning treatment. It would not be easy, but it 1s something which is
worth attempting. The end again seems to be a good place to start, and so in this case we can start
with the probability of microbiological contamination.



Microbiological Survival Index, MSI

This is something to which a number can be given, a number which would be useful in itself and
could be used eventually in the calculation of a clinical hazard index. The microbiological survival
index, MSI, has been explained in several presentations. It is the absolute value of the logarithm of
the probability that any one device 1s contaminated with a viable organism (10).

There are many problems to be solved and many agreements to be reached before different
products processed in different ways can all be assigned a microbiological survival index, an index
which can be compared one with the other and with an assurance that similar numbers mean the same
thing, But in many cases a number could already be used, and in fact one is to be used in the near
future by at least one manufacturer. It would certainly give more information than the label “sterile”.

Cooperation between users and manufacturers could quickly result in a concensus as to what is
attainable, what 1s desirable and what is presently acceptable as an MSI rating for any particular
device use. These acceptable MSI ratings could then be changed by consultation as other factors in
the CHI equation changed and as processes and their control improve (11).

Setting acceptable MSI ratings would be an evolving process resulting entirely from discussions
between manufacturer and user. The regulatory agencies who are charged with ensuring that
manufacturers claims are supportable with adequate test data and that devices are safe and effective
would be able to monitor the processes and controls and discussions with both manufacturers and
users could now be quantitative rather than qualitative. A very desirable state of affairs.
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Introduction

Cobalt 60 Gamma radiation is recognized as a preferred method for sterilizing medical devices.
Consequently, between 1972 and 1980 installed Cobalt 60 capacity world wide has increased from
15,000,000 to at least 55,000,000 curies. In 1976, at the instigation of C. Artandi and C.W. Bruch, a
North American Working Group, under the auspices of the Association for the Advancement of
Medical Instrumentation (AAMI) was created to develop guidelines for controlling the sterilization of
medical devices by radiation. This included the development of satisfactory methods for determining
the approximate dose of radiation required to sterilize devices. The methodologies presented here are
an outgrowth of the committee’s activity.

Three classes of guidelines can be recognized for determining sterilization doses (1). Class One
relies on confirmation that the dose was effective using end product sterility testing, Class Two would
specify a minimum dose, such as 2.5 Mrad, with possible additional limits based on the
presterilization microbial challenge. This guideline was considered to be both unduly restrictive and
permissive since certain North American products already had an extensive history of being sterilized
at doses of less than 2.5 Mrad with no evidence of hazard, and product with a large or unduly
resistant bioburden might require higher doses than 2.5 Mrad. In the Third Class, no fixed dose is
specified, but sterilization dose 1s determined by the presterilization irradiation resistance of the
product microbial bioburden. Initially we believed that the Class Three guideline, which was
supported by the USP XIX and IAEA Code of Practice, was the most valid approach to determining
sterilization doses.

It has now become clear that existing dose setting methodologies which satisfy the Class Three
approach are seriously limited because few medical device industries have the microbiological
expertise, laboratories or funds to carry out the required resistance determinations. Given this, we
began the task of developing alternative class IIl strategies for determining sterilization dose on a
product-by-product basis that could be readily performed by small as well as large health care
companies.

We here present five methods or strategies for determining gamma radiation sterilization dose for
medical devices. Four of the methods are included in the AAMI proposed Process Control
Guidelines for Radiation Sterilization of Medical Devices, (RS-P 1/81) (2). Also included here and
in the AAMI guideline 1s an audit strategy for a periodic Quality Control verification of established
sterilization doses. Information on the rationale and the testing performed to verify the strategies is
provided. It is our hope that these dose setting methods will lead to the development of an
international standard for determining sterilization doses.

Desirability of Lowering Dose

A sterilizing dose of 2.5 Mrad was the standard dose in many countries, including Canada and the
United States until a few years ago. Typically, deviations from the 2.5 Mrad sterilization dose have
been to lower doses. However, if the presterilization microbial challenge to sterilization is
significant, our methods can be expected to provide estimates of sterilization dose greater than 2.5
Mrad. Lowering dose is desirable for several reasons. Some materials (e.g., certain plastics) can
undergo a dose lower than 2.5 Mrad without essential harm but will exhibit undesirable physical
changess-at-2:5.Mrad, precluding, the.use-nof-radiationesterilization process. From an economic



viewpoint, of course, a lower dose results in greater throughput and hence improved productivity for
gamma sterilization processes (3,4).

Lower doses should lead to broadened applicability. Radiation sterilization is generally
recognized as superior to most other sterilizing methods because of the known assurance of dose
delivery. It is this assurance which makes applicability desirable. Another factor relevant in the
argument for reducing dose has been the realization that certain products (for example, those which
will not come in direct contact with a patient or will not penetrate or violate the natural defense
barrier of a patient), do not require the same degree of sterility assurance as other products (1,2,5).
The probability of infection will not be increased by the use of a lower Sterility Assurance Level
under these circumstances.

Definition of Sterility

Sterility of an item is defined as the absence of viable organisms on that item. In a sense, this
definition is nearly useless in that it is practically impossible to decide for sure whether a given item
is sterile. However, we can decidedly determine that certain items are not sterile. For practical
purposes the definition should be replaced by a statement wherein “absence of viable organisms”
becomes “absence of viable organisms as measured by standard microbiological procedures” or
some other suitable qualifying phrase. It has become standard to define sterility assurance level in
terms of the probability that a randomly chosen item will be nonsterile. In this paper we will refer to
the desired probability of a nonsterile item as the Sterility Assurance Level (SAL) and our dose
setting method aims to set dose to achieve a given SAL. Typical values for SAL are in the 107 to 1073
range.

Difficulties in Setting Dose

Assume that a SAL of 10 has been selected. Ignoring the difficulty of determining if an item is
truly sterile, it is apparent that much experimentation must be done in order to set a dose to achieve
the desired SAL without further assumptions. For example, using a Class 1 approach, if one had a
dose in mind (say 2.5 Mrad), then almost 3,000,000 items must be irradiated at that dose with no
nonsterile results to have 95% confidence that the given dose is adequate. If even one nonsterile item
appears after dosing, the assumed dose could not be verified as achieving the desired SAL. With no
particular dose in mind, the potential amount of experimentation would conceivably be much greater.
Note that the above example ignores both the possibility of false positives (and negatives) as well as
the possibility that the product entering the sterilizer changes from time to time and hence the
experimentation would have to be repeated periodically for audit purposes.

Assumptions
Some assumptions must be made to bring the experimentation down to practical levels. But it 1s

desirable that the assumption be kept to the minimum and that they be scientifically sound.

We have made three assumptions:

1. A randomly chosen organism has a probability of 10P’P10 of surviving a dose of D Mrad
where D10 is a characteristic of the particular randomly chosen organism (6).

2. Organisms survive independe