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Chapter 1
Introduction: History and Where We Are 
Headed

Shayne C. Gad

Abstract While medical devices have been derived and used since at least ancient 
Egypt, means of verifying their biologic safety to patients (biocompatibility) and 
regulations requiring and governing such pre-use evaluation (testing) are much 
more recent. Less than a century has seen the modern approach, with testing dic-
tated by type, and duration, of patient contact are much more recent. Such require-
ments first arise in the 1960s due to concerns with materials migrated from a device 
into the patient body. The science and complexity of testing involved are continu-
ously evolving (accelerated by concerns as to the safety of silicones in the late 
1980’s) and have also served to drive the growth of the medical device market (now 
nearly a third the size of the pharmaceutical market) and the innovations and com-
plexity of devices and device/drug combinations.

Keywords Adverse effects on patients · Biocompatibility · Biodegradation of 
material or device · Breast implants · Center for Devices and Radiological Health · 
Constituent materials in the device · Cooper Committee · Cumulative duration of 
contact · Dalkon Shield · Dr. John Autian · Food, Drug, and Cosmetic Act · IDE · 
Leachables · Medical Device Amendments · Medical device industry · Patient 
contact mode and duration · Patient exposure parameters · Safe Medical Devices 
Act · Tripartite

The medical device industry in the Unites States and worldwide is immense in its 
economic impact, scope (between 92,000 and 145,000 different devices are pro-
duced in the United States by ~12,000 different manufacturers employing some 
370,000 people; it is believed that ~2100 of these manufacturers are development 
stage companies without products yet on the market), and importance to the health 
of the world’s citizens (The Wilkerson Group 2013; MDDI 2013; Nugent 1994). 
The assessment of the safety to patients using the multitude of items produced by 
this industry is dependent on schemes and methods which are largely particular to 
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these kinds of products, not as quantitative or modern as those employed for foods, 
drugs, and pesticides, and continue to be in a state of flux. Regulation of the pre-
clinical safety evaluation of such devices is, in fact, fairly recent. It is only with the 
Medical Device Amendments (to the Food, Drug, and Cosmetic Act) of 1992 that 
devices have come to be explicitly regulated at all and with the Safe Medical Devices 
Act of 1993, the Medical Device Amendments of 1992, and subsequent laws that 
regulation of devices for biocompatibility became rigorous. The FDA’s publication 
of their “Use of ISO-10993” document in June of 2016 marks the most recent regu-
latory guidance (FDA 2016).

The causes behind this timing are reviewed in the case histories presented in the 
last chapter of this book.

For purposes of this book, the safety we are concerned with is that related to the 
biological and chemical interactions of devices with patients’ bodies and not that 
due to mechanical or structural malfunction (such as structural failure of heart 
valves and pacemakers). Such safety, also referred to as biocompatibility, only 
became of general concern to the public with publicity around plasticizers in devices 
and increased mortality with cardiovascular stents. Earlier cases of perceived sig-
nificant risk on the part of devices (the Dalkon Shield intrauterine device, silicones 
in breast implants, latex present in gloves, and a wide range of other devices) have 
largely faded from public and professional memory by the beginning of the twenty- 
first century, to be replaced by phthalates, BPA (bisphenol amine), and heavy metals.

1.1  Biocompatibility

A medical device that is adequately designed for its intended use should be safe for that 
use. The device should not release any harmful substances into the patient which can 
lead to adverse effects over the period of patient contact. Some manufacturers believe 
that biocompatibility is sufficiently indicated if their devices are made of “medical 
grade material,” ASTM standard metals, or materials approved by FDA as direct or 
indirect food additives. The term “medical grade” does not have an accepted legal or 
regulatory definition and can be misleading and assigned without biocompatibility test-
ing. Likewise, the existence of a Material Master File (MMF) does not provide any 
assurance as to what biocompatibility data (or of what quality) is available in the file. 
More to the point, as the extent of required data and testing is expanded by regulatory 
antibiotics, what constitutes adequate testing is a moving target as time passes.

There is no universally accepted definition for biomaterial or biocompatibility. 
Yet the manufacturer who ultimately markets a device will be required by FDA to 
demonstrate biocompatibility of the product as part of the assurance of its safety and 
effectiveness. The device manufacturer (and not those providing the constituent 
materials or parts) is responsible for understanding biocompatibility tests and 
selecting currently accepted methods which best demonstrate:

• The lack of adverse biological response from the constituent materials in the 
device

• The absence of adverse effects on patients
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Diversity of the materials used, types of medical devices, nature and duration of 
patient exposure, and potential harms present an enormous challenge to design and 
conduct well-defined biocompatibility testing programs. Experience gained in one 
application area is not necessarily transferable to another application. The same 
applies to different or sometimes slightly different (variable) materials. 
Biodegradation and interaction of materials complicate safety considerations, as 
does the increased scope of combination device/drug products (CFR 1992).

Biocompatibility describes the state of a biomaterial within a physiological envi-
ronment without the material adversely affecting the tissue or (if there is systemic 
exposure, the body) the body adversely affecting the material. Biocompatibility is the 
end product of chemical and physical interactions between the material and the tis-
sue/body and the biological response to these reactions. Unlike with drugs or biolog-
ics, adverse effects can be due not only to chemical effects but to physical effects 
associated with surface characteristics of a device (Gad and Gad-McDonald 2015).

Biocompatibility tests are used to predict and therefore avoid significant adverse 
reactions and establish the absence of any harmful effects of the component mate-
rial. Such tests help to determine the potential risk which the material may pose to 
the patient. The proper use of biocompatibility tests can lead to the rejection of 
potentially harmful materials from use in devices while permitting safe materials to 
be used for manufacturing the device.

Any biocompatibility statement is useful only when it is considered in the proper 
context. A statement such as “polycarbonate is biocompatible” lacks precision and 
can lead to misunderstanding. Any statement of biocompatibility should include 
information on the type of device, intended conditions of use, degree and duration 
of patient contact, and the potential of the device to cause harm. Manufacturers 
should avoid using the term “biocompatible” without clearly identifying the envi-
ronment in which it is used and any limitations on such use. Conditions of manufac-
turing, packaging, and cleaning can also be critical.

The need for biocompatibility testing and the extent of such testing that should 
be performed depend on numerous factors which are presented and considered in 
Chap. 2. These factors include the type of device, intended use, liability, degree and 
duration of patient contact, nature of the components, nature of potentially expressed 
patient population (does it include pediatric patients), and potential of the device to 
cause harm (Gad and Gad-McDonald 2015). There are no universal tests to satisfy 
all situations, and there is no single test which can predict biological performance 
of the material or device and reliably predict the safety of the device. The types and 
intended uses of medical devices determine the types and number of tests required 
to establish biocompatibility. Biological tests should be performed under the condi-
tion which simulates the actual use of the product (including sterilization mode and 
packaging) or material as closely as possible and should demonstrate the biocom-
patibility of a material or device for a specific intended use or range of uses. These 
tests will be more extensive for a new material than for those materials that have an 
established history of long and safe uses.

All materials used in the manufacture of a medical device should be considered for 
evaluation of their suitability for intended use if they have direct or indirect patient 
contact (DiSilvo 2009). Consideration should always be given to the possibility of the 

1.1  Biocompatibility



4

release of toxic substances from the base materials, as well as any contaminants which 
might remain after the manufacturing process or sterilization. The extent of these 
investigations will vary depending on previously known information (prior art) and 
initial screening tests.

1.1.1  Fundamentals of Biocompatibility Tests

Biocompatibility is generally demonstrated by tests utilizing fundamental toxico-
logical principles which provide information on the potential toxicity of materials in 
the clinical application. Many classical toxicological tests, however, were devel-
oped for a pure chemical agent and are not relevant to biocompatibility testing of 
devices constructed from multiple materials. In addition, medical devices are an 
unusual test subject in toxicity testing. As will be discussed, a biomaterial is a com-
plex entity, and the material toxicity is mediated by both physical and chemical 
properties. Toxicity from biomaterial often comes from leachable components or 
contaminants introduced during manufacture, and the chemical composition of a 
material is often not known. Toxicological information on the material and its 
chemical composition is seldom available, and the possible interactions among the 
components in any given biological test system are seldom known.

Biocompatibility cannot be defined by any single test. It is highly unlikely that 
any single parameter will be able to ensure biocompatibility. Therefore, it is neces-
sary to test as many biocompatibility parameters as appropriate to develop a matrix 
of information for assessment. It is also important to test as many samples as pos-
sible. Therefore, suitable positive and negative controls should produce a standard 
response index for repeated tests (Boutrand 2012). Additionally, it is important to 
make use of exaggerated conditions, such as using higher levels of exposure, exag-
gerated temperature of extraction, and longer contact durations or multiple other 
factors more severe than the actual use conditions. Identifying and subsequently 
ensuring an acceptable exposure level that is multiple factors below the lowest toxic 
level is the general, and expected, practice.

Historically, basic biocompatibility tests are short-term tests to establish acute or 
short-term toxicity. Data from these short-term tests should not be stretched to cover 
the areas where no test results are available, and indeed longer-term and more rigor-
ous tests are now being required. A complication for biocompatibility testing com-
pared with pharmaceuticals is that all testing must be performed before there is any 
clinical evaluation or use.

Biocompatibility testing should be designed to assess the potential adverse 
effects under actual use conditions or specific conditions close to the actual use 
conditions. The physical and biological data obtained from biocompatibility tests 
should be correlated to the device and its use. Accuracy, reproducibility, and inter-
pretability of tests depend on the method and equipment used and the investigator’s 
skill and experience.
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There are several toxicological principles which the investigator must consider 
before planning biocompatibility testing programs. Biocompatibility depends on 
the tissue that contacts the device. For example, the requirements for a blood- 
contacting device would be different from those applicable to a urethral catheter. 
Also, the degree and nature of required biocompatibility assurance depend on the 
nature, extent, and duration of contact with the human body. Some materials, such 
as those used in orthopedic implants, are meant to last for a long period in the 
patient. In this case, a biocompatibility testing program needs to show that the 
implant as introduced into the body does not adversely affect the body during the 
long period of use (Greco 1994). The possibility of biodegradation of material or 
device cannot be ignored, and evaluation of such is now required by ISO-10993 
guidances. Biodegradation by the body can change an implant’s safety and effec-
tiveness (USP 2006). The leachables from plastic used during a hemodialysis pro-
cedure may be very low, but the patient who is dialyzed three times a week may 
be exposed to a total of several grams during their lifetime. The foreign body 
response mounted by the body has acute, midterm, and long-term components 
which are generally predictable. Therefore, cumulative effects (chronicity) should 
be assessed.

Two materials having the same chemical composition but different physical 
characteristics may not induce the same biological response. The nature of the tis-
sue to device interface (is the device surface smooth textured or rough) is very 
important. Also, past biological experiences with seemingly identical materials also 
have possible limited toxicity. Toxicity can arise from leachable components of the 
material previously used without adverse effect due to differences in formulation 
and manufacturing procedures.

Empirical correlation between biocompatibility testing results and actual toxic-
ity findings in humans and the extrapolation of the quantitative result from short- 
term in vitro tests to quantitate toxicity at the time of use are controversial. These 
need careful and scientifically sound interpretation and adjustment. The control of 
variation in biological susceptibility and resistance to obtain a biological response 
range for toxic effect and host factors which determine the variability of susceptibil-
ity in toxicological response adjustment to susceptibility in the human population 
also need careful attention.

The challenge of a biocompatibility assessment is to create and use knowledge to 
reduce the degree of unknowns and to help make the best possible decisions. The 
hazard presented by a substance, with its inherent toxic potential, can only be mani-
fested when fully evaluated in a patient. Therefore risk, which is actual or potential 
harm, is a function of toxic hazard and exposure. The safety of any leachables con-
tained in the device or on its surface can be evaluated by determining the total 
amount of potentially harmful substance, estimating the amount reaching the patient 
tissues, assessing the risk of exposure, and performing the risk versus benefit analy-
sis. When the potential harm from the use of biomaterial is identified from the bio-
compatibility tests, this potential must be compared against the availability of a 
suitable alternate material.

1.1  Biocompatibility
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1.2  Scope of Devices and the Medical Device Market

According to section 201(h) of the Food, Drug, and Cosmetic Act, a medical device 
is defined as an instrument, apparatus, implement, machine, contrivance, implant, 
in vitro reagent, or other similar or related article, including a component, part, or 
accessory that is:

• Recognized in the official National Formulary, or the United States 
Pharmacopoeia (USP 2013), or any supplement to them.

Intended for use in the diagnosis of disease, in man or other animals, or

• Intended to affect the structure or any function of the body or man or other ani-
mals, and which does not achieve any of its primary intended purposes through 
chemical action within or on the body of man or other animals, and which is not 
dependent upon being metabolized for the achievement of any of its principal 
intended purposes (CDRH 1992).

Under this definition, historically devices could be considered as belonging to 
one of nine categories (North American Industrial Classification System): surgical 
and medical instruments, ophthalmic, dental, lab apparatus, irradiation, specialty 
devices, medical/surgical supplies, in vitro diagnostics, and electromedical.

The top twenty medical devices by revenues in 1999 were:

 1. Incontinence supplies
 2. Home blood glucose-monitoring products
 3. Wound closure products
 4. Implantable defibrillators
 5. Soft contact lenses
 6. Orthopedic fixation devices
 7. Pacemakers
 8. Examination gloves
 9. Interventional cardiovascular coronary stents
 10. Arthroscopic accessory instruments
 11. Prosthetic knee joint implants
 12. Lens care products
 13. Prosthetic hip joint implants
 14. Multiparameter patient-monitoring equipment
 15. Mechanical wound closure
 16. Wound suture products
 17. Absorbable polymers
 18. Hearing aids
 19. Wheelchair and scooter/mobility aids industry
 20. Peritoneal dialysis sets

1 Introduction: History and Where We Are Headed
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1.3  History

As has previously been reviewed by Hutt (1989), the regulation of medical devices 
has followed a different history than that of drugs. Medical devices go back to at 
least the Egyptians and Etruscans. Problems with fraudulent devices in the United 
States date back to the late 1700s, though no legislative remedy was attempted until 
the 1900s. In fact, the legislative history of the 1906 Food and Drug Act contains no 
references to devices. Devices continued to be regulated under the postal fraud stat-
utes. Such regulation was evidently ineffectual, as fraudulent devices flourished dur-
ing this period. Starting in 1926, the Food and Drug Administration (FDA) monitored 
such devices and assisted the US Postal Service in its regulatory actions. Medical 
devices were covered in the 1938 Act, but only in regard to adulteration and mis-
branding. Over the intervening years, various committees which examined medical 
device regulation consistently came to similar conclusions: that the FDA has inad-
equate authority and resources to regulate the medical device industry. As part of the 
agreement that resulted in passage of the 1962 amendments, however, all references 
to medical devices were deleted. The need and demand for increased regulation 
continued to grow. In 1967, President Lyndon Johnson supported the proposed 
Medical Device Safety Act, which nevertheless was not well received by Congress. 
In fact, no legislation pertaining to medical device safety was passed until 1976.

In 1969, at the request of then President Richard Nixon, the Department of 
Health, Education, and Welfare (HEW) established a Study Group in Medical 
Devices, also known as the Cooper Committee, because it was chaired by the 
Director of the National Heart and Lung Institute, Dr. Theodore Cooper. Its report 
in 1970 concluded that a different regulatory approach was needed to deal with 
medical devices. This report initiated the chain of events that culminated in the 
Medical Device Amendment of 1976. In the interim, the Bureau of Medical Devices 
and Diagnostic Products was created in 1979. Remarkably, the 1976 Amendment 
retained the essential provisions of the Cooper Committee Report regarding inven-
tory and classification of all medical devices by class: Class I (general controls), 
Class H (performance standards), or Class III (premarket approval). These classifi-
cations are discussed in greater detail later in this chapter. These remain the essen-
tial regulations applicable to medical devices. Both the Drug Price Competition and 
Patent Restoration Act of 1984 and the Orphan Drug Act of 1983 contained lan-
guage that made the provisions of the laws applicable to medical devices but did not 
have provisions unique to medical devices. The recent perceptions, revelations, and 
controversy surrounding silicone breast implants will probably cause additional 
changes in the regulation of devices.

As a consequence, 1978 brought guidelines for investigational device exemp-
tions (IDEs, the equivalent of INDAs for drugs). These requirements, as shall be 
seen later, effectively excluded a wide range of medical devices from regulation by 
establishing an exemption for those new or modified devices which are equivalent 
to existing devices. The year 1990 saw the passage of the Safe Medical Devices Act, 
which made premarketing requirements and postmarketing surveillance more rigor-
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ous. The actual current guidelines for testing started with the USP guidance on 
biocompatibility of plastics. A defined regulatory approach sprang from the tripar-
tite agreement, which is a joint intergovernmental agreement between the United 
Kingdom, Canada, and the United States (with France having joined later). After 
lengthy consideration, the FDA announced acceptance of International Standards 
Organization (ISO) 10,993 guidelines for testing (ASTM 1990; FAO 1991; MAPI 
1992; O’Grady 1990; Spizizen 1992) under the rubric of harmonization. This is the 
second major trend operative in device regulation: the internationalization of the 
market place with accompanying efforts to harmonize regulations. Under ICH 
(International Conference on Harmonization) great strides have been made for 
drugs in this area.

Independent of FDA initiatives, the USP and ASTM have promulgated test meth-
ods and standards for various aspects of establishing the safety of drugs (such as the 
2013 standards for measurement of heavy metals in extractable materials from 
devices), which were, in effect, regulations affecting the safety of drugs and devices. 
Most of the actual current guidelines for the conduct of nonclinical safety evalua-
tions of medical devices have evolved from such quasi-agency actions (such as the 
USP’s 1965 promulgation of biological tests for plastics and ongoing American 
National Standards Institute (ANSI) standard promulgation).

Public concerns about three specific device safety issues served to increase regu-
latory scrutiny. The first of these, the Dalkon Shield, was an intrauterine contracep-
tive device produced by the A. H. Robbins Corporation (Sivin 1993). Its use was 
associated with unacceptable rates of pregnancy, pelvic inflammatory disease, and 
death in women who used it. The device was withdrawn from the market in 1974 
and in 1988 Robbins reached a $3.3 billion settlement in response to a class action 
suit (Nocera 1995).

The second case is that of silicone-filled breast implants, which have been pur-
ported to cause a range of autoimmune and neurologic effects on some women who 
have them. Though the validity of these claims remains unproven or disproven, liti-
gation over them drove the primary manufacturer (Dow Corning) into bankruptcy 
and led to the removal of these products from the market (though, in 2006, they have 
returned to the market). Since the late 1980s concern has grown about allergic 
responses to latex in devices. Several deaths have been blamed on anaphylactic 
responses to such effects (Lang 1996). The third was associated with toxic shock 
syndrome (TSS) caused by super absorbant tampons.

1.4  Nonspecific Regulatory Considerations

A broad scope review of regulatory toxicology is presented in Gad (2001). Some 
necessary to understand regulations beyond those covered in Chap. 2 requires 
review here, however.
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1.4.1  Good Laboratory Practices

The original promulgation of GLPs was by the US FDA in 1978 in response to a 
variety of cases which led the agency to conclude that some of the data that it had 
obtained in support of product approvals were not trustworthy. Subsequently, other 
regulatory agencies and authorities in the United States and across the world have 
either promulgated their own version of similar regulations or required adherence to 
the set generated by the US FDA or another body. The EEC requirement for compli-
ance with GLPs for safety tests has recently been reinforced in a modification of 
Directive 75/318/EEC (Regulatory Affairs Focus 1996; ISO 1990; European 
Community 1991). The FDA last revised the GLP regulations in 1989 (FDA 1986).

The GLPs require that all pivotal preclinical safety studies, that is, those that are 
used and regulatorily required to make decisions as to the safety of the product (in 
our case, a device), be conducted under a well-defined protocol utilizing procedures 
set forth in written standard operating procedures by trained (as established by doc-
umentation) personnel under the direction of a study director. All work must be 
reviewed by an independent Quality Assurance Unit (QAU). The regulations require 
rigorous attention to record keeping, but do not dictate how actual studies are 
designed or conducted in a technical sense (Gad and Taulbee 1996).

1.4.2  Animal Welfare Act (AWA)

Gone are the days when the biomedical research scientist could conduct whatever 
procedures or studies that were desired using experimental animals. The Animal 
Welfare Act (APHIS 1989) (and its analogues in other countries) rightfully requires 
careful consideration of animal usage to ensure that research and testing uses as few 
animals as possible in as humane a manner as possible. As a start, all protocols must 
be reviewed and approved by an Institutional Animal Care and Use Committee 
(IACUC) prior to animals being ordered or a study being initiated. Such review takes 
time, but should not serve to hinder good science. When designing a study or devel-
oping a new procedure or technique, the following points should be kept in mind:

 1. Will the number of animals used be sufficient to provide the required data, yet 
not constitute excessive use? It ultimately does not reduce animal use to utilize 
too few animals to begin with and then have to repeat the study.

 2. Are the procedures employed the least invasive and traumatic available? This 
practice is not only required by regulations but is also sound scientific practice, 
since any induced stress will produce a range of responses in test animals that 
can mask or confound the chemically induced effects.

1.4  Nonspecific Regulatory Considerations
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1.4.3  Regulations Versus Law

A note of caution must be inserted here. The law (the statute promulgated by Congress) 
and the regulations (the documents written by the regulatory authorities to enforce the 
laws) are separate documents. The sections in the law do not necessarily have numeri-
cal correspondence with regulation. For example, the regulations on the PMA process 
is described in 21 CFR 312 (FDA 2013), but the law describing the requirement for a 
PMA process is in Section 515 of the FDLI. Because the regulations rather than the 
laws themselves have a greater impact on toxicological practice, greater emphasis is 
placed on regulation in this chapter. For a complete review of FDA law, the reader is 
referred to the monographs by Food and Drug Law Institute in FDLI (2013).

Laws authorize the activities and responsibilities of the various federal agencies. 
All proposed laws before the US Congress are referred to committees for review 
and approval. The committees responsible for FDA oversight are summarized on 
Table 1.1. This table also highlights the fact that authorizations and appropriations 
(the funding necessary to execute authorizations) are handled by different commit-
tees. Figure 1.1 presents the organization of the Center for Devices and Radiological 
Health (CDRH). As can be seen by the organizational structure presented in the 
figure, the categorization of devices for division review purposes is function-
ally based.

1.4.4  Organizations Regulating Drug and Device Safety 
in the United States

The agency formally charged with overseeing the safety of drugs and devices in the 
United States is the FDA.  It is headed by a commissioner who reports to the 
Secretary of the Department of Health and Human Services (DHHS) and has a tre-
mendous range of responsibilities covering almost a third of the economy of the 
United States. Medical devices are overseen by the CDRH, headed by a director. 

Table 1.1 Congressional committees responsible for FDA oversight

Authorization

Senate All public health service agencies are under the jurisdiction of the Labor and Human 
Resources Committee

House Most public health agencies are under the jurisdiction of the Health and the 
Environmental Subcommittee of the House Energy and Commerce Committee

Appropriation

Senate Unlike most other public health agencies, the FDA is under the jurisdiction of 
Agriculture, Rural Development, and Related Agencies Subcommittee of the Senate 
Appropriations Committee

House Under the jurisdiction of the Agriculture, Rural Development, and Related Agencies 
Subcommittee of the House Appropriations Committee
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Drugs are overseen primarily by the Center for Drug Evaluation and Research 
(CDER) (though some therapeutic or healthcare entities are considered as biologi-
cally derived and therefore regulated by the Center for Biologics Evaluation and 
Research, or CBER). There are also “combination products” (part drug, part device) 

Fig. 1.1 Center for Devices and Radiologic Health (CDRH) Organizational Structure
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which may be regulated by either or both CDER/CBER and CDRH, depending on 
the principal mode of action (PMOA) of the product.

Most of the regulatory guidance for a toxicologist involved in assessing the bio-
compatibility of devices is with the appropriate part of the CDRH, though for com-
bination products, the two centers charged with drugs or biologicals may also come 
into play. Within the CDRH there is a range of groups (called divisions) which focus 
on specific areas of use for devices (such as general and restorative devices; cardio-
vascular, respiratory, and neurological devices; ophthalmic devices; reproductive, 
abdominal, ear, nose, and throat, and radiological devices; and clinical laboratory 
devices). Within each of these, there are engineers, chemists, pharmacologists/toxi-
cologists, statisticians, and clinicians.

There is also at least one nongovernmental body which must review and approve 
various aspects of devices, setting forth significant “guidance” for the evaluation of 
safety of devices. This is the USP, and its responsibilities and guidelines are pre-
sented later in Chap. 2.

Modern regulation of the biological safety of medical devices and the materials 
that they are composed of begins in the late 1950s with concern over the potential 
risks arising from chemical moieties in plastics migrating into drugs. Prior to this 
time, most drugs and infusion solutions had been stored and dispensed or delivered 
from glass containers. This was advanced by the works of Dr. John Autian, who 
founded the Drug-Plastic Research Laboratory at the College of Pharmacy at the 
University of Texas. His initial publication on the toxicology of phthalate esters 
(Calley et al. 1966) lead to the testing and plastics designations section (for medical 
“closures”) in the United States Pharmacopeia. The resulting testing requirements 
are shown in Table 1.2.

These testing guidelines, being all that was available, were used to evaluate the 
biological safety of medical devices and nonmetal biomaterials.

The next step was the development of the tripartite, originally developed jointly 
by Canada, the United Kingdom, and the United States (a group subsequently joined 

Table 1.2 Innovative areas of medical device (The Wilkerson Group 2013)

Rank Product Revenue growth rate (%) (years) Specialty

1 Fibrin sealants 174.6 (95–02) Wound care
2 Solid artificial organs 141.2 (95–02) Transplant/

implant
3 Left ventricular assist devices 96.0 (95–02) Cardiovascular
4 Skin substitute products 63.1 (97–04) Wound care
5 Refractive surgical devices 54.4 (98–05) Ophthalmic
6 Gynecologic falloposcopes 49.5 (95–00) Endoscopic/MIS
7 PTMR products 47.8 (00–04) Cardiovascular
8 Bone growth substitutes and 

growth factors
47.0 (97–04) Orthopedics

9 Growth factor dressings 46.0 (97–04) Wound care
10 Vascular stent-grafts 46.0 (97–04) Cardiovascular

Source: Frost & Sullivan
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by France) in 1986 (FDA 1986). These guidelines first presented a classification of 
devices by type and duration of patient exposure.

With a few years of exposure, this guidance evolved into the ISO 10993 system.

1.5  Potential Patient Exposure Parameters (Routes, 
Regimens, Quantities, and Durations) as a Principal 
Determinant of Risk

Unlike drugs, food additives, pesticides, biologics, industrial chemicals, or consumer 
products, the biologic safety (biocompatibility) of medical devices is not determined 
relative to known administered doses of substances nor for the most part (see the 
chapter on leachables and extractables [L&Es] and determination of qualified safety 
levels – which for devices are called tolerable exposures or TEs – for the exception 
to this) are the precise chemical entities to which patients (or cellular or animal mod-
els) are exposed/identified (Gad and Schuh 2018; Gad and Gad-McDonald 2015).

Rather, we use defined biological test systems to evaluate effects in terms of 
responses to define contact between the device and potential patients. That is, we 
use bioassays.

The potential interactions between a medical device and patients are determined 
by three factors (which are incorporated into the ISO 10992-1 testing matrix).

1.5.1  What Is the Type or Route of Patient Exposure?

Which patient tissues have contact with a device is overwhelming the determinant 
what happens at this direct tissue/device surface interface that presents potential 
adversity. While there are exceptions (genotoxicity, pyrogenicity and for the most 
part sensitization), physical and chemical interactions by which the host and device 
modify each other occur at this interface or very near it.

Devices may have more than one type of tissue contact, which complicates eval-
uation of potential interactions.

1.5.2  How Much of the Device Contacts Patient Tissues?

The measurement here is not (generally) of the mass of the device, but rather of the 
surface area.

When the test in question consists of direct device to tissue contact (such as with 
implantation), the device itself determines the quantity of surface to tissue contact 
(such as in implantation studies). That said, in many cases, what is tested is an 
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extract solution derived from the actual device. In these situations, testing practices 
and guidelines call for determining the potential surface area having contact with 
patient tissues and then using a guideline (ISO 10993)-prescribed volume of one or 
more vehicles (solvents, really) to be used in performing extractions so as to provide 
a liquid which can be used in subsequent actual tests (Table 1.3).

In some cases, the shape of a device component having patient contact is so 
irregular that it is not possible to accurately calculate a surface area, so rather the 
weight of the device determines the volume of extraction solution (Table 1.4).

In most cases, two separate extraction fluids are used – a polar (such as water, 
saline, or ethanol in water) and a nonpolar (such as hexane). See Table 1.1 for a list 
of extraction fluids. These are intended to simulate the principal physicochemical 
components of the body – water (~67% of body volume on average) and lipids. The 
original USP list of solvents was more extensive, as it was intended to reflect the 
range of solvents which were used in the formulation of medicants in contrast with 
the plastic and elastomer containers (“closures”) for drugs. This broader range of 
solvents is still reflected in the (mouse) acute systemic toxicity test.

An exception is in the case of mammalian in  vitro genotoxicity tests, where 
extraction is directly into culture medium with serum. Here, the underlying thought 
is that the medium stands in place of blood, which would serve to transfer any 
potential genotoxic moiety from the surface of the device to a potential susceptible 
target tissue.

Table 1.3 Volume/surface area

Form of material Thickness
Amount of sample for each 20 mL of 
extracting mediuma Subdivided into

Film or sheet <0.5 mm Equivalent of 120 cm2 total surface 
area (both sides combined)

Strips of about 
5 × 0.3 cm

0.5–1 mm Equivalent of 60 cm2 total surface area 
(both sides combined)

Tubing <0.5 mm 
(wall)

Length (in cm) = 60 cm2/(sum of ID 
and OD circumferences)

Sections of about 
5 × 0.3 cm

0.5–1 mm 
(wall)

Length (in cm) = 60 cm2/(sum of ID 
and OD circumferences)

Slabs, tubing, and 
molded items

>1 mm Equivalent of 60 cm2 total surface area 
(all exposed surfaces combined)

Pieces up to about 
5 × 0.3 cm

Elastomers >1 mm Equivalent of 25 cm2 total surface area 
(all exposed surfaces combined)

Do not subdivideb

aWhen surface area cannot be determined due to the configuration of the specimen, use 0.1 g of 
elastomer or 0.2 g of plastic or other polymers for every 1 mL of extracting fluid
bMolded elastomeric closures are tested intact
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Table 1.4 Extraction fluids

Common name: Cottonseed oil (CSO)
  Chemical name: NA
  Molecular weight: NA
  Formula: Mixture of natural products; glycerides of palmitic, olive, and linoleic acids
  Density: 0.915–0.921 g/ml
  Volatility: Low
  Solubility/miscibility: Soluble in ether, benzene, chloroform, and DMSO. Slightly soluble in 

ethanol
  Biological considerations: Orally, serves as energy source (and therefore can alter food 

consumption and/or body weight). Prolonged oral administration has been associated with 
enhanced carcinogenesis

  Chemical compatibility/stability considerations: Thickens upon prolonged exposure to air. 
Available in USP grade.

  Uses (routes): In extractions and as a vehicle for oral, dermal, vaginal, rectal and 
subcutaneous administration

Common name: DMSO/dimethyl sulfoxide
  Chemical name: Sulfinylbis[methane]; CAS #67–68-5
  Molecular weight: 78.13
  Formula: C2H6OS
  Density: 1.100 g/ml at 20 °C
  Volatility: Medium
  Solubility/miscibility: Soluble in water, ethanol, acetone, ether, oils
  Biological considerations: Oral LD50 (rats) = 17.9 ml/kg. Repeated dermal exposure can 

defat skin. Repeated oral exposure can produce corneal opacities. Not cytotoxic to cells in 
primary culture at less than 0.05% (V/V). Intraperitoneal LD50 (mice) = 11.6 ml/kg

  Chemical compatibility/stability considerations: Very hydroscopic liquid. Combustible
  Uses (routes): All, as a carrier at up to 5% to enhance absorption
Common name: Ethanol; EtOH
  Chemical name: Ethyl alcohol; CAS #64–17-5
  Molecular weight: 46.07
  Formula: C2H5OH
  Density: 0.789 g/ml
  Volatility: High, but declines when part of mixture with water
  Solubility/miscibility: Miscible with water, acetone, and most other vehicles
  Biological considerations: Orally, will produce transient neurobehavioral intoxication. Oral 

LD50 (rats) = 13.0 ml/kg. Intravenous LD50 (mice) = 5.1 ml/kg
  Chemical compatibility/stability considerations: Flammable colorless liquid available USP 

grade
  Uses (routes): Extraction solvent vehicle for dermal and oral, though can be used in lower 

concentrations for most other routes. Volume of oral instillation should be limited to 5 ml/kg
Common name: Polyethylene glycol (PEG)
  Chemical name: NA
  Molecular weight: 400 (approximate average, range 380–420)
  Formula: H(OCH2CH2)nOH

(continued)

1.5  Potential Patient Exposure Parameters (Routes, Regimens, Quantities…
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1.5.3  What Is the Cumulative Duration of Contact of a Device 
with a Patient?

The cumulative duration of contact is critical in determining both the potential risk 
to patients and the extent of testing required. Very short-term exposures generally 
require just the basic three tests (cytotoxicity, irritation in the appropriate tissue, and 
sensitization). With longer duration of exposure, the range and scope of potential 
interactions between host and devices increase, calling for a more extensive range 
of tests.

The “continental divide” is 30 days, after which exposure is considered “perma-
nent.” The basis for this is by this time, the body’s adaptive immune system has had 
time to fully respond to the surface of the device and any moieties which may be 
released from the device into the body.

Notice that duration is defined as cumulative if the identical type of device is 
sequentially replaced with new units on a regular basis (such as occurs with cathe-
ters or wound dressings) then it is as if a single device was left in place for the entire 
time the device type had patient contact.

Note also that by definition, implanted devices have “permanent” durations of 
contact. It is important to differentiate that components/tools (such as guidewires or 
tracers) which are used to put an implant in place do not have permanent contact 
(rather their contact is less than 24 hours); the implanted devices themselves are 
permanent.

Table 1.4 (continued)

  Density: 1.128 g/ml
  Volatility: Very low
  Solubility/miscibility: Highly soluble in water. Soluble in alcohol and many organic solvents
  Biological considerations: Employed as water-soluble emulsifying/dispersing agents. Oral 

LD50 (mice) = 23.7 ml/kg. Oral LD50 (rats) = 30 ml/kg
  Chemical compatibility/stability considerations: Do not hydrolyze or deteriorate on storage 

and will not support mold growth. Clear, viscous liquid
  Uses (routes): As extraction solvent for oral administration as a vehicle full strength or mixed 

with water. Total dosage of PEG-400 should not exceed 5–10 ml
Common name: Saline
  Chemical name: Physiological saline; isotonic salt solution
  Molecular weight: 18.02
  Formula: 0l9% NaCl in water (weight to volume)
  Density: As water
  Volatility: Low
  Solubility/miscibility: As water
  Biological considerations: No limitations – preferable to water in parenteral applications
  Chemical compatibility/stability considerations: None
  Uses (routes): Extraction solvent all except periocular

Source: Gad and Chengelis (1992); Lewis (2012)
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The first special case is that of resorbable devices. These are almost always per-
manent, as it takes more than 30 days for the device to be (effectively) dissolved into 
the body and have much greater potential to generate/release chemical components 
that are distributed throughout the body.

The second special case is that of respiratory devices – devices meant to support 
patient breathing and in some cases to administer/infuse drug materials by the pul-
monary route. The direct patient contact with these devices is limited to external 
skin where the devices generally touch the face, and the epithelial tissue on the 
inside of the nose and/or mouth; however, hair flow through the devices into breath-
ing channels has the opportunity to pick up and carry on materials from the interior 
surface of the device as it passes through, progressing perhaps all the way into a 
patients deep dungs. A further complication is that the devices have significant use 
in the very young (neonates, pediatrics, and juveniles) and very old and in individu-
als who are already significantly compromised in their breathing.
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As discussed in Chap. 1, in the United States (according to 201(h) of the Food, 
Drug, and Cosmetic Act), a medical device is defined as an instrument, apparatus, 
implement, machine, contrivance, implant, in vitro reagent, or other similar or 
related article, including a component, part, or accessory that is:

 (a) Recognized in the official National Formulary, the United States Pharmacopoeia 
(USP), or any supplement to them, and

 (b) Intended for use in the diagnosis of disease or other condition, or in the cure, 
mitigation, treatment, or prevention of disease, in man or other animals, or 
intended to affect the structure or any function of the body or man or other ani-
mals, and which does not achieve any of its primary intended purposes through 
chemical action within or on the body of man or other animals, and which is not 
dependent upon being metabolized for the achievement of any of its principal 
intended purposes (CDRH 1992). This same operational definition generally 
applies across the major global markets.

2.1  Regulatory Basis

2.1.1  Regulations: General Considerations for the United States

The US regulations for medical devices derive from seven principal laws:

Federal Food, Drug, and Cosmetic Act of 1938
Medical Device Amendments of 1976
Safe Medical Devices Act of 1990
Medical Device Amendments of 1992
FDA Modernization Act of 1997 (Section 204)
Blue Book Memos—ODE Guidance Memoranda of 1997
Use of International Standard ISO-10993 (2013)

The US federal regulations that govern the testing, manufacture, and sale of med-
ical devices are covered in Chap. 1, Title 21 of the Code of Federal Regulations (21 
CFR). These comprise nine 6 × 8-inch volumes which stack 8 inches high. This title 
also covers foods, veterinary products, medical devices, and cosmetics. As these 
topics will be discussed elsewhere in this book, here we will briefly review those 
parts of 21 CFR that are applicable to medical devices (Gad 2001; Heller 1999).

Of most interest to a toxicologist working in this arena would be Chap. 1, 
Subchapter A (Parts 1–78), which covers general provisions, organization, etc. The 
good laboratory practices (GLPs) are codified in 21 CFR 58. The regulations appli-
cable to medical devices are covered in Subchapter H, Parts 800–895 of 21 CFR. As 
discussed earlier, the term medical device covers a wide variety of products: contact 
lenses, hearing aids, intrauterine contraceptive devices, syringes, catheters, drip 
bags, orthopedic prostheses, etc. The current structure of the law was established by 
the Medical Device Amendment of 1976. Products on the market on the day the 
amendment was passed were assigned to one of three classes (I, II, or III), based on 
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the recommendation of advisory panels. Medical device classification procedure is 
described in Part 860. Class I products (the least risk burdened) were those for which 
safety and effectiveness could be reasonably assured by general controls. Such 
devices are available over the counter to the general public. Class II products were 
those for which a combination of general controls and performance standards was 
required to reasonably assure safety and effectiveness. Class II devices are generally 
available only with a doctor’s prescription, but may be used at home. Class III prod-
ucts were those for which general controls and performance standards were inade-
quate; these were required to go through a premarket approval process. All devices 
commercially distributed after May 28, 1976 (“pre-amendment Class III devices”), 
which are not determined to be substantially equivalent to an existing marketed 
device are automatically categorized as Class III and require the submission of a 
PMA. Please note that these are classifications for regulatory purposes only and are 
distinct from the classification (HIMA/PHRMA) of product types (e.g., internal ver-
sus external) discussed elsewhere in this chapter. Kahan (1995) provides a detailed 
overview of what comprises general controls, performance standards, and such.

As with the subchapter on drugs, much of the subchapter on medical devices in 
the regulations concerns categorizations and specifics for a wide variety of devices. 
For a toxicologist involved in new product development, the parts of highest interest 
are 812 and 814. As with drugs, devices must be shown to be safe and effective 
when used as intended, and data must be provided to demonstrate such claims. In 
order to conduct the appropriate clinical research to obtain these data, a sponsor 
applies to the agency for an IDE, as described in 21 CFR 812. As stated in this sec-
tion, “an approved investigational device exemption (IDE) permits a device that 
would otherwise be required to comply with a performance standard or to have 
premarket approval to be shipped lawfully for the purpose of conducting investiga-
tions of that device.” Given the broad range of products that fall under the category 
of medical devices, the toxicological concerns are equally broad; testing require-
ments to support an IDE are vaguely mentioned in the law, even by FDA standards. 
In this regard, the law simply requires that the IDE application must include a report 
of prior investigations which “shall include reports of all prior clinical, animal and 
laboratory testing.” There is no absolute written requirement for animal testing, only 
a requirement that such testing must be reported. It should be noted here that unlike 
with the clinical evaluation of drugs, in most cases all requested biocompatibility 
testing must be performed before any clinical testing is initialized.

There are, of course, standards and conventions to be followed in designing a 
safety package to support an IDE, and these are discussed in a subsequent section of 
this chapter. The expansion and increased sophistication of ISO guidances have 
tended to shift the balance toward an increasing set of required pre-IDE biocompat-
ibility tests.

In order to obtain a license to market a device, a sponsor either submits a 510(k) 
premarket notification or applies for a premarket approval (PMA), as described in 21 
CFR 814. Like an NDA, a PMA application is a very extensive and detailed docu-
ment that must include, among other things, a summary of clinical laboratory stud-
ies submitted in the application 921 CFR 814.20(b)(3)(v)(A), as well as a section 
containing results of the nonclinical laboratory studies with the device,  including 

2.1  Regulatory Basis
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microbiological, toxicological, immunological, biocompatibility, stress, wear, shelf 
life, and other laboratory or animal tests as appropriate. As with drugs, these tests 
must be conducted in compliance with the GLP regulations. Under the language of 
the law, a sponsor submits a PMA, which the FDA then “files.” The acceptance for 
filing of an application means that “FDA has made a threshold determination that 
the application is sufficiently complete to permit substantive review.” Reasons for 
refusal to file are listed in 814.44(e) and include items such as an application that is 
not complete and has insufficient justification for the omission(s) present. The 
agency has 45 days from receipt of an application to notify the sponsor as to whether 
or not the application has been filed. The FDA has 180 days after filing of a complete 
PMA (21 CFR 814,40) to send the applicant an approval order, an “approved” letter 
or a “not approved” letter, or an order denying approval. An “approval order” is self-
explanatory and is issued if the agency finds no reason (as listed in 814.45) for deny-
ing approval. An “approved” letter 814.44(e) means the application substantially 
meets requirements, but some specific additional information is needed. A “not 
approved” letter, 814.45(f), means that the application contains false statements of 
fact and does not comply with labeling guidelines or that nonclinical laboratory 
studies were not conducted according to GLPs, etc. Essentially, an order denying 
approval means that the sponsor must do substantially more work and must submit 
a new application for PMA for the device in question. 510(k) premarket approval 
submissions are less extensive than PMAs, but must still include appropriate pre-
clinical safety data. 510(k)s are supposed to be approved in 90 days.

An alternative new is the “de novo” 510(k) route, filed for devices for which 
there is a lack of a suitable predicate, but for which a determination of “no signifi-
cant risk” has been made.

Actual review and approval times historically have been much longer than the 
statutory limits (The Grey Sheet 1996). For 2016, 59.7% of 510(k)s were initially 
submitted to and cleared by FDA (versus other regulatory bodies). The average total 
review time for Class III products in the United States cleared by 510(k) was 
177 days. Less than 20% of 510(k)s took less than 3 months to clear. Current aver-
age PMA review times are projected to be 16 months (Eisenhart 2017). See Chap. 1 
for a discussion of general regulatory considerations (such as good laboratory prac-
tices) which are applicable to all safety evaluation studies.

2.2  Regulations Versus Law

A note of caution must be inserted here. The law (the document passed by Congress) 
and the regulations (the documents written by the regulatory authorities to enforce 
the laws) are separate documents. The sections in the law do not necessarily have 
numerical correspondence. For example, the regulations on the PMA process are 
described in 21 CFR 312, but the law describing the requirement for a PMA process 
is in Section 515 of the FDCA.  Because the regulations rather than the laws 
 themselves have a greater impact on the practice of nonclinical safety evaluation, 
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greater emphasis is placed on regulation in this chapter. For a complete review of 
FDA law, the reader is referred to the monographs by Food and Drug Law Institute 
(FDLI) in 1995, 1996, and 1998 (Table 2.1).

2.3  Organizations Regulating Device Safety in the United 
States

The agency formally charged with overseeing the safety of devices and diagnostics 
in the United States is the Center for Devices and Radiological Health (CDRH) of 
the FDA.  It is headed by a commissioner who reports to the Secretary of the 
Department of Health and Human Services (DHHS) and has a tremendous range of 
responsibilities. Medical devices are specifically overseen by the CDRH, headed by 
a director. Drugs are overseen primarily by the Center for Drug Evaluation and 
Research (CDER) (though some therapeutic or healthcare entities are considered as 
biologically derived and therefore regulated by the Center for Biologics Evaluation 
and Research, or CBER). There are also “combination products” (part drug, part 
device) which may be regulated by either or both CDER/CBER and CDRH, depend-
ing on what the principal mode of action (PMOA) is determined to be by the FDA 
(CFR 1992).

2.4  Classification of Devices

In the United States, in accordance with the 1976 Medical Device Amendment, 
devices are categorized as below:

• Class I—General controls (equivalent to OTC)
• Class II—Performance standards and special controls (distribution is licensed 

healthcare professional controlled)
• Class III—Premarket approval (clinical use only)
• Pre-amendment devices

In Europe, there is a lengthy set of rules in the EC Medical Device Directive 
(Council Directive 1993) to place devices in Classes I, IIa, IIb or III. Class I is the 
minimum grade and Class II the maximum (The Final Draft Guidelines on Medical 
Device Classification, n.d.). This classification determines the extent of supporting 
data that is required to obtain marketing approval.

Table 2.1 FDA device 
categories and suggested 
biological testing (FDA 
1995)

FDA INSERT WEBSITE
CDER INSERT WEBSITE
CBER INSERT WEBSITE
CDRH INSERT WEBSITE

2.4  Classification of Devices
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In the USA, the FDA Center for Devices and Radiological Health recognizes 
three classes of medical device, and this system is based on whether the product was 
on the market prior to the passage of the 1976 Medical Device Amendments. If a 
new device is substantially equivalent to a pre-amendment device, then it will be 
classified the same as that device. This means that for Class I and II products, no 
premarket approval is necessary. Class III products need pre-marketing approval, 
and all new devices which are not substantially equivalent to existing products fall 
automatically into Class III.

Japan (MHLW 2012) and Korea have a somewhat different three class system. 
Class I includes products that have no body contact and would not cause any dam-
age to the human body if they failed, for example, X-ray film. These products need 
pre-marketing approval in terms of medical device regulations, although they may 
need to be tested under industrial guidelines like those of the OECD. Class II prod-
ucts have external contact with the body, Class III have internal contact, and both 
need additional testing. Figure  2.1 presents the MHLW scheme for device 
classification.

Most of the regulatory interaction of a toxicologist involved in assessing the 
biocompatibility of devices is with the appropriate part of the CDRH, though for 
combination products, the two centers charged with drugs or biologicals may also 
come into play. Within the CDRH there is a range of groups (called divisions) which 
focus on specific areas of use for devices (such as general and restorative devices; 
cardiovascular, respiratory, and neurological devices; ophthalmic devices; repro-
ductive, abdominal, ear, nose, and throat and radiological devices; and clinical labo-
ratory devices). Within each of these there are engineers, chemists, pharmacologists/
toxicologists, statisticians, and clinicians.

There is also at least one nongovernmental body which must review and approve 
various aspects of devices, setting forth significant “guidance” for the evaluation of 
safety of devices. This is the USP, and its responsibilities and guidelines are pre-
sented later in this chapter.

The other two major regulatory organizations to be considered are the 
International Standards Organization (ISO), with ISO 10993 standards (ISO, vari-
ous dates) (ISO 1992, 2008, 2017), and the Japanese Ministry of Health and Welfare 
(MHW) with its guidelines (MHLW 2012).

2.5  Toxicity Testing: Medical Devices

In a statutory sense, historically any item promoted for a medical purpose which 
does not rely on chemical action to achieve its intended effect is a medical device 
(as discussed earlier). In vitro diagnostic tests are also regulated as medical devices. 
The regulation of devices under these definitions has had a different history than 
that of drugs—it has not been as strict and it has evolved at a slower rate. However, 
the requirements for the safety evaluation and biocompatibility evaluation of devices 
have rapidly been becoming more sophisticated and closer to that for new drugs. 
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Fig. 2.1 Medical device classification flowchart

START HERE

Incorporates a medicinal 
substance

Blood bag

Contains animal tissue

For contraception or prevention 
of sexually transmitted diseases

INVASIVE
N

For disinfecting, cleaning, 
rinsing, or hydrating contact 

lenses
N

For disinfecting medical devices
N

ACTIVE
N

To record an x -ray diagnostic 
image

For modifying the biological or 
chemical composition of blood, 

other body liquids or other 
liquids intended for infusion into 

the body

For channeling or storing blood, 
body liquids, or gases for the 
purpose of eventual infusion, 
administration, or introduction 

into the body

For injured skin

Dermis breached and can heal 
only by secondary intent

N
Used mechanical barrier, for 

compression, or for absorption 
of exudate

Device is a blood bag

Substance is anticoagulant

Contact with skin only

Implantable or long term

(see page 89)

(see page 90)

By filtration, centrifugation, or 
exchange of gas or heat

May be connected to an active device 
in Class IIA or higher

III

N/A

IIB

III

III

IIB

IIB

IIA

IIA

IIB

IIA

IIA

IIA

I

IIB

IIA 

I

For storing or channeling blood or other body liquids or 
for storing organs, parts of organs, or body tissues

Y

Y

Y

Y

Y

Y

Y Y

Y

Y

Y

Y

Y

Y

Y
Y

Y
Y

Y

Y

Y

Y

N

N N

NN

N

N

N

NN

N N

N

N

N

N

I

(continued)

2.5  Toxicity Testing: Medical Devices



26

The safety concerns are, however, also somewhat different. Toxicologic safety 
 concerns for devices (as opposed to concerns of mechanical safety, such as disinte-
gration of heart valves) are called biocompatibility concerns.

Medical devices are classified as being in three different classes and are regu-
lated accordingly. Class III devices are subject to the greatest degree of regulation 
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cavity and not liable to be absorbed by
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and include devices which are implanted in the body, support life, prevent health 
impairment, or present an unreasonable risk of illness or injury. These are subject to 
premarketing approval. Class II and Class I devices are subject to lesser control, 
required only to comply with general controls and performance standards.

There are several governing schemes for dictating what testing must be done on 
new Class III devices in the general case, with each developed and proposed by a 
different regulatory organization at different times over the last few years. ISO has 
attempted to harmonize these requirements so that different (or duplicate) testing 
would not need to be performed to gain device approval in different national mar-
kets. As discussed in the last chapter of this book, there are also specialized testing 
requirements for some device types such as contact lenses (FDA 1997) and tampons 
(CDRH 1995c). The ISO effort has generally been successful and parallels that of 
ICH for drugs (though ISO is, it should be noted, an NGO and not a governmental 
regulatory body). Where differences exist, they are highlighted in this volume as 
specific requirements and designs are presented.

As with drugs, all safety testing for devices must be conducted in conformity 
with GLPs (FDA 1987; Fries 1999; and Gad and Taulbee 1996). Table 2.2 presents 
the existing FDA CDRH requirements for device characterization and testing 
(CDRH 1995a, b). The exact nature of the test protocols is based on recommenda-
tions by USP, ISO, and others. It should be noted that Class I devices, if new, are 
also subject to the ISO guidelines. It should also be noted that the FDA generally 
(but not strictly) now adheres to the ISO guidance on test requirements (see Tables 
2.13 and 2.14) (FDA 2016).

Additional concerns with devices are considerations of their processing after 
production. For example, concerns have risen about the potential for allergies to 
develop to latex components and for male reproductive effects for DEHP leaching 
from medical devices have led to the requirement that all such devices in either of 
these categories be appropriately labeled.

Devices which have systemic exposure need to be sterilized. Radiation and heat 
can be used for some devices, but others cannot be sterilized in these. Ethylene 
oxide or other chemical sterilants must be used, raising concerns that residual steril-
ants may present problems. At the same time, devices with exposure to the fluid path 
must be demonstrated to be neither pyrogenic nor hemolytic in their final manufac-
tured form.

 1. The selection of material(s) to be used in device manufacture and its toxicologi-
cal evaluation should, initially, take into account full characterization of the mate-
rial, for example, formulation, known and suspected impurities, and processing.

 2. The material(s) of manufacture, the final product, and possible leachable chemi-
cals or degradation products should be considered for their relevance to the over-
all toxicological evaluation of the device.

 3. Tests to be utilized in the toxicological evaluation should take into account the 
bioavailability of the bioactive material, i.e., nature, degree, frequency, duration, 
and conditions of exposure of the device to the body. This principle may lead to 
the categorization of devices which would facilitate the selection of appropriate 
tests.

2.5  Toxicity Testing: Medical Devices
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 4. Any in vitro or in vivo experiments or tests must be conducted according to rec-
ognized good laboratory practices followed by evaluation by competent informed 
persons.

 5. Full experimental data, complete to the extent that an independent conclusion 
could be made, should be available to the reviewing authority, if required.

 6. Any change in chemical composition, manufacturing process, physical configu-
ration, or intended use of the device must be evaluated with respect to possible 
changes in toxicological effects and the need for additional toxicity testing.

 7. The toxicological evaluation performed in accordance with this guidance should 
be considered in conjunction with other information from other nonclinical tests, 
clinical studies, and post-market experiences for an overall safety assessment.

2.6  Device Categories: Definitions and Examples

The fundamental basis for evaluating device biocompatibility is based on nature and 
cumulative duration of exposures of patients to the devices.

 A. Noncontact Devices

Devices that do not contact the patient’s body directly or indirectly; examples 
include in vitro diagnostic devices.

 B. External Devices

 1. Intact surfaces Devices that contact intact external body surfaces only; 
examples include electrodes, external prostheses, and monitors of various 
types.

 2. Breached or compromised surfaces Devices that contact breached or other-
wise compromised external body surfaces; examples include ulcer, burn and 
granulation tissue dressings or healing devices, and occlusive patches.

 C. Externally Communicating Devices

 1. Intact natural channels Devices communicating with intact natural channels; 
examples include contact lenses, urinary catheters, intravaginal and intra- 
intestinal devices (sigmoidoscopes, colonoscopes, stomach tubes, gastro-
scopes), endotracheal tubes, and bronchoscopes.

 2. Blood path, indirect Devices that contact the blood path at one point and 
serve as a conduit for fluid entry into the vascular system; examples include 
solution administration sets, extension sets, transfer sets, and blood adminis-
tration sets.

 3. Blood path, direct Devices that contact recirculating blood; examples include 
intravenous catheters, temporary pacemaker electrodes, oxygenators, extra-
corporeal oxygenator tubing and accessories, and dialyzers, dialysis tubing, 
and accessories.

2 Regulatory Aspects and Strategy in Medical Device and Biomaterials Safety…
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 D. Internal Devices

 1. Bone Devices principally contacting bone; examples include orthopedic 
pins, plates, replacement joints, bone prostheses, and cements.

 2. Tissue and tissue fluid Devices principally contacting tissue and tissue fluid 
or mucus membranes where contact is prolonged; examples include pace-
makers, drug supply devices, neuromuscular sensors and stimulators, 
replacement tendons, breast implants, cerebrospinal fluid drains, artificial 
larynx, vas deferens valves, ligation clips, tubal occlusion devices for female 
sterilization, and intrauterine devices.

 3. Blood Devices principally contacting blood; examples include permanent 
pacemaker electrodes, artificial arteriovenous fistulae, heart valves, vascular 
grafts, blood monitors, internal drug delivery catheters, and ventricular assist 
pumps.

2.7  Biological Tests

Also required to properly utilize the tables is a knowledge of the objectives of the 
specified biological tests. These can be considered as follows (Gad and Chengelis 
1998; Goering and Galloway 1989):

Sensitization Assay Estimates the potential for sensitization of a test material and/
or the extracts of a material using it in an animal and/or human. ISO (ISO, 1992 and 
1996) and MHW procedures are contrasted in Table 2.3.

Irritation Tests Estimates the irritation potential of test materials and their extracts, 
using appropriate site or implant tissue such as skin and mucous membrane in an 
animal model and/or human. ISO and MHW procedures are contrasted in Table 2.4 
and for eye irritation in Table 2.5.

Table 2.3 Differences between sensitization test procedures required by ISO 10993-10 and the 
MHW guidelines

ISO 10993-10 MHW 1995

Sample preparation:
Extraction in polar and/or 
nonpolar solvents

Two extraction solvents, methanol and acetone, recommended

Extraction ratio:
Extraction ratio is dependent 
on thickness of device or 
representative portion

Specific extraction ratios: 10:1 (volume solvent/weight sample)

Extract used for testing. If 
extraction is not possible, the 
adjuvant and patch test can 
be utilized

Residue obtained from extraction is redissolved and used for 
testing. (If residue does not dissolve in DMSO, or a sufficient 
amount of residue is not obtained, the adjuvant and patch test is 
recommended). Sufficient amount of residue: 0.1–0.5% (weight 
residue/weight test material)

2.7  Biological Tests
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Cytotoxicity With the use of cell culture techniques, this test determines the lysis of 
cells (cell death), the inhibition of cell growth, and other toxic effects on cells 
caused by test materials and/or extracts from the materials. ISO and MHW proce-
dures are contrasted in Table 2.6.

Table 2.4 Differences in intracutaneous reactivity test procedures required by ISO 10993-10 and 
the MHW guidelines

ISO 10993-10 MHW

Number of test animals:
Three rabbits for 1–2 extracts

Two rabbits for each extract

Number of test/control injections per extract:
Five test and five control injections

10 test and five control injections

Evaluation of responses:
Quantitative comparison of responses of test and 
control responses

Qualitative comparison of test and control 
responses

Table 2.5 Differences in eye irritation testing procedures outlined in ISO 10993-10 and the MHW 
guidelines

ISO 10993-10 MHW 1995

Time of exposure:
 1 second

30 seconds

Grading scale:
 Classification system for grading ocular lesions

Draize or McDonald-Shadduck scale

Table 2.6 Differences between cytotoxicity test procedures specified by ISO 10993-5 and the 
MHW guidelines (MHW 1995)

ISO 10993-10 MHW 1995

Number of cells per dish:
 0.5–1 million cells

40–200 cells per dish

Extraction ratio:
 60 cm2 per 20 ml if thickness 80.5 mm
 120 cm2 per 20 ml if thickness 70.5 mm
 4 g per 20 ml

5 cm2/ml or 1 g/10 ml

Exposure period:
 Typically 24–72 h
 (2 h for filter diffusion test)

6–7 days

Toxicity determination:
  Visual grading and/or quantitative 

assessments

Quantification of surviving colonies

Positive controls:
  Materials providing a reproducible 

cytotoxic response (e.g., organotin-
impregnated polyvinyl chloride)

Segmented polyurethane films containing 0.1% 
zinc diethyldithiocarbamate and 0.25% zinc 
dibutyldithiocarbamate

2 Regulatory Aspects and Strategy in Medical Device and Biomaterials Safety…
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Acute Systemic Toxicity Estimates the harmful effects of either single or multiple 
exposures to test materials and/or extracts, in an animal model, during a period of 
less than 24 hours. ISO and MHW procedures are contrasted in Table 2.7.

Table 2.7 Comparison of grading scales used to score responses of test animals to ASTM and 
ISO/USP procedures

ASTM ISO/USP
Response Description

Normal, no 
symptoms

Mouse exhibits no adverse physical 
symptoms after injection

Slight Mouse exhibits slight but noticeable 
symptoms of hypokinesis, dyspnea, or 
abdominal irritation after injection

Moderate Mouse exhibits definite evidence of 
abdominal irritation, dyspnea, 
hypokinesis, ptosis, or diarrhea after 
injection (Weight usually drops to 
between 15 and 17 g)

Marked Mouse exhibits prostration, cyanosis, 
tremors, or severe symptoms of 
abdominal irritation, diarrhea, ptosis, or 
dyspnea after injection (Extreme weight 
loss; weight usually less than 15 g)

Dead, 
expired

Mouse dies after injection

Interpretation Interpretation

The test is considered negative if none of 
the animals injected with the test article 
extracts shows a significantly greater 
biological reaction than the animals 
treated with the control article
If two or more mice show either marked 
signs of toxicity or die, the test article 
does not meet the requirements of the test
If any animals treated with a test article 
shows slight signs of toxicity, and not 
more than one animal shows marked 
signs of toxicity or dies, a repeat test 
using freshly prepared extract should be 
conducted using groups of 10 mice each. 
A substantial decrease in body weight for 
all animals in the group, even without 
other symptoms of toxicity, requires a 
retest using groups of 10 mice each. In 
the repeat test, the requirements are met if 
none of the animals injected with the test 
article shows a substantially greater 
reaction than that observed in the animals 
treated with the control article

The test is considered negative if none 
of the animals injected with the test 
article shows a significantly greater 
biological reaction than the animals 
treated with the control article
If two or more mice die, or show signs 
of toxicity such as convulsions or 
prostration, or if three or more mice 
lose more than 2 g of body weight, the 
test article does not meet the 
requirements of the test
If any animal treated with a test article 
shows only slight signs of biological 
reaction, and not more than one animal 
shows gross signs of biological 
reaction or dies, a repeat test should be 
conducted using groups of 10 mice. On 
the repeat test, all 10 animals must not 
show a significantly greater biological 
reaction than the animals treated with 
the control article

2.7  Biological Tests
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Hematocompatibility Evaluates any effects of blood contacting materials on 
hemolysis, thrombosis, plasma proteins, enzymes, and the formed elements using 
an animal model. Traditionally, hemolysis, which determines the degree of red 
blood cell lysis and the separation of hemoglobin caused by test materials and/or 
extracts from the materials in vitro, has been “the” representative test employed. A 
broader range of primary tests (adding evaluations of thrombosis, coagulation, 
platelets, and immunology aspects) is currently recommended. ISO and MHW pro-
cedures for hemolysis are contrasted in Tables 2.8 and 2.9.

Implantation Tests Evaluates the local toxic effects on living tissue, at both the 
gross level and microscopic level, to a sample material that is surgically implanted 
into appropriate animal implant site or tissue, e.g., muscle and bone, for 7–90 days. 
ISO and MHW procedures are contrasted in Table 2.10.

Genotoxicity The application of mammalian or non-mammalian cell culture tech-
niques for the determination of gene mutations, changes in chromosome structure 
and number, and other DNA or gene toxicities caused by test materials and/or 
extracts from materials. Selected tests representing gene mutation tests (Ames or 
mouse lymphoma), chromosomal aberration tests (CHO), and DNA effects tests 
(mouse micronucleus and sister chromatid exchange) should generally be employed. 
ISO and MHW procedures are contrasted in Table 2.11.

Subchronic Toxicity The determination of harmful effects from multiple expo-
sures to test materials and/or extracts during a period of 1 day to less than 10% of 
the total life of the test animal (e.g., up to 90 days in rats).

Table 2.8 Differences in hemolysis test procedures recommended by ISO 10993-4 and the MHW 
guidelines

ISO 10993-4 MHW 1995

Hemolysis can be assessed by any of 
several validated methods to assay 
hemoglobin in plasma

Hemolytic index is assessed by measuring 
hemoglobin at 1, 2, and 4 h by spectrophotometric 
methods
The hemolysis over this period is expressed as a 
percentage of the positive control

Table 2.9 Comparison of pyrogen test procedures required by ISO 10993-11 and the MHW 
guidelines

ISO 10993-11 MHW 1995

Number of animals:
  Three rabbits required; comparison of febrile 

response in test animals to baseline temperature 
for evaluation of pyrogenicity potential

Three rabbits (test) required; comparison 
to baseline temperature is evaluated as 
index of pyrogenicity potential

Test duration:
 Test measurement intervals: every 30 min for 3 h

Test measurement intervals: every hour 
for 3 h

Evaluation:
 Cutoff for positive febrile response: 0.5 °C

Cutoff for positive febrile response: 0.6 °C

2 Regulatory Aspects and Strategy in Medical Device and Biomaterials Safety…
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Chronic Toxicity The determination of harmful effects from multiple exposures to 
test materials and/or extracts during a period of 10% to the total life of the test ani-
mal (e.g., over 90 days in rats).

Carcinogenesis Bioassay The determination of the tumorigenic potential of test 
materials and/or extracts from either single or multiple exposures, over a period of 
the total life (e.g., 2 years for rat, 18 months for mouse, or 7 years for dog).

Pharmacokinetics To determine the metabolic processes of absorption, distribu-
tion, biotransformation, and elimination of toxic leachables and degradation prod-
ucts of test materials and/or extracts.

Table 2.10 Differences in ISO 10993-3 and the MHW guidelines for assessing the effects of 
device or material implantation

ISO 10993-3 MHW 1995

Time point(s) of assessment:
  Sufficient to achieve steady 

state(e.g., 2, 4, 6, and 12 weeks)

7 days and 4 weeks

Number of animals:
  At least three per time period of 

assessment

At least four per time period

Number of samples of evaluation:
  At least eight per time period for test 

and control

No minimum number specified

Evaluation criteria:
  Comparative evaluation of responses 

to test and control materials

If more than two of the four test sites in each animal 
exhibit a significant response compared to control 
sites, the test is considered positive

Table 2.11 Differences in genotoxicity testing procedures required by ISO 10993-3 and the 
MHW guidelines

ISO 10993-10 MHW 1995

Extraction vehicles:
  A physiological medium is used and, 

where appropriate, a solvent (e.g., 
dimethylsulfoxide)

Recommends methanol and acetone as extracting 
vehicles

Extraction:
  Extract test material and test the extract 

or dissolve material in solvent and 
conduct test. The conditions of 
extraction should maximize the amount 
of extractable substances, as well as 
subject the test device or material to the 
extreme conditions it may be exposed 
to, without causing significant 
degradation. Extraction ratio is 
dependent on thickness of test material

Extract at room temperature at a ratio of 10:1 
(solvent/material) and obtain residue (at least 
0.10.5% [weight of residue/weight of test 
material]), redissolve in appropriate solvent and 
test residue
If sufficient residue is unobtainable, extract test 
material (in ethanol, acetone, or DMSO at 10 g of 
test material per 20 ml for the Ames mutagenicity 
assay and in cell culture medium at 120 cm3 or 
4 g/20 ml for the chromosomal aberration assay), 
at 37 °C for 48 hours and test extract. The Ames 
mutagenicity assay is conducted with a volume of 
200 μl per plate.

2.7  Biological Tests
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Reproductive and Developmental Toxicity The evaluation of the potential effects 
of test materials and/or extracts on fertility, reproductive function, and prenatal and 
early postnatal development.

The tests for leachables such as contaminants, additives, monomers, and degra-
dation products must be conducted by choosing appropriate solvent systems that 
will yield a maximal extraction of leachable materials to conduct biocompatibility 
testing. Chapter 3 addresses the issues behind sampling, sample preparation, and 
solvents.

The effects of sterilization on device materials and potential leachables, as well 
as toxic by-products, as a consequence of sterilization should be considered. 
Therefore, testing should be performed on the final sterilized product or  representative 
samples of the final sterilized product. Table 2.11 presents the basis for test selection 
under the tripartite agreement.

2.8  United States Pharmacopoeial Testing

The earliest guidance on what testing was to be done on medical devices was that 
provided in the USP and other pharmacopoeias. Each of the major national pharma-
copoeias offers somewhat different guidance. The test selection system for the USP 
(presented in Table 2.11), which classified plastics as Classes I through VI, is now 
obsolete and replaced in usage by the other guidelines presented here. But the actual 
descriptions of test types, as provided in the USP (and presented in the appropriate 
chapters later in this book), are still very much operative (USP 2007).

There are British, European, and Japanese pharmacopoeias, of which the latter 
requires the most attention due to some special requirements still being operative if 
product approval is desired.

2.9  ISO Testing Requirements

The European Economic Community adopted a set of testing guidelines for medical 
devices under the aegis of ISO (ISO 1992; The Gray Sheet 1992). The ISO 10993 
guidelines for testing provide a unified basis for international medical device bio-
compatibility evaluation, both in terms of test selection (as presented in Tables 2.12 
and 2.13) and test design and interpretation (Table 2.14).

The international standards specified methods of biological testing of medical 
and dental materials and devices and their evaluation in regard to their biocompati-
bility. Because of the many materials and devices used in these areas, the standard 
offers a guide for biological testing.

2 Regulatory Aspects and Strategy in Medical Device and Biomaterials Safety…
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2.10  MHW Requirements

The Japanese ISO test selection guidelines vary from those of FDA and ISO and are 
summarized in Table 2.16 (MHLW 2012).

Actual test performance standards also vary, as shown in Tables 2.4, 2.5, 2.6, 2.7, 
2.8, 2.9, 2.10 and 2.11.

Committees dealing with materials and devices must decide on tests and test 
series relevant to the respective materials and devices, It is the responsibility of the 
product committees to select adequate test methods for products. The standard con-
tains animal tests, but tries to reduce those tests to the justifiable minimum. Relevant 
international and national regulations must be observed when animals are used.

ISO 10993 is based on existing national and international specifications, regula-
tions, and standards wherever possible. It is open to regular review whenever new 
research work is presented to improve the state of scientific knowledge. Tables 2.4 
and 2.5 provide the test matrices under ISO 10993. Subsequently, specific guidance 
on individual test designs, conduct, and interpretation has been provided as subparts 
2–11 of ISO-10993 (Table 2.14) (AAMI 2006).

Table 2.12 Classification of plastics (USP XXIII)

Plastic classesa Tests to be conducted
I II III IV V VI Test material Animal Dose Proceduresb

x x x x x X Extract of sample in sodium 
chloride inspection

Mouse 50 ml/kg A (iv)

x x x x x x Rabbit 0.2 ml/animal at 
each of 10 sites

B

x x x x x Extract of sample in 1 in 20 Mouse 50 ml/kg A (iv)
x x x x x Solution of alcohol in sodium 

chloride injection
Rabbit 0.2 ml/animal at 

each of 10 sites
x x x Extract of sample in 

polyethylene glycol 400
Mouse 10 g/kg A (ip)

x x Rabbit 0.2 ml/animal at 
each of 10 sites

x x x x Extract of sample in 
vegetable oil

Mouse 50 ml/kg A (ip)

x x x Rabbit 0.2 ml/animal at 
each of 10 sites

B

x x Implant strips of sample Rabbit 4 strips/animal C
aTests required for each class are indicated by “x” in appropriate rows
bLegend: A (ip), systemic injection test (intraperitoneal); A(iv), systemic injection test (intrave-
nous); B, intracutaneous (intracutaneous); C, implantation test (intramuscular implantation)
The table lists the biological tests that might be applied in evaluating the safety of medical devices 
and/or polymers. This does not imply that all the tests listed under each category will be necessary 
or relevant in all cases. Tests for devices made of metals, ceramics, biological materials, etc. are 
not included here but are under consideration
Categorization of medical devices is based on body contact and contact duration

2.10  MHW Requirements
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2.11  CE Marking of Devices

After June 14, 1998, all medical products distributed in Europe have had to bear the 
CE mark. ISO 9000 certification supplements and supports an assessment of con-
formity to the Medical Devices Directive (MDD), which must be performed by a 
certification body appointed by the EU member states. (Haindl 1997) To qualify for 
the CE mark, manufacturers of Class IIa, IIb, and III devices must be certified by a 
notified body (which is recognized by the national health authorities) to Annex II, V, 
or VI of the MDD (also known as 93/42/EEC) and comply with the essential require-

Table 2.14 ISO special evaluation tests

Device categories Biological tests
Body contact duration
A—limited exposure
B—prolonged or repeated 
exposure
C—permanent contact (time 
limits to added)

Chronic 
toxicity Carcinogenicity

Reproductive/
developmental Degradation

Surface devices
Skin A

B
C

Mucous membranes A
B
C

Breached surface A
B
C

Externally communicating
Blood path indirect A

B
C x x

Tissue/bone 
communicating

A

B
C x

Internal devices
Circulating blood A

B
C x x

Bone/tissue A
B
C x x

Blood A
B
C x x
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ments of the directive. Manufacturers of active implantables and IVDs have sepa-
rate directives to contend with. When auditing for compliance, the notified body 
will check a number of items in addition to a manufacturer’s QA system, including 
technical files, sterility assurance measures, subcontracting procedures, recall and 
vigilance systems, and declarations of conformity. Depending on the classification 
and certification route, some devices will also require an EC-type examination or a 
design review by the notified body.

Manufacturers of Class I products, who require minimal interaction with a noti-
fied body, appear to be the clear winners in this scheme, but even they must deal 
with a number of vague or confusing requirements (see Table 2.16). Simply classi-
fying their products according to the dictates of 93/42/EEC, Annex IX, can be a 

Table 2.15 ANSI/AAMI/ISO standards

ISO 
Designations Year Issued

Evaluation and testing 10993-1 2003
Animal welfare requirements 10993-2 2006
Tests for genotoxicity, carcinogenicity, and reproductive 
toxicity

10993-3 2003

Selection of tests for interactions with blood 10993-4 2002 and 
A1/2006

Tests for in vitro cytotoxicity 10993-5 1999
Tests for local effects after implantation
Tests for irritation and delayed-type hypersensitivity

10993-6
BE78

1995/(R)2001
2002

Ethylene oxide sterilization residuals 10993-7 1995/(R)2001
Canceled 10993-8 -----
Framework for identification and quantification of potential 
degradation products

10993-9 1999/(R)2005

Tests for systemic toxicity 10993-11 2006
Sample preparation and reference materials 10993-12 2002
Identification and quantification of degradation products from 
polymeric devices

10993-13 1999/(R)2004

Identification and quantification of degradation products from 
ceramics

10993-14 2001

Identification and quantification of degradation products from 
metals and alloys

10993-15 2000

Toxicokinetic study design for degradation products and 
leachables from medical devices

10993-16 1997/(R)2003

Establishment of allowable limits for leachable substances 10993-17 2002
Physiochemical, morphological, and topographical 
characterization of materials
Chemical characterization of materials

10993-19
BE83

2006
2006

Principles and methods for immunotoxicology testing of 
medical devices

10993-20 2006

Clinical investigation of medical devices for human subjects—
Part 1: general requirements

14155-1 2003

Clinical investigation of medical devices for human subjects—
Part 2: clinical investigation plans

14155-2 2003

2.11  CE Marking of Devices
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tricky affair, and faulty classification can lead to bigger problems. The simplified 
flowcharts in Fig. 2.2 should help manufacturers determine whether their products 
qualify as Class I devices. For more difficult products, manufacturers may need to 
refer to a consultant or obtain a suitable software program.

Active

To administer and/or remove
medicines, body liquids, or other
substances to or from the body

To emit ionizing radiation or control,
monitor, or influence devices emitting

ionizing radiation

To administer or exchange
energy therapeutically

To control and monitor the performance 
of active therapeutical devices in Class IIB

or intended to influence directly 
the performance of such devices

To allow direct diagnosis
or monitoring of vital

physiological processes

Diagnosis by supplying
energy which will be absorbed

by the human body

Diagnosis by imaging  in vivo 
distribution of radiopharmaceuticals

In a potentially
hazardous manner

In a potentially
hazardous manner

Specifically intended for
monitoring of vital physiological 
parameters, where the nature

of variations is such that it could
result in the immediate danger to the 

patient, for instance, variations
in cardiac performance, 

respiration, activity of CNS

By illumination of the
patients body in the

visible spectrum

N

N

N

N

N

N

Y

Y

Y

Y

Y

N

Y

Y

N

Y

Y

N

N

Y

Y

N

Fig. 2.2 Medical device classification flowchart
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Classification is based on the intended and declared use of a product, not solely 
on its salient features. The Class I designation usually—but not always—excludes 
sterile products and measuring devices that measure physiological parameters or 
require a high degree of accuracy. So, for example, a reusable scalpel is Class I, but 
a sterile scalpel is Class IIa; a scalpel blade for the reusable device is Class I, but if 
it is supplied sterile, it is Class IIa; a scalpel blade for the reusable device is Class I 
but if it is supplied sterile, it is Class IIa. A stethoscope, a simple graduated syringe 
(not for injection pumps), and a measuring spoon for administering an expectorant 
are not considered measuring devices, although a hand-driven blood-pressure gage 
and a digital thermometer are.

All of the classification rules are included in the directive, but they’re not easy to 
understand. An EC working group has drawn up a separate paper known as 
MEDDEV 10/93 to explain the rules and provide some practical guidelines. For 
example, the directive stipulates that reusable surgical instruments belong in the 
Class I designation as long as they are not intended for more than an hour of con-
tinuous use. According to this definition, items such as scissors and tweezers, even 
if they are used in a 6-hour operation, are still considered Class I devices because 
they are not used continuously during that time.

Even if a Class I product is supplied sterile, the manufacturer must issue a self- 
declaration of conformity. In this case, the manufacturer needs only to certify the 
QC system governing those aspects of manufacture concerned with securing and 
maintaining sterile conditions. If the device is packaged and sterilized by a company 
that works with a certified process, then the manufacturer must only validate the 
process for the particular device and submit the results to a notified body. The manu-
facturer still needs certification by a notified body in regard to the performance 
aspects relating to sterility and measurement function; the notified body will also 
want to inspect the manufacturer’s facility Nonetheless, the procedure is far less 
complicated than a full production audit.

All manufacturers applying for CE marking privileges—including manufactur-
ers of Class I devices—must prepare the proper technical documentation; appoint a 
“responsible person” within the EEC; design product labels and labeling according 
to 93/42/EEC, Annex I, paragraph 13; and sign a declaration of conformity. The 
technical dossier should not pose a major problem for manufacturers familiar with 
device master files. A list of required dossier contents is given in Table 2.17. For 
biological material testing, Europe uses the ISO 10993 (EN 30993) protocols, but 
test results according to the tripartite agreement (or USP XXIII) are accepted. Every 
electrical device must also be proven to comply with the EMC requirements defined 
in the MDD; suppliers of preassembled electrical components may have the appro-
priate test results already available. Reformatting an existing device master file is 
not necessary, only creating an index that cross-references the essential require-
ments of the directives with the device file contents. The master file is a controlled 
document, as defined in ISO 9000, and manufacturers would do well to regard it as 
highly confidential.

The technical dossier is closely linked to the responsible person, a representative 
in the EEC governed by European law and authorized by the manufacturer to over-
see routine regulatory affairs. Specifically, the responsible person must ensure com-
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pliance with the European vigilance system, which covers both post-market 
surveillance and adverse incident reporting. For example, if a patient were injured 
by a device, or if a patient would have been injured had the caregiver not intervened, 
the responsible person would have to investigate the incident together with the 
device’s manufacturer and file a report with the competent authorities. Moreover, 
the European authorities must be able to obtain the master file in case of trouble; 
therefore, the manufacturer must either store the file or its abbreviated form with the 
responsible person or draw up a contractual agreement that gives the agent the right 
to access the master file without delay if required by the authorities. The agent must 
be available all year, as the time frame for notification could be as short as 10 days. 
Ideally, the responsible person should be familiar with the national regulation in all 
member states.

The simplest way to maintain a European address will be to appoint a distributor 
as their responsible person, although this course is not without potential problems. 
The selected distributor does not need certification as long as the manufacturer’s 
name and CE mark are on the product labeling. The name of the responsible person 
must also appear on the label, package insert, or outer packaging, even if the prod-
uct is sold by a completely different distributor in another country. There is no 
official rule or proposal regarding how many responsible persons a manufacturer 
should have, but each one must appear on the labeling; therefore, appointing more 
than one is of limited use. The responsible person should be selected with great 
care; device master files (Table  2.17) must be made available to the responsible 
person in the event of patient injury or near injury, and many distributors are poten-
tial competitors. Class I devices, by nature, will rarely lead to patient injury, but 
manufacturers should still consider labeling issues when choosing a representative. 
It’s easy to change distributors, but changing the responsible person means chang-
ing all the product labeling. As an alternative, manufacturers can contract with a 
professional agency to serve as a representative completely independent from any 
distribution network.

Table 2.17 Which products are Class I?

The classification of a product refers to its intended use. The following is a simplified listing of 
Class I products:
•  Noninvasive (and nonactive) devices that do not modify the biological or chemical 

composition of blood or liquids intended for infusion; store blood, body liquids, or tissues 
for administration; or connect to an active medical device

•  Dressings intended only as a mechanical barrier or for absorption of exudates
•  Invasive products for use in natural body orifices and stomas for no longer than 1 h or in the 

oral or nasal cavity or ear canal for up to 30 days
•  Surgical invasive products if they are reusable instruments and not intended for continuous 

use of more than 1 h
•  Active devices that administer neither energy nor substances to the body nor are made for 

diagnosis
Class I products cannot:
•  Incorporate medicinal products (drugs) or animal tissue
•  Be intended for contraception or the prevention of sexually transmitted diseases

2.11  CE Marking of Devices
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The issue of labeling is itself a source of contention. Not all countries have 
decided yet whether they will insist on having their own language on device labels. 
Many countries have rather imprecise rules, dictating that their national language 
must appear only if necessary. Manufacturers can reduce potential trouble by using 
the pictograms and symbols defined in the harmonized European standard EN 980. 
For instructions of use, manufacturers are advised to use all 12 languages, used in 
the European Economic Area. The requirements for labeling are presented in Annex 
I, paragraph 13, of the MDD; some devices may be subject to additional require-
ments outlined in product standards.

Class I products fall under the jurisdiction of local authorities, but who serves as 
those authorities may differ from country to country. In Germany, for example, 
there are no clear-cut regulations that define the competence of the local authorities, 
except in the case of danger to the patient. European product liability laws more or 
less give the consumer the right to sue anybody in the trade chain. Normally, claims 
would be filed against the manufacturer, but it is possible that there will be claims 
against a responsible person. This is a rather new legal situation, and the rules will 
be determined by court decisions. It is hoped that Class I products will not instigate 
many court actions, but clearly, even manufacturers of Class I devices will have a 
host of new concerns under the CE marking scheme.

2.12  Risk Assessment

The reality is that not all materials used on devices are entirely safe. Generally, if 
one looks long enough at small enough quantities, some type of risk can be associ-
ated with every material. Risk can be defined as the possibility of harm or loss. 
Health risk, of course, is the possibility of an adverse effect on one’s health. Risk is 
sometimes quantified by multiplying the severity of an event times the probability 
the event will occur, so that:

Rist = serverity × probability

While this equation appears useful in theory, in practice it is difficult to apply to 
the biological safety of medical devices. The process known as health-based risk 
assessment attempts to provide an alternative strategy for placing health risks in 
perspective (Stark 1998; AAMI 1998).

2.13  Standards and Guidances

A paradigm for the risk assessment process has been detailed in a publication pre-
pared by the US National Academy of Sciences (Hayes 2014). Although devised 
primarily for cancer risk assessment, many of the provisions also apply to the 
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assessment of other health effects. The major components of the paradigm are (1) 
hazard identification, (2) dosage-response assessment, (3) exposure assessment, and 
(4) risk characterization (Ecobichon 1992).

The general approach to risk assessment was adapted to medical devices via the 
draft CEN standard Risk Analysis, published in 1993,1 and more recently via the 
ISO standard, ISO 14538—Method for the Establishment of Allowable Limits for 
Residues in Medical Devices Using Health-Based Risk Assessment, published in 
1996.2 At the present time, the FDA is also working to develop a health-based risk 
assessment protocol adapted to medical devices. Informally called the Medical 
Device Paradigm, the document is not yet generally available (Brown and 
Stratmeyer 1997).3

Some manufacturers may object that regulators are once again attempting to 
impose a “drug model” on medical devices. However, we shall see in the following 
pages that judicious application of these risk assessment principles can provide a 
justification for using materials that carry with them some element of risk, and that 
may, under traditional biocompatibility testing regimes, be difficult to evaluate or be 
deemed unsuitable for medical device applications.

2.14  Method

Hazard Identification The first step in the risk assessment process is to identify 
the possible hazards that may be presented by a material. This is accomplished by 
determining whether a compound, an extract of the material, or the material itself 
produces adverse effects and by identifying the nature of those effects. Adverse 
effects are identified either through a review of the literature or through actual bio-
logical safety testing.

Dose-Response Assessment The second step is to determine the dose-response of 
the material—that is, what is the highest weight or concentration of the material that 
will not cause an effect? This upper limit is called the allowable limit. There are 
numerous sources in the literature of data from which to determine allowable limits; 
some will be more applicable than others, and some may require correction factors.

Exposure Assessment The third step is to determine the exposure assessment by 
quantifying the available dose of the chemical residues that will be received by the 
patient. This is readily done by estimating the number of devices to which a patient 

1 CEN BTS 3/WG 1—Risk Analysis is available through the British Standards Institute.
2 Available from the Association for the Advancement of Medical Instrumentation, 3330 Washington 
Blvd., Ste. 400, Arlington, VA 22201.
3 Draft copies of the Medical Device Paradigm may be obtained by contacting Dr. Melvin 
Stratmeyer, FDA Center for Devices and Radiological Health, HFZ-112, Division of Life Sciences, 
Office of Science and Technology, FDA, Rockville, MD 20857.
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is likely to be exposed in a sequential period of use (for instance, during a hospital 
stay) or over a lifetime. For example, a patient might be exposed to 100 skin staples 
following a surgical procedure or to two heart valves in a lifetime; thus, the amount 
of residue available on 100 skin staples or two heart valves would be determined.

Risk Characterization Characterizing the risk constitutes the final step of the pro-
cess. The allowable limit is compared with the estimated exposure: if the allowable 
limit is greater than the estimated exposure by a comfortable safety margin, the 
likelihood of an adverse event occurring in an exposed population is small, and the 
material may be used.

2.15  Case Studies

We can best get a sense of how these standards work by looking at some actual 
medical case studies that illustrate the risk assessment process (Stark 1997).

Nitinol Implant Nitinol is an unusual alloy of nickel and titanium that features the 
useful property of “shape memory.” A nitinol part can be given a particular shape at 
a high temperature and then cooled to a low temperature and compressed into some 
other shape; the compressed part will subsequently deploy to its original shape at a 
predetermined transition temperature. This feature is particularly beneficial for vas-
cular implant applications in which the shape of the device in its compressed state 
eases the insertion process. The nitinol deploys as it is warmed by the surrounding 
tissue, expanding to take on the desired shape of a stent, filter, or other devices. The 
transition temperature depends on the alloy’s relative concentrations of nickel and 
titanium: a typical nickel concentration of 55–60% is used in medical devices, since 
this gives a transition temperature at approximately the temperature of the body 
(37 °C).

Hazard Identification One concern with using nitinol in implant applications is the 
potential release of nickel into the body. Although nickel is a dietary requirement, it 
is also highly toxic—known to cause dermatitis, cancer subsequent to inhalation, 
and acute pneumonitis from inhalation of nickel carbonyl and to exert a toxic effect 
on cellular reproduction. It is a known sensitizer, with approximately 5% of the 
domestic population allergic to this common metal, probably through exposure 
from costume jewelry and clothing snaps. The biocompatibility question at hand is 
whether or not in vivo corrosion of nitinol releases unsafe levels of nickel.

Dose-Response Assessment A search of the world medical literature revealed that 
the recommended safe level of exposure to nickel in intravenous fluids is a maxi-
mum of 35 μg/day (Stark 1997). This value can be taken as an allowable limit of 
nickel exposure for a 70-kg (154-lb) adult.
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The intravenous fluid data are based on subjects that are comparable to the 
patients who will be receiving nitinol implants. The data are for humans (not ani-
mals), for ill patients (not healthy workers or volunteers), and for similar routes of 
exposure (intravenous fluid and tissue contact). For these reasons, no safety correc-
tion factor need be applied to the allowable limit of exposure.

Exposure Assessment The available dose of nickel from nitinol implants can be 
estimated from data found in the literature. In one study, dental arch wires of nitinol 
were extracted in artificial saliva and the concentration of nickel measured in the 
supernatant. Corrosion reached a peak at day 7 and then declined steadily thereafter. 
The average rate of corrosion under these conditions was 12.8 μg/day/cm2 over the 
first 28 days.

Risk Characterization A comparison of the available dose with the allowable limit 
for intravenous fluid levels shows that there is approximately a threefold safety 
margin, assuming that the implanted device is a full 1 cm2 in surface area. (Devices 
with less surface area will contribute even less to the nickel concentration and have 
an even larger safety margin.) Considering the high quality of the data, a threefold 
safety margin is sufficient to justify using nitinol in vascular implants.

Wound Dressings Today’s wound dressings are highly engineered products, 
designed to maintain the moisture content and osmatic balance of the wound bed so 
as to promote optimum conditions for wound healing. Complex constructions of 
hydrocolloids and superabsorbers, these dressings are sometimes used in direct tis-
sue contact over full-thickness wounds that penetrate the skin layers.

Hazard Identification There have been reports in the literature of patients suc-
cumbing to cardiac arrest from potassium overload, with the wound dressing as one 
of the important contributors of excess potassium in the bloodstream. The effects of 
potassium on cardiac function are well characterized. Normal serum levels for 
potassium are 3.8–4 milliequivalents per liter. As the potassium concentration rises 
to 5–7 mEq/L, a patient can undergo cardiac arrest and die. The biocompatibility 
issue to be explored is whether or not a wound dressing formulation might release 
dangerous levels of potassium if used on full-thickness wounds.

Dose-Response Assessment An increase of approximately 1 mEq/L of potassium 
is unlikely to provoke mild adverse events in most patients. Assuming that the aver-
age person’s blood volume is 5 L, a one-time dose of 5 mEq of potassium may begin 
to cause adverse reactions. This value can be considered to be the allowable limit of 
potassium for most patients.

Exposure Assessment Let us suppose that each dressing contains 2.5 g of potas-
sium bicarbonate. Since the molecular weight of potassium bicarbonate is 100 g/
mole, each dressing contains 0.025 mole of sodium bicarbonate or 0.025 mEq of 
potassium ion. If a patient were to use four dressings in a day, the available dose of 
potassium would be 0.1 mEq/day.

2.15  Case Studies
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Risk Characterization Comparing the available dose of potassium (0.1 mEq) to 
the allowable limit (5 mEq) shows that there is a 50-fld safety margin. Considering 
that patients may be small in size, may have kidney impairment, or may receive 
potassium from additional sources such as intravenous fluids, this safety margin is 
too small, and so the dressing should be reformulated.

Ligature Material A manufacturer purchases commercial black fishing line to use 
as a ligature in a circumcision kit. Because the ligature is not “medical grade,” a 
cytotoxicity test is routinely conducted as an incoming inspection test. It was 
assumed that a negative cytotoxicity test would be associated with an acceptable 
incidence of skin irritation.

Hazard Identification A newly received lot of the fishing line failed the cytotoxic-
ity test. The extraction ration of this material—of indeterminate surface area—was 
0.2 g/ml, with a 0.1-ml aliquot of sample extract being applied to a culture dish. 
Thus, 0.2 g/ml × 0.1 ml = 0.02 g represents a toxic dose of fishing line.

Dose-Response Assessment A titration curve was obtained on the sample extract. 
If the sample was diluted 1:2, the test was still positive; however, if the sample was 
diluted 1:4, the test was negative. Thus, 0.02 g/4 = 0.005 g of fishing line, the maxi-
mum dose that is not cytotoxic. This value was called the allowable limit of fishing 
line.

Exposure Assessment Each circumcision kit contained about 12  in. of line, but 
only about 4 in. of material was ever in contact with the patient. Since an 8-yd line 
was determined to weigh 5 g, the available dose of fishing line was calculated to be 
5 g/288 in. × 4 in. = 0.07 g.

Risk Characterization A comparison of the available dose (0.07 g) with the allow-
able limit (0.005 g) convinced the manufacturer to reject the lot of fishing line.

2.16  Sources of Data

Data for calculating the allowable limit of exposure to a material can come from 
many sources, most of them promulgated by industrial and environmental hygien-
ists and related agencies (Hayes 2014).

Threshold limit values (TLVs) are time-weighted average concentrations of air-
borne substances. They are designed as guides to protect the health and well-being 
of workers repeatedly exposed to a substance during their entire working lifetime 
(7–8 h/day, 40 h/wk). TLVs are published annually by the American Conference of 
Governmental Industrial Hygienists (ACGIH 1986). Biological Exposure Indices 
(BEIs) are also published annually by ACGIH. These are the maximum acceptable 
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concentrations of a substance at which a worker’s health and well-being will not be 
compromised.

Other published guides include Workplace Environmental Exposure Levels 
(WEELs), from the American Industrial Hygiene Association (1980); Recommended 
Exposure Limits (RELs), from the US National Institute for Occupational Safety 
and Health; and Permissible Exposure Limits (PELs), from the US Occupational 
Safety and Health Administration. In the United States, PELs have the force of law.

Another important limit measurement, Short-Term Exposure Limits (STELs) are 
defined as the maximum concentration of a substance to which workers can be 
exposed for a period of up to 15 min continuously, provided that no more than four 
excursions per day are permitted, and with at least 60 min between exposure peri-
ods. The STEL allows for short-term exposures during which workers will not suf-
fer from irritation, chronic or irreversible tissue damage, or narcosis of sufficient 
degree to increase the likelihood of injury, impair self-rescue, or materially reduce 
work efficiency. Some substances are given a “ceiling”—an airborne concentration 
that should not be exceeded even momentarily. Examples of substances having ceil-
ings are certain irritants whose short-term effects are so undesirable that they over-
ride consideration of long-term hazards.

2.17  Uncertainty Factors (UCFs)

An uncertainty factor is a correction that is made to the value used to calculate an 
allowable limit. It is based on the uncertainty that exists in the applicability of the 
data to actual exposure conditions. Typically, uncertainty factors range in value 
from 1 to 10. For example, a correction factor of 10 might be applied for data 
obtained in animals rather than humans or to allow for a different route of exposure. 
In other words, for every property of available data that is different from the actual 
application, a correction factor of between 1 and 10 is applied. If our first example 
had been of a small amount of data obtained in animals by a different route of expo-
sure, an uncertainty factor of 1000 might be applied.

2.18  Safety Margins

A safety margin is the difference or ration between the allowable limit (after correc-
tion by the uncertainty factor) and the available dose. How large does a safety mar-
gin need to be? Generally, a safety margin of 100× or more is desirable, but this can 
depend on the security of the risk under consideration, the type of product, the busi-
ness risk to the company, and the potential benefits of product use.

2.18  Safety Margins
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2.19  End Note

Two things need to be kept in mind when considering guideline testing requirements.
First, FDA has many “tools” available should the situation arise. The most obvi-

ous are the device-specific case devices guidelines such as those for breast implants, 
cardiovascular guidewires, ocular lenses, and tampons (to name but a few). It is 
beyond the scope of this chapter to cite and explain each of these, but all four of the 
above are examples I have had to consider and incorporate in responses during the 
last year. Also included are past guidances that are still active and sometimes still 
relevant and referenced to by the FDA, for example, the CDRH (2006) methods of 
evaluating immunotoxicity.

Second, regulation and requirements for biocompatibility testing are continuing 
far to evolve at an even increased rate. Change is the only eternal and testing data 
from even 3 years ago may no longer be acceptable (Tables 2.18, 2.19 and 2.20).

Table 2.18 Contents of a device master file

1. EC declaration of conformity and classification according to Annex IX of the MDD
2. Name and address of the manufacturer’s European responsible person
3. Product description, including:

•   All variants
•   Intended clinical use
•   Indications/contraindications
•   Operating instructions/instructions for use
•   Warnings/precautions
•   Photographs highlighting the product
•   Photographs highlighting the usage
•   Brochures, advertising, catalog sheets, marketing claims (if available)
•   Product specifications including:
•   Parts list, list of components
•   Specifications of materials used, including data sheets
•   List of standards applied
•   Details of substance(s) used (in the event of drug-device combination)
•   QA specifications (QC specs, in-process controls, etc.), etc.
•   Labeling, accompanying documents, package inserts (DIN EN 289, prEN 980)
•   Instruction for use (prEN 1041)
•   Service manual
•   Product verification, including:
•   Testing data and reports, functionality studies, wet lab or benchtop testing
•   Materials certificates/reports on biological tests
•   EMC testing and certificates
•   Validation of the packaging/aging studies
•   Compatibility studies (connection to other devices)
•   Risk analysis (DIN EN 1441)
•   Clinical experience

4. List of requirements (Annex I) indicating cross-reference with documentation

2 Regulatory Aspects and Strategy in Medical Device and Biomaterials Safety…



Ta
bl

e 
2.

19
 

A
n 

ov
er

vi
ew

 o
f 

th
e 

cl
as

si
fic

at
io

n 
of

 m
ed

ic
al

 d
ev

ic
es

 (
R

ul
es

 1
–1

2)

C
la

ss
N

on
in

va
si

ve
 d

ev
ic

es

In
va

si
ve

 d
ev

ic
es

A
dd

iti
on

al
 r

ul
es

 f
or

 a
ct

iv
e 

de
vi

ce
s

Su
rg

ic
al

ly
 in

va
si

ve
 d

ev
ic

es

O
th

er
s

C
ha

nn
el

in
g 

or
 

st
or

in
g 

su
bs

ta
nc

es
 f

or
 

in
tr

od
uc

tio
n 

in
to

 th
e 

bo
dy

B
io

lo
gi

ca
l o

r 
ch

em
ic

al
 

m
od

ifi
ca

tio
n 

of
 

liq
ui

ds
 f

or
 

in
fu

si
on

C
on

ta
ct

 w
ith

 
in

ju
re

d 
sk

in
B

od
y 

or
ifi

ce
s

T
ra

ns
ie

nt
 u

se
Sh

or
t-

te
rm

 u
se

L
on

g-
te

rm
 u

se
, 

im
pl

an
ta

bl
e 

de
vi

ce
s

T
he

ra
pe

ut
ic

 
de

vi
ce

s 
fo

r 
ad

m
in

is
tr

at
io

n 
or

 e
xc

ha
ng

e 
of

 
en

er
gy

D
ia

gn
os

tic
 d

ev
ic

es
 to

 
su

pp
ly

 e
ne

rg
y,

 v
ita

l 
ph

ys
io

lo
gi

ca
l 

pr
oc

es
se

s;
 

ra
di

op
ha

rm
ac

eu
tic

al
 

im
ag

in
g

D
ev

ic
es

 f
or

 
ad

m
in

is
tr

at
io

n 
or

 r
em

ov
al

 o
f 

su
bs

ta
nc

es
 to

 
or

 f
ro

m
 th

e 
bo

dy

O
th

er
s

I
R

eg
ul

ar
R

eg
ul

ar
M

ec
ha

ni
ca

l 
ba

rr
ie

r;
 

co
m

pr
es

si
on

; 
ab

so
rp

tio
n 

of
 

ex
ud

at
es

T
ra

ns
ie

nt
 

us
e;

 E
N

T
 

sh
or

t-
te

rm

R
eu

sa
bl

e 
su

rg
ic

al
 

in
st

ru
m

en
ts

Il
lu

m
in

at
io

n 
of

 
hu

m
an

 b
od

y 
in

 v
is

ib
le

 
sp

ec
tr

um

R
eg

ul
ar

II
a

B
od

y 
su

bs
ta

nc
es

; 
co

nn
ec

tio
ns

 to
 

A
M

D
 ≥

 I
Ia

Fi
ltr

at
io

n;
 

ce
nt

ri
fu

ga
tio

n;
 

ga
s 

or
 h

ea
t 

ex
ch

an
ge

R
eg

ul
ar

Sh
or

t-
 te

rm
 

us
e 

E
N

T,
 

lo
ng

- t
er

m
 

co
nn

ec
tio

n 
to

 
A

M
D

 ≥
 I

Ia

R
eg

ul
ar

R
eg

ul
ar

Pl
ac

ed
 in

 te
et

h
R

eg
ul

ar
R

eg
ul

ar
R

eg
ul

ar

II
b

R
eg

ul
ar

W
ou

nd
s 

w
ith

 
br

ea
ch

ed
 

de
rm

is
, h

ea
lin

g 
by

 s
ec

on
da

ry
 

in
te

nt

L
on

g-
 te

rm
 

us
e

Io
ni

zi
ng

 
ra

di
at

io
n;

 
bi

ol
og

ic
al

 
ef

fe
ct

; a
bs

or
be

d;
 

po
te

nt
ia

l h
az

ar
d 

of
 m

ed
ic

in
e 

de
liv

er
y 

sy
st

em

Io
ni

zi
ng

 r
ad

ia
tio

n;
 

ch
em

ic
al

 c
ha

ng
e 

(e
xc

ep
t i

n 
te

et
h)

; 
m

ed
ic

in
e 

ad
m

in
is

tr
at

io
n

R
eg

ul
ar

Po
te

nt
ia

lly
 

ha
za

rd
ou

s 
(n

at
ur

e,
 d

en
si

ty
, 

si
te

 o
f 

en
er

gy
);

 
C

la
ss

 I
Ib

 A
T

D
 

m
on

ito
r 

co
nt

ro
l 

de
ve

lo
pm

en
t

Im
m

ed
ia

te
 d

an
ge

r 
to

 
he

ar
t, 

re
sp

ir
at

io
n,

 
C

N
S;

 io
ni

zi
ng

 
ra

di
at

io
n 

in
cl

ud
in

g 
co

nt
ro

l m
on

ito
ri

ng

Po
te

nt
ia

lly
 

ha
za

rd
ou

s 
(s

ub
st

an
ce

s,
 

pa
rt

 o
f 

bo
dy

, 
m

od
e 

of
 

ap
pl

ic
at

io
ns

)

II
I

H
ea

rt
; C

C
S

H
ea

rt
; C

C
S;

 C
N

S;
 

bi
ol

og
ic

al
 e

ff
ec

t; 
ab

so
rb

ed

H
ea

rt
; C

C
S;

 
C

N
S;

 b
io

lo
gi

ca
l 

ef
fe

ct
; a

bs
or

be
d;

 
ch

em
ic

al
 c

ha
ng

e;
 

m
ed

ic
in

e 
ad

m
in

is
tr

at
io

n

R
ul

e
1

2
3

4
5

6
7

8
9

10
11

12

K
ey

: A
M

D
 a

ct
iv

e 
m

ed
ic

al
 d

ev
ic

e,
 A

T
D

 a
ct

iv
e 

th
er

ap
eu

tic
 d

ev
ic

e,
 C

C
S 

ce
nt

ra
l c

ir
cu

la
to

ry
 s

ys
te

m
, C

N
S 

ce
nt

ra
l n

er
vo

us
 s

ys
te

m
, E

N
T

 e
ar

, n
os

e,
 a

nd
 th

ro
at



54

Ta
bl

e 
2.

20
 

R
ed

uc
ed

 s
ch

em
e 

fo
r 

co
m

bi
ne

d 
ch

ar
ac

te
ri

st
ic

s 
of

 a
ct

iv
e 

an
d 

no
na

ct
iv

e 
de

vi
ce

s

C
la

ss

N
on

in
va

si
ve

 d
ev

ic
es

In
va

si
ve

 d
ev

ic
es

A
dd

iti
on

al
 r

ul
es

 f
or

 a
ct

iv
e 

de
vi

ce
s

Su
rg

ic
al

ly
 in

va
si

ve
 d

ev
ic

es

O
th

er
s

C
ha

nn
el

in
g 

or
 s

to
ri

ng
 

su
bs

ta
nc

es
 

fo
r 

in
tr

od
uc

tio
n 

in
to

 th
e 

bo
dy

B
io

lo
gi

ca
l o

r 
ch

em
ic

al
 

m
od

ifi
ca

tio
n 

of
 li

qu
id

s 
fo

r 
in

fu
si

on

C
on

ta
ct

 
w

ith
 

in
ju

re
d 

sk
in

B
od

y 
or

ifi
ce

s
T

ra
ns

ie
nt

 
us

e
Sh

or
t-

 te
rm

 
us

e
L

on
g-

te
rm

 
us

e,
 

im
pl

an
ta

bl
e 

de
vi

ce
s

T
he

ra
pe

ut
ic

 
de

vi
ce

s 
fo

r 
ad

m
in

is
tr

at
io

n 
or

 e
xc

ha
ng

e 
of

 
en

er
gy

D
ia

gn
os

tic
 d

ev
ic

es
 to

 
su

pp
ly

 e
ne

rg
y,

 v
ita

l 
ph

ys
io

lo
gi

ca
l 

pr
oc

es
se

s;
 

ra
di

op
ha

rm
ac

eu
tic

al
 

im
ag

in
g

D
ev

ic
es

 f
or

 
ad

m
in

is
tr

at
io

n 
or

 r
em

ov
al

 o
f 

su
bs

ta
nc

es
 to

 o
r 

fr
om

 th
e 

bo
dy

O
th

er
s

I
Il

lu
m

in
at

io
n 

of
 h

um
an

 
bo

dy
 in

 v
is

ib
le

 
sp

ec
tr

um

R
eg

ul
ar

II
a

B
od

y 
su

bs
ta

nc
es

Fi
ltr

at
io

n;
 

ce
nt

ri
fu

ga
tio

n;
 

ga
s 

or
 h

ea
t 

ex
ch

an
ge

R
eg

ul
ar

Sh
or

t-
te

rm
 

us
e 

E
N

T,
 

lo
ng

-
te

rm

R
eg

ul
ar

R
eg

ul
ar

R
eg

ul
ar

R
eg

ul
ar

R
eg

ul
ar

II
b

R
eg

ul
ar

W
ou

nd
s 

w
ith

 
br

ea
ch

ed
 

de
rm

is
, 

he
al

in
g 

by
 

se
co

nd
ar

y 
in

te
nt

L
on

g-
te

rm
 

us
e

B
io

lo
gi

ca
l 

E
ff

ec
ts

Po
te

nt
ia

lly
 

ha
za

rd
ou

s 
(n

at
ur

e,
 d

en
si

ty
, 

si
te

 o
f 

en
er

gy
);

 
C

la
ss

 I
Ib

 A
T

D
 

m
on

ito
r 

co
nt

ro
l 

de
ve

lo
pm

en
t

Im
m

ed
ia

te
 d

an
ge

r 
to

 
he

ar
t, 

re
sp

ir
at

io
n,

 C
N

S;
 

io
ni

zi
ng

 r
ad

ia
tio

n 
in

cl
ud

in
g 

co
nt

ro
l 

m
on

ito
ri

ng

Po
te

nt
ia

lly
 

ha
za

rd
ou

s 
(s

ub
st

an
ce

s,
 

pa
rt

 o
f 

bo
dy

, 
m

od
e 

of
 

ap
pl

ic
at

io
ns

)

II
I

H
ea

rt
; 

C
C

S
H

ea
rt

; 
C

C
S;

 
C

N
S;

 
bi

ol
og

ic
al

 
ef

fe
ct

s

R
ul

e
1

2
3

4
5

6
7

8
9

10
11

12

K
ey

: A
T

D
 a

ct
iv

e 
th

er
ap

eu
tic

 d
ev

ic
e,

 C
C

S 
ce

nt
ra

l c
ir

cu
la

to
ry

 s
ys

te
m

, C
N

S 
ce

nt
ra

l n
er

vo
us

 s
ys

te
m

, E
N

T
 e

ar
, n

os
e,

 a
nd

 th
ro

at

2 Regulatory Aspects and Strategy in Medical Device and Biomaterials Safety…



55

References

AAMI. (1998). AAMI standards: Reduced devices  – Risk management  – Part 1: Applications. 
AAMI/ISO 14971-1. Arlington: AAMI.

AAMI. (2006). AAMI standards: Vol. 4, biological evaluation of medical devices. Arlington: 
AAMI.

ACGIH. (1986). Documentation of the threshold limit values for substances in workroom air (5th 
ed.). Cincinnati: American Conference of Governmental Industrial Hygienists.

AIHA. (1980). Hygienic guide series (Vol. Vols. I and II). Akron: American Industrial Hygiene 
Association.

Brown, R. P., & Stratmeyer, M. (1997). Proposed approach for the biological evaluation of medical 
device materials. In Proceedings of the Medical Design and Manufacturing East 97 Conference 
and Exposition (pp. 205-9–205-18). Santa Monica: Canon Communications.

CDRH. (1992). Regulatory Requirements for Medical Devices: A Workshop Manual, Center for 
Device and Radiological Health, HHS Publication FDA 92-4165, August 1992.

CDRH. (1995a). Premarket notification (510(k)) guidance document for contact lens car products. 
Washington, DC: Center for Device and Radiological Health, Food and Drug Administration.

CDRH. (1995b). Testing guidelines for class III soft (hydrophilic) contact Lens solutions. 
Washington, DC: Center for Device and Radiological Health, Food and Drug Administration.

CDRH. (1995c). Draft guidance for the content of premarket notifications for menstrual tampons. 
Washington, DC: Center for Device and Radiological Health, Food and Drug Administration.

CDRH. (2006). Immunotoxicity testing guidance. U.S. Department of Health and Human Services: 
FDA. Rockville: Silver Spring.

CFR. (1992). FDA’s policy statement concerning cooperative manufacturing arrangements for 
licensed biologics, Federal Register, 57:55544, November 25, 1992.

Council Directive 93/42/EEC of 14 June 1993 Concerning Medical Devices, Official J  Eur 
Communities, 36 (July 12): 1, 1993.

Ecobichon, D. J. (1992). The basis of toxicology testing. Boca Raton: CRC Press.
Eisenhart S. (2017). EMERGO Study: FDA 510(k) Submissions from US Companies on the 

Decline. EMERGO United States Medical Device QA/RA Blog, Austin, TX. Available online 
at: https://www.emergobyul.com/blog/2017/03/emergo-study-fda-510k-submissions-us-com-
panies-decline. Last Accessed 6 July 2018.

FDA. (1995). EPA Bluebook Memorandum #G95: Use of International Standard ISO-10993. 
Biological evaluation of Medical Devices Part 1: Evaluation and Testing = Food and Drug 
Administration, Washington, DC.

FDA. (2016) Use of International Standard ISO 10993-1, “Biological evaluation of medical 
devices – Part 1: Evaluation and testing within a risk management process”, CDRH, June 16, 
2016.

FDLI. (1995). Compilation of food and drug laws, Volumes I and II, Volume III (1996), Supplement 
(1998). Washington, DC: Food and Drug Law Institute.

“Final Draft Guidelines on Medical Device Classification,” MEDDEV 10/93, Brussels, European 
Commission, October 1993.

Food and Drug Administration (1987). Good Laboratory Practice Regulations: Final Rule. Federal 
Register, Part VI, Vol. 52, No. 172. September 4, 1987.

Food and Drug Administration. (1997). Premarket Notification [510k] Guidance Document 
for Class II Daily Wear Contact Lenses. Accessible at: http://www.fda.gov/downloads/
MedicalDevices/.../ucm080960.pdf. Washington, DC.

Fries, R.  C. (1999). Medical device quality assurance and regulatory compliance. New  York: 
Marcel Dekker.

Gad, S. C. (2001). Regulatory toxicology (2nd ed.). London: Taylor and Francis.
Gad, S. C., & Chengelis, C. P. (1998). Acute toxicology. La Jolla: Academic Press.
Gad, S. C., & Taulbee, S. (1996). Handbook of data recording, maintenance and management for 

the biomedical sciences. Boca Raton: CRC Press.

References

https://www.emergobyul.com/blog/2017/03/emergo-study-fda-510k-submissions-us-companies-decline
https://www.emergobyul.com/blog/2017/03/emergo-study-fda-510k-submissions-us-companies-decline
http://www.fda.gov/downloads/MedicalDevices/ucm080960.pdf
http://www.fda.gov/downloads/MedicalDevices/ucm080960.pdf


56

Goering, P. L., & Galloway, W. D. (1989). Toxicology of medical device material. Fundamental 
and Applied Toxicology, 13, 193–195.

Haindl, H. (1997). CE marking via self-declaration. Medical Device and Diagnostic Industry, 19, 
86–90.

Hayes, A.  W. (2014). Principles and methods of toxicology (6th ed., pp.  26–58). New  York: 
Macmillan.

Heller, M. A. (1999). Guide to medical device regulation (Vol. Vols. 1 & 2). Washington, DC: 
Thompson Publishing Group.

ISO. (1992). Biological evaluation of medical and dental materials and devices. Brussels: 
International Organization for Standardization (ISO).

ISO. (1996). ISO 14538: Risk and Hazard assessment of medical devices. Brussels: International 
Organization for Standardization (ISO).

ISO. (2008). ISO 7405: Evaluation of biocompatibility of medical devices used in dentistry. 
Brussels: International Organization for Standardization (ISO).

ISO. (2017). ISO 18562:1-4 biocompatibility evaluation of breathing gas pathways in healthcare 
application. Brussels: International Organization for Standardization (ISO).

ISO (various dates). Biological evaluation of medical devices. ISO 10993, parts 1–20. Geneva: 
International Organization for Standardization, various dates.

Kahan, J. S. (1995). Medical devices–obtaining FDA market clearance. Watham: Parexel.
MHLW. (2012). Basic principles of biological safety evaluation required for application for 

approval to market medical devices. Yakuji: Nippo, LTD..
MHW. (1995). Japanese Guidelines for Basic Biological Tests for Medical Devices and Materials, 

notification no. 99, (Tokyo: Pharmaceutical Affairs Bureau, Ministry of Health and Welfare, 
July 27, 1995).

Stark, N. J. (1997). Case studies: Using the world literature to reduce biocompatibility testing. In 
Proceedings of the Medical Design and Manufacturing East 97 Conference and Exposition 
(pp. 205-1–205-7). Santa Monica: Canon Communications.

Stark, N.  J. (1998). Conducting health-based risk assessment of medical materials. Medical 
Plastics and Biomaterials, 5, 18–25.

The Gray Sheet. (1992). EC ‘Medical Devices’ Directive Slated for Adoption in Mid-1993, EC 
Commission Official Says: CEN Estimate Development of 92 Standards for Directive, M-D- 
D-1 Reports, The Gray Sheet, October 12, 1992.

The Gray Sheet. (1996). European Union Class III Device Approvals Average 240 Days or Less, 
HIMA Survey Says: Study Release Intended to Bolster Support for FDA Reform Legislation, 
The Gray Sheet, February 26, 1996, pp. 7–8.

USP. (2007). Biological tests-plastics, The United States Pharmacopoeia (XXX ed., pp. 1235–
1238). Rockville: United States Pharmacopoeial Convention.

2 Regulatory Aspects and Strategy in Medical Device and Biomaterials Safety…



57© Springer Nature Switzerland AG 2019
S. C. Gad, Integrated Safety and Risk Assessment for Medical Devices and 
Combination Products, https://doi.org/10.1007/978-3-030-35241-7_3

Chapter 3
Biocompatibility Testing: The Biologic 
Tests

Shayne C. Gad

Abstract Most biocompatibility testing requirements are drawn from a common 
set of designs—from those guidelines called out by the ISO-10993-1 table. All 
devices require three basic end points to be addressed—cytotoxicity, irritation and 
sensitization. Most studies have as a predicate the preparation of extracts using 
polar and nonpolar vehicles (sample preparations). This chapter starts examining 
the details for sample preparation and then presents similar examinations of each 
major standard test type. In each case, the performance and results evaluating are 
followed by examination of common issues and routes to their resolutions. Finally, 
uncommon biologic test types are reviewed.

Keywords Autoimmunity · Bacterial mutation tests · Bruce Ames · 
Carcinogenicity · Chronic toxicity · Clinical pathology · Clotting time · 
Coagulation · Complement activation · Cytogenetic assay · Cytotoxicity · Dermal 
irritation · Endotoxin · Exhaustive extraction · Genotoxicity · Guinea pig 
maximization test (GMPT) · Hemocompatibility · Hemolysis · Histopathology · 
Host-resistant assays · Human peripheral blood lymphocytes · Humoral (innate) 
immunity · Immunopathologic · Immunotoxicity · Immunotoxicology · 
Implantation · Implantation as a method for other end points · Intracutaneous 
reactivity · Japanese (MHW) extraction methods · Local lymph node assay 
(LLNA) · Material-mediated pyrogenicity · Microbiome · Ocular irritation · 
Pyrogenicity · Reference materials · Sample preparation · Sensitization · Subacute 
toxicity · Subchronic toxicity · Systemic toxicity · T-cell (adaptive) 
lymphoproliferation · Thrombogenicity · USP rabbit pyrogen test

Here we consider how to actually perform the traditional biologic test components 
of a biocompatibility assessment, starting with selection of test articles (samples) 
and the preparation or the derivation of extracts to use in testing. That is, how to 
select actual individual items (usually in triplicate) for testing (sampling) and how 
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to prepare the items selected for the testing process (sample preparation). ISO 
10993-12 addresses both these issues (as well as the selection and use of reference 
materials) in summary fashion.

This chapter focuses on the utilitarian aspects of test selection and performance, as 
well as pointing out and addressing commonly encountered issues in test performance 
and interpretation. A previous volume (Gad and Gad McDonald 2016) by the authors 
provides an extensive coverage of theory and background.

3.1  Sample Preparation (ISO 10993-12)

How samples are prepared for testing once selected is as critical as what samples are 
tested. With devices, much of sample preparation centers around the derivation of 
extracts for use in tests where inclusions of an intact solid device are either inap-
propriate or not physically positive.

Sample test materials or test components should be in final “market ready” form—
cleaned and sterilized just as a final product supplied to a patient would be. The manu-
facturer should choose a biologically relevant solvent system that is listed in the ISO 
guidance, does not deform the physical structure of the device, and will yield a quan-
tity of extract sufficient to perform tests for biocompatibility. The observed biological 
response results from the combination of the concentration of the substances that 
reach the target cells and the intrinsic activity of the substances upon these cells. No 
single simple extraction procedure would simulate the effect of exposure to the physi-
ological environment. For example, serum contains electrolytes, a variety of fats, and 
nitrogenous compounds. However, the extraction solution should be chemically and 
biologically uncomplicated so that the extraction solution itself does not interfere with 
subsequent tests. The extraction solution should include an appropriate combination 
of polar and nonpolar solvents, and the extraction procedure should occur in a static 
condition as well as under agitation. The ratio of product to extraction solution and the 
time for the extraction process should reflect the quantities and dwell times occurring 
in the anticipated use of the device.

Unless extraction is for direct testing in a mammalian cell culture (in which case 
culture media should be employed), at least two solvents, polar and nonpolar, are 
used to obtain soluble extracts for biocompatibility tests preferable at an elevated 
temperature. Polar solvent can be water, saline solution, and/or water or saline solu-
tion with alcohol. Nonpolar solvent can be cottonseed oil (CSO), sesame oil, and/or 
polyethylene glycol (DEG) solution. The most commonly employed solvents for 
extraction are characterized in Table 3.1. Culture medium may also be used for cell- 
based test systems such as in cytotoxicity testing.

Extracting conditions should attempt to exaggerate the clinical use conditions so 
as to define the potential toxicological hazard without causing significant changes 
such as fusion or melting of the material pieces or altering the chemical structure. If 
a device component melts or loses shape during extraction, the resulting extractant 
solution cannot be used in a valid test.
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Table 3.1 Commonly utilized extractants and vehicles

Common name: Cottonseed oil (CSO)
Chemical name: NA
Molecular weight: NA
Formula: Mixture of natural products; glycerides of palmitic, olive, and linoleic acids
Density: 0.915–0.921 g/ml
Volatility: Low
Solubility/miscibility: Soluble in ether, benzene, chloroform, and DMSO. Slightly soluble in 
ethanol
Biological considerations: Orally, serves as energy source (and therefore can alter food 
consumption and/or body weight). Prolonged oral administration has been associated with 
enhanced carcinogenesis
Chemical compatibility/stability considerations: Thickens upon prolonged exposure to air. 
Available in USP grade
Uses (routes): In extractions and as a vehicle for oral, dermal, vaginal, rectal, and subcutaneous 
administration
Common name: DMSO/dimethyl sulfoxide
Chemical name: Sulfinylbis [methane]; CAS #67-68-5
Molecular weight: 78.13
Formula: C2H6OS
Density: 1.100 g/ml at 20 ° C
Volatility: Medium
Solubility/miscibility: Soluble in water, ethanol, acetone, ether, oils
Biological considerations: Oral LD50 (rats) = 17.9 ml/kg. Repeated dermal exposure can defat 
skin. Repeated oral exposure can produce corneal opacities. Not cytotoxic to cells in primary 
culture at less than 0.05% (V/V). Intraperitoneal LD50 (mice) = 11.6 ml/kg.
Chemical compatibility/stability considerations: Very hydroscopic liquid. Combustible
Uses (routes): All, as a carrier at up to 5% to enhance absorption
Common name: Ethanol; EtOH
Chemical name: Ethyl alcohol; CAS #64-17-5
Molecular weight: 46.07
Formula: C2H5OH
Density: 0.789 g/ml
Volatility: High, but declines when part of mixture with water
Solubility/miscibility: Miscible with water, acetone, and most other vehicles
Biological considerations: Orally, will produce transient neurobehavioral intoxication. Oral 
LD50(rats) = 13.0 ml/kg. Intravenous LD50 (mice) = 5.1 ml/kg
Chemical compatibility/stability considerations: Flammable colorless liquid available USP grade
Uses (routes): Extraction solvent vehicle for dermal and oral, though can be used in lower 
concentrations for most other routes. Volume of oral instillation should be limited to 5 ml/kg
Common name: Polyethylene glycol (PEG)
Chemical name: NA
Molecular weight: 400 (approximate average, range 380–420)
Formula: H(OCH2CH2)nOH
Density: 1.128 g/ml
Volatility: Very low
Solubility/miscibility: Highly soluble in water. Soluble in alcohol and many organic solvents
Biological considerations: Employed as water-soluble emulsifying/dispersing agents. Oral LD50 
(mice) = 23.7 ml/kg. Oral LD50 (rats) = 30 ml/kg
Chemical compatibility/stability considerations: Do not hydrolyze or deteriorate on storage and 
will not support mold growth. Clear, viscous liquid
Uses (routes): As extraction solvent for oral administration as a vehicle full strength or mixed 
with water. Total dosage of PEG-400 should not exceed 5–10 ml

(continued)
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The results derived from tests where the conditions of extraction were exagger-
ated need to be viewed in light of these exaggerations. Judgment needs to be used in 
interpreting the results as to their appropriateness to the actual use conditions and 
device potential toxicity.

The concentration of any endogenous or extraneous substances in the extract, 
and hence the amount exposed to the test cells, depends on the interfacial area, con-
dition of the sample surface, the extraction volume, pH, chemical solubility, osmo-
larity, agitation, temperature, and other factors. These conditions should each be 
carefully considered. It should also be remembered that for solid polymer and elas-
tomer components, unfinished areas (such as are exposed if an elastomeric closure 
or stopper piece is cut) are likely to have more leachable materials than are present 
in a more fully cured or finished surface.

Use of a lipophilic (non-polar, such as CSO) and a hydrophilic (polar, generally 
saline) solvent system simulates likely physiologic extraction conditions in use. The 
addition of ethanol and PEG provides a fair representation of potential extraction 
conditions when the device is in extended contact with a drug or therapeutic solu-
tion (Autian 1977).

General points or guidance for extraction include (AAMI 2014):

• The extraction shall be performed in sterile, chemically inert containers by using 
aseptic techniques.

• The extraction time and temperature are dependent on the physicochemical char-
acteristics of the material and extraction vehicle. Expected (by the regulators) 
conditions are (AAMI 2014; ISO 2012):

 (a) 37 °C for 72 hours (the current preferred extraction method only for situa-
tions where there is a component that would be damaged by higher tempera-
tures, such as protein in culture media).

 (b) 72 hours at 50 °C (unless it has a protein or the temperature will physically 
deform your device or a component thereof, this is the usual case). As will 
be seen in (d) below, for extractables and in situations where a device is 
implanted for a long time, “exhaustive extraction” (not just 72  hours) at 
50 °C is expected.

 (c) 1 hour at 121 °C (for metals and ceramics).

Table 3.1 (continued)

Common name: Saline
Chemical name: Physiological saline; isotonic salt solution
Molecular weight: 18.02
Formula: 0 l9% NaCl in water (weight to volume)
Density: As water
Volatility: Low
Solubility/miscibility: As water
Biological considerations: No limitations—Preferable to water in parenteral applications
Chemical compatibility/stability considerations: None
Uses (routes): Extraction solvent all except perocular

Source: Gad and Chengelis (1998); Lewis (1993)
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 (d) Exhaustive extraction at 40 °C for leachables and extractables (L&E) assess-
ments. This involved extracting in successive aliquots of solvent until there 
is no more than a 10% increase in quantities/concentrations of extracted 
materials of that for the initial period.

Extraction conditions should simulate as closely as possible the conditions under 
which the device will normally be used. Therefore, item (a) gives the preferred con-
ditions for extraction, and generally the other conditions are when a device is 
intended for steam or thermal sterilization or resterilization (such as with surgical 
instruments).

The recommended conditions should be applied according to the device charac-
teristics and specific conditions of use.

Extraction procedures using culture medium with serum can only be used under 
the conditions specified in (a) above (i.e., not less than 24 hours at 37 °C). It should 
be noted that such media has both lipophilic and hydrophilic component.

When agitation is considered to be appropriate, the method should be specified 
and reported. Elastomeric materials should never be cut prior to extraction, and 
polymers should not be cut into small pieces before extraction except in extraordi-
nary circumstances. The ratio between the surface area of the material and the vol-
ume of extraction vehicle shall be no more than 6 cm2/ml. The surface area shall be 
calculated on the basis of the overall sample dimensions, not taking into account 
surface irregularity and porosity. However, the actual surface characteristics should 
be considered in the interpretation of the test results. If the surface area is indeter-
minate, then 0.1 g/ml to 0.2 g/ml shall be used.

Liquid extracts shall, if possible, be used immediately after preparation.
If an extract is stored, then the stability of the extract under the conditions of 

storage should be verified with appropriate methods.
If the extract is filtered, centrifuged, or processed by other methods prior to being 

applied to the cells, this must be included in the final report.
For use in direct contract tests (such as implantation studies), materials which 

have various shapes, sizes or physical states (i.e., liquid or solid) may be tested 
without modification in the cytotoxicity assays.

The preferred sample of a solid specimen should have at least one flat surface. 
Adjustments shall be made for other shapes and physical states.

Japanese (MHW) extraction methods are test method dependent.
The sterility of the test specimen shall conform to the requirements in the 

USP (2013).
Test materials from sterilized devices which are normally supplied non-sterile 

but are sterilized before use shall be sterilized by the method recommended by 
the manufacturer and handled aseptically throughout the extraction and test 
procedure.

Test materials from devices not required to be sterile in use shall be used as sup-
plied and handled aseptically throughout the extraction and test procedure.

Liquids shall be tested by either (a) direct deposition or (b) deposition onto a 
biologically inert absorbent matrix (filter discs have been found to be suitable).

3.1  Sample Preparation (ISO 10993-12)
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If appropriate, materials classed as super-absorbent shall be wetted with culture 
medium prior to testing.

The USP (2013) provides specific guidance for use in preparing extraction solu-
tions for use in biological reactivity tests. These are as follows.

3.1.1  Apparatus

For the tests includes the following.

3.1.1.1  Autoclave

Use an autoclave capable of maintaining a temperature of 121 ± 2.0°, equipped with 
a thermometer, a pressure gauge, a vent cock, a rack adequate to accommodate the 
test containers above the water level, and a water-cooling system that will allow for 
cooling of the test containers to about, but not below, 20° immediately following the 
heating cycle.

3.1.1.2  Oven

Use an oven, preferably a forced-circulation model, that will maintain operating 
temperatures of 50° or 70° within ±2°.

3.1.1.3  Extraction Containers

Use only containers, such as ampuls or screw-cap culture test tubes, of Type I glass. 
If used, culture test tubes are closed with screw caps having suitable elastomeric 
liners. The exposed surface of the elastomeric liner is completely protected with an 
inert solid disk 0.05 mm to 0.075 mm in thickness. A suitable disk may be fabri-
cated from a polytetrafluoroethylene (polytef) resin.

3.1.2  Preparation of Apparatus

Cleanse all glassware thoroughly with chromic acid cleansing mixture, or if neces-
sary with hot nitric acid, followed by prolonged rinsing with water. Clean cutting 
utensils by an appropriate method (e.g., successive cleaning with acetone and meth-
ylene chloride) prior to use in subdividing a specimen. Clean all other equipment by 
thorough scrubbing with a suitable detergent and prolonged rinsing with water.

Render containers and equipment used for extraction, and in transfer and admin-
istration of test material, sterile and dry by a suitable process. [If ethylene oxide is 
used as the sterilizing agent, allow adequate time for completing degassing.]
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3.2  Procedure

3.2.1  Preparation of Sample

Both the Systemic Injection Test and the Intracutaneous Test may be performed 
using the same extract, if desired, or separate extracts may be made for each test. 
Select and subdivide into portions a Sample of the size indicated in Table 3.2. Note 
that ISO 10993 (Part 12) guidance is equivalent but stated differently, as present in 
Table 3.3. Remove particulate matter, such as lint and free particles, by treating each 

Table 3.2 Surface area of specimen to be useda

Form of material Thickness
Amount of Sample for each 20 mL 
of extracting medium Subdivided into

Film or sheet <0.5 mm
0.5 to 1 mm

Equivalent of 120 cm2 total surface 
area (both sides combined)
Equivalent of 60 cm2 total surface 
area (both sides combined)

Strips of about 5 × 
0.3 cm

Tubing <0.5 mm 
(wall)
0.5 to 1 mm 
(wall)

Length (in cm) = 60 cm2/(sum of ID 
and OD circumferences)
Length (in cm) = 60 cm2/(sum of ID 
and OD circumferences)

Sections of about 5 
× 0.3 cm

Slabs, tubing, and 
molded items

>1 mm Equivalent of 60 cm2 total surface 
area (all exposed surfaces combined)

Pieces up to about 5 
× 0.3 cm

Elastomers >1 mm Equivalent of 25 cm2 total surface 
area (all exposed surfaces combined)

Do not subdivideb

aWhen surface area cannot be determined due to the configuration of the specimen, use 0.1 g of 
elastomer or 0.2 g of plastic or other polymers for every 1 mL of extracting fluid
bMolded elastomeric closures are tested intact

Table 3.3 Extraction ratiosa

Form/material Thickness Surface area/volume

Non-absorbent Not applicable 6 cm2/ml
Absorbents and hydrocolloidsb Not applicable 0 1

1

. g

ml absorption capacity+( )
Film, sheet, or tubing wallc <0.5 mm

0.5 to 1 mm
6 cm2/ml
3cm2/ml

Slabs, tubing, and molded items >1 mm 3cm2/ml
Elastomersd >1 mm 1.25 cm2/ml
Indeterminate surface area Not applicable 0.2 gm sample/ml or

0.1 gm elastomer/ml
aISO 10993—Part 12: Sample Preparation and Reference Materials
bBased on a technique developed by NJ Stark
cMay be subdivided into strips or sections
dDo not subdivide: cut edges have different extraction properties than outer surfaces

3.2  Procedure



64

subdivided Sample or Negative Control as follows: Place the Sample into a clean, 
glass-stoppered, 100-mL graduated cylinder of Type I glass, and add about 70 mL 
of water for injection. Agitate for about 30 seconds, and drain off the water, repeat 
this step, and dry those pieces prepared for the extraction with vegetable oil in an 
oven at a temperature not exceeding 50°. [Note—Do not clean the Sample with a 
dry or wet cloth or by rinsing or washing with an organic solvent, surfactant, etc.]

3.2.2  Preparation of Extracts

Place a properly prepared Sample to be tested in an extraction container, and add 
20  mL of the appropriate extracting medium. Repeat these directions for each 
extracting medium required for testing. Also prepare one 20-mL blank of each 
medium for parallel injections and comparisons. Extract by heating in an autoclave 
at 121° for 60 minutes, in an oven at 70° for 24 hours, or at 50° for 72 hours. Allow 
adequate time for the liquid within the container to reach the extraction 
temperature.

Sample preparation actions and extraction conditions should not in any instance 
cause physical changes such as fusion or melting of the Sample pieces, which result 
in a decrease in the available surface area. A slight adherence of the pieces can be 
tolerated. Always add the cleaned pieces individually to the extracting medium. If 
culture tubes are used for autoclave extractions with vegetable oil, seal screw caps 
adequately with pressure-sensitive tape.

Cool to about room temperature but not below 20°, shake vigorously for several 
minutes, and decant each extract immediately, using aseptic precautions, into a dry, 
sterile vessel. Store the extracts at a temperature between 20° and 30° and do not use 
for tests after 24 hours. Of importance are the contact of the extracting medium with 
the available surface area of the plastic and the time and temperature during extrac-
tion; the proper cooling, agitation, and decanting process; and the aseptic handling 
and storage of the extracts following extraction.

One should be aware that close reading requirements under MHW Notification 
99 is required. Otherwise, exaggerated extraction conditions may be inappropriately 
and erroneously employed (such as in the case of biologically derived materials 
such as collagen).

3.2.3  Reference Materials

In nearly every biocompatibility test, reference materials are used to serve as experi-
mental controls. Negative controls, in the form of blanks, are used in most biologi-
cal evaluations where test article extracts are prepared. The use of these blanks 
provides the basis for a comparison of the effects of the test material extract with a 
validated negative test result. Japanese (MHW 2000) guidelines consistently refer to 
these as Standard Reference Materials (SRMs).
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A number of materials have been used extensively in biological testing as nega-
tive or positive controls. High-density polyethylene, obtained from the United 
States Pharmacopeia, is a standard negative control. The nonreactive plastic can be 
implanted into living tissue and the results compared with those for a test material 
that has been similarly implanted. Likewise, a polyvinyl chloride formulation con-
taining organotin additives serves well as a positive control.

It is preferable to evaluate medical devices in their final product form. The rea-
soning is simple—the biological testing must incorporate everything involved in 
making the device. Obviously, the constituent materials must be safe for patient 
contact; equally important to device biocompatibility are the processes and materi-
als used during manufacturing. For most devices, the use of fluid extracts of the test 
materials prepared in a fashion to mimic or exaggerate the expected clinical condi-
tions is the most appropriate technique for determining the potential effects of 
chemical leachables.

3.3  Cytotoxicity Testing (ISO 10993-5)

The cell culture including cytotoxicity methods is a long-established screening 
method for device or biomaterial biocompatibility screening and may be a fair pre-
dictor of biocompatibility when used together with other appropriate tests (Wilsnack 
1976; Gad 2000). Several highly specialized cell culture methods are available to 
evaluate the biocompatibility of the raw materials used in the manufacturing of the 
device or auditing the production of the manufacturing process. Such cytotoxicity 
offers several advantages:

• It is simple, rather inexpensive, and easy to perform.
• It allows testing of a biomaterial on human tissue.
• It is sensitive to toxic material.
• It is easy to manipulate and allow more than one end point investigation.
• It can be used to construct a concentration-response curve.
• It can give quick and quantitative results and allows direct access or direct obser-

vation or measurement.

Despite these advantages, cytotoxicity use is currently limited to screening the 
biomaterials and finished medical devices. It is one of the three tests required for all 
medical devices, irregardless of route or duration of patient exposure. But it is 
essential that cytotoxicity results should be used in conjunction with other tests 
to assess.

The objective of cell cytotoxicity testing is to screen the biocompatibility of the 
polymer and elastomer portions of medical devices or medical device components 
using mammalian cell cultures. Cytotoxicity is a useful method for screening material 
and frequently serves as a quality control mechanism for audit or batch testing pro-
grams (11). It is one of the oldest assays designed specifically to screen plastics for 
toxicity (Rosenbluth et al. 1965). Given the extreme sensitivity of this test, materials 
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found to be cytotoxic must be assessed along with the results of in vivo studies and 
others to evaluate the relevant risk to human health. Unlike the other studies utilized 
in biocompatibility testing, cytotoxicity is not a clear pass/fail test in the eyes of regu-
lators. Failure in cytotoxicity is generally grounds for performing confirmatory tests 
such as an implantation or intracutaneous reactivity and acute systemic toxicity 
(Barile 1994). There are clear differences in the sensitivity of different tissues (eye > 
muscle > skin) to cytotoxicity effects (ISO Japan 2009).

3.3.1  Background

Historically, cytotoxicity was originally adapted in the early 1950s for the use of 
screening plastics used in pharmaceutical containers. The concern was for potential 
toxic entities leaking from the containers into the drugs at a time before our current 
analytical chemistry methods were available to serve the purpose. As such the plas-
tics were called “closures.”

The great majority of toxic compounds are chemically stable and produce their 
characteristic effects by interference with biochemical or physiological homeostatic 
mechanisms (Gad 2000, Di Silvio 2010). This means that an understanding of the 
pharmacodynamics of extractable toxics is essential. In the case of drugs, it has 
been estimated that some 80 percent of the adverse reactions are the result of exag-
gerated pharmacological responses rather than “off target hits.” Many adverse 
events are the consequence of the disturbance of normal physiology and do not 
result in cell death. This is one reason that cytotoxicity assays on their own cannot 
provide a full assurance of safety. At the same time, the intact organism has avail-
able extensive defensive mechanisms not available to the cell in cultures.

Cytotoxicity, the causing of cell death, is often the consequence of exposure to a 
harmful chemical, but the number of cells which must be killed before the function 
of a tissue or organism is noticeably impaired is highly variable. Some cell types, 
notably the epithelia including the liver, have the ability to regenerate in response to 
insult, while others, most notably neurons, have little such capability. Some organs, 
such as the liver, lung, and kidney, have a substantial reserve capacity in excess of 
normal requirements, and normal body function can be maintained in the presence 
of marked organ impairment.

Cytotoxicity assays measure loss of some cellular or intercellular structure and/or 
functions, including cell death. They are generally simple to perform and reproduc-
ible and have a clearly defined end point. However, specificity in the prediction of 
end points in standard tests in vivo (such as lethality, irritation, and implantation) is 
extremely variable for a variety of reasons, including the fact that the assay systems 
are continually exposed, whereas in vivo there are biological and biochemical pro-
tective measures in operation which limit the duration of exposure. Some assays may 
not be universally capable of detecting all chemical classes of irritants because of the 
transitory nature and threshold of in vivo expression from the end point used.
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A variety of cell lines have been used including corneal epithelial cells, lung 
fibroblasts, Chinese hamster ovary cells, canine renal cells, HeLa cells, and micro-
organisms. The Japanese recommend the V79 cell line.

Differentiated cells are used to evaluate the effects materials may have on spe-
cific tissues. Differentiated cells are generally non-fibroblastic cells which are dif-
ferent from transformed and fibroblastic cells such as L-cells used in ISO cytotoxicity 
test methods. Differentiated cells have organ-specific or tissue-specific functions 
and have specific biological end points or measurable characteristics. Liver cells, 
which are differentiated cells, have all or some liver functions.

To perform the test in differentiated cells is important for at least two reasons. 
First, the tissue-type-specific features of differentiated cells may modulate the 
effects of chemicals on the fundamental properties of cells. Second, it is important 
to determine the effects of chemicals on specific cell functions or responses. Culture 
systems for growing epithelial, liver, or embryonic cells have been developed only 
recently. The number of available differentiated cells for biocompatibility testing is 
currently small, but there is significant development in this area.

3.3.2  Neutral Red Uptake (NRU) Assay

In this procedure, cells, usually mouse fibroblasts or Chinese hamster ovary cells, 
are exposed to the test material and then to neutral red. Retention of neutral red 
indicates cell viability. Bagley et al. (2008) found that, in general, the concentration 
of test material required to reduce neutral red uptake decreased as the in vivo irritant 
potential of the test material increased. Neutral red is a vital dye, which is preferen-
tially absorbed and endocytosed by viable cells and internalized inside lysosomes. 
In this respect, it is considered as an indicator of lysosome and cell integrity. The 
basis of the test is that a cytotoxic material, regardless of site or mechanism of 
action, can interfere with this process and result in a reduction of the number of 
viable cells. NRU has been shown to correlate well with the number of cells in the 
culture and has also been found to be more accurate than MTT assay (Ciapetti et al. 
1996). Attention needs to be paid to the technical aspects of incubation as empha-
sized by Blein et  al. (1991) who found that correlation with materials with an 
extreme pH was underestimated because of the buffering effect of the culture 
medium and that volatile materials were also underestimated probably because of 
loss of material.

3.3.3  MTT

The MTT assay introduced in 1983 is a colorimetric assay that is used to determine 
the cell proliferation, viability, and cytotoxicity. It is advantageous, as it can be rap-
idly performed on a microtiter plate assay and read on a spectrophotometer ELISA 
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plate reader at the absorbance of 570 nm. Traditionally, the reduction of the tetrazo-
lium salts to their equivalent formazan precipitates was used for the histochemical 
demonstration of the activities of oxidative and non-oxidative enzymes in mito-
chondrial using both light and electron microscopy. Currently, in the MTT assay, the 
tetrazolium MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) 
is reduced in a mitochondrial-dependent reaction to an insoluble purple formazan 
by cleavage of the tetrazolium ring by succinate dehydrogenase within the cell since 
it cannot pass through the cell membrane. By addition of spectrophotometric grade 
dimethylsulfoxide (DMSO), isopropanol, or other suitable solvents, the formazan is 
solubilized and liberated and is readily quantified colorimetrically. Cytotoxic con-
centration is generally determined as the concentration that kills 50% of the cells, 
generally known as the IC50.

Several inter-test comparisons have been undertaken. Sina et  al. (1992) and 
Ciapetti et al. (1996) compared leucine incorporation, MTT dye reduction, and neu-
tral red uptake in corneal epithelial cells and Chinese hamster lung fibroblasts. None 
of the end point target cell combinations accurately predicted in vivo eye irritation 
in this series, but the MTT dye reduction method gave the best overall correlation.

In vitro assays such as cytotoxicity serve to assess acute toxic effects, and in far 
larger organisms are most effective in predicting local tissue irritation effects. Such 
experiments using cultured cells utilize a variety of methods based on either a fresh 
isolate from fragments of tissue or cell suspension (primary cell culture) which 
grow to confluence and then age and die or single cell clones (continuous cell cul-
ture) which have an indefinite capacity to grow and replicate. The continuous cell 
lines have the advantage of being consistent, reliable, and reproducible. They act as 
a standard with a documented history; they have fewer biological variables and may 
be tuned to particular toxicity concerns by using a variety of tissues and species with 
a range of doses and exposure periods. As a result, these methods can be very effi-
cient in screening and are often more sensitive than acute toxicity tests in animals. 
Early cell culture methods were markedly subjective screening to merely estimate 
the numbers of living or dead cells, but now morphological analysis by electron 
microscopy reveals a spectrum of microcellular changes; and cell function tests 
measure biochemical parameters indicating the nature of cell stress.

Although many modifications have been made, cell culture tests are of four main 
types: gel diffusion, direct contact, extract dilution, and cell function tests.

Gel diffusion uses agar or agarose to cover a cell monolayer. A sample of the 
material or extract is placed on top of the gel providing a concentration gradient of 
diffusibles. Agarose allows a faster diffusion of uncharged molecules and is as sen-
sitive as the rabbit intramuscular implantation test.

Direct contact of the test material onto a culture layer is more sensitive than the 
rabbit intramuscular implantation test, but care must be taken to avoid physical 
damage to the cells by pressure or movement of the sample.

Extracts may be serially diluted in the nutrient media and provide a quantitative 
comparison with reference extracts. Inevitably the correlation with animal tests will 
depend on the nature of the eluants.
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Cell function tests are a very precise way of registering cellular response to any 
insult. In particular, inhibition of cell growth can be measured with considerable 
sensitivity.

With increasing complexity of test methodology, the results may be less repro-
ducible than previously, and increasing sensitivity may not assist the accurate pre-
diction of risk to humans as the impact of a material on the body systems may be 
much less intense than to cells in a multi-well test system.

Several tests are available to test cytotoxicity by direct contact. These include:

• ASTM F813 Practice for Direct Contact Cell Culture Evaluation of Materials for 
Medical Devices.

• ASTM F895 Test Method for Agar Diffusion Cell Culture Screening for 
Cytotoxicity.

• ASTM F1027 Standard Practice for Assessment of Tissue and Cell Compatibility 
of Orificial Prosthetic Materials and Devices.

• NIH Publication No. 85-2185 Guidelines for Blood-Material Interactions.
• HIMA Report: Guidelines for the Preclinical Safety Evaluation of Materials 

Used in Medical Devices.
• Others including many device-specific toxicity guidance documents on toxicity 

testing.

In addition, the agar overlay tissue culture method and fluid medium tissue culture 
method can be used for direct contact cytotoxicity testing. In the fluid medium method, 
the test material or device is placed directly on the growing monolayer cell surface. In 
the agar overlay method, the solid test sample is place on or in the agar layer contain-
ing the vital stain such as neutral red over the growing monolayer of cells. The response 
is evaluated grossly and microscopically and graded according to the zone index, the 
size of the cytopathic area, the lysis index, and percent of cell lysis.

Proper cytotoxicity testing should include at least one test with extract and one 
direct contact test if feasible.

In addition, differentiated cells are used to evaluate the effects materials may 
have on specific tissues. Differentiated cells are generally non-fibroblastic cells 
which are different from transformed and fibroblastic cell lines such as L929 cells 
used in ISO cytotoxicity test methods. Differentiated cells have organ-specific or 
tissue-specific functions and have specific biological end points or measurable char-
acteristics. Liver cells, which are differentiated cells, have all or some liver functions.

The three specific tests prescribed by ISO (and USP) are presented below.

3.3.4  Agar Diffusion Test

This test is designed for elastomeric closures in a variety of shapes. The agar layer 
acts as a cushion to protect the cells from mechanical damage while allowing the 
diffusion of leachable chemicals from the polymeric specimens. Extracts of materi-
als that are to be tested are applied to a piece of filter paper:
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Sample Preparation—Use extracts, prepared as directed, or use portions of the 
test specimens having flat surfaces not less than 100 mm2 in surface area.

Procedure—Prepare the monolayers in 60-mm diameter plates using 7 mL of 
cell culture preparation. Aspirate the culture medium from the monolayers, and 
replace it with serum-supplemented culture medium containing not more than 2% 
of agar. Place the flat surfaces of Sample Preparation, USP negative control plastic 
RS (to provide a Negative Control), and either USP positive bioreaction extract RS 
or USP positive bioreaction solid RS (to provide a Positive Control) in duplicate 
cultures in contact with the solidified agar surface. Incubate all cultures for not less 
than 24 hours at 37 ± 1°, preferably in a humidified incubator containing 5 ± 1% of 
carbon dioxide. Note that in contrast to the now preferred extraction at 50 °C for 
72 hours, culture medium with serum is limited to 37  °C. Each culture must be 
examined under a microscope, using cytochemical stains, if possible.

Interpretation of Results—The biological reactivity (cellular degeneration and 
malformation) is described and rated on a scale of 0 to 4 (Table 3.4). Measure the 
responses obtained from the Negative Control and the Positive Control. The test 
system is suitable of the observed response corresponds to the labeled biological 
reactivity grad of the relevant reference standard. Measure the response obtained 
from the Sample Preparation. The Sample meets the requirements of the test if none 
of the cell culture exposed in the Sample show greater than a mild reactivity (Grade 
2). Repeat the test if the suitability of the system is not confirmed.

3.3.5  Direct Contact Test

This test is designed for materials in a variety of shapes. The procedure allows for 
simultaneous extraction and testing of leachable chemicals from the specimen with 
a serum-supplemented medium. The procedure is not appropriate for very low- or 
high-density materials that could cause mechanical damage to the cells.

3.3.5.1  Sample Preparation

Use portions of the test specimen having flat surfaces not less than 100 mm2 in sur-
face area.

Table 3.4 Reactivity grades for direct contact and agar diffusion test

Grade Reactivity Description of reactivity zone

0 None No detectable zone around or under specimen
1 Slight Zone limited to area under specimen
2 Mild Zone extends less than 0.5 cm beyond specimen
3 Moderate Zone extends 0.5–1.0 cm beyond the specimen
4 Severe Zone extends greater than 1.0 cm beyond specimen but does not involve 

entire dish
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3.3.5.2  Procedure

Prepare the monolayers in 35-mm-diameter plates using 2 mL of cell suspension. 
Aspirate the culture medium from the cultures, and replace it with 0.8 mL of fresh 
culture medium. Place a single Sample Preparation, USP negative control plastic 
RS (to provide a Negative Control), and USP positive bioreaction solid RS (to pro-
vide a Positive Control) in each of duplicate cultures. Incubate all cultures for not 
less than 24 hours at 37 ± 1° in a humidified incubator preferable containing 5 ± 1% 
of carbon dioxide. Examine each culture around each Sample, Negative Control, 
and Positive Control, under a microscope, using cytochemical stains if desired.

3.3.5.3  Interpretation of Results

Proceed as directed for Interpretation of Results under Agar Diffusion Test using 
Table 3.5. The Sample meets the requirements of the test if none of the cultures 
treated with the Sample shows greater than a mild reactivity (Grade 2). Repeat the 
test if the suitability of the system is not confirmed.

3.3.6  Elution Test

This test is designed for the evaluation of extracts of polymeric materials. The pro-
cedure allows for extraction of the specimens at physiological or nonphysiological 
temperatures for varying time intervals. It is appropriate for high-density materials 
and for dose-response evaluations.

3.3.6.1  Sample Preparation

Prepare as directed in Preparation of Extracts, using ether sodium chloride injec-
tion (0.9% NcCl) or serum-free mammalian cell culture media as Extraction 
Solvents. If the size of the Sample cannot be readily measured, a mass of not less 

Table 3.5 Reactivity grades for elution test

Grade Reactivity Conditions of all cultures

0 None Discrete intracytoplasmic granules; no cell lysis
1 Slight More than 20% of the cells are round, loosely attached, and without 

intracytoplasmic granules; occasional lysed cells are present
2 Mild More than 50% of the cells are round and devoid of intracytoplasmic 

granules; extensive cell lysis and empty areas between cells
3 Moderate Greater than 70% of the cell layers contain rounded cells and/or are lysed
4 Severe Nearly complete destruction of the cell layers
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than 0.1 g of elastomeric material or 0.2 g of plastic or polymeric material per mL 
of extraction medium may be used. Alternatively, use of serum-supplemented 
mammalian cell culture media as the extracting medium acts to simulate more 
closely physiological conditions. Prepare the extracts by heating for 24 hours in an 
incubator preferably containing 5% ± 1% of carbon dioxide. Maintain the extrac-
tion temperature at 37° ± 1°, because higher temperatures may cause denaturation 
of serum proteins.

3.3.6.2  Procedure

Prepare the monolayers in 35-mm-diameter plates using 2 mL of the above cell 
culture preparation. Aspirate the culture medium from the monolayers, and replace 
it with either extracts of the sample, USP negative control plastic RS (to provide a 
Negative Control), or USP Positive Bioreaction Extract RS (to provide a Positive 
Control). The serum-supplemented and serum-free cell culture media extracts are 
tested in duplicate without dilution (100%). The sodium chloride injection extract is 
diluted with serum-supplemented cell culture medium and tested in duplicate at 
25% extract concentration. Incubate all cultures for 48 hours at 37 ± 1° in an incuba-
tor preferably containing 5  ±  1% of carbon dioxide. Examine each culture at 
48 hours, under a microscope, using cytochemical stains, if desired.

3.3.6.3  Interpretation of Results

Proceed as directed for Interpretation of Results under Agar Diffusion Test but 
using Table 3.5. Repeat the test if the suitability of the system is not confirmed. 
The Sample meets the requirements of the test if the cultures treated with the 
Samples show not greater than a mild reactivity (Grade 2). If the cultures treated 
with the Sample show a significantly greater reaction than the cultures treated 
with the negative control, repeat the test with several quantitative dilutions of the 
extracts.

For each of these three procedures, it should be kept in mind that while USP 
requires that tests be performed in duplicate, ISO requires that they be done in 
triplicate.

3.3.7  Correlation with In Vivo Results

Cytotoxicity testing for medical devices is a very useful screening tool, but it must 
be kept firmly in mind that the correlation of results from these assays with intact 
animal tests (and with observed effects in humans) is poor at best. This issue was 
researched more than 20 years ago (Wilsnack et  al. 1973; Wilsnack 1976) with 
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side- by- side comparisons of cytotoxicity results with those of animal tests conducted 
on the same samples. The results demonstrated limited correlation and “the ellipsoid 
effect,” the best correlation being between results at the extremes of concentration 
and response (Gad 2000).

The author has also tried to correlate results of cytotoxicity and concurrent animal 
tests (particularly subcutaneous injection and implantation tests, where one would 
expect the best case) only to find that there were high levels of false negatives and 
positives, though predominantly the latter. Therefore, investigators are cautioned to 
not place too much faith and weight on the results of these assays. As the ISO 
10993-5 guidance states, positive results in cytotoxicity studies must be considered 
in light of concurrent in vivo studies (irritation, implantation, and acute systemic 
toxicity).

3.3.8  Conclusion

Cytotoxicity tests, as an initial screen for toxicities of both plastics and elastomers 
and of leachates from them, have been in use since the 1960s (Rosenbluth et al. 
1965) but have also been recognized for a long time to be limited to effectively serv-
ing only as screens that in effect say, “look at this and evaluate/consider further.” 
This limitation to use as screens as opposed to as definitive tests is due to the, at 
best, moderate correlation of their results with in vivo findings (Wilsnack 1976). 
Regulatory agencies recognize the limitations of these test systems, and users 
should bear in mind the categorical (as opposed to truly quantitative) nature of the 
scoring systems.

3.4  Sensitization (ISO 10993-10)

The evaluation of the immunotoxicity of medical devices as part of their biocompat-
ibility assessment has traditionally, and still the case for most skin only contact 
devices, been limited to delayed contact dermal sensitization. Later in this chapter, 
the more recent 10,993–20 evaluation will be presented.

The specific, or adaptive, immune system is characterized by memory, specific-
ity, and the ability to distinguish “self” from “nonself” (Battisto et al. 1983), though 
an alternative to this basic self-nonself paradigm has been proposed that rather the 
immune system actually responds to some form of “danger” manager (Pennisi 
1996). This is the portion of the immune system involved in delayed contact 
hypersensitivity.

The important cells of the adaptive immune system are the lymphocytes and anti-
gen-presenting cells that are part of nonspecific immunity. The lymphocytes, which 
originate from pluripotent stem cells located in the hematopoietic tissues of the liver 
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(fetal) and bone marrow, are composed of two general cell types: T and B cells. The 
T cells differentiate in the thymus and are made up of three subsets: helper, suppres-
sor, and cytotoxic. The B cells, which have the capacity to produce antibodies, dif-
ferentiate in the bone marrow or fetal liver. The various functions of the T cells 
include presenting antigen to B cells, helping B cells to make antibody, killing 
infected cells, regulating the level of the immune response, and stimulating cytotoxic 
activity of other cells such as macrophages (Male et al. 1982).

3.4.1  Hypersensitivity

The four types of hypersensitivity reactions (“sensitization”) as classified by Coombs 
and Gell (1975) are outlined in Table 3.6. The first three types are immediate anti-
body-mediated reactions, whereas the fourth type is a cellular-mediated delayed-type 
response that may require 1–2 days to occur after a secondary exposure. Type I reac-
tions are characterized by an anaphylaxis response to a variety of compounds, includ-
ing proteinaceous materials and pharmaceuticals such as penicillin. Various target 
organs may be involved depending on the route of exposure. For example, the gastro-
intestinal tract is usually involved with food allergies, the respiratory system with 
inhaled allergens, the skin with dermal exposure, and smooth muscle vasculature 
with systemic exposure. The type of response elicited often depends on the site of 
exposure and includes dermatitis and urticaria (dermal), rhinitis and asthma (inhala-
tion), increased gastrointestinal emptying (ingestion), and systemic anaphylactic 
shock (parenteral).

Table 3.6 Types of hypersensitivity responses

Type and 
designation Components Effects Mechanism

I, immediate Mast cells; IgE Anaphylaxis, asthma, 
urticar uriticaria, rhinitis, 
dermatdermatitis

IgE binds to mast cells to 
stimulate release of 
humoral factors

II, cytoxic Antibodies Hemolytic anemia, 
Goodpasture’s disease

IgG and IgM bind to cells 
(e.g., RBCs), fix 
complement 
(opsonization), then lyse 
cells

III, immune 
complex (Arthus)

Antigen-antibody 
complexes 
(Ag-Ab)

SLE rheumatoid arthritis, 
glomerular nephritis, 
serum sickness, vasculitis

Ag-Ab complexes deposit 
in tissues and may fix 
complement

IV, delayed 
hypersensitivity

TD cells; 
macrophages

Contact dermatitis, 
tuberculosis

Sensitized T cells induce a 
delayed hypersensitivity 
response upon challenge

Source: Based on classification system of Gell and Coombs (1975)
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3.4.1.1  Type I Hypersensitivity

During an initial exposure, IgE antibodies are produced and bind to the cell surface 
of mast cells and basophils. Upon subsequent exposures to the antigen, reaginic IgE 
antibodies bound to the surface of target cells at the Fc region (mast cells and baso-
phils) become cross-linked (at the Fab regions) by the antigen.

3.4.1.2  Type IV Delayed-Type Hypersensitivity (DTH)

Delayed-type hypersensitivity reactions are T-cell mediated with no involvement of 
antibodies. However, these reactions are controlled through accessory cells, sup-
pressor T cells, and monokine-secreting macrophages, which regulate the prolifera-
tion and differentiation of T cells. The most frequent form of DTH manifests itself 
as contact dermatitis. The drug or metabolite binds to a protein in the skin or the 
Langerhans cell membrane (class II MHC molecules) where it is recognized as an 
antigen and triggers cell proliferation. After a sufficient period of time for migration 
of the antigen and clonal expansion (latency period), a subsequent exposure will 
elicit a dermatitis reaction. A 24–48 h delay often occurs between the time of expo-
sure and onset of symptoms to allow time for infiltration of lymphocytes to the site 
of exposure. The T cells (CD4+) that react with the antigen are activated and release 
lymphokines that are chemotactic for monocytes and macrophages. Although these 
cells infiltrate to the site via the circulatory vessels, an intact lymphatic drainage 
system from the site is necessary since the reaction is initiated in drainage lymph 
nodes proximal to the site (Clark 1983). The release (degranulation) of enzymes and 
histamines from the macrophages may then result in tissue damage. Clinical symp-
toms of local dermal reactions may include a rash (not limited to sites of exposure), 
itching, and/or burning sensations. Erythema is generally observed in the area 
around the site, which may become thickened and hard to the touch. In severe cases, 
necrosis may appear in the center of the site followed by desquamation during the 
healing process. The immune-enhancing drugs isoprinosine and avridine have been 
shown to induce a delayed-type hypersensitivity reaction in rats (Exon et al. 1984).

A second form of delayed-type hypersensitivity response is similar to that of 
contact dermatitis in that macrophages are the primary effector cells responsible for 
stimulating CD4+ T cells; however, this response is not necessarily localized to the 
epidermis. A classical example of this type of response is demonstrated by the 
tuberculin diagnostic tests. To determine if an individual has been exposed to 
 tuberculosis, a small amount of fluid from tubercle bacilli cultures is injected sub-
cutaneously. The development of induration after 48  h at the site of injection is 
diagnostic of prior exposure.

Shock, similar to that of anaphylaxis, may occur as a third form of a delayed 
systemic hypersensitivity response. However, unlike anaphylaxis, IgE antibodies 
are not involved. This type of response may occur 5–8 h after systemic exposure 
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and can result in fatality within 24  h following intravenous or intraperitoneal 
injection.

A fourth form of delayed hypersensitivity results in the formation of granulomas. 
If the antigen is allowed to persist unchecked, macrophages and fibroblasts are 
recruited to the site to proliferate, produce collagen, and effectively “wall off” the 
antigen. A granuloma requires a minimum of 1–2 weeks to form.

In the ISO 10993-20 immunotoxicity assessment scheme, the delayed-type 
hypersensitivity (DTH) response assay is considered to be a comprehensive Tier II 
assay for cell-mediated immunity by the NTP.

To express a DTH inflammatory response, the immune system must be capable 
of recognizing and processing antigen, blastogenesis and proliferation of T cells, 
migration of memory T cells to the challenge site of exposure to antigen, and sub-
sequent production of inflammatory mediators and lymphokines that elicit the 
inflammatory response. Thus, by measuring a DTH response to an antigen, these 
assays assess the functional status of both the afferent (antigen recognition and pro-
cessing) and efferent (lymphokine production) arms of cellular immunity. Various 
antigens have been used for assessing DTH, including keyhole limpet hemocyanin 
(KLH), oxazolone, dinitrochlorobenzene, and sheep red blood cells (SRBCs) (Vos 
1977; Godfrey and Gell 1978; Luster et al. 1988).

There are several well-established preclinical models for assessing Type IV 
(delayed-type) hypersensitivity reactions following dermal exposure, but not for 
predicting this response after systemic exposure. The dermal exposure mode is the 
only currently required and widely performed immunotoxicity assay on devices.

Type IV hypersensitivity responses are elicited by T lymphocytes and are con-
trolled by accessory cells and suppressor T cells. Macrophages are also involved in 
that they secrete several monokines, which results in proliferation and differentia-
tion of T cells. Thus, there are numerous points along this intricate pathway in 
which drugs may modulate the final response. To achieve a Type IV response, an 
initial high-dose exposure or repeated lower-dose exposures are applied to the skin; 
the antigen is carried from the skin by Langerhans cells and presented to cells in the 
thymus to initiate T-cell proliferation and sensitization. Once sensitized, a second 
“challenge” dose will elicit an inflammatory response. Thus, before sensitivity can 
be assessed, each of the models used to evaluate dermal hypersensitivity requires as 
a minimum:

• An initial induction exposure
• A latency period for expression
• A challenge exposure

A preliminary test for acute irritancy is also required to ensure that the initial 
dose is sufficient to stimulate sensitization and that the challenge dose is sufficient 
to ensure expression of the response without producing irritation, which would con-
found the response. To confirm suspected sensitization or determine a threshold 
dose, each assay may also include a second challenge dose 1–2 weeks after the first 
challenge, at the same or lower concentrations. To increase penetration of the test 
article, various methods of abrasion (e.g., tape stripping) and occlusive coverings 
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may also be used. Assessing materials to determine if they can act as delayed con-
tact dermal sensitizers in humans is different on a number of grounds from the other 
tests we have looked at so far and, indeed, from most of the other test systems pre-
sented later in this book. These differences all stem from how the immune system, 
which is the mechanistic basis for this set of adverse responses, functions.

Bringing about this Coombs Type IV hypersensitivity response (which is com-
monly called “sensitization,” for short) requires more than a single exposure to the 
causative material, both in humans and in test animals. Unlike irritation responses, 
sensitization occurs in individuals in an extremely variable manner. A portion of the 
human population is considerably more liable to be sensitized, while others are 
infrequently affected. And the response, once sensitization is achieved, becomes 
progressively more severe with each additional exposure. All three of these charac-
teristics are due to the underlying mechanism for the response and influenced the 
manner in which we conduct tests. These factors mean that in vivo test systems 
require multiple exposures of animals and tend to underpredict the potential for an 
adverse response in those individuals who are most susceptible to sensitization. But 
because the response to repeated exposures of even minimal amounts of material in 
these susceptible individuals can lead to such striking adverse responses, we must 
be concerned about them.

A number of factors influence the potential for a chemical to be a sensitizer in 
humans and, in turn, also influence the performance of test systems. These are sum-
marized in Table 3.7. Various test systems manipulate these in different ways.

There are a number of references which explore and discuss the underlying 
immune system mechanisms and operation in greater detail. Particularly recom-
mended is Gibson et al. (1983).

3.4.2  Objectives and General Features

Given the considerations of mechanism, degree of concern about protecting people, 
and practicality, the desired characteristics of a sensitization test include the 
following:

Table 3.7 Factors influencing delayed type sensitization responses

1. Percutaneous absorption of agent
2. Genetic status of host
3. Immunological status of host
4. Host nutrition
5. Chemical and physical nature of potential sensitizing agent
6. Number, frequency, and degree of exposures of immune system to potential antigen
7.  Concurrent immunological stimuli (such as adjuvants, inoculations, and infections). System 

can be “up-modulated” by mild stimuli or overburdened by excessive stimulation
8. Age, sex, and pregnancy (by influencing factors 1, 3, and 4 above)

Figure 3.2. There are other versions which also comply
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 1. Be reproducible.
 2. Involve fairly low technical skills so that it may be performed as a general labo-

ratory test.
 3. Do not involve the use of exotic animals or equipment.
 4. Use relatively small amounts of test material.
 5. Be capable of evaluating almost any material of interest.
 6. Be sensitive enough to detect weak sensitizers (i.e., those which would require 

extensive exposure to sensitize other than the most sensitive individuals).
 7. Predict the relative potency of sensitizing agents accurately.

Several of these desired characteristics are mutually contradictory; as with most 
other test systems, the methods for detecting dermal sensitization each incorporate 
a set of compromises.

All the in vivo tests have some common features, however. The most striking is 
that they involve at least three (and frequently four) different phases—they are mul-
tiphasic. These phases are, in order, the irritation/toxicity screen, the induction 
phase, the challenge phase, and (often) the rechallenge phase. Irritation/toxicity 
screen: All assays require knowledge of the dermal irritancy and systemic toxicity 
of the test material(s) to be used in the induction, challenge, and rechallenge. These 
properties are defined in this pretest phase. Most tests desire (or will allow) mild 
irritation in the induction phase. Most tests desire (or will allow) mild irritation in 
the induction phase, but no systemic toxicity. Generally, a nonirritating concentra-
tion is required for the challenge and for any rechallenge, as having irritation pres-
ent either confounds the results or precludes having a valid test. As will be discussed 
in the sections on the individual tests, even a carefully designed screen does not 
necessarily provide the desired guidance in selecting usable concentrations. During 
this phase, solvent systems are also selected.

3.4.2.1  Induction Phase

This requires exposing the test animals to the test material several times over a period 
of days or weeks. A number of events must be accomplished during this phase if a 
sensitization response is to be elicited. The test material must penetrate through the 
epidermis and into the dermis. There, it must interact with dermis protein. The pro-
tein-test material complex must be perceived by the immune system as an allergen. 
Finally, the production of sensitized T cells must be accomplished. Some assays 
enhance the sensitivity of the induction phase by compromising the natural ability of 
the epidermis to act as a barrier. These enhancement techniques include irritation 
of the induction site, intradermal injection, tape stripping, and occlusive dressings. 
In contrast, events such as the development of a scab over the induction site may 
reduce percutaneous absorption. The attention of the immune system can be drawn 
to the induction site by the intradermal injection of oil-coated bacteria (Freund’s 
complete adjuvant, which serves as a mild immunological stimulant).
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3.4.2.2  Challenge Phase

This consists of exposing the animals to a concentration of the test material which 
would normally not be expected to cause a response (usually an erythema type 
response). The responses in the test animals and of the control animals are then 
scored or measured.

3.4.2.3  Rechallenge Phase

This is a repeat of the challenge phase and can be a very valuable tool if used prop-
erly. Sensitized animals can be rechallenged with the same test material at the same 
concentration used in the challenge in order to assist in confirming sensitization. 
Sensitized animals can be rechallenged with different concentrations of the allergen 
to evaluate dose-response relationships. Animals sensitized to an ingredient to evalu-
ate can be challenged to a formulation containing the ingredient to evaluate the 
potential of the formulated product to elicit a sensitization response under adverse 
conditions. Conversely, animals which responded (sometimes unexpectedly) to a 
final formulation can be challenged with formulation without the suspected sensi-
tizer or to the ingredient which is suspected to be the allergen. A well- designed 
rechallenge is important and should be considered at the same time that the sensitiza-
tion evaluation is being designed since the rechallenge must be run within 1–2 weeks 
after the primary challenge. Unless plans have been made for a possible rechallenge, 
one may have to reformulate a test material or obtain additional pure ingredient and 
perhaps run additional irritation/toxicity screens before the rechallenge can be run. 
The ability of the sensitized animals to respond at a rechallenge being run shortly 
after the challenge, serves to confirm that a sensitization response has been enabled. 
In addition, some assays use sham-treated controls, and these must be procured, 
while the induction phase is in progress. One additional piece of information must be 
kept in mind when evaluating a rechallenge. The animal does not differentiate 
between an induction exposure and a challenge exposure. If one is using an assay 
which involves three induction exposures and one challenge exposure, then at the 
rechallenge, the animal has received four induction exposures. This “extra” induction 
may serve to strengthen a sensitization response.

After the study is done, one must evaluate the data and decide how to translate it 
to human relevance. We will look at this problem toward the end of this chapter.

The basis of modern predictive tests is the Draize tests, as established by 
Landsteiner and Draize et al. in 1944. It consists of ten intradermal injections of the 
test compound into the skin of albino guinea pigs during the 3-week induction 
period and a single intracutaneous challenge application 14 days after the last induc-
tion injection. A standardized 0.1% test concentration is used for induction and 
challenge. This method was widely used and recommended until the end of the 
1960s. Its disadvantage is that only strong allergens are detected, while well-known 
moderate allergens fail to sensitize the animals at all.
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Starting in 1964, however, a wide variety of new test designs started to be 
proposed. Buehler (1964 and 1965) proposed what is now considered the first mod-
ern test (described in detail in this chapter), which used an occlusive patch to 
increase test sensitivity. The Buehler test is the primary example of the so-called 
“epidermal” methods, which have been criticized for giving false-negative results 
for moderate to weak sensitizers such as nickel.

A new generation of tests was established by using Freund complete adjuvant 
(FCA) during the induction process to stimulate the immune system, independent of 
the type of hapten and independent of the method or application, that is, whether or 
not the substance is incorporated in the adjuvant mixture. It is claimed that this fam-
ily of tests display the same level of susceptibility to sensitization in guinea pigs as 
is normally observed in humans (Cronin and Agrup 1970). The adjuvant tests 
include the guinea pig maximization test (Maurer et al. 1975, 1980), split adjuvant 
test (Maguire and Chase 1967), and the epicutaneous maximization test (EMP, 
Guillot and Gonnet 1985).

3.4.3  Modified Buehler Procedure

This is a closed patch procedure for evaluating test substances for potential delayed 
contact dermal sensitization in guinea pigs. The procedure, based on that described 
by Buehler (1965), is practical for test substances that cannot be evaluated by the 
traditional intradermal injection procedure of Landsteiner and Jacobs (1935) or by 
the GPMT for skin sensitization testing. The closed patch procedure is performed 
when a test substance either is highly irritating to the skin by the intradermal injec-
tion route of exposure or cannot be dissolved or suspended in a form allowing injec-
tion. It is also the method of choice for some companies. This procedure, which is 
one version of the Buehler test, complies with the test standards set forth in the 
Toxic Substances Control Act (TSCA 1979) and other regulatory test rules and is 
presented diagrammatically in Fig. 3.1. There are other versions which also comply.

3.4.3.1  Animals

• Young albino female guinea pigs, weighing between 300 and 400 g are used.
• Although several proposed test rules suggest the use of male guinea pigs, the 

female sex is preferred because the aggressive social behavior of males may 
result in considerable skin damage that might interfere with the interpretation of 
challenge reactions. This concern occurs because animals are group housed 
(Marzulli and Maibach 1996).

• Animals that show poor growth or are ill in any way are not used, since illness 
markedly decreases the response. Animals with skin marked or scarred from 
fighting are avoided. The guinea pigs are observed for at least 2 weeks to detect 
any illness before starting a study.
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• The guinea pigs are identified by a cage card and marking pen or any other suit-
able method. There is no regulatory requirements, however, for the identification 
of individual animals.

• The guinea pigs are randomly assigned to test and negative control group con-
sisting of at least 15 and at least 6 animals each, respectively. If a pretest group 
is necessary, as many animals as needed for that group are randomized also.

3.4.3.2  Pretest Screen

• If practical, the dermal irritation threshold concentration should be established 
for the test substance prior to the first induction application. A concentration of 
the test substance that produces minimal or no irritation (erythema and/or edema 
formation) is determined. The highest concentration that produces no irritation is 
preferred for the dermal sensitization study challenge dose.

• Those animals randomly assigned to the pretest group are used.
• Each animal is prepared by clipping a 1-inch square area of hair from the left 

upper flank using a small animal clipper with a size no. 40 blade.
• The test substance is diluted, emulsified, or suspended in a suitable vehicle. 

Vehicles are selected on the basis of their solubilizing capacity for the test sub-
stance and on their ability to penetrate the skin.

• Different concentrations of the test substance are tested on the pretest group of 
guinea pigs; a few animals are used for each concentration tested.

• A volume of 0.l5 ml is applied to a patch consisting of a cotton pad (2.5 × 2.5 cm) 
occluded with impermeable surgical tape or placed in a Hilltop-style occlusive 
“chamber.”

• The patch is applied to the shaved left flank of a guinea pig. The patch is held 
firmly in place for 24 hours by wrapping the trunk of the animal with a 3-inch- 

Species:

Quarantine Period

2X ID Injections of
      a) Substance in Vehicle
      b) FCA
      c) Substance in FCA

Closed Patch
Application to

ID Injection Skin
Site for 48 Hours

Closed Patch
Application to
Naive Skin Site

for 24 Hours

Induction
Period

0 7 14 21
(Day)
28–7–14

Rest Period

Challenge

Rechallenge
(if necessary)

Guinea Pig
HartleyStrain:

Test Group: 15 Animals
6 AnimalsControl Group:

Fig. 3.1 Illustrative figures for injection and patching of animals in GPMT

3.4  Sensitization (ISO 10993-10)



82

wide elastic bandage. A 2-inch-wide strip of tape is used to line the center adhe-
sive side of the bandage in order to prevent skin damage from the adhesive.

• After 24 hours of exposure, the wrappings and patches are removed.
• Observations of skin reactions (erythema and/or edema formation) are recorded 

48 hours after application.
• A judgment is made as to which concentration will be used for the dermal sensi-

tization study, based on the dermal irritation data which has been collected. The 
highest concentration that produces minimal or no dermal irritation is selected.

3.4.3.3  Induction Phase

• Test group and control group guinea pigs are weighed at the beginning of the 
study and weekly thereafter.

• Test control group guinea pigs are clipped as described earlier in this 
procedure.

• If the test substance is a liquid solution, suspension, or emulsion, a volume of 
l5 ml of the highest concentration found to be nonirritating in a suitable vehicle 
(as determined in the pretest portion of this procedure) is applied to a patch con-
sisting of a cotton pad (1″ × 1″) occluded with impermeable surgical tape. If the 
test substance is a solid or semisolid, 0.5 g1 is applied. If the test substance is a 
fabric, a 1-inch square is moistened with 0.5 ml of physiological saline before 
application.

• The first induction patch is applied to the clipped left flank of each test group 
guinea pig. The patch is held firmly in place for 24 hours by wrapping the trunk 
of each animal with a 3-inch-wide elastic bandage. A 2-inch-wide strip of tape is 
used to line the center adhesive side of the bandage in order to prevent skin dam-
age from the adhesive. A 2-inch length of athletic adhesive tape is placed over the 
bandage wrap as a precautionary measure to prevent unraveling.

• After 24 hours of exposure, the wrappings and patches are removed and disposed 
of in a plastic bag.

• Each dermal reaction, if any, is scored on the basis of the designated values for 
erythema and edema formation presented in Table 3.8. Observations are made 
48 hours after initiation of the first induction application. Resulting dermal irrita-
tion scores are recorded.

• After the initial induction application, subsequent induction applications (2–10) 
are made on alternate days (3 times weekly) until a total of 10 treatments is 
administered. Each of these patches is removed after 6  hours of exposure. It 
should be noted that some use a modification which calls for one application per 
week for 3 weeks.

1 When the test substance is in flake, granule, powder, or other particulates form, the weight of the 
test substance that has a volume of 0.5 ml (after compacting as much as possible without crushing 
or altering the individual particles, such as by tapping the measuring container) is used whenever 
this volume weighs less than 0.5 g.
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• Observations are made 24 and 48 hours after initiation of each subsequent induc-
tion application. Dermal scores of the remaining nine induction applications are 
recorded.

• Clipping the hair from the left flank induction sites of test group animals and 
corresponding sites on negative control group animals is performed just prior to 
each subsequent induction application. Only the test group guinea pigs receive 
the induction applications.

3.4.3.4  Challenge Phase

• Fourteen days after the tenth induction application, all ten test groups, and three 
of five control groups, of guinea pigs are prepared for challenge application by 
clipping a 1-inch square of hair from the right side, the side opposite that which 
was clipped during the induction phase.

• A challenge dose, using freshly prepared test substance (solution, suspension, 
emulsion, semisolid, solid, or fabric), is applied topically to the right side (which 
had remained untreated during the induction application) of test group animals. 
The left side, which had previously received induction applications, is not chal-
lenge dosed.

• The concentrations of the challenge dose are the same as that used for the first 
induction application. (It must be a concentration that does not produce dermal 
irritation after one 24 h application.)

Table 3.8 Evaluation of local tissue reactions in tissue irritation studies

Method Basis/end point Reference

Erythema and eschar formation
No erythema 0
Very slight erythema (barely perceptible) 1
Well-defined erythema 2
Moderate to severe erythema 3
Severe erythema (beet redness) to slight eschar formation 
(injuries in depth)

4

Necrosis (death of tissue) +N
Eschar (sloughing and scar formation) +E
Edema formation
No edema 0
Very slight edema (barely perceptible) 1
Slight edema (edges of area well-defined by definite raising) 2
Moderate edema (raised approximately 1 mm) 3
Severe edema (raised more than 1 mm and extending beyond the 
area of exposure)

4

Total possible score for primary irritation 8

Draize et al. (1944)
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• Each of three negative control group guinea pigs is challenge dosed on the right 
flank at approximately the same time that the test group guinea pigs are chal-
lenge dosed.

• All patches are held in contact with the skin for 24 hours before removal.
• The skin sites are evaluated using the scoring system for erythema and edema 

formation presented in Table 3.8. Observations are made 48, 72, and 96 hours 
after initiation of the challenge application. Skin reactions are recorded.

3.4.3.5  Rechallenge Phase

• If the test substance is judged a nonsensitizing agent after the first challenge 
application or causes dermal sensitization in only a few animals or causes dermal 
reactions that are weak or questionable, then a second and final challenge appli-
cation will be performed on each test animal 7 days after the initiation of the first 
challenge dose.

• Controls from the first challenge application are not rechallenged because they 
have been exposed to the test substances and are no longer true negative controls. 
The three remaining naive control group animals (not used for the first challenge) 
are challenged for comparison to the test group animals.

• The procedure used for the first challenge application will be used for the second 
challenge application (including reclipping, patching method, and duration of 
exposure). Either the same concentration or a new concentration (higher or 
lower) of test substances may be sued, depending on the results of the first chal-
lenge. Observations are made 48, 72, and 96 hours after initiation of the rechal-
lenge application and skin reactions are recorded.

• When a rechallenge application is performed, the data from both challenges are 
compared. If neither challenge produces a positive dermal reaction, the classifi-
cation of the test substance is based on both challenge applications. If one chal-
lenge application (whether it is the first or second) produces a greater number of 
positive dermal reactions than the other, the classification of the test substance is 
based on the challenge with the most positive responses.

• Two or more unequivocally positive responses in a group of 15 animals should 
be considered significant. A negative, equivocal, or single response probably 
assures that a substance is not a strong sensitizer, although this is best confirmed 
by further testing with human subjects (NAS 1977).

3.4.3.6  Interpretation of Results

• Judgment concerning the presence or absence of sensitization is made for each 
animal. The judgment is made by comparing the test animal’s challenge responses 
to its first induction treatment response, as well as to those challenge responses 
of negative control animals.
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• Challenge reactions to the test substance that are stronger than challenge reac-
tions to negative controls or to those seen after the initial induction application 
should be suspected as results of sensitization (NAS 1977). A reaction that occurs 
at 48 hours, but resolves by 72 hours or 96 hours, should be considered a positive 
response as long as it is stronger than that which is displayed by controls at the 
same time interval.

3.4.3.7  Strengths and Weaknesses

There are a number of both advantages and disadvantages to the Buehler methodol-
ogy, which has been in use for 20 years. The relative importance and merits of each 
depend on the intended use of the material. The four advantages are:

 1. Virtually no false positives (in fact, in the experience of the author when the 
pretest is properly conducted, there are no false positives), compared to human 
experience, are generated by this test.

 2. The techniques involved are easy to learn and very reproducible.
 3. The Buehler-style test does not overpredict the potency of sensitizers. That is, 

materials which are identified as sensitizers are truly classified as very strong, 
weak, or in-between—not all (or nearly all) as very strong.

 4. There is a large database in existence for the Buehler-style test. Unfortunately, 
the vast majority is not in the published literature.

Likewise, there are three disadvantages associated with the Buehler-style test.

 1. The test gives a high rate of false negatives for weak sensitizers and a detectable 
rate of false negatives for moderate sensitizers. That is, the method is somewhat 
insensitive—particularly if techniques for occlusive wrapping are inadequate.

 2. The test takes a long time to complete. If animals are on-hand when started, the test 
is 5–6 weeks long. As few laboratories keep a “pool” of guinea pigs on-hand (espe-
cially as they are the most expensive of the common lab species), the usual case is 
that 8–10 weeks is the minimum time required to get an answer from this test.

 3. The test uses a relatively large amount of test material. In the normal acute “bat-
tery,” the guinea pig test systems use more material than any other test systems 
unless an acute inhalation study is included. With ten induction applications, this 
is particularly true for the Buehler-style test.

3.4.4  Guinea Pig Maximization Test

The guinea pig maximization test (GPMT) was developed by Magnusson and Kligman 
(1969, 1970) and Magnusson (1975) and is considered a highly sensitive procedure 
for evaluating test substances for potential dermal sensitization. The procedure 
presented here is illustrated diagrammatically in Figs. 3.2 and 3.3. is one common 
version of the test.
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Fig. 3.2 Line chart of study design for guinea pig maximization test (GMPT) for predicting 
delayed dermal sensitization

Species:

Quarantine Period

Dermal applications of test
material in suitable solvent/
carrier on shaved skin site for
6 hours under occlusive
patch except for the first
which is for 24 hours

Induction Period

0 7 14 21
(Day)

28 35 42–7–14

Rest Period

Challenge Rechallenge
(if necessary)

Guinea Pig
HartleyStrain:

Test Group: 15 Animals
6 AnimalsControl Group:

Closed Patch Application to
Naive Skin Site for 24 Hours.
Site is then scored at 24,48 and
72 hours after removal of patch

Fig. 3.3 Line chart of study design for modified Buehler test for delayed contact dermal sensitiza-
tion in the guinea pig
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3.4.4.1  Animals

• Young adult female guinea pigs, weighing between 250 and 350 g at the initia-
tion of the study, are used.

• Although several proposed test rules suggest the use of male guinea pigs, the 
female sex is preferred because the aggressive social behavior of males may 
result in considerable skin damage that might interfere with the interpretation of 
challenge reactions.

• Animals that show poor growth or are ill in any way are not used, since illness 
markedly decreases the response. Animals with skin marked or scarred from 
fighting are avoided. The guinea pigs are observed for at least 2 weeks to detect 
any illness before starting the study.

• The guinea pigs are randomly assigned to two groups: (1) a test group consisting 
of 15 animals and (2) a control group consisting of 6 animals. If a pretest group 
is necessary, as many animals as needed for that group are randomized also.

• Test and control group guinea pigs are weighed one week prior to dosing (day 7), 
on the day of dosing (day 0), and weekly thereafter.

3.4.4.2  Pretest

• Several animals are used to pretest the test substance and vehicles to determine 
the topical dermal irritation threshold concentration.

• These animals are shaved on the left flank, to which is applied a 2 × 2 cm filter 
paper patch which contains 0.1 ml of test concentration.

• The trunks of the animals are wrapped for 24 hours with a 3-inch-wide elastic 
bandage to hold the patch in contact with the skin.

• Wrappings are removed after the 24 h exposure, and, based on skin reactions at 
48  h, a concentration of the test substance to be used on test is determined. 
Dermal irritation values are recorded for future reference.

• In addition, several guinea pigs are utilized to determine a concentration (gener-
ally, between 1% and 5%) of test substance in vehicle and in FCA emulsion that 
can be injected id without eliciting a strong local or systemic toxic reaction.

• The hair is clipped in an area of approximately 4 × 6 cm from the upper shoulder 
region of these animals.

• Several concentrations of test substances (ranging between 1% and 5%) can be 
injected in the same animal to compare local dermal reactions produced by the 
different concentrations.

• However, if systemic toxicity is suspected, then each concentration should be 
tested in separate animals to determine local and systemic effects.

• The dermal reactions (erythema, edema, and diameter) are recorded 24 hours 
after the id injections.
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Induction Stage 1 (Day 0)

• The hair in an area of 4 × 6 cm is clipped from the shoulder region of each test 
and control group guinea pig on day 0.

• Three pairs of intradermal (id) injections are made with a glass 1-ml tuberculin 
syringe with a 26-gauge needle, each pair flanking the dorsal midline.

• The three pairs of id injections for test group animals are as follows:

 1. ml test substance in appropriate vehicle,
 2. ml Freund’s complete adjuvant (FCA) emulsion alone,
 3. ml test substance in FCA emulsion.

• The three pairs of id injection for control group animals are as follows:

 1. 0.1 ml vehicle alone
 2. 0.1 FCA emulsion alone
 3. 0.1 ml vehicle in FCA emulsion.

• Injections (1) and (2) in the above two steps are given close to each other and 
nearest the head; injection (3) is given most posteriorly.

• The date, time, and initials of those individuals performing the id injections are 
recorded.

• Immediately before injection, an emulsion is prepared by blending commercial 
FCA with an equal volume of house distilled water or other solvent as appropriate.

 (a) Water-soluble test materials are dissolved in the water phase prior to 
emulsification.

 (b) Oil-soluble or water-insoluble materials are dissolved or suspended in FCA 
prior to adding water.

 (c) Paraffin oil, peanut oil, or propylene glycol can be used for dissolving or 
suspending water-insoluble materials.

 (d) A homogenizer is used to emulsify the FCA alone and the test substance in 
other in either FCA or vehicle prior to the id injections.

 (e) The concentration of the test substance for id injections is adjusted to the 
highest level that can be well tolerated locally and generally.

• The adjuvant injection infiltration sometimes causes ulceration, especially when 
it is superficial, which lasts several weeks. These lesions are undesirable but do 
not invalidate the test results except for lowering the threshold level for skin 
irritation.

3.4.4.3  Induction Stage 2 (Day 7)

• Test Substance Preparation.

 (a) The concentration of the test substance is adjusted to the highest level that 
can be well tolerated.
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 (b) If the test substance is an irritant, a concentration is chosen that causes a 
weak to moderate inflammation (as determined by the pretest).

 (c) Solids are micronized or reduced to a fine powder and then suspended in a 
vehicle, such as petrolatum or propylene glycol.

 (d) Water- and oil-soluble test substances are dissolved in an appropriate 
vehicle.

 (e) The concentration of the test substance for id injections is adjusted to the 
highest level that can be well tolerated locally and generally.

• The same area over the shoulder region that received id injections on day 0 is 
again shaved on both test and control guinea pigs.

• A volume of 0.3 ml of a mildly irritating concentration (if possible) of the test 
substance (determined by the pretest) is spread over a 1 × 2 inch filter of each test 
group animal.

• The control group animals are exposed to 0.3 ml of 100% vehicle using the same 
procedure.

• The date, time, and initials of those individuals performing the second induction 
are recorded.

• The dressings of both groups are left in place for 48 hours before removal.

3.4.4.4  Challenge Stage (Day 21)

 1. An area of hair (1.5 × 1.5 in) on both flanks of the guinea pigs (15 test and 3 
controls) is shaved.

 2. A 1 × 1-inch patch with a nonirritating concentration of test substance in vehicle 
(as determined by the pretest) is applied to the left flank and a 1 × 1 inch patch 
with 100% vehicle is applied to the right flank.

 3. The torso of each guinea pig is wrapped in an elastic bandage to secure the 
patches for 24 hours.

 4. The date, time, and initials of those individuals performing the challenge dose 
are recorded.

 5. The patches are removed 24 hours after application.

3.4.4.5  Rechallenge (Day 28)

 1. If the first challenge application of test substance does not cause dermal sensi-
tization, causes dermal sensitization in only a few animals, or causes dermal 
reactions that are weak or questionable, then a second challenge application of 
test substance to the 15 test group guinea pigs will be conducted on day 28 
(1 week after the first challenge). The three remaining naive control group ani-
mals (not used for the first challenge) are challenged for comparison to the test 
group animals.
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 2. The three negative control group animals used on day 21 will not be rechal-
lenged. These animals will be terminated because they were exposed to the test 
substance during the first challenge and are no longer negative controls.

 3. A 1 × 1-inch patch with a nonirritating concentration of test substance in vehicle 
is applied to the right flank of test and control group animals. The left flanks are 
not dosed.

 4. The date, time, and initials of those individuals performing the rechallenge dose 
are recorded.

 5. Steps 3 and 5 are followed as for Challenge State (Day 21).

3.4.4.6  Observations: Challenge and/or Rechallenge Readings

 1. Twenty-one hours after removing the patch, the challenge area on each flank is 
cleaned and clipped, if necessary.

 2. Twenty-four hours after removing the patch, the first reading of dermal reactions 
is taken.

 3. The dermal reactions are scored on a four-point scale (as below):
 4. No reaction.
 5. Scattered mild redness.
 6. Moderate and diffuse redness.
 7. Intense redness and swelling.
 8. Forty-eight hours after removing the patch, the second reading is taken and the 

scores are recorded.

3.4.4.7  Interpretation of Results

 1. Both the intensity and duration of the test responses to the test substance and the 
vehicle are evaluated.

 2. The important statistic in the GPMT is the frequency of sensitization and not the 
intensity of challenge responses. A value of 1 is considered just as positive as a 
value of 3 (as long as the values for controls are zero).

 3. The test agent is a sensitizer if the challenge reactions in the test group clearly 
outweigh those in the control group. A reaction that occurs at 24 hours, but resolves 
by 48 hours after removal of patches, should be considered a positive response, as 
long as it is stronger than that which is displayed by controls. The sensitization rate 
(% of positive responders) is based on the greatest number of animals showing a 
positive response, whether it is from the 24-hour data or the 48-hour data after 
removal of patches.

 4. When a second challenge application is performed, the data from both chal-
lenges are compared. If neither challenge produces a positive dermal reaction, 
the classification of the test substance is based on both challenge applications. 
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If one challenge application (whether it is the first or second) produces a greater 
number of positive dermal reactions than the other, the classification of the test 
substance is based on the challenge with the most positive responses.

 5. Under the classification scheme of Kligman (1966, shown in Table 3.9), the test 
substance is assigned to one of five classes, according to the percentage of 
animals sensitized, ranging from a week grade I to an extreme grade V.

The advantages and disadvantages of the GPMT can be summarized as follows. 
First, the advantages:

 1. The test system is sensitive and effectively detects weak sensitizers. It has a low 
false-negative rate.

 2. If properly conducted, there are no false positives—that is, materials which are 
identified as potential sensitizers will act as such at some incidence level in 
humans.

 3. There is a large database available on the evaluation of compounds in this test 
system, and many people are familiar with the test system.

The disadvantages, meanwhile, are:

 1. The test system is sensitive; it overpredicts potency for many sensitizers. There 
is no real differentiation between weak, moderate, and strong sensitizers; virtu-
ally all positive test results identify a material as strong.

 2. The techniques involved (particularly the intradermal injections) are not easy. 
Some regulatory officials have estimated that as many as 35% of the laboratories 
which try cannot master the system to get it to work reproducibly.

 3. The test, though not as long as the Buehler, still takes a minimum of 4 weeks to 
produce an answer.

 4. The test uses a significant amount of test material.
 5. One cannot evaluate fibers or other materials which cannot be injected (such as 

either solids which cannot be finely ground and/or suspended or which are highly 
irritating or toxic by the iv route).

 6. The irritation pretest is critical. Failure to detect irritation in this small group of 
animals does not guarantee against irritation in test animals at challenge.

Table 3.9 Sensitization severity grading based on incidence of positive responses

Sensitization rate % Grade Classification

0–8 I Weak
9–28 II Mild
29–64 III Moderate
65–80 IV Strong
81–100 V Extreme

Kligman (1966)
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3.4.5  Local Lymph Node Assay (LLNA)

This method has developed out of the work of Ian Kimber and associates (Kimber 
et al. 1986, 1994; Kimber and Weisenberger 1989). It has the advantage over the 
other methods discussed in this chapter in that it provides an objective and quantifi-
able end point. The method is based on the fact that dermal sensitization requires the 
elicitation of an immune response. This immune response requires proliferation of 
a lymphocyte subpopulation. The local lymph node assay (LLNA) relies on the 
detection of increased DNA synthesis via titriated thymidine incorporation. 
Sensitization is measured as a function of lymph node cell proliferative responses 
induced in a draining lymph node following repeated topical exposure of the test 
animal to the test article. Unlike the other tests discussed in this chapter, this assay 
looks only at induction because there is no challenge phase.

The typical test (illustrated in Fig.  3.4) is performed using mice—normally 
female CBA mice 6–10 weeks of age. Female BALB/c and ICR mice have also been 
used. After animal receipt, they are typically acclimated to standard laboratory hus-
bandry conditions for 7–10 days. The usual protocol will consist of at least two 
groups (vehicle control and test article treated) of five mice each. They are treated 
on the dorsal surface of both ears with 25 μl (on each ear) of test article solution for 
three consecutive days. 24 to 48 hours after the last test article exposure, the animals 
are given a bolus (0.25 ml) dose of [3H]thymidine (20 μCi with a specific activity of 
5.0–7.0 Ci/mmol) in phosphate buffered saline via a tail vein. Five hours after the 
injection, the animals are euthanized by CO2 asphyxiation and the auricular lymph 
nodes removed.

Quarantine Period

Induction Period

Labeling

Treat dorsal 

surface of each ear 

with 25 µL on three 

consecutive days 

Inject 3H-Thymidine 

Necropsy animals 5 hr later, 

remove and process auricular 

lymph nodes. 

(Days)

-7                                                                -1          0          1          2          3          4          5          6   

Modification using flow cytometry instead of radiolabeling is preferable.

Species: Mouse
Strain: CBA/Ca
Test Group: 6 Animals
Control Group: 6 Vehicle

Fig. 3.4 Mouse local lymph node assay (LLNA) (ICVAM protocol)
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After removal, the lymph nodes can either be pooled by group or processed indi-
vidually. Single cell suspensions are prepared by gentle mechanical disaggregation 
through a nylon (100 μm) mesh. Cells are washed twice by centrifugation in an 
excess of PBS. After the final supernatant wash is removed, the cells are precipi-
tated with cold 5% trichloroacetic acid (TCA) and kept at 4 °C for 12–18 hours. The 
precipitate is then pelleted by centrifugation and resuspended in 1 ml 5% TCA, and 
the amount of radioactivity is determined by liquid scintillation counting, using 
established techniques for tritium.

The data are reduced to the stimulation index (SI):

 
SI

dpm treated group

dpm control group
=

( )
( )

H

H  

An SI of 3 or greater is considered a positive response, i.e., the data support the 
hypothesis that the test material is a sensitizer.

The test article concentration is normally the highest nonirritating concentration. 
Several concentrations could be tested at the same time should one wish to establish 
a dose-response curve for induction. The test is easiest to perform if the vehicle is a 
standard nonirritating organic, such as acetone, ethanol, or dimethylformamide, or 
a solvent-olive old blend. Until a laboratory develops its own historical control base, 
it is also preferable to include a positive control group. Either 0.25% dinitrochloro-
benzene or 0.05% oxazalone are recommended for positive controls. If the vehicle 
for the positive control is different than the vehicle for the test material, then two 
vehicle control groups may be necessary.

This method has been extensively validated in two international laboratory exer-
cises (Basketter et al. 1992; Loveless et al. 1996). In the earlier work (Basketter et al. 
1991), there was good correlation between the results obtained with guinea pig tests 
and those obtained with the LLNA. In the recent report, for example, five laboratories 
correctly identified dinitrochlorobenzene and oxazalone as sensitizers and the fact that 
p-aminobenzoic acid was not (Loveless et al. 1996). Arts and colleagues (Arts et al. 
1996) demonstrated that rats could be used as well as mice. Interestingly, they vali-
dated their assay (for both rats and mice) using BrDU uptake and  immunohistochemical 
staining (rather than [3H] thymidine) to quantitated lymph node cell proliferation.

This method is relatively quick and inexpensive because it uses relatively few 
mice (which are much less expensive than guinea pigs) and takes considerably less 
time than traditional guinea pig assays. It has an advantage over other methods in 
that it does not depend on a somewhat subjective scoring system and produces an 
objective and quantifiable end point. It does require a radiochemistry laboratory. 
Unless one already has an appropriately equipped laboratory used for other pur-
poses (most likely metabolism studies), setting one up for the sole purpose of run-
ning the LLNA does not make economic sense. The standard version of the test has 
been adopted by OECD, ISO, ICH, and ICVAM, but also has been shown to have a 
modest false-positive rate (misidentifying strong irritants as sensitizers). There is a 
modified version which (using flow cytometry and/or measurement of cytokine lev-
els) is believed to solve this false-positive rate problem.
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3.4.5.1  Test System Manipulation (For All In Vivo Test Systems)

Increasing percutaneous absorption will increase test sensitivity. Factors which will 
increase absorption (and techniques for achieving them) include the following:

 1. Increase surface area of solids.
 2. Hydrate region of skin exposed to chemical. This can be done by wetting solids 

and using very occlusive wrapping of application.
 3. Irritate application site.
 4. Abrade application site.
 5. Injection of test material (if possible).
 6. Proper selection of solvent or suspending system. (See Christensen et al. (1984) 

for a discussion of the effect of vehicle in the case of even a strong sensitizer.)
 7. Remove part or all of the “barrier layer” (stratum corneum) by tape stripping the 

application site.
 8. Increase the number of induction applications.

Though it is not a factor which increases percutaneous absorption, mildly stimu-
lating the immune system of test animals (by such means as injecting FCA (or some 
other adjuvant) alone or FCA blended with the test material) also increases respon-
siveness to the test system.

Also, it is generally believed that using the highest possible test material concen-
trations (mildly irritating for induction, just below irritating for challenge) will 
guarantee the greatest possible sensitization response and will therefore also serve 
to universally increase sensitivity. There are reports, however (Gad et al. 1985 for 
croton oil and Thorne et al. 1986 for isocyanates), that this is not true for all com-
pounds and that a multiple-dose (i.e., two or more concentrations) study design 
would increase sensitivity. Such designs, however, would also significantly 
increase cost.

Concurrent or frequent positive and negative controls are essential to guard 
against test system failure. Any of these test systems should show 0.05% dinitro-
chlorobenzene (DNCB) in 70% ethanol to be a strong sensitizer.

In Vitro Methods: There are actually several approaches available to in  vitro 
evaluation of materials for sensitizing potential. These use cultured cells from vari-
ous sources and, as end points, look at either biochemical factors (such as produc-
tion of MIF-migration inhibition factor) or cellular events (such as cell migration or 
cell “transformation”).

Milner (1970) reported that lymphocytes from guinea pigs sensitized to dinitro-
fluorobenzene (DNFB) would transform in culture, as measured by the incorpora-
tion of tritiated thymidine, when exposed to epidermal proteins conjugated with 
DNFB. This work was later extended to guinea pigs sensitized to p- phenylenediamine. 
He later (Milner 1971) reported that his method was capable of detecting allergic 
contact hypersensitivity to DNFB in humans when he used human lymphocytes 
from sensitized donors and human epidermal extracts conjugated with DNFB.

Miller and Levis (1973) reported the in vitro detection of allergic contact hyper-
sensitivity to DNCB conjugated to leukocyte and erythrocyte cellular membranes. 
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This indicated that reaction was not specifically directed toward epidermal cell 
conjugates.

Thulin and Zacharian (1972) extended others’ earlier work on MIF-induced 
migration of human peripheral blood lymphocytes to a test for delayed contact 
hypersensitivity.

None of these approaches has yet been developed as an in vitro predictive test, 
but work is progressing. Milner (1983) has published a review of the history and 
state of this field.

Any alternative (in vitro or in vivo) test for sensitization will need to be evaluated 
against a battery of “known” compounds. The Consumer Product Safety Commission 
in 1977 proposed such a battery, which is shown in Table 3.10.

3.5  Irritation (Local Tissue Tolerance) (ISO 10993-10)

Local tissue tolerance or irritation studies assess the short-term and generally 
localized hazards of medical devices in the immediate region of their tissue con-
tact. Topical local (tissue) tolerance effects are almost entirely limited to the 
inflammatory aspects of the innate immune response, primary irritation. Though 
this usually means dermal irritation, it can also be vaginal, muscular, vascular, 
mucous membrane, rectal, nasal, intracutaneous, or ocular. All of these but ocular 
irritation utilize some version of a common subjective rating scale derived from the 
original Draize scale (see Table 3.11) to evaluate responses. These are the second 
of the universally required tests for all devices, irregardless of route or duration of 
patient exposure.

Most commonly recognized is the use of this scale in the primary dermal irrita-
tion (PDI) test, which is performed for those agents that are to be administered to 
patients by application to the skin. As with all local tolerance tests, it is essential that 
the material be evaluated in “condition of use”—that is, in the final product ready 
for human use, applied to test animals in the same manner that the device or bioma-

Table 3.10 Requested reference compounds for skin sensitization studies (US Consumer Product 
Safety Commission)

Tribromophylophosphate Formalin

Ditallow dimethyl ammonium methyl 
sulfate

Turpentine

Hydroxylamine sulfate Potassium dichromate
Ethyl amino benzoate Penicillin G
Todochlorohydroxy quinoline p-Phenylenediamine
(Clioquinol, chinoform) Epoxy systems (ethylenediamine,
Nickel sulfate diethylenetriamine, and diglycidyl ethers)
Monomethyl methacrylate Toluene 2,4-diisocyanate
Mercaptobenzothiazole Oil of bergamot
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terial is to be used clinically. If appropriate (under applicable regulations) or necessary 
due to the nature or mode of use of the device, an extract can be evaluated. Such 
extracts are generally evaluated in the intracutaneous reactivity test.

3.5.1  Dermal Irritation

Skin irritation testing is performed to demonstrate the irritation potential of the 
device, i.e., for initiating or aggravating damage through its contact with the skin 
(Draize 1955, 1959). Primary skin irritation is usually done according to the regula-
tions of the Consumer Product Safety Commission, Title 16, Chap. II, Part 1500, or 
some variation thereof (such as ISO and ASTM 1991). The purpose of the study is 
to determine the dermal irritation potential of the test article to the intact and abraded 
skin of the rabbit (the latter to stimulate wound tissue).

Skin absorption occurs through a process of binding, partitioning, and diffusion 
or active transport of test materials on and into the skin. Penetration has been assessed 
in vivo by measuring at different times the amount of test substances at different lay-
ers of the skin. Blood levels of the test sample have been measured in this test.

A complicated series of chemical and physiological responses result in primary 
skin irritation. When the skin is exposed to toxic substances, a modified form or the 
Draize rabbit skin test (fewer animals are now used), first outlined by John Draize in 
1944, remains an important source of safety information for government and indus-
try (Draize et al. 1944). In this test, the dermal irritation caused by a substance is 
investigated by observing changes ranging from erythema and edema to ulceration 

Table 3.11 Evaluation of skin reactions

Skin reaction Value

Erythema and eschar formation:
  No erythema 0
  Very slight erythema (barely perceptible) 1
  Well-defined erythema 2
  Moderate to severe erythema 3
  Severe erythema (beef redness) to slight eschar formation  

(injuries in-depth)
4

  Necrosis (death of tissue) +N
  Eschar (sloughing) +E
Edema formation:
  No edema
  Very slight edema (barely perceptible)
  Slight edema (edges of area well-defined by definite raising)
  Moderate edema (raised approximately 1 millimeter)
Severe edema (raised more than 1 millimeter and extending beyond the area of exposure)

Draize (1959)
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produced in rabbit skin when irritants are applied. These skin reactions are produced 
by diverse physiologic mechanisms, although they are easily observed visually and 
by palpitation. In recent years, it has become more common to evaluate irritation in/
on the skin of pigs/minipigs that are being utilized primarily for evaluating systemic 
topical effects of repeat-dose dermal application.

Evaluation of materials for their potential to cause dermal irritation and corro-
sion due to acute contact has been common for industrial chemicals, cosmetics, 
agricultural chemicals, and consumer products since at least the 1930s (generally, 
pharmaceuticals are only evaluated for dermal effects if they are to be adminis-
tered topically—and then by repeat exposure tests, which will not be addressed 
here). As with acute eye irritation tests, one of the earliest formal publications of 
a test method (though others were used) was that of Draize et al. in 1944 (Geller 
et al. 1985; SOT 1989). The methods currently used are fundamentally still those 
proposed by Draize et al. and, to date, have changed very little since 1944. Efforts 
have been underway for some 20 years to develop alternatives that either don’t use 
animals or are performed in a more humane and relevant (to human expo-
sure) manner.

Among the most fundamental assessments of the safety of a device or, indeed, of 
any material that has the potential to be in contact with a significant number of 
people in our society are tests in animals which seek to predict potential skin irrita-
tion or corrosion. Like all the other tests in what is classically called range-finding, 
Tier I, or acute battery, the tests used here both are among the oldest designs and are 
currently undergoing the greatest degree of scrutiny or change. Currently, the most 
common test methods for these end points use the same animal model, the rabbit 
(almost exclusively the New Zealand white), though some other animal models 
have been proposed.

Testing is performed to evaluate the potential occurrence of two different, yet 
related, end points. The broadest application of these is an evaluation of the poten-
tial to cause skin irritation, characterized by erythema (redness) and edema (swell-
ing). Severity of irritation is measured in terms of both the degree of these two 
parameters and how long they persist. There are two types of irritation tests, each 
designed to address a different concern:

• Primary (or acute) irritation, a localized reversible dermal exposure response 
resulting from a single application of, or exposure to, a chemical without the 
involvement of the immune system.

• Cumulative irritation, a reversible dermal response which results from repeated 
exposure to a device (each individual exposure possessing no or limited potential 
to causing acute irritation). However, it should be noted that repeated acute or 
continuous inflammation due to irritation may trigger more complex and less 
readily reversible responses.

Most regulations and common practice characterize an irritation that persists 
14 days past the end of exposure as other than reversible. The adult human has 1.8m2 
of skin, varying in thickness from 0.02 inches on the eyelids to 0.12 to 0.16 inches on 
the back, palms, and soles of the feet (Hipp 1978). The epidermis, the outer portion 
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of the skin, is several layers thick, covers the entire surface of the body, and is referred 
to as the horny layer or stratum corneum. It is the first line of defense against physi-
cal, chemical, and thermal exposure. The skin is host to normal bacterial flora con-
sisting of Micrococcus and Corynebacterium, which play an important role in the 
protection against infection. The melanocyte system, responsible for skin coloniza-
tion, is located at the interface of the epidermis and the dermis. New cells are con-
stantly being formed from the basal layer and slowly migrate to the surface, 
replenishing themselves approximately every 2  weeks (Monash and Blank 1958; 
Matoltry et al. 1968).

Irritation is generally a localized reaction resulting from either a single or mul-
tiple exposure to a physical or chemical entity at the same site. It is characterized by 
the presence of erythema (redness) and edema and may or may not result in cell 
death. The observed signs are heat (caused by vessel dilation and the presence of 
large amounts of warm blood in the affected area), redness (due to capillary dila-
tion), and pain (due to pressure on the sensory nerves). The edema often observed is 
largely due to plasma, which coagulates in the injured area, precipitating a fibrous 
network to screen off the area, thereby permitting leukocytes to destroy exogenous 
materials by phagocytosis. If the severity of injury is sufficient, cell death may 
occur, thereby negating the possibility of cellular regeneration. Necrosis is a term 
often used in conjunction with cell death and is the degeneration of the dead cell 
into component molecules which approach equilibrium with surrounding tissue 
(Montagna 1961).

3.5.1.1  Primary Dermal Irritation Test

Rabbit Testing Procedure

• A group of at least five New Zealand white rabbits are screened for the study.
• All rabbits selected for the study must be in good health; any rabbit exhibiting 

sniffles, hair loss, loose stools, or apparent weight loss is rejected and replaced.
• One day (at least 18 h) prior to application of the test substance, each rabbit is 

prepared by clipping the hair from the back and sides using a small animal clip-
per. A size No. 10 blade is used to remove long hair and then a size No. 40 blade 
is used to remove the remaining hair.

• Three animals with skin sites that are free from hyperemia or abrasion (due to 
shaving) are selected. Skin sites that are in the telogen phase (resting stage of 
hair growth) are used; those skin sites that are in the anagen phase (stage of 
active growth, indicated by the presence of a thick undercoat of hair) or not used.

Study Procedure

• As many as four areas of skin, two on each side of the rabbit’s back, can be uti-
lized for sites of administration.
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• Separate animals are not required for an untreated control group. Each animal 
serves as its own control; Indeed, up to eight separate sites may be used for a 
single rabbit.

• The intact (free of abrasion) sites of administration are assigned a code number. 
Typically, a suitably prepared extract from a device or biomaterial and an extrac-
tion solution (“vehicle” control) are tested on each animal.

• Application sites should be rotated from one animal to the next to ensure that the 
test substance and controls are applied to each position at least once.

• Each test or control substance is held in place with a 1″ × 1″ 12-ply surgical 
gauze patch. The gauze patch is applied to the appropriate skin site and secured 
with 1″-wide strips of surgical tape at the four edges, leaving the center of the 
gauze patch nonoccluded.

• If an extraction solution is being evaluated, a patch is applied and secured to the 
appropriate skin site. A 1-ml tuberculin syringe is used to measure and apply 
0.5 ml of test substance to the patch.

• The negative control site is covered with an untreated 12-ply surgical gauze 
patch (1″ × 1″).

• The entire trunk of the animal may be covered with an impervious material (such 
as Saran Wrap®) for a 24-h period of exposure. The Saran Wrap® is secured by 
wrapping several long strips of athletic adhesive tape around the trunk of the 
animal. The impervious material aids in maintaining the position of the patches 
and retards the evaporation of volatile test substances. Alternatively, a Hilltop 
chamber-type self-enclosed applicator may be utilized.

• An Elizabethan collar is fitted and fastened around the neck of each test animal. 
The collar remains in place for the 24-h exposure period. The collars are utilized 
to prevent removal of wrappings and patches by the animals while allowing the 
animals food and water ad libitum.

• The wrapping is removed at the end of the 24-h exposure period. The test sub-
stance skin site is wiped to remove any test substance still remaining. When 
colored test substances (such as dyes) are used, it may be necessary to wash the 
test substance from the test site with appropriate solvent or vehicle (one that is 
suitable for the substance being tested). This is done to facilitate accurate evalu-
ation for skin irritation.

• Immediately after the removal of the patches, each 1″ × 1″ test or control site is 
outlined with an indelible marker by dotting each of the four corners. This pro-
cedure delineates the site for identification.

Observations

• Observations are made of the test and control skin sites 1 h after removal of the 
patches (25 h postinitiation of application). Erythremia and edema are evaluated 
and scored on the basis of the designated values presented earlier in Table 3.11.

• Observations are again performed 46 and 72 h after application and scores are 
recorded.
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• If necrosis is present or the dermal reaction is unusual, the reaction should be 
described. Severe erythema should receive the maximum score (4), and  +  N 
should be used to designate the presence of necrosis and + E the presence of 
eschar.

• When the test substance produces dermal irritation that persists 72 h postapplica-
tion, daily observations of test and control sites are continued on all animals until 
all irritation caused by the test substance resolves until Day 14 postapplication.

Evaluation of Results

• A subtotal irritation value for erythema and eschar formation is determined for 
each rabbit by adding the values observed at 25, 48, and 72 h postapplication.

• A subtotal irritation value for edema formation is determined for each rabbit by 
adding the values observed at 25, 48, and 72 h postapplication.

• A total irritation score is calculated for each rabbit by adding the subtotal value 
for erythema or eschar formation to the subtotal irritation value for edema 
formation.

• The primary dermal irritation index is calculated for the test substance or control 
substance by diving the sum of the total irritation scores by the number of obser-
vations (three days × three animals = nine observations).

• The categories of the primary dermal irritation index (PDII) are as follows [this 
categorization of dermal irritation is a modification of the original classification 
described by Draize et al. (1944)]:

PDII = 0.0 Nonirritant
>0.0–0.5 Negligible irritant
>0.5–2.0 Mild irritant
>2.0–5.0 Moderate irritant
>5.0–8.0 Severe irritant

Other abnormalities, such as atonia or desquamation, should be noted and recorded.

3.6  Intracutaneous Reactivity

Essentially this is a modification of the primary dermal irritation study except that the 
test device or extracts from it are inserted/injected into the subcutaneous tissue of the 
test animal. The animal model used is the albino rabbit; the test object or injection is 
allowed to stay in place for 72 hours after insertion. The (primarily innate immune) 
response is score at 24, 48, and 72 hours using an eight-point edema and erythema 
scale. Three albino New Zealand rabbits are used, and up to five separate site can be 
used and evaluated on each animal, with one or two being vehicle controls.
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The intracutaneous irritation test is a sensitive acute toxicity screening test and is 
generally accepted for detecting potential local irritation by extracts from a bioma-
terial. Extracts of material obtained with nonirritation polar and nonpolar extraction 
media are suitable, and sterile extracts are desirable.

3.6.1  Intracutaneous Test

This test is designed to evaluate local responses to the extracts of materials under 
test following intracutaneous injection into rabbits.

3.6.1.1  Test Animal

Select healthy, thin-skinned albino rabbits whose fur can be clipped closely and 
whose skin is free from mechanical irritation or trauma. In handling the animals, 
avoid touching the injection sites during observation periods, except to discriminate 
between edema and an oil residue. Rabbits previously used in unrelated tests, such 
as the pyrogen test, and that have received the prescribed rest period, may be used 
for this test provided that they have clean unblemished skin.

3.6.1.2  Procedure

Agitate each extract vigorously prior to withdrawal of injection doses to ensure even 
distribution of the extracted matter. On the day of the test, closely clip the fur on the 
animal’s back on both sides of the spinal column over a sufficiently large test area. 
Avoid mechanical irritation and trauma. Remove loose hair by means of vacuum. If 
necessary, swab the skin lightly with diluted alcohol, and dry the skin prior to injec-
tion. More than one extract from a given material can be used per rabbit, if you have 
determined that the test results will not be affected. For each Sample use two ani-
mals and inject each intracutaneously, suing one side of the animal for the Sample 
and the other side for the Blank, as outlined in Table 3.12. [Note—Dilute each gram 
of the extract of the Sample prepared with polyethylene glycol 400, and the corre-
sponding Blank, with 7.5 volumes of sodium chloride injection to obtain a solution 
having a concentration of about 120 mg of polyethylene glycol per mL.]

Examine injection sites for evidence of any tissue reaction such as erythema, 
edema, and necrosis. Swab the skin lightly, if necessary, with diluted alcohol to 

Table 3.12 Intracutaneous test

Extract or blank Number of sites (per animal) Dose, μL per site

Sample
Blank

5
5

200
200
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facilitate reading of injection sites. Observe all animals at 24, 48, and 72 hours after 
injection. Rate the observations on a numerical scale for the extract of the Sample 
and for the Blank, using Table 3.8. Reclip the fur as necessary during the observa-
tion period.

If each animal at any observation period shows an average reaction to the Sample 
that is not significantly greater than to the Blank, the Sample meets the requirements 
of this test. If at any observation period the average reaction to the Sample is ques-
tionably greater than the average reaction to the Blank, repeat the test using three 
additional rabbits. On the repeat test, the average reaction to the Sample in any of 
the three animals is not significantly greater than the Blank.

3.7  Ocular Irritation Testing

Unless the device is specifically intended for ocular contact, in vivo eye irritation 
testing is no longer conducted.

Ocular irritation is significantly different from the other local tissue irritation 
tests on a number of grounds (Grant 1993). For the medical device industry, eye 
irritation testing is performed when the device is intended to be put into the eye as a 
means or route of application for ocular therapy. There are a number of special tests 
applicable to medical devices that are beyond the scope of this chapter, since they 
are intended to assess potential effects or irritation of a specific device. These are 
addressed later in the chapter on special cases. In general, however, it is desired that 
an eye irritation test that is utilized by this group be both sensitive and accurate in 
predicting the potential to cause irritation in humans. Failing to identify human 
ocular irritants (lack of sensitivity) is to be avoided, but of equal concern is the 
occurrence of false positives.

3.7.1  Primary Eye Irritation Test

The primary eye irritation test was originally intended to predict the potential for 
a single splash of chemical into the eye of a human being to cause reversible and/
or permanent damage. Since the introduction of the original Draize test 50 years 
ago (Draize et al. 1944), ocular irritation testing in rabbits has both developed and 
diverged. There is no longer a single test design that is used and different objec-
tives are pursued by different groups using the same test. This lack of standardiza-
tion has been recognized for some time, and attempts have been made to address 
standardization of at least the methodological aspects of the test, if not the design 
aspects.

One widely used study design, which begins with a screening procedure as an 
attempt to avoid testing severe irritants or corrosives in animals, goes as follows:
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3.7.1.1  Test Article Screening Procedure

• Each test substance will be screened in order to eliminate potentially corrosive or 
severely irritating materials from being studied for eye irritation in the rabbit.

• The pH of the test substance (ISO compliant extract or ocular lens solution) 
measured.

• A primary dermal irritation test will be performed prior to the study.
• The test substance will not be studied for eye irritation if it is a strong acid (pH 

of 2.0 or less) or strong alkali (pH of 11.0 or greater) and/or if the test substance 
is a severe dermal irritant (with a PDII of 5 to 8) or causes corrosion of the skin.

• If it is predicted that the test substance does not have the potential to be severely 
irritating or corrosive to the eye, continue to Section B, Rabbit Screen Procedure.

3.7.1.2  Rabbit Screening Procedure

• A group of at least six New Zealand white rabbits of either sex are screened for 
the study. The animals are removed from their cages and placed in rabbit 
restraints. Care should be taken to prevent mechanical damage to the eye during 
this procedure.

• All rabbits selected for the study must be in good health; any rabbit exhibiting 
sniffles, hair loss, loose stools, or apparent weight loss is rejected and replaced.

• One hour prior to instillation of the test substance, both eyes of each rabbit are 
examined for signs of irritation and corneal defects with a handheld slit lamp. All 
eyes are stained with 2.0% sodium fluorescein and examined to confirm the 
absence of corneal lesions.

• Fluorescein Staining: Cup the lower lid of the eye to be tested and instill one drop 
of a 2% (in water) sodium fluorescein solution onto the surface of the cornea. 
After 15 sec, thoroughly rinse the eye with physiological saline. Examine the eye, 
employing a handheld long-wave ultraviolent illuminator in a darkened room. 
Corneal lesions, if present, appear as bright yellowish-green fluorescent areas.

• Only three of the six animals are selected for the study. The three rabbits must 
not show any signs of eye irritation and must show either a negative or minimum 
fluorescein reaction (due to normal epithelial desquamation).

3.7.1.3  Study Procedure

• At least 1 h after fluorescein staining, the test substance is placed in one eye of each 
animal by gently pulling the lower lid away from the eyeball to form a cup (con-
junctival cul-de-sac) into which the test material is dropped. The upper and lower 
lids are then gently head together for 1 sec to prevent immediate loss of material.

• The other eye remains untreated (if an ocular lens solution is being tested) or 
receives just extraction solution and serves as a control.

• For testing liquids, 0.01 ml of the test substance is used.
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• The treated eyes of the three rabbits are not washed following instillation of the 
test substance.

• To prevent self-inflicted trauma by the animals immediately after instillation of 
the test substance, the animals are not immediately returned to their cages. After 
the test and control eyes are examined and graded at 1-h postexposure, the ani-
mals are returned carefully to their respective cages.

3.7.1.4  Observations

• The eyes are observed for any immediate signs of discomfort after instilling the 
test substance. Blepharospasm and/or excessive tearing are indicative of irritat-
ing sensations caused by the test substance, and their duration should be noted. 
Blepharospasm does not necessarily indicate that the eye will show signs of ocu-
lar irritation.

• Grading and scoring of ocular irritation are performed in accordance with 
Table 3.13. The eyes are examined and grades of ocular reactions are recorded.

• If signs of irritation persist at Day 7, readings are continued on Days 10 and 14 
after exposure or until all signs of reversible toxicity are resolved.

• In addition to the required observation of the cornea, iris, and conjunctiva, seri-
ous effects (such as pannus, rupture of the globe, or blistering of the conjuncti-
vae) indicative of a corrosive action are reported.

• Whether or not toxic effects are reversible depends on the nature, extent, and 
intensity of damage. Most lesions, if reversible, will heal or clear within 21 days. 
Therefore, if ocular irritation is present at the 14-day reading, a 21-day reading 
is required to determine whether the ocular damage is reversible or 
nonreversible.

3.7.2  Alternatives

Testing for potential to cause irritation or damage to the eyes remains the most 
active area for the development (and validation) of alternatives and the most sensi-
tive area of animal testing in biomedical research. This has been true since the 
beginning of the 1980s. Table 3.14 presents an overview of the reasons for pursuing 
such alternatives. The major reason, of course, has been the pressure from public 
opinion.

Indeed, many of the in vitro tests now being evaluated for other end points (such 
as skin irritation and lethality) are adaptations of test systems first developed for eye 
irritation uses. A detailed review of the underlying theory of each test system is 
beyond the scope of this chapter. Frazier et al. (1987a) performed such a review, and 
Table 3.15 presents an updated version of the list of test systems overviewed in 
that volume.
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There are six major categories of approach to replacing in vivo systems (such as 
the rabbit), and these almost certainly would require some form of battery of such 
test systems. Many individual systems, however, might constitute effective screens 
in defined situations. The first five of these aim at assessing portions of the irritation 
response, including alterations in tissue morphology, toxicity to individual complete 

Table 3.13 Scale of weighted scores for grading the severity of ocular lesionsa

Reaction criteria Score

I. Cornea
A. Opacity degree of density (area that is most dense is taken for reading)
    1. Scattered or diffuse area, details of iris clearly visible 1
    2. Easily discernible translucent area, details of iris slightly obscured 2
    3. Opalescent areas, no details of iris visible, size of pupil barely discernable 3
B. Area of cornea involved
    1. One-quarter (or less) but not zero 1
    2. Greater than one-quarter, less than one-half 2
    3. Greater than one-half/less than whole area 3
    4. Greater than three-quarter up to whole area 4
Scoring equals A × B × 5; total maximum = 80b

II. Iris
A. Values
    1.  Folds above normal, congestion, swelling, circumcorneal ingestion (any one or all 

of these or combination of any thereof), iris still reacting to light (sluggish reaction 
is possible)

1

    2. No reaction to light, hemorrhage, gross destruction (any one or all of these) 2
Scoring equals A × B (where B is the area of the iris involved, graded as “under 
cornea”); total maximum = 10
III. Conjunctivae
A. Redness (refers to palpebral conjunctivae only) 1
    1. Vessels definitely injected above normal 2
    2. More diffuse, deeper crimson red, individual vessels not easily discernible 3
    3. Diffuse beefy red
B. Chemosis
    1. Any swelling above normal (include initiating membrane) 1
    2. Obvious swelling with partial eversion of the lids 2
    3. Swelling with lids about half closed 3
    4. Swelling with lids about half closed to completely closed 4
C. Discharge
    1.  Any amount different from normal (does not include small amount observed in 

inner canthus of normal animals)
1

    2. Discharge with moistening of the lids and hair just adjacent to the lids 2
    3. Discharge with moistening of the lids and considerable area around the eye 3
Scoring = (A + B + C) × 2; total maximum = 20

aThe maximum total score is the sum of all scores obtained for the cornea, iris, and conjunctivae
bAll A × B = Σ (1−3) × Σ (1−4) for three animals
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cells or tissue physiology, inflammation or immune modulation, and alterations in 
repair and/or recovery processes. These methods have the limitation that they 
assume that one of the component parts can or will predict effects in the complete 
organ system. While each component may serve well to predict the effects of a set 
of chemical structures which determine part of the ocular irritation response, a valid 
assessment across a broad range of structures will require the use of a collection or 
battery of such tests.

The sixth category contains tests that have little or no empirical basis, such as 
computer-assisted structure-activity relationship models. These approaches can 
only be assessed in terms of how well or poorly they perform. Table 3.15 presents 
an overview of all six categories and some of the component tests within them, 
updated from the assessment by Frazier et al. (1987b), along with references for 
each test.

3.8  Other Nonparenteral Route Irritation Tests

Mucosal irritation may be evaluated by a number of tests; each of them has serious 
limitations. In the cheek pouch mucosal test, intact samples or sample extracts are 
inserted into the cheek pouches of Chinese hamsters. In the vaginal mucosal tests, 
sample extracts are injected into the vagina of albino rabbits. Rabbits in estrous may 
give false-positive results. In the penile mucosal tests, sample extracts are dripped 

Table 3.14 Rationales for seeking in vitro alternatives for eye irritancy tests

 1. Avoid whole-animal and organ in vivo evaluation
 2. Strict Draize scale testing in the rabbit assesses only three eye structures (conjunctiva, 

cornea, and iris), and traditional rabbit eye irritancy tests do not assess cataracts, pain, 
discomfort, or clouding of the lens

 3. In vivo tests assess only inflammation and immediate structural alterations produced by 
irritants (not sensitizers, photoirritants, or photoallergens). Note, however, that the test was 
(and generally is) intended to evaluate any pain or discomfort

 4. Technician training and monitoring are critical (particularly in view of the subjective nature 
of evaluation)

 5. Rabbit eye tests do not perfectly predict results in humans, if the objective is either the total 
exclusion of irritants or the identification of truly severe irritants on an absolute basis (i.e., 
without false positives or negatives). Some (such as Reinhardt et al. 1985) have claimed that 
these tests are too sensitive for such uses

 6. There are structural and biochemical differences between rabbit and human eyes which 
make extrapolation from one to the other difficult. For example, Bowman’s membrane is 
present and well developed in man (8–12 μm thick) but not in the rabbit, possibly giving the 
cornea greater protection

 7. Lack of standardization
 8. Variable correlation with human results
 9. Large biological variability between experimental units
10. Large, diverse, and fragmented databases which are not readily comparable
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Table 3.15 In vitro alternatives for eye irritation tests

Morphology
  Enucleated superfused rabbit eye system (Burton et al. 1981)
  Balb/c 3 T3 cells/morphological assays (HTS) (Borenfreund and Puerner 1984)
Cell toxicity
  Adhesion/cell proliferation
  BHK cells/growth inhibition (Reinhardt et al. 1985)
  BHK cells/colony formation efficiency (Reinhardt et al. 1985)
  BHK cells/detachment (Reinhardt et al. 1985)
  SIRC cells/colony-forming assay (North-Root et al. 1982)
  Balb/c 3 T3 cells/total protein (Shopsis and Eng 1985)
  BCL/D1 cells/total protein (Balls and Horner 1985)
  Primary rabbit corneal cells/colony0forming assay (Watanabe et al. 1988)
Membrane integrity
  LS cells/dual dye staining (Scaife 1982)
  Thymocytes/dual fluorescent dye staining (Aeschbacher et al. 1986)
  LS cells/dual dye staining (Kemp et al. 1983)
  RCE-SIRC-P815-YAC-1/Cr release (Shadduck et al. 1985)
  L929 cells/cell viability (Simons 1981)
  Bovine red blood cell/hemolysis (Shadduck et al. 1985)
  Mouse L929/fibroblasts/erythrocin C staining (Frzaier 1988)
  Rabbit corneal epithelial and endothelial cells/membrane leakage (Meyer and McCulley 

1988)
  Agarose diffusion (Barnard 1989)
  Corneal protein profiles (Eurell and Meachum 1994)
Cell metabolism
  Rabbit corneal cell cultures/plasminogen activator (Chan 1985)
  LS cells/ATP assay (Kemp et al. 1985)
  Balb/c 3 T3 cells/neutral red uptake (Borenfreund and Puerner 1984)
  Balb/c 3 T3 cells/uridine uptake inhibition assay (Shopsis and Sathe 1984)
  HeLa cells/metabolic inhibition test (MIT-24) (selling and Ekwall 1985)
  MDCK cells/dye diffusion (Tchao 1988)
Cell and tissue physiology
  Epidermal slice/electrical conductivity (Oliver and Pemberton 1985)
  Rabbit ileum/contraction inhibition (Muir et al. 1983)
  Bovine cornea/corneal opacity (Muir 1984)
  Proposed mouse eye/permeability test (Maurice and Singh 1986)
Inflammation/immunity
  Chlorioallantonic membrane (CAM)
  CAM (Leighton et al. 1983)
  HET-CAM (Luepke 1985)
  Bovine corneal cup model/leukocyte chemotactic factors (Elgebaly et al. 1985)
  Rat peritoneal cells/histamine release (Jacaruso et al. 1985)
  Rat peritoneal mast cells/serotonin release (Dubin et al. 1984)

(continued)
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onto the expressed penises of albino rabbits. Most of the sample is removed when 
the penis is withdrawn into the body. The oral mucosa and rectal mucosa may also 
be evaluated. Methods for these tests are set forth in ISO 10993 Part 10.

The design of vaginal, rectal, penile, and nasal irritation studies is less formal-
ized, but follows the same basic pattern as the primary dermal irritation test. The 
rabbit is the preferred species for vaginal and rectal irritation studies, but the mon-
key and dog have also been used for these (Chvapil 1979; Eckstein et al. 1969; Lilly 
et al. 1972; Lindhe et al. 1970; Muller et al. 1988; Nixon et al. 1972; Bernstein and 
Carlish 1979; Kaminsky and Willigan 1982; Davidson et al. 1982; Haugen 1980). 
Both the rabbit and rat have commonly seen use for nasal irritation evaluations. 
Defined quantities (typically 1.0 ml) of test solutions or suspensions are instilled 
into the orifice in question. For the vagina or rectum, inert bungs are usually installed 
immediately thereafter to continue exposure for a defined period of time (usually 
the same period of hours as future human exposure). The orifice is then flushed 
clean, and 24 h after exposure, it is examined and evaluated (graded) for irritation 
using the scale in Table 3.8.

3.8.1  Pyrogenicity

Pyrogenicity is the induction of a febrile (fever) response by the parenteral (usually 
IV or IM) administration of exogenous material, usually (but not always) bacterial 
endotoxins. Pyrogenicity is usually associated with microbiological contamination 
of a final formulation or product but is now increasingly of concern because of the 
increase in interest in biosynthetically produced materials. Generally, ensuring the 
sterility of product and process will guard against pyrogenicity. Pyrogenicity testing 
is performed extensively in the medical device industry. If a device is to be intro-
duced directly or indirectly into the fluid path, it is required that it be evaluated for 
pyrogenic potential (USP 2013; European Pharmacopoeia 1990).

The USP Pyrogen Test suing rabbit or the limulus amebocyte lysate (LAL) test 
can be used to support pyrogen-free claims. If the LAL test is used, the LAL test 
method must either meet the FDA’s documented titled Guideline on Validation of 

Table 3.15 (continued)

  Rat vaginal explant/prostaglandin release (Dubin et al. 1984)
  Bovine eye cup/histamine (Hm) and leukotriene C4 (Lt/C4) release (Benassi et al. 1986)
Recovery/repair
  Rabbit corneal epithelial cells/wound healing (Jumblatt and Neufeld 1985)
Others
  EYTEX assay (Gordon et al. 1986; Soto et al. 1988)
  Computer-based structure-activity relationship (SAR) (Enslein 1984)
  Tetrahymena motility (Silverman 1983)
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the Limulus Amebocyte Lysate Test as an End-Product Endotoxin Test for Human 
and Animal Parental Drugs, Biological Products, and Medical Devices, or a 510(k) 
or PMA application must be submitted for the LAL test.

The bacterial endotoxin limit for medical devices is 0.5 EU/ml. Manufacturers 
may retest LAL test failures with another LAL test or the USP rabbit pyrogen test. 
Medical devices that contact cerebrospinal fluid should have less than 0.06 EU/ml 
of endotoxin.

In vitro pyrogenicity testing (or bacterial endotoxin testing) is one of the great 
success stories for in vitro testing. Some 30 years ago, the limulus amebocyte lysate 
(LAL) test was developed, validated, and accepted as an in vitro test for estimating 
the concentration of bacterial endotoxins that may be present in or on a sample of 
the article(s) to which the test is applied using LAL that has been obtained from 
aqueous extracts of the circulating amebocytes of the horseshoe crab, Limulus poly-
phemus, and that has been prepared and characterized for use as an LAL reagent for 
gel-clot formation (Cooper 1975; Weary and Baker 1977). The test’s limitation is 
that it detects only the pyrogens of gram-negative bacteria. This is generally not 
significant (at least for use in lot release assays) since most environmental contami-
nants that gain entrance to sterile products are gram-negative (Bulich et al. 1990; 
Devleeschouwer et al. 1985).

Where the test is conducted as a limit test, the specimen is determined to be posi-
tive or negative to the test judged against the endotoxin concentration specified in 
the individual monograph (USP 2007). Where the test is conducted as an assay of 
the concentration of endotoxin, with calculation of confidence limits of the result 
obtained, the specimen is judged to comply with the requirements if the result does 
not exceed (1) the concentration limit specified in the individual monograph and (2) 
the specified confidence limits for the assay. In either case the determination of the 
reaction end point is made with parallel dilutions of redefined endotoxin units.

Since LAL reagents have also been formulated to be used for turbidimetric 
(including kinetic) assays or colorimetric readings, such tests may be used if shown 
to comply with the requirements for alternative methods. These tests require the 
establishment of a standard regression curve, and the endotoxin content of the test 
material is determined by interpolation from the curve. The procedures include 
incubation for a preselected time of reacting endotoxin and control solutions with 
LAL reagent and reading the spectrophotometric light absorbance at suitable wave-
lengths. In the case of the turbidimetric procedure, the reading is made immediately 
at the end of the incubation period. In the kinetic assays, the absorbance is measured 
throughout the reaction period, and rate values are determined from those readings. 
In the colorimetric procedure, the reaction is arrested at the end of the preselected 
time by the addition of an appropriate amount of acetic acid solution prior to the 
readings. A possible advantage in the mathematical treatment of results, if the test is 
otherwise validated and the assay suitable designed, could be the confidence inter-
val and limits of potency from the internal evidence of each assay itself.
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3.8.2  Reference Standard and Control Standard Endotoxins

The reference standard endotoxin (RSE) is the USP Endotoxin Reference Standard, 
which has a defined potency of 10,000 USP endotoxin units (EU) per vial. Constitute 
the entire contents of one vial of the RSE with 5 ml of LAL reagent water, vortex 
for not less than 20 min., and use this concentrate for making appropriate serial dilu-
tions. Preserve the concentrate in a refrigerator, for making subsequent dilutions, 
for not more than 14 days. Allow it to reach room temperature, if applicable, and 
vortex it vigorously for not less than 5 min. Before use. Vortex each dilution for not 
less than 1 min. Before proceeding to make the next dilution. Do not use stored dilu-
tions. A control standard endotoxin (CSE) is an endotoxin preparation other than the 
RSE that has been standardized against the RSE.  If a CSE is a preparation not 
already adequately characterized, its evaluation should include characterizing 
parameters both for endotoxin quality and performance (such as reaction in the rab-
bit) and for suitability of the material to serve as a reference (such as uniformity and 
stability). Detailed procedures for its weighing and/or constitution and use to ensure 
consistency in performance should also be included. Standardization of CSE 
against the RSE using an LAL reagent for the gel-clot procedure may be effected 
by assaying a minimum of four vials of the CSE or four corresponding aliquots, 
where applicable, of the bulk CSE and one vial of the RSE as directed under Test 
Procedure, but using four replicate reaction tubes at each level of the dilution series 
for the RSE and four replicate reaction tubes similarly for each vial or aliquot of 
the CSE.  If the dilutions for the four vials or aliquots of the CSE cannot all be 
accommodated with the dilutions for the one vial of the RSE on the same rack for 
incubation, additional racks may be used for accommodating some of the replicate 
dilutions for the CSE, but all of the racks containing the dilutions of the RSE and 
CSE are incubated as a block. However, in such cases, the replicate dilution series 
from the one vial of the RSE are accommodated together on a single rack and the 
replicate dilution series from any one of the four vials or aliquots of the CSE are 
not divided between racks. The antilog of the difference between the mean log 10 
end point of the RSE and the mean log 10 end point of the CSE is the standardized 
potency of the CSE, which is then converted to and expressed in units/ng under 
stated drying conditions for the CSE, or units per container, whichever is appropri-
ate. Standardize each new lot of CSE prior to use in the test. Calibration of a CSE 
in terms of the RSE must be with the specific lot of LAL reagent and the test pro-
cedure with which it is to be used. Subsequent lots of LAL reagent from the same 
source and with similar characteristics need only checking of the potency ratio. 
The inclusion of one or more dilution series made from the RSE when the CSE is 
used for testing will enable observation of whether or not the relative potency 
shown by the latter remains within the determined confidence limits. A large lot of 
a CSE may, however, be characterized by a collaborative assay of a suitable design 
to provide a representative relative potency and the within-laboratory and between-
laboratory variance.

3 Biocompatibility Testing: The Biologic Tests



111

A suitable CSE has a potency of not less than 2 EU/ng and not more than 50 EN/
ng, where in bulk form, under adopted uniform drying conditions, e.g., to a particu-
lar low moisture content and other specified conditions of use, and a potency within 
a corresponding range where filled in vials of a homogeneous lot.

3.8.3  Preparatory Testing

Use an LAL agent of confirmed label or determined sensitivity. In addition, where 
there is to be a change in lot of CSE, LAL reagent, or another reagent, conducts tests 
of a prior satisfactory lot of CSE, LAL, and/or other reagents in parallel on change-
over. Treat any containers or utensils employed so as to destroy extraneous surface 
endotoxins that may be present, such as by heating in an oven at 250 ° F or above 
for sufficient time.

The validity of test results for bacterial endotoxins requires an adequate demon-
stration that specimens of the article, or of solutions, washings, or extracts thereof to 
which the test is to be applied, do not of themselves inhibit or enhance the reaction or 
otherwise interfere with the test. Validation is accomplished by testing untreated spec-
imens or appropriate dilutions thereof, concomitantly with and without known and 
demonstrable added amounts of RSE or a CSE, and comparing the results obtained. 
Appropriate negative controls are included. Validation must be repeated if the LAL 
reagent source or the method of manufacture or formulations of the article is changed.

Test for confirmation of labeled LAL reagent sensitivity: Confirm the labeled 
sensitivity of the particular LAL reagent with the RSE (or CSE) using not less than 
four replicate vials, under conditions shown to achieve an acceptable variability of 
the test, viz., the antilog of the geometric mean log 10 lystate gel-clot sensitivity is 
within 0.5 to 2.0, where the labeled sensitivity is in EU/ml. The RSE (or CSE) con-
centrations selected to confirm to LAL reagent label potency should bracket the 
stated sensitivity of the LAL reagent. Confirm the labeled sensitivity of each new lot 
of LAL reagent prior to use in the test.

3.8.4  Inhibitions or Enhancement Test

Conduct assays, with standard endotoxin, or untreated specimens in which there is 
no endogenous endotoxin detectable, and of the same specimens to which endotoxin 
has been added, as directed under Test Procedures, but use not less than four repli-
cate reaction tubes at each level of the dilution series for each untreated specimen 
and for each specimen to which endotoxin has been added. Record the end points 
(E, in units/ml) observed in the replicates. Take the logarithms (e) of the end points, 
and compute the geometric means of the log end points for the RSE (or CSE) for the 
untreated specimens and for specimens containing endotoxin by the formula antilog, 
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elf, where e is the sum of the log end points of the dilution series used and f is the 
number of replicate end points in each case. Compute the amount of endotoxin in the 
specimen to which endotoxin has been added. The test is valid for the article if this 
result is within twofold of the known added amount of endotoxin. Alternatively, if 
the test has been appropriately set up, the test is valid for the article if the geometric 
mean end point dilution for the specimen to which endotoxin has been added is 
within one twofold dilution of the corresponding geometric mean end point dilution 
of the standard endotoxin.

Repeat the test for inhibition or enhancement using specimens diluted by a factor 
not exceeding that given by the formula x/y (see Maximum Valid Dilution). Use the 
least dilution sufficient to overcome the inhibition or enhancement of the known 
endotoxin for subsequent assays of endotoxin in test specimens.

If endogenous endotoxin is detectable in the untreated specimens under the condi-
tions of the test, the article is unsuitable for the inhibition or enhancement test, or it 
may be rendered suitable by removing the endotoxin present by ultrafiltration or by 
appropriate dilution. Dilute the untreated specimen (as constituted, where applicable, 
for administration or use) to a level not exceeding the maximum valid dilution, at 
which no endotoxin is detectable. Repeat the test for inhibition or enhancement using 
the specimens at those dilutions.

3.8.4.1  Test Procedure

In preparing for and applying the test, observe precautions in handling the specimens 
in order to avoid gross microbial contamination. Washings or rinsings of devices 
must be with LAL reagent water in volumes appropriate to their use and, where 
applicable, of the surface area which comes into contact with body tissues or fluids. 
Use such washings or rinsings if the extracting fluid has been in contact with the 
relevant pathway or surface for not less than 1 hr. at controlled room temperature 
(15–30 °C). Such extracts may be combined, where appropriate.

For validating the test for an article, for endotoxin limit tests or assays, or for 
special purposes where so specified, testing of specimens is conducted quantita-
tively to determine response end points for gel-clot readings. Usually graded 
strengths of the specimen and standard endotoxin are made by multifold dilutions. 
Select dilutions so that they correspond to an geometric series in which each step is 
greater than the next lower by a constant ratio. Do not store diluted endotoxin, 
because of loss of activity by absorption. In the absence of supporting data to the 
contrary, negative and positive controls are incorporated into the test.

Use not less than two replicate reactions tubes at each level of the dilution series 
for each specimen under test. Whether the test is employed as a limit test or as a quan-
titative assay, a standard endotoxin dilution series involving not less than two replicate 
reaction tubes is conducted in parallel. A set of standard endotoxin dilution series is 
included for each block of tubes, which may consist of a number of racks for incuba-
tion together, provided the environmental conditions within blocks are uniform.
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3.8.4.2  Preparation

Since the form and amount per container of standard endotoxin and of LAL reagent 
may vary, constitution and/or dilution of contents should be as directed in the label-
ing. The pH of the test mixture of the specimen and the LAL reagent is in the range 
of 6.0–7.5 unless specifically directed otherwise in the individual monograph. The 
pH may be adjusted by the addition of sterile, endotoxin-free sodium hydroxide or 
hydrochloric acid or suitable buffers to the specimen prior to testing.

3.8.4.3  Maximum Valid Dilution

The maximum valid dilution (MVD) is appropriate to injections or to solutions for 
parenteral administration in the form constituted or diluted for administration, or, 
where applicable, to the amount of drug by weight if the volume of the dosage form 
for administration could be varied. Where the endotoxin limit concentration is spec-
ified in the individual monograph in terms of volume (in EU/ml), divide the limit by 
γ, which is the labeled sensitivity (in EU/ml) of the lysate employed in the assay, to 
obtain the MVD factor. Where the endotoxin limit concentration is specified in the 
individual monograph in terms of weight or of units of active drug (in EU/mg or in 
EU/unit), multiply the limit by the concentration (in mg/ml or in units/ml of the 
drug in the solution tested or of the drug constituted according to the label instruc-
tions, whichever is applicable), and divide the product of the multiplication by γ to 
obtain the MVD factor. The MVD factor so obtained is the limit dilution factor for 
the preparation for the test to be valid.

3.8.4.4  Procedure

To 10 × 75-mm test tubes, add aliquots of the appropriately constituted LAL reagent 
and the specified volumes of specimens, endotoxin standard, negative controls, and 
a positive product control consisting of the article, or of solutions, washings, or 
extracts thereof, to which the RSE (or a standardized CSE) has been added at a 
concentration of endotoxin of 2 for LAL reagent (see under Test for confirmation of 
labeled LAL reagent sensitivity). Swirl each gently to mix and place in an incubat-
ing device such as water bath or heating block, accurately recording the time at 
which the tubes are so placed. Incubate each tube, undisturbed, for 60 ± 2 min at 
37 ± 1 °C, and carefully remove it for observation. A positive reaction is character-
ized by the formation of a firm gel that remains when inverted through 180 degrees. 
Record such a result as a positive (+). A negative result is characterized by the 
absence of such a gel or by the formation of a viscous gel that does not maintain its 
integrity. Record such a result as a negative (−). Handle the tubes with care, and 
avoid subjecting them to unwanted vibrations, or false-negative observations may 
result. The test is invalid if the positive product control or the endotoxin standard 
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does not show the end point concentration to be within ± twofold dilutions from the 
label claim sensitivity of the LAL reagent or if any negative control shows a gel-clot 
end point.

3.8.4.5  Calculation and Interpretation

Calculate the concentration of endotoxin (in units/ml or in units/g or mg) in or on 
the article under test by the formula pS/U, where S is the antilog of the geometric 
mean log 10 of the end points, expressed in EU/ml for the standard endotoxin; U is 
the antilog of elf, where e is the log 10 of the end point dilution factors, expressed 
in decimal fractions, and f is the number of replicate reaction tubes read at the end 
point level for the specimen under test; and p is the correction factor for those cases 
where a specimen of the article cannot be taken directly into test but is processed as 
an extract, solution, or washing.

Where the test is conducted as an assay with sufficient replication to provide a 
suitable number of independent results, calculate for each replicate assay the con-
centration of endotoxin in or on the article under test from the antilog of the geomet-
ric mean log end point ratios. Calculate the mean and the confidence limits from the 
replicate logarithmic values of all the obtained assay results by a suitable statisti-
cal method.

3.8.4.6  Interpretation

The article meets the requirements of the test if the concentration of endotoxin does 
not exceed that specified in the individual monograph, and the confidence limits of 
the assay do not exceed those specified.

3.8.5  Material-Mediated Pyrogenicity (USP Rabbit Pyrogen 
Test)

The United States Pharmacopeia describes a pyrogen test using rabbits as a model. 
This test, which is the standard for limiting risks of a febrile reaction to an accept-
able level, involves measuring the rise in body temperature in a group of three rab-
bits for 3 h after injection of 10 ml of test solution.

3.8.5.1  Apparatus and Diluents

Render the syringes, needles, and glassware free of pyrogens by heating at 250 °F 
for not less than 30 min or by any other suitable method. Treat all diluents and solu-
tions by washing and rinsing of devices or parenteral injection assemblies in a man-
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ner that will ensure that they are sterile and pyrogen-free. Periodically perform 
control pyrogen tests on representative portions of the diluents and solutions that are 
used for washing and rinsing of the apparatus.

3.8.5.2  Temperature Recording

Use an accurate temperature-sensing device, such as a clinical thermometer or 
thermistor or similar probe, that has been calibrated to ensure an accuracy of ±0.1° 
and has been tested to determine that a maximum reading is reached in less than 
5 min. Insert the temperature-sensing probe into the rectum of the test rabbit to a 
depth of not less than 7.5 cm, and, after a period of time not less than that previously 
determined as sufficient, record the rabbit’s temperature.

3.8.5.3  Test Animals

Use healthy, mature rabbits. House the rabbits individually in an area of uniform 
temperature (between 20 °C and 23 °C) free from disturbances likely to excite them. 
The temperature should vary no more than ±3 °C from the selected temperature. 
Before using a rabbit for the first time in a pyrogen test, condition it for not more 
than 7 days before use by a sham test that includes all of the steps as directed under 
Procedure, except injection. Do not use a rabbit for pyrogen testing more frequently 
than once every 48 h, nor prior to 2 weeks following a maximum rise in its tempera-
ture of 0.6° or more while being subjected to the pyrogen test, or following its hav-
ing been given a test specimen that was found to be pyrogenic.

3.8.5.4  Procedure

Perform the test in a separate area designated solely for pyrogen testing and under 
environmental conditions similar to those under which the animals are housed. 
Withhold all food from the test rabbits during the period of the test. Access to water 
is allowed at all times, but may be restricted during the test. A probe measuring 
rectal temperature remain inserted throughout the testing period, restrain the rabbits 
with loose-fitting Elizabethan collars that allow the rabbits to assume a natural rest-
ing posture. Not more than 30 min prior to the injection of the test dose, determine 
the “control temperature” of each rabbit; this is the base for the determination of any 
temperature increase resulting from the injection of a test solution. In any one group 
of test rabbits, use only those rabbits whose control temperatures do not vary by 
more than 1 °C from each other and do not use any rabbit having a temperature 
exceeding 39.8 °C.

Unless otherwise specified in the individual protocol, inject 10 ml of the test 
solution per kilogram of body weight into an ear vein of each of three rabbits, com-
pleting each injection within 10 min after the start of administration. The test solu-
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tion is either the product, constituted if necessary as directed in the labeling, or the 
material under test. For pyrogen testing of devices or injection assemblies, use 
washings or rinsings of the surfaces that come in contact with the parenterally 
administered material or with the injection site or internal tissues of the patient. 
Ensure that all test solutions are protected from contamination. Perform the injec-
tion after warming the test solution to a temperature of 37 °C ± 2°. Record the tem-
perature at 1, 2, and 3 h subsequent to the injection.

3.8.5.5  Test Interpretation and Continuation

Consider any temperature decreases as zero rise. If no rabbit shows an individual rise 
in temperature of 0.6° or more above its respective control temperature, and if the sum 
of the three individual maximum temperature rises does not exceed 1.4°, the product 
meets the requirements for the absence of pyrogens. If any rabbit shows an individual 
temperature rise of 0.6° or more, or if the sum of the three individual maximum tem-
perature rises exceeds 1.4°, continue the test using five other rabbits. If not more than 
three of the eight rabbits show individual rises in temperature of 0.6° or more, and if the 
sum of the eight individual maximum temperature rises does not exceed 3.7°, the mate-
rial under examination meets the requirements for the absence of pyrogens.

3.9  Acute Systemic Toxicity Testing (ISO 10993-11)

3.9.1  Introduction

Acute toxicity testing is the defining and evaluation of the toxic syndrome (if any) 
produced by a single dosage of extracts from a device or biomaterials. In the initial 
testing program promulgated for “medical closures” (and therefore medical 
devices), this was meant to serve the purpose of screening for rapidly toxic constitu-
ents in a device or contaminants on it. It sought (and seeks) to have increased sensi-
tivity by using a broader range of extraction vehicles and using dose levels (in terms 
of high volumes of extraction fluids—up to 50 ml/kg). The current version of the 
test is a holdover from these earlier days.

Historically, the main focus of these tests has been lethality determinations and 
the identification of overt signs and symptoms of overdosage. For a complete his-
torical perspective, see Rhodes (2000), Gad and Chengelis (1999), Auletta (1998), 
or Piegorsh (1989). A more enlightened and modern view holds that, especially for 
pharmaceutical agents, lethality in animals is a relatively poor predictor of hazard in 
man (Gad and Chengelis 1999). The current trend is toward gaining increasing 
amounts of more sophisticated data from these tests, such as in the expanded acute 
studies done to enable so called “Phase 0” clinical trials. The various types of acute 
study designs, their utility in pharmaceutical product testing, and the resultant sam-
ple data are discussed in this chapter.
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In the pharmaceutical industry, acute toxicity testing has uses other than for 
product safety determinations. First, as in other industries, acute toxicity determina-
tions are part of industrial hygiene or occupational health environmental impact 
assessments. These requirements demand testing not only for finished products but 
frequently of intermediates as well.

For medical devices, acute systemic toxicity typically means the ISO-10993 or 
pharmacopeial (such as USP and other pharmacopeias) “acute systemic toxicity” test-
ing is actually lethality testing using one or more extractants (“eluants”) from the 
material of interest. It is designed to screen broadly for the presence of any extractable 
materials which may be lethal to the intact organism. The “model” employed is the 
albino mouse (17–23 grams in weight). USP section <88> provides guidance on prep-
aration of materials and test conduct. The following is an example protocol:

Extractions media area:

• Sodium chloride 0.9% (physiological saline solution).
• Polyethylene glycol 400.
• 5% ethanol in 0.9% aqueous saline
• Vegetable (cottonseed or sesame) oil.
• If not covered by any of the above, device product vehicle should be employed, 

as seen in Table 3.1.

3.9.2  Acute Systemic Toxicity Characterization

The acute systemic toxicity study as performed for medical devices is a true 
screen—the parenteral routes of administration and the number and volumes of 
solvents used are all intended to maximize the sensitivity of a test system which 
truly has only a limited set of parameters of interest, primarily lethality (Fig. 3.5; 
Table 3.16).

STUDY DAY

Prepare
Eluates

Weigh and Dose
5 Test Mice
5 Control Mice

Weigh Animals

OBSERVE FOR MORTALITY

0 1 2 3

Fig. 3.5 USP acute systemic toxicity test- live chart

Table 3.16 USP acute systemic toxicity test

Extract or blank Dose (/kg) Route Injection rate (μL/second)

SAL 50 mL IV 100
5% ETOH 50 mL IV 100
PEG 400 10 g IP NA
CSO 50 mL IP NA
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3.9.2.1  Body Weight Considerations

Body weight and feed consumption are frequently determined parameters in toxic-
ity testing. To an extent, the ability of an animal to gain or maintain weight may be 
considered a sensitive, but nonspecific, indicator of health. While this is true in 
subchronic or chronic studies, its relevance in acute studies must be carefully con-
sidered. In most protocols, body weights are determined on Day 1 (prior to dos-
ing), Day 7, and Day 14, which are the days mandated by most regulatory 
guidelines. Despite being common, the design is not well founded: if an animal has 
not died within 7 days postdosing, it has probably recovered, and its body weight 
may not be noticeably different from controls by Day 14. A complete protocol 
addresses this problem by specifying more frequent body weight determinations 
(daily for the first 3 to 5 days of the observation period) so that not only can initial 
decreases (if they occur) be detected, but recovery can also be charted. Feed con-
sumption measurements should be made at the same times, because it is difficult to 
determine the causes behind body weight changes in the absence of feed consump-
tion data. Body weight loss accompanied by normal feed consumption implies 
something very different than body weight loss (or lack of gain) accompanied by 
lack of feed consumption. In the absence of feed consumption data, however, 
changes in body weight should still be considered indicative of a change in an 
animal’s health status.

Yet another reason why body weight determinations are of questionable value in 
acute studies has to do with the statistical analysis of the data. Deaths may substan-
tially alter group size and complicate analysis. The death of two of five animals 
causes a 40% decrease in group size and a substantial diminution of the power of 
any statistical test. In addition, the resulting data sets are censored: comparisons will 
often be between the control group, a dosage group where all the animals survive, 
and a high-dosage group where less than 50% of the animals survive to the end of 
the observation period. One has to question the utility of body weight changes if 
they occur at dosages that are acutely lethal. The data in Table 3.17 illustrate this 
point. Body weight changes tended to occur only at dosages that were acutely lethal. 
Additionally, one would suspect that the censoring of body weights in groups where 
death occurs is not random; that is, the animals that die are most likely those that are 
most sensitive, while those that survive are the most resistant or robust. This prob-
lem can be addressed by building exclusionary criteria into a protocol. For example, 
one could statistically analyze body weight data in groups that only had less than 
50% mortality.

3.9.2.2  Factors that Can Affect Acute Tests

Many investigations into the sources of variability in acute toxicity testing have been 
conducted, and these have been reviewed by Elsberry (1986). The factors causing the 
greatest interstudy variation included lack of specifications for sex, strain, age, and 
weight range. When clearly defined, detailed protocols were used, interlaboratory 
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variation was found to be minimal. Hence, it is equally important that the details of 
the protocol be well described and followed. It is not appropriate to draw dosage-
response conclusion by comparing groups that differ substantially in age or that have 
been fed, fasted, or otherwise manipulated differently.

Table 3.17 Information, 
including lethality, that can 
be gained in acute toxicity 
testing

Lethality/mortality
  LD50 with confidence limits
  Shape and slope of lethality curves
  Estimation of maximum nonlethal 

dose or minimum lethal dose (LD01)
  Time to dose estimates
Clinical signs
  Times of onset and recovery
  Thresholds
  Agonal versus nonagonal (i.e., do 

signs occur only in animals that 
die?)

  Specific versus general responses
  Separation of dose-response curves 

from lethality curves
Body weight changes
  Actual loss versus decreased gain
  Recovery
  Accompanied by changes in feed 

consumption
  Changes in animals that die versus 

those that survive
Target organ identification
  Gross examinations
  Histological examinations
  Clinical chemical changes
  Hematological changes
Specialized function test
  Immunocompetency
  Neuromuscular screening
  Behavioral screening
Pharmacokinetic considerations
  Different routes of administration 

yielding difference in toxicity
  Plasma levels of test article
  Areas under the curves, volume of 

distribution, half-life
  Metabolic pattern of test article
  Distribution to key organs
  Relationship between plasma levels 

and occurrence of clinical signs
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3.10  Implantation Studies and Implantation Biology  
(ISO 10993-6)

Implantation studies are a type of assay unique to medical device and biomaterials, 
having been specifically devised for those situations where an exogenous (and usu-
ally man-made) construct or material is enclosed in the body or partially entered 
into it by a breached surface. It is intended to assess the effects of devices (usually 
polymers or elastomers) which are in direct contact with living tissue (not including 
the skin). The effects of concern may be either short or long term, with a range of 
responses over the course of the host body and the device interacting with each 
other. Longer-term studies are conducted for long-term implants and focus more on 
broader systemic effects and potential carcinogenicity. The whole field of implanta-
tion biology (which studies these interactions) is an extremely complete and active 
one (Greco 1994; Black 2000; Grethcer and Hollinger 2006).

3.10.1  ISO 10993 Implantation Test

The ISO 10993 mandated test is covered by Part 6 of the test guidelines and is 
specifically intended to test for local effects after implantation. It can be per-
formed for either short term (from 1 up to 12 weeks) or long term (from 12 to 
104 weeks).

The test specimen is implanted into a site and tissue appropriate for evaluation of 
the biological safety of the material. The implant is not intended to be subjected to 
mechanical or functional loading. The local effects are evaluated by a comparison 
of the tissue response caused by a test specimen to that caused by materials used in 
medical devices whose clinical acceptability has been established.

3.10.1.1  Preparation of Specimens for Implantation

Solid Specimens (Excluding Powders)

Physical characteristics (i.e., form, density, hardness, surface finish) can influence 
the character of the tissue response to the test material. Each implant shall be manu-
factured, processed, cleaned of contaminants, and sterilized by the method intended 
for the final product. After final preparation and sterilization, the implant specimens 
shall be handled in such a way as to ensure that they are not scratched, damaged, or 
contaminated in any way prior to or during insertion.
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Nonsolid Specimens (Including Powders)

Nonsolid specimens may be liquids, pastes, and particulates, as distinct from the 
materials covered otherwise. The components may be mixed before use (e.g., bone 
cements, dental materials) and set after varying time periods. The materials may be 
contained in tubes for the purpose of testing for local effects after implantation. 
Polyethylene (PE), polypropylene (PP), or polytetrafluoroethylene (PTFE) tubes 
are commonly used for this purpose.

Prior to test the tubes shall be rinsed with 70% (V/V) ethanol and distilled water 
and sterilized by autoclaving or other appropriate methods relevant for clinical 
applications. Materials tested in their freshly mixed state shall be tested for micro-
biological contamination.

Prepare the test material according to the manufacturer’s instructions and insert 
the material into the tube until level with the top. Exercise the utmost care to prevent 
contamination of the outer surface of the tube by the test material. Avoid entrapment 
of air in the tube and ensure that the end surfaces of the inserted material in the tube 
and the tube ends are smooth.

Note—PE tubes may be deformed by autoclaving. It is difficult to section PTFE 
tubes in the microtome, and substitution by PE or PP tubes of the same dimensions 
may be preferable when the tubes are to remain in the tissue blocks during sectioning.

Control Specimens

The size, shape, and especially the surface condition of the control(s) shall be as 
similar to that of the implant test specimens as is practically possible. When the test 
material is contained in a tube, the control shall be a rod of the same material as the 
tube and with the same diameter as the outer diameter of the tube. The control speci-
mens shall be handled, cleaned, and sterilized in such a manner as to maintain them 
as acceptable and well-characterized controls.

Selection of control material(s) should be based on their established use in clini-
cal applications similar to those proposed for the candidate test material and is not 
otherwise restricted.

Animals and Tissues

Select an animal species with due consideration of the size of the implant test speci-
mens, the intended duration of the test in relation to the expected life-span of the 
animals, as well as the recognized species differences in biological response in both 
hard and soft tissues. For short-term testing in subcutaneous tissue and muscle, 
animals such as mice, rats, guinea pigs, and rabbits are commonly used (Gad 2006). 
Select one species among these. For long-term testing in subcutaneous tissue, mus-
cle, and bone, animals such as rats, guinea pigs, rabbits, dogs, sheep, goats, pigs, 
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and other animals with a relatively long life expectancy are suitable. Select one spe-
cies among these.

The specimens of test and control materials shall be implanted under the same 
conditions in the same species of the same age, sex, and strain in corresponding 
anatomical sites. The number and size of implants inserted in an animal depends on 
the size of the species and the anatomical location of the implantation.

3.10.1.2  Test Periods

The local tissue response to implanted materials is assessed in short-term tests up to 
12 weeks and in long-term tests exceeding 12 weeks.

Test periods are chosen to ascertain that a steady state has been reached with 
respect to biological response. The local biological response to implanted materials 
depends both on the properties of the materials and on the trauma of surgery. The 
tissue configuration found in the vicinity of an implant changes with the time 
elapsed after surgery. Usually, at 1-week observation periods, a high cell activity is 
found, followed by a transitional stage. In muscle and connective tissue, depending 
on the species, a steady state is seen in the cell population after 9–12  weeks. 
Implantation in bone tissues may need longer observation periods.

Test periods shall be selected from those specified in Table 3.18 for short-term 
implantation or from Table 3.19 for long-term implantation.

Table 3.19 Selection of test periods for long-term implantation in subcutaneous tissue, muscle, 
and bond

Implantation period (weeks)
Species 12 26 52 78 104

Rats X X X
Guinea pigs X X X
Rabbits X X X X
Dogs X X X X X
Sheep X X X X X
Goats X X X X X
Pigs X X X X X

Table 3.18 Selection of test periods for short-term implantation in subcutaneous tissue and 
muscle

Implantation period (weeks)
Species 1 2 3 4 9 12

Mice X X X
Rats X X X X
Guinea pigs X X X X
Rabbits X X X X
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Depending on the intended use of the test material, not all implantation periods 
may be necessary (see ISO 10993-1). An observation period of 104 weeks may be 
of interest in selected instances. The number of implants per animal and the number 
of animals per observation period are described in the appropriate sections below. 
A sufficient number of implants shall be inserted to ensure that the final number of 
specimens to be evaluated will give valid results.

3.10.1.3  Surgery

Anesthetize the animals. Remove hair from the surgical area by clipping, shaving, 
or other mechanical means. Wash the area with an antiseptic solution. Ensure that 
hair does not come in contact with the implants or the wound surfaces.

The surgical technique may profoundly influence the result of any implantation 
procedure. The surgery shall be carried out under aseptic conditions and in a man-
ner that minimizes trauma at the implant site. After surgery close the wound, 
using either wound clips or sutures, taking precautions to maintain aseptic 
conditions.

3.10.1.4  Postoperative Assessment

Observe each animal at appropriate intervals during the test period and record any 
abnormal findings, including local, systemic, and behavioral abnormalities.

3.10.1.5  Euthanasia

At the termination of the experimental period, euthanize the animals with an over-
dose of anesthetic or by some other acceptable humane method (see ISO 10993-2).

3.10.1.6  Evaluation of Biological Response

Evaluate the biological response by grading and documenting the macroscopic and 
histopathological test responses as a function of time. Compare the responses to the 
test material and control material.

Carry out comparison of the control and the test implants at equivalent locations 
relative to each implant so that the effect of relative motion between tissue and 
implant is at a minimum. For a cylindrical specimen, the region is midway between 
ends. With grooved cylindrical implants, the center portions between the grooves as 
well as the flat top end surfaces of the implant are suitable for evaluation.

For a nonsolid or particulate material incorporated into a tube, the area at the end 
of the tube is the only available area for evaluation.
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3.10.1.7  Macroscopic Assessment

Examine each implant site with the aid of a low magnification lens. Record the 
nature and extent of any tissue reaction observed.

3.10.1.8  Preparation for Histology: Implant Retrieval and Specimen 
Preparation

Excise the implant together with sufficient unaffected surrounding tissue to 
enable evaluation of the local biological response. Process the excised tissue 
blocks containing test or control implants for histopathological and other studies 
as appropriate.

When conventional techniques are used, the tissue envelope may be opened 
before or after exposure to a fixative and the condition of the implant surface and 
tissue bed shall be reported. However, with this technique the tissue layers closest 
to the implant are usually destroyed.

When the implant/tissue surface is to be studied, embedding of the intact tissue 
envelope with the implant in situ using hard plastics is preferred. Appropriate sec-
tioning or grinding techniques are employed for the preparation of histological sec-
tions. It shall be demonstrated that the technique of embedding in plastics does not 
markedly alter the interface tissue.

3.10.1.9  Histological Assessment

The extent of response may be determined by measurement of the distance from the 
implant/tissue interface to unaffected areas with the characteristics of normal tissue 
and of normal vascularity. Record the section orientation in relation to the implant 
dimensions. Record the implant orientation, number of sections, and cutting 
geometry.

The biological response parameters which shall be assessed and recorded 
include:

• Extent of fibrosis/fibrous capsule and inflammation.
• Degeneration as determined by changes in tissue morphology.
• Number and distribution as a function of distance from the material/tissue 

interface of the inflammatory cell types, namely, polymorphonuclear leuko-
cytes, lymphocytes, plasma cells, eosinophils, macrophages, and multinucle-
ated cells.

• Presence of necrosis as determined by nuclear debris and/or capillary wall 
breakdown.

• Other parameters such as material debris, fatty infiltrations, granuloma.
• For porous implant materials, the quality and quantity of tissue ingrowth.
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In the case of bone, the interface between the tissue and the material is of special 
interest. Evaluate the area of bone contact and the amount of bone in the vicinity of 
the implant as well as the presence of intervening non-calcified tissues. Note the 
presence of bone resorption and bone formation.

3.10.1.10  Implant Specimens

Description of test and control materials, material condition, fabrication, surface 
condition, and the shape and size of implants.

Remember to specify the rationale for selection of control material(s).
The surface preparation of the specimens can affect the tissue reaction. Therefore, 

the preparation procedure should be noted in the report.
Report cleaning, handling, and sterilization techniques employed. If not done 

in-house, this information should be supplied by the manufacturer before the inves-
tigation commences.

3.10.1.11  Animals and Implantation

Report in origin, age, sex, and strain of animals. Report housing conditions, diet, 
and mass of animals during the study period. The health of the animals shall be 
evaluated during the study. All observations, including unexpected death, shall be 
reported.

Report insertion techniques. Report number of implants inserted per animal, per 
site, and per observation period.

3.10.1.12  Retrieval and Histological Procedure

The report shall include a description of the retrieval technique. The number of 
implants retrieved per  animal and per observation period shall be recorded. All 
specimens shall be accounted for and considered as part of the test. The techniques 
for taking histological sections shall be described.

3.10.1.13  Evaluation

Macroscopic observations shall include the observations made on implant as well as 
the macroscopic appearance of the tissue surrounding the implant. The report shall 
include the results obtained from each histological examination.

The report shall include a comparative evaluation of the biological responses to test 
and control materials, as well as a descriptive narrative of the biological response.
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3.10.1.14  Test Method for Implantation in Subcutaneous Tissue

Field of Application

This test material is used for assessing the biological response of subcutaneous tis-
sue to an implanted material.

The study may be used to compare the effect of different surface textures or con-
ditions of the same material or to assess the effect of various treatments or medica-
tions or a material.

Principle

Insertion of the implants in the subcutaneous tissue of test animals. The method 
compares the biological response to implants of test specimens with the biological 
response to implants of control specimens made of materials which are established 
in clinical use.

Test Specimens

Common provisions for preparation of test and control specimens as previously 
described. Implant sizes are based on the size of the test animal.

Specimens made of sheet material shall be 10 mm to 12 mm in diameter and 
from 0.3 mm to 1 mm in thickness.

Note—The subcutaneous site, deep to the panniculus carnosus muscle, is par-
ticularly suitable for the evaluation of polymeric sheet material. In an intramuscular 
site, sheet material may become folded, which makes it difficult to assess the effect 
of the material per se.

Bulk materials shall be fabricated into specimens 1.5 mm in diameter and 5 mm 
in length and have radiused ends.

Grooved specimens shall be 4 mm in diameter and 7 mm in length (see annex B).
Note—Tissue ingrowth into the grooves minimizes tissue irritation caused by 

interface motion.
Nonsolid specimens (including powders) shall be prepared in tubes 1.5 mm in 

diameter and 5 mm in length.

Test Animals and Implant Sites

The implants shall be inserted in the dorsal subcutaneous tissue of adult mice, rats, 
guinea pigs, or rabbits. Select one species among these.

Use at least three animals and sufficient sites to yield 10 specimens for each 
material and implantation period.
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3.10.1.15  Implantation Procedure

Select one of the procedures described below.

Implantation Along Dorsal Midline

Make an incision of the skin and make one or more subcutaneous pockets by blunt 
dissection. The base of the pocket shall be more than 10 mm from the line of inci-
sion. Place one implant in each pocket. The implants shall not be able to touch one 
another.

Note—Alternatively, the implants may be delivered by a trocar to the desired site.

Implantation in Neck

In mice, make a 10-mm-long incision above the sacrum and prepare a subcutaneous 
tunnel by blunt dissection toward the neck. Push one implant (for design see annex 
B) through the tunnel to position it at the neck.

In rats, insert one implant of each of the control and candidate materials sepa-
rately on each side of the neck. The implants shall not be able to touch one another.

At some distance from the implant, close the tunnel with stitches of appropriate 
suture material to prevent the implant from moving.

Implantation Period

To ensure a steady state of biological tissue response, the implantation period(s) 
shall be as specified in Tables 3.18 and 3.19.

3.10.1.16  Evaluation of Biological Response

The evaluation shall take into account the items specified earlier.

3.10.1.17  Test Method for Implantation in Muscle

Field of Application

This test is used for assessing the biological response of muscle tissue to an 
implanted material.
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Principle

Insertion of the implant in the muscle of a test animal. The method compares the 
biological response to implants of test specimens with the biological response to 
implants of control specimens made of materials which are established in clin-
ical use.

Test Specimens

Common provisions for preparation of test and control specimens are described 
earlier. Implant sizes are based on the size of the muscle group chosen.

For rabbit paravertebral muscles, implants of a width of 1 mm to 3 mm with a 
length of approximately 10 mm shall be used.

The specimens shall have rounded edges and the ends finished to a full radius.

Test Animals and Implant Sites

Insert the implants in the muscle tissue of rabbits or other animals. Ensure that the 
muscles are of sufficient size to accommodate the implant specimens. Use only one 
species per test.

Note—The paravertebral muscles of rabbits are the preferred implant sites. 
Alternatively, the gluteal muscles of rats, or the thigh muscles of rabbits, may 
be used.

Use at least three animals and sufficient implant sites to yield eight test speci-
mens and eight control specimens for each implantation period.

In cases where the control material is expected to elicit more than a minimal 
response, use two specimens of this control. Implant two additional control speci-
mens, composed of a material known to evoke a minimal tissue reaction, in a loca-
tion opposite to the test materials.

Implantation Procedure

Implantation shall be by hypodermic needle or trocar. For larger implants other 
appropriate surgical implantation techniques may be used.

Implant test specimens into the body muscle with the long axis parallel to the 
muscle fibers.

For rabbit paravertebral muscles, implant four specimens of the test materials 
along one side of the spine, 25 mm to 50 mm from the midline and parallel to the 
spinal column, and about 25 mm apart from each other. In similar fashion implant 
four specimens of the control material in the contralateral muscle of each animal.
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Implantation Period

To ensure a steady state of biological tissue response, the implantation period(s) 
shall be as specified in Tables 3.18 and 3.19.

3.10.1.18  Test Method for Implantation in Bone

Field of Application

This test method is used for assessing the biological response of bone tissue to an 
implanted material.

The study may be used to compare the effect of different surface textures or con-
ditions of the same material or to assess the effect of various treatments or modifica-
tions of a material.

Principal

Insertion of the implants into the bone tissue of test animals, serves to evaluate sys-
temic response to the local foreign body insertion. The method compares the bio-
logical response to implants of test specimens with the biological response to 
implants of control specimens made of materials which are established in clin-
ical use.

Shape of Implant Specimens

The specimens may be screw-shaped or threaded to provide initial stability of the 
implants in the bone. If preparation of a screw shape is impractical, a cylinder shape 
may be used.

Size of Test Specimens

Implant sizes are based on the size of the test animal and bone chosen. The follow-
ing dimensions shall be considered:

• Rabbits: cylindrical implants 2 mm in diameter and 6 mm in length.
• Dogs, sheep, and goats: cylindrical implants 4 mm in diameter and 12 mm in 

length.
• Rabbits, dogs, sheep, goats, and pigs: 2 mm to 4.5 mm orthopedic bone screw- 

type implants.
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Test Animals

The implants shall be inserted into the bone of dogs, sheep, goats, pigs, or rabbits. 
Select one species among these. Species differences are important in bone physiol-
ogy and should be assessed before implantation procedures are initiated.

At least four rabbits, or at least two each of other animals, shall be used for each 
implantation period.

Implant Sites

Equivalent anatomical sites shall be used for test and control specimens. The test 
implants shall be contralateral to the control implants. Select the implant site to 
minimize the risk of mobility of the implant.

Note—The femur and tibia are suitable. Other sites may be considered.
The number of implant sites shall be as follows:

 (a) In each rabbit there shall be a maximum of six implant sites: three for test speci-
mens and three for control specimens.

 (b) In each dog, sheep, goat, or pig, there shall be a maximum of 12 implant sites; 
6 for test specimens and 6 for control specimens. Do not insert more than 12 
specimens in any one animal.

The size, mass, and age of the animal and the implant site chosen should ensure 
that the implant placement does not cause significant risk of pathological fracture of 
the test site. In younger animals it is especially important to ensure that the implants 
avoid the epiphyseal area or other immature bones.

Implantation Procedure

Perform bone preparation using low drilling speed and intermittent drilling with 
profuse irrigation with physiological saline solution and suction, because overheat-
ing will result in local tissue necrosis.

It is important that the diameter of the implant and the implant bed in the bone 
match well enough to avoid ingrowth of fibrous tissue.

Expose the cortex of each femur or tibia and drill the appropriate number of 
holes to receive implants. For rabbits, prepare up to three holes; for larger animals 
prepare up to six holes. Ream to final diameter or tap screw thread before insertion. 
Insert cylinders by finger pressure to allow press fit. Tighten screw-shaped implants 
in place with an instrument capable of delivering a predetermined torque. Record 
the torque.
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Implantation Period

To ensure a steady state of biological tissue response the implantation period(s) 
shall be as specified in Tables 3.18 and 3.19.

3.10.1.19  Control Materials

Response

The biological response to these materials is not defined as to response, but rather 
the response is used as a reference against which a reaction to another material is 
compared.

As a porous control material is not available at present, it is acceptable to use a 
dense control material for comparative purposes.

If the most appropriate control material is expected to elicit a tissue response 
greater than that normally observed with the control materials cited in this annex, 
samples of these latter materials may be implanted as controls to check the surgical 
technique.

Metallic Control Materials

Stainless steel, cobalt-chromium, titanium, and titanium alloys are used to fabricate 
control specimens. The biological response to these materials has been well charac-
terized by their extensive use in research and clinical practice. See for further infor-
mation ISO 5832, Parts 1 to 8.

Polymeric and Ceramic Control Materials

Information on nonmetallic control materials is to be found in ASTM F 748, 763, 
and 981.

Implantation as a Method for Other End Points

Implantation studies can also be conducted to evaluate the longer-term (subchronic 
and chronic) potential for devices to elicit systemic toxicity or to evaluate the car-
cinogenic potential of devices. Uses for these cases are addressed later in this 
chapter.
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3.11  Long-Term Implant Studies

Here we address the issues and considerations involved in evaluating the systemic 
effects of long-term implant devices, with the case of evaluation of materials for 
potential carcinogenicity being addressed in a later section. There are also local tis-
sue and body/implant interactions that must be evaluated (Leninger et al. 1964). The 
spectrum of interactions can be thought of as presented in Table 3.20.

Such interactions are assessed in long-term studies which may or may not include 
the eventual retrieval of the implant itself from the host. Retrieval studies seek to 
study the biological and device-related performance characteristics under actual 
conditions of use and to determine the efficacy, reliability, and biocompatibility 
(safety) of medical devices.

Table 3.20 Host/implant interactions

Effects of implant on host
Local
  Blood material interactions
   Protein adsorption
   Coagulation
   Fibrinolysis
   Platelet reactions
   Complement activation
  Blood
   Leukocyte reactions
   Hemolysis
  Toxicity
  Derangements of healing
   Encapsulation
   Foreign body reaction
   Pannus formation
  Infection
  Tumorigenesis
Systemic
  Embolization
  Thrombus
  Hypersensitivity
  Alteration of lymphatic system
Effects of host on implant
Physical
  Abrasive wear
  Fatigue
  Stress corrosion
  Degeneration
  Dissolution
Biological
  Adsorption of tissue substances
  Enzymatic degradation
  Calcification

3 Biocompatibility Testing: The Biologic Tests



133

As such, retrieval studies have seven objects:

 1. Enhanced patient management.
 2. Recognition of complications.
 3. Device design criteria.
 4. Evaluation of patient/prosthesis matching.
 5. Elimination of complications.
 6. Identification of interactions.
 7. Elucidation of mechanisms of interactions.

Implants can fail for any of six different categories of causes:

 1. Thrombosis and thromboembolism.
 2. Device-assisted infection.
 3. Inappropriate healing.
 4. Degradation, fracture.
 5. Adverse local tissue reaction.
 6. Adverse systemic reaction.

ASTM standard practice F981-87 (“Standard Practice for Assessment of 
Compatibility of Biomaterials [Nonporous] for Surgical Implants with Respect to 
Effect of Materials on Muscle and Bone”) provides a framework for evaluating 
long-term host/implant interactions.

The practice provides a series of experimental protocols for biological assays 
of tissue reaction to nonporous, nonabsorbable biomaterials for surgical implants. 
It assesses the effects of the material on animal tissue in which it is implanted. The 
specified experimental protocol is not designed to provide a comprehensive assess-
ment of the systemic toxicity, carcinogenicity, teratogenicity, or mutagenicity of the 
material. It applies only to materials with projected applications in human subjects 
where the materials will reside in bone or soft tissue in excess of 30 days and will 
remain unabsorbed. Applications in other organ systems or tissues may be inappro-
priate and are therefore excluded. Control materials will consist of any one of the 
metal alloys in ASRM Specifications F67, F75, F90, F136, F138, or F562 or 
 ultra- high- molecular-weight polyethylene as stated in ASTM Specifications F648 
or USP polyethylene negative control.

Referenced ASTM Standards include:

F67 Specification for Unalloyed Titanium for Surgical Implant Applicationsa

F75 Specification for Cast Cobalt-Chromium-Molybdenum Alloy for Surgical Implant 
Applicationsb

F86 Practice for Surface Preparation and Marking of Metallic Surgical Implantsa

F90 Specification for Wrought Cobalt-Chromium-Tungsten-Nickel Alloy for 
Surgical Implant Applicationsb

F136 Specification for Wrought Titanium 7A1-4V ELI Alloy for Surgical Implant 
Applicationsa

F138 Specification for Stainless Steel Bars and Wire for Surgical Implants (Special 
Quality)a
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F361 Practice for Assessment of Compatibility of Metallic Materials for Surgical 
Implants with Respect to Effect of Materials on Tissueb

F469 Practice for Assessment of Compatibility of Nonporous Polymeric 
Materials for Surgical Implants with Regard to Effect of Materials on Tissuec

F562 Specification for Wrought Cobalt-Nickel-Chromium-Molybdenum Alloys 
for Surgical Implant Applicationa

F648 Specification for Ultra-High-Molecular-Weight Polyethylene Powder and 
Fabricated Form for Surgical Implantsa

F673 Practice for Short-Term Screening of Implant Materialsa

aAnnual Book of ASTM Standards, Vo. 13.01
bDiscontinued. See 1986 Annual Book of ASTM Standards, Vo. 13.01
cDiscontinued. See 1987 Annual Book of ASTM Standards, Vo. 13.01

The practice describes the preparation of implants; the number of implants and 
test hosts, test sites, exposure schedule, implant sterilization techniques; and meth-
ods of implant retrieval and tissue examination of each test site. Histological criteria 
for evaluating tissue reaction are provided. A test protocol for comparing the local 
tissue response evoked by biomaterials is specified, from which medical implant-
able devices might ultimately be fabricated, with the local tissue response elicited 
by control materials currently accepted for the fabrication of surgical devices. 
Currently accepted materials are the metals, metal alloys, and polyethylene previ-
ously specified which are standardized on the basis of acceptable long-term clinical 
experience. The controls consistently produce cellular reaction and scar to a degree 
that has been found to be acceptable to the host.

Rats (acceptable strains such as Fischer 344), New Zealand rabbits, and dogs 
may be used as test hosts for soft tissue implant response. It is suggested that the rats 
be age and sex matched. Rabbits and dogs may be used as test hosts for bone 
implants.

The sacrospinalis, paralumbar, gluteal muscles, and the femur or tibia can serve 
as the test site for implants. However, the same site must be used for test and material 
implants in all the animal species.

Table 3.21 contains a suggested minimum number of study animals and a sug-
gested schedule for the necropsy of animals.

Each implant shall be made in a cylindrical shape with hemispherical ends 
(see below for sizes). If the ends are not hemispherical, this must be reported. 

Table 3.21 Intervals of sacrifice

Number of animals to be necropsied
Necropsy periods (weeks after insertion of implants) Rat Rabbit Dog

12 weeks 4 4 2
26 weeks 4 4 2
52 weeks 4 4 2
104 weeks – – 2
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Each implant shall be fabricated and finished and its surface cleaned in a manner 
appropriate for its projected application in human subjects in accordance with 
ASTM Practice F86.

Reference metallic specimens shall be fabricated from materials such as the 
metal alloys in ASTM Specifications F67, F75, F90, F138, or F562 or polymeric 
polyethylene USP-negative control plastic.

Suggested sizes and shapes of implants for insertion in muscle are as follows:

• For rats 1-mm-diameter by 2-cm-long cylindrical implants
• For rabbits 2-mm-diameter by 10–15-mm-long cylindrical implants
• For dogs 6-mm-diameter by 18-mm-long cylindrical implants

If fabrication problems prevent preparing specimens 1 mm in diameter, alterna-
tive specimen sizes are 2-mm diameter by 6-mm long for rats and 4-mm diameter 
by 12-mm long for rabbits. If these alternate dimensions are used, such should be 
reported and such use justified.

Sizes and shapes of implants for insertion in the bone are as follows:

• For rabbits 2-mm-diameter by 6-mm-long cylindrical implants
• For dogs 4-mm-diameter by 12-mm-long cylindrical implants

If the length of the bone implants needs to be less than that designated because 
of anatomical constraints, such should be reported.

3.11.1  Number of Test and Control Implants

In each rat, due to size, there should be two implants: one each for test and control 
material implant. In each rabbit, due to size, there should be six implants: four for 
test materials and two control material implants. In each dog, there should be twelve 
implants: eight for test materials and four control material implants.

3.11.2  Conditioning

Remove all surface contaminants with appropriate solvents and rinse all test and 
control implants in distilled water prior to sterilization. It is recommended that the 
implant materials be processed and cleaned in the same way the final product will 
be. That is, clean, package, and sterilize all implants in the same way as used for 
human implantation.

After final preparation and sterilization, handle the test and control implants with 
great care to ensure that they are not scratched, damaged, or contaminated in any 
way prior to insertion.

Report all details of conditioning.
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3.11.3  Implantation Period

Insert all implants into each animal at the same surgical session so that implantation 
periods run concurrently. The implantation period is 52 weeks for rats and rabbits 
and 104  weeks for dogs, with interim sacrifices at 12, 26, and 52  weeks (see 
Table 3.21).

3.11.3.1  Implantation (Muscle)

Place material implants in the paravertebral muscles of the adult rats, rabbits, or 
dogs in such a manner that they are directly in contact with muscle tissue.

Introduce material implants in dogs by the technique of making an implantation 
site in the muscle by using a hemostat to separate the muscle fibers. Then insert the 
implant using plastic-tipped forceps or any tool that is nonabrasive to avoid damage 
to the implant. Do not insert more than 12 implant materials in each dog.

Introduce material implants in rabbits and rats using a sterile technique. Sterile 
disposable Luer lock needles may be used to implant the material implants into the 
paravertebral muscles along the spine. In rats insert a negative control implant on 
one side of the spine and a test material implant on the other side. In rabbits implant 
one negative control material on each side of the spine and implant two test materi-
als on each side of the spine. If larger diameter specimens are used, an alternative 
implantation technique such as that described above should be employed.

3.11.3.2  Implantation (Femur)

Expose the lateral cortex of each rabbit femur and drill three holes 1/16 in. (1.6 mm) 
through the lateral cortex using the technique and instrument appropriate for the 
procedure. For dogs, make the holes 1/8 inch (3.2 nun) in diameter; make six holes 
in each femur. Into each one of these holes, insert one of the implants by finger pres-
sure. Then close the wound.

Caution should be taken to minimize the motion of the implant in the tissue on 
the desired result.

3.11.4  Sacrifice and Implant Retrieval

Euthanize animals by a humane method at the intervals listed in Table 3.21. The 
necropsy periods start at 12 weeks because it is assumed that acceptable implant 
data have been received for earlier periods such as 1, 4, and 8 weeks from short-term 
implant testing.
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At necropsy, record any gross abnormalities of color or consistency observed in 
the tissue surrounding the implant. Remove each implant with an intact envelope of 
surrounding tissue. Include in the tissue sample a minimum of a 4-mm-thick layer 
of tissue surrounding the implant. If less than a 4-mm-thick layer is removed, report 
such a case.

3.11.4.1  Postmortem Observations

Necropsy all animals that are sacrificed for the purposes of the assay or die during 
the assay period in accordance with standard laboratory practice. Establish the sta-
tus of the health of the experimental animals during the period of the assay.

3.11.4.2  Histological Procedure

Tissue Sample Preparation

Prepare two blocks from each implantation site. Process the excised tissue block 
containing either a test implant or control implant for histopathological examination 
and such other studies as are appropriate. Cut the sample midway from end to end 
into appropriate size for each study. Record the gross appearance of the implant and 
the tissue. If special stains are deemed necessary, prepare additional tissue blocks or 
slides, or both, and make appropriate observations.

Histopathological Observations

Compare the amount of tissue reaction adjacent to the test implant to that adjacent 
to a similar location on the control implant with respect to thickness of scar, pres-
ence of inflammatory or other cell types, presence of particles, and such other indi-
cations of interaction of tissue and material as might occur with the actual material 
under test (Pizzoferrato et al. 1988; Rahn et al. 1982). A suggested method for the 
evaluation of tissue response after implantation can be found in Turner et al. (1973), 
as summarized in Table 3.22.

Pathologists may choose to use this scoring system while comparing the negative 
control to the test material as an aid in their evaluation. The overall toxicity of the 
test material as compared to the negative control is to be evaluated independently 
for all time periods. Table  3.23 provides a suggested format for evaluation and 
scoring.

Porous or porous-coated materials are specifically excluded since the response 
to such materials includes ingrowth of tissue into the pores. As a result, the method 
of tissue fixation and sectioning and the evaluation scheme are substantially 
different.
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Table 3.22 Suggested 
methods for tissue response 
evaluation

Number of elementsa Score

0 0
1–5 0.5
6–15 1
16–25 2
26 or more 3
Degree of necrosis
  Not present 0
  Minimal present 0.5
  Mild degree of involvement 1
  Moderate degree of involvement 2
  Marked degree of involvement 3
Overall toxicity rating of test samples
  Nontoxic
  Very slight toxic reaction 0
  Mild toxic reaction 1
  Moderate toxic reaction 2
  Marked toxic reaction 3

4
aCellular elements to be evaluated based upon 
the number of elements in high power field 
(470×), average of five fields

Table 3.23 Suggested evaluation format and scoring range

Animal number

Duration of implant (weeks)
Sample description
Gross response
Histopath (number)
Score 0.51 2 3 4
Necrosis
Degeneration
Inflammation
  Polymorphonuclear leukocytes
  Lymphocytes
  Eosinophils
  Plasma cells
  Macrophages
Fibrosis
Giant cells
Foreign body debris
Fatty infiltration
Relative size of involved area (mm)
Histopathologic toxicity rating
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Stainless steel, cobalt-chromium, and titanium alloys are sued as reference mate-
rials since the biological response to these materials has been well characterized by 
their extensive use in research. The response to these materials is not defined as 
compatible, but rather the response is used as a reference against which reactions to 
other materials is compared.

This practice is a modification of the original Practice F361  in that it only 
involved long-term test periods. The short-term response to materials is to be evalu-
ated using Practice F763. Special methods exist to reduce the impact of relative 
motion at the implant/tissue interface (Geret et al. 1980a, b).

This practice was revised in 1987 to allow for alternative specimen dimensions 
for rats and rabbits for muscle implantation. The original specimen dimensions 
were intended to be implanted through a needle, which was a change from F361 and 
F469. The alternate dimensions restore those specified since 1972 which some 
members felt were more appropriate for some material types.

3.11.5  Considerations

One problem of the implantation tests is a tendency for the strips or prototype 
implant devices to migrate from their implantation sites, even to subcutaneous 
positions, and this often prolongs the search for them. Nevertheless, the test is an 
effective detection system for toxic ingredients of solid materials which leach in 
contact with tissue fluid. It is important to recognize the microscopic effects of the 
standard negative control strips (such as the USP additive-free polyethylene). These 
reactions are typical of skeletal muscle in contact for a week or more with a foreign 
body and comprise mild mononuclear cell infiltration, multinucleated giant cell for-
mation, fibroplasia, slight dystrophic calcification, muscle fiber atrophy, and cen-
tripetal migration of sarcolemmal nuclei. Traumatic hemorrhage is also common. 
Positive reactions are similar but more pronounced and additionally include focal 
necrosis and exudation, particularly of heterophils. These are useful tests, not only 
for finished products but also to identify unacceptable changes in formulation or 
manufacturing processes such as the introduction of chlorinating cycles to remove 
bloom on latex catheters. For materials to be utilized in long-term implants, these 
tests are the only means of accurately predicting long-term tissue and systemic 
interactions.

The finished state and handling of all components, but particularly metals, in an 
implant are critical variables, as the primary tissue/implant interactions revolve 
around surface effects such as the ionization of metals (Ferguson et al. 1960). Such 
interactions are so predominantly surface interactions (Kordan 1967) that the sur-
face conditions of an implant, such as porosity and pore size, are critical (Goldhaber 
1961, 1962). The actual site of implantation in the body also influences the nature 
of interaction significantly (Kaminski et al. 1968).
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3.12  Genotoxicity (ISO 10993-3)

Genotoxicity encompasses all the potential means by which the genetic material of 
higher organisms may be damaged, with the potential for resulting serious conse-
quences. Most forms of genotoxicity are expressions of mutagenicity—the induc-
tion of DNA damage and other genetic alterations, with binding to and changes in 
one or a few of DNA base pairs (gene mutations). Elastogenicity that is gross 
changes in chromosomal structure (i.e., chromosomal aberrations) or in chromo-
some numbers represents a different class of genotoxic changes, for which practical 
thresholds of effect are identifiable.

It has been known for several hundred years that exposure to particular chemi-
cals or complex mixtures can lead to cancer in later life (Doll 1977), and it has been 
postulated more recently that chemicals can also induce heritable changes in man, 
leading to diseases in the next generation (ICEMC 1983). There has been accumu-
lating evidence that such changes can arise following damage to DNA and resulting 
mutations (see, e.g., Bridges 1976). Therefore, it has become necessary to deter-
mine whether widely used chemicals or potentially useful new chemicals possess 
the ability to damage DNA. In industry, such information may be used to discard a 
new chemical drug or biomaterial if a safer alternative can be found, to control or 
eliminate human exposure for a genotoxic industrial compound or, for a drug, to 
proceed with development if benefits clearly outweigh risks. Data concerning the 
genotoxicity of a new material have become part of the basic biocompatibility infor-
mation package. They are needed for decision-making and to reduce risks that 
might otherwise be unforeseen.

ISO 10993-3 sets forth clear guidance on testing requirements or summarized in 
Table 3.24.

3.12.1  Test Systems

In vivo and in  vitro techniques are available to test mutagenic properties to 
 demonstrate presence or lack of ability of the test material to cause mutation or 
chromosomal damage or cause cancer, as summarized in Table 3.25. The material 
intended for intimate contact and long exposure should not have any genotoxic 
properties. The presence of unpolymerized materials and traces of monomers, 
oligomers, additives or biodegration products can cause mutations. Mutation can be 
a point mutation or chromosomal rearrangement caused by DNA damage. Therefore, 
the material’s ability to cause point mutation, chromosomal change, or evidence of 
DNA damage are tested. As we have seen, correlations exist between mutagenic and 
carcinogenic properties. Most carcinogens are mutagens, but not all mutagens are 
human carcinogens.

The Ames Salmonella/microsome test is a principal sensitive mutagen screening 
test. Compounds are tested on the mutants of Salmonella typhimurium for reversion 
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from a histidine requirement back to prototrophy. A positive result is seen by the 
growth of revertant bacteria A microsomal activation system should be included in 
this assay. The use of all five bacterial test strains are generally required.

Table 3.24 ISO genotoxicity guidance

Genotoxic effect to 
be assessed for 
conformance with 
ISO 1099-3 Significance of test Tests meeting requirements

DNA effects Damage to DNA 
(deoxyribonucleic acid) by a 
chemical or material may result in 
genotoxic effects such as 
mutations, which in turn may lead 
to carcinogenicity
Damage to DNA causes the cell to 
manufacture new DNA to 
compensate for the loss or 
damage. This can be assessed by 
evaluating the formation of newly 
synthesized DNA

Unscheduled DNA synthesis

Gene mutations Gene mutations (changes in the 
sequences of DNA that code for 
critical proteins or functions) have 
been correlated to carcinogenicity 
and tumorigenicity

Ames assay (4 Salmonella 
typhimurium bacterial strains and 
Escherichia coli) is a reverse mutation 
assay. A bacterial mutation event 
causes the bacteria to become 
histidine (a vital amino acid) 
independent. Normal bacteria will not 
survive in the absence of histidine
Hypoxanthine guanine 
phosphoribosyl transferase (HGPRT) 
is a forward mutation assay. 
Mammalian cells that have been 
exposed to a mutagen will survive in 
the presence of a toxic substance 
(6-thioguanine)

Chromosomal 
aberrations

Physical damage to chromosomes 
(large ordered stretches of DNA in 
the nuclei of cells) or 
clastogenicity can lead to DNA 
damage, in turn leading to 
abnormal and/or carcinogenic 
growth of cells

Chromosomal aberration assay 
assesses the potential for physical 
damage to the chromosomes of 
mammalian cells by a biomaterial

ISO 10993-3 (1993) Biological Evaluation of Medical Devices—Part 3: Tests for Genotoxicity, 
Carcinogenicity, and Reproductive Toxicity states that at least three in vitro tests, two of which use 
mammalian cells, should be used to test for three levels of genotoxic effects: DNA effects, gene 
mutations, and chromosomal aberrations
ANSI/AAMI/ISO 10993-3 (1993) Biological Evaluation of Medical Devices—Part 3: Tests for 
Genotoxicity, Carcinogenicity, and Reproductive Toxicity states that “Suitable cell transformation 
systems may be used for carcinogenicity prescreening”
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A non-bacterial mutagenicity tests are generally required to support the lack of 
mutagenic or carcinogenic potential. Some well-known tests are:

• The L5178Y mouse lymphoma test for mutants at the TK locus
• Sister chromatid exchange assay

ISO 10993 specifically requires three genotoxicity assays for all devices. The 
assays should preferably evaluate DNA effects, gene mutations, and chromosomal 
aberrations; and two of the assays should preferably use mammalian cells. Guidances 
for providing tests for selection to meet these needs are the OECD guidelines, which 
include eight in vitro and seven in vivo assays.

3.12.2  ISO Test Profile

ISO 10993 Part 3: Tests for Genotoxicity, Carcinogenicity and Reproductive 
Toxicity suggests that a series of three in vitro assays be conducted, at least two of 
which should use mammalian cells as a target (Table  3.26). The tests should 
address the three types of genotoxic effects: (1) gene mutations, (2) chromosomal 
and genomic aberrations, and (3) DNA effects. Three tests that are recommended 
are shown below (note that none of the three recommended tests assays for DNA 
effects!). In ISO’s opinion, a profile of three in vitro genotoxicity tests is considered 

Table 3.25 Common genotoxicity tests

Assays for gene mutations In vitro In vivo

Salmonella typhimurium reverse mutation assay (Ames test, bacteria)  
[OECD 471]

✓

Escherichia coli reverse mutation assay (bacteria) [OECD472] ✓
Gene mutation in mammalian cells in culture [OECD 476] ✓
Drosophila sex-linked recessive lethal assay (fruit fly) [OECD 477] ✓
Gene mutation in Saccharomyces cerevisiae (yeast) [OECD 480] ✓
Mouse spot test [OECD 484] ✓
Assays for chromosomal and genomic mutations
In vitro cytogenetic assay [OECD 473] ✓
In vivo cytogenetic assay [OICD 475] ✓
Micronucleus test [OECD 474] ✓
Dominant lethal assay [OECD 478] ✓
Heritable translocation assay [OECD 485] ✓
Mammalian germ cell cytogenetic assay [OECD 483] ✓
Assays for DNA effects
DNA damage and repair: Unscheduled DNA synthesis in vitro [OECD 482] ✓
Mitotic recombination in Saccharomyces cerevisiae (yeast) [OECD 481] ✓
In vitro sister chromatid exchange assay [OECD 479] ✓
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sufficient to establish safety for most medical devices; in vivo testing need only be 
done if in vitro tests are positive.

3.12.3  ICH Test Profile

The International Conference on Harmonization recommends a rather different pro-
file of genotoxicity tests for drugs (Table 3.27). There is a requirement to have an 
in vivo test conducted, but such is not needed prior to human exposure unless one or 
more of the in vitro studies yields a positive response.

3.12.4  In Vitro Test Systems

The principal tests can be broadly categorized into microbial and mammalian cell 
assays. In both cases the tests are carried out in the presence and absence of in vitro 
metabolic activation enzymes, usually derived from rodent liver.

3.12.4.1  In Vitro Metabolic Activation

The target cells for in vitro mutagenicity tests often possess a limited (often over-
looked) capacity for endogenous metabolism of xenobiotics. However, to simulate 
the complexity of metabolic events that occur in the whole animal, there is a critical 
need to supplement this activity.

Table 3.26 Genotoxicity tests recommended by ISO

Test Mutation Cell type Method

Salmonella reverse mutation assay [OECD 471] Gene Bacterial In vitro
In vitro cytogenetic assay [OECD 473] Chromosome Mammalian In vitro
Gene mutation in mammalian cells [OECD 476] Gene Mammalian In vitro

Table 3.27 Genotoxicity tests recommended by ICH

Genotoxicity test-ICH Mutation Cell type Method

A test for gene mutation in bacteria Gene Bacterial In vitro
In vitro cytogenetic assay using mouse lymphomas 
tk cells

Chromosome Mammalian In vitro

In vivo test for chromosomal damage using rodent 
hematopoietic cells

Gene Mammalian In vivo
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3.12.5  Bacterial Mutation Tests

The study of mutation in bacteria (and bacterial viruses) has had a fundamental role 
in the science of genetics in the twentieth century. In particular, the unraveling of 
biochemical anabolic and catabolic pathways, the identification of DNA as the 
hereditary material, the fine structure of the gene, the nature of gene regulation, etc. 
have all been aided by bacterial mutants.

As an offshoot of studies of genes concerned with the biosynthesis of amino 
acids, a range of E. coli (see, e.g., Yanofsky 1971) and Salmonella typhimurium 
strains (see, e.g., Ames 1971) with relatively well-defined mutations in known genes 
became available. Thus, bacteria already mutant at an easily detectable locus are 
treated with a range of doses of the test material to determine whether the com-
pound can induce a second mutation that directly reverses or suppresses the original 
mutations. Thus, for amino acid auxotrophs, the original mutation has resulted in 
loss of ability to grow in the absence of the required amino acid. The second muta-
tion restores prototrophy, i.e., the affected cell is now able to grow in the absence of 
the relevant amino acid, if provided with inorganic salts and a carbon source. This 
simple concept, in fact, underlines the great strength of these assays, for it provides 
enormous selective power which can identify a small number off the chosen mutants 
from a population of millions of unmutated cells and cells mutated in other genes. 
The genetic target, i.e., the mutated DNA bases in the gene in question (or bases in 
the relevant tRNA genes; see the discussion of suppressor mutations), can thus be 
very small, just one or a few bases in length.

An alternative approach is to use bacteria to detect “forward mutations.” Genetic 
systems which detect forward mutations have an apparent advantage, in that a wide 
variety of genetic changes may lead to a forward mutation., e.g., point mutation, 
deletions, insertions, etc. In addition, forward mutations in a number of different 
genes may lead to the same change in phenotype; thus, the genetic target is much 
larger than that seen in most reverse mutation assays. However, if a particular muta-
gen causes rare specific changes, these changes may be lost against the background 
of more common events (Gatehouse et al. 1990). Spontaneous mutation rates tend 
to be relatively high in forward mutation systems. Acquisition of resistance to a 
toxic chemical (e.g., an amino acid analogue or antibiotic) is a frequently used 
genetic marker in these systems. For instance, the use of resistance to the antibiotic 
streptomycin preceded the reversion assays in common use today.

3.12.5.1  Reversion Test Background

There are several excellent references describing the background and use of bacteria 
for reversion tests (Brusick 1987a, b; Gatehouse et al. 1990). Three different proto-
cols have been widely used: plate incorporation assays, treat and plate tests, and 
fluctuation tests. These methods are described in detail in the following sections. 
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Fundamental to the operation of these tests are the genetic compositions of the tester 
strains selected for use.

3.12.5.2  Genetic Makeup of Tester Strains

The most widely used strains are those developed by Bruce Ames and colleagues 
which are mutant derivatives of the organism Salmonella typhimurium. Each strain 
carries one of a number of mutations in the operon coding for histidine biosynthesis. 
In each case the mutation can be reverted either by base change or by frameshift 
mutations. The genotype of the commonly used strains is shown in Table 3.28.

3.12.5.3  Protocol for Dose Ranging and Selection

Before carrying out the main tests, it is necessary to carry out a preliminary toxicity 
dose ranging test. This should be carried out following the same basic protocol as 
the mutation test, except that instead of scoring the number of mutants on, for exam-
ple, minimal media plates with limiting amounts of a required amino acid, the num-
ber of survivors is scored on fully supplemented minimal media. A typical protocol 
is outlined below:

• Prepare a stock solution of the test compound at a concentration of 50 mg ml-1 in 
an appropriate solvent. It may be necessary to prepare a lower concentration of 
stock solution, depending on the solubility of the test compound.

• Make dilutions of the stock solution.
• To 2.0 ml aliquots of soft agar overlay medium (0.6% agar and 0.5% sodium 

chloride in distilled water) containing a trace of histidine and excess biotin and 
maintained at 45 °C in a dry block, add 100 μl at a solution of the test article. Use 
only one plate per dilution.

Table 3.28 Ames test-test strains

Strain Genotype Reversion events

TA1535 hisG46 rfa f gal chlD bio uvrB Subset of base-pair substitution events
TA100 hisG46 frfa gal chlD bio uvrB 

(pKM101)
Subset of base-pair substitution events

TA1537 hisC3076 frfa gal chlD bio uvrB Frameshifts
TA1538 hisD3052 frfa gal chlD bio uvrB Frameshifts
TA98 hisD3052 frfa gal chlD bio uvrB 

pKM101)
Frameshifts

TA97 hisD6610 hisO1242 rfa f gal chlD bio uvrB 
(pKM101)

Frameshifts

TA102 hisf (G)8476 rfa galE (pAQ1) (pKM101) All possible transitions and transversions; 
small deletions
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• Mix and pour onto dried Vogel and Bonner minimal medium plates as in an Ames 
test, including an untreated control and a solvent control, if necessary. The final 
concentrations of test compound will be 5000, 1500, 500, 150, and 50 μg plate−1.

• Repeat step (3), using 0.5 ml of 8 percent S9 mix per 2.0 ml aliquot of soft agar 
in addition to the test compound and tester strain. The S9 mix is kept on ice dur-
ing the experiment.

• Incubate the plates for 2 days at 37  °C and examine the background lawn of 
growth with a microscope (58 eyepiece lens, 510 objective lens). The lowest 
concentration giving a depleted background lawn is regarded as a toxic dose.

This test will also demonstrate excess growth, which may indicate the presence 
of histidine or tryptophan or their precursors in the test material, which could make 
testing for mutagenicity impracticable by this method.

When setting the maximum test concentration, it is important to test into the mg 
plate-1 range where possible (Gatehouse et  al. 1990), as some mutagens are only 
detectable when tested at high concentrations. However, for nontoxic, soluble muta-
gens an upper limit of 5 mg plate−1 is recommended (DeSerres and Shelby 1979). For 
less soluble compounds, at least one dose exhibiting precipitation should be included.

3.12.5.4  Ames Salmonella/Plate Incorporation Method

The following procedure is based on that described by Ames and colleagues (Maron 
and Ames 1983), with additional modifications:

• Each selected test strain is grown for 10 h at 37 °C in nutrient broth (Oxoid 
No. 2) or supplemented minimal media (Vogel-Bonner) on an orbital shaker. A 
 timing device can be used to ensure that cultures are ready at the beginning of the 
working day.

• 2.0  ml aliquots of soft agar overlay medium are melted just prior to use and 
cooled to 50 °C and relevant supplements added—i.e., L-histidine, final concen-
tration 9.55 μg ml−1, and D-biotin, 12 μg ml−1. (N.B.: If E. coli WP2 tester strains 
are used, the only supplement required is tryptophan 3.6 μg ml−1.) The medium 
is kept semi-molten by holding the tubes containing the medium in a hot alumi-
num dry block, held at 45 °C. It is best to avoid water baths as microbial contami-
nation can cause problems.

• The following additions are made to each tube of top agar: the test article (or 
solvent control) in solution (10–200 μl), the test strain (100 μl), and, where nec-
essary, S9 mix (500 μl). The test is carried out in the presence and absence of S9 
mix. The exact volume of test article or solvent may depend on toxicity or solu-
bility, as described in the preceding section.

• There should be at least three replicate plates per treatment with at least five test 
doses plus untreated controls. Duplicate plates are sufficient for the positive and 
sterility control treatments. The use of twice as many negative control plates as 
used in each treatment group will lead to more powerful tests from a statistical 
standpoint (Mahon et al. 1989).
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• Each tube of top agar is mixed and quickly poured onto dried prelabeled Vogel- 
Bonner basal agar plates.

• The soft agar is allowed to set at room temperature and the plates are inverted and 
incubated (within 1 h of pouring) at 37 °C in the dark. Incubation is continued 
for 2–3 days.

• Before scoring the plates for revertant colonies, the presence of a light back-
ground lawn of growth (due to limited growth of non-revertant colonies before 
the trace of histidine or tryptophan is exhausted) should be confirmed for each 
concentration of test article by examination of the plate under low power of a 
light microscope. At concentrations that are toxic to the test strains, such a lawn 
will be depleted and colonies may appear that are not true revertants but surviv-
ing, non-prototrophic cells. If necessary, the phenotype of any questionable colo-
nies (pseudo-revertants) should be checked by plating on histidine or 
tryptophan-free medium.

• Revertant colonies can be counted by hand or with an automatic colony counter. 
Such machines are relatively accurate in the range of colonies normally observed 
(although calibration against manual counts is a wise precaution). Where accu-
rate quantitative counts of plates with large numbers of colonies are required, 
only manual counts will give accurate results.

3.12.5.5  Controls

Positive Controls

Where possible, positive controls should be chosen that are structurally related to 
the test article. This increases the confidence in the results. In the absence of struc-
turally related mutagens, each strain has one or more standard positive control des-
ignated. The use of such controls validates each test run and helps to confirm the 
nature of each strain. Pagano and Zeger (1985) have shown that it is possible to store 
stock solutions of most routinely used positive controls (sodium azide, 
2- aminoanthracene, benzo[a]phyene, 4-nitroquinoline oxide) at −20 °C to −80 °C 
for several months, without loss of activity. This measure can help reduce potential 
exposure to laboratory personnel.

Untreated/Vehicle Controls

Untreated controls omit the test article, but are made up to volume with buffer. The 
vehicle control is made up to volume with the solvent used to dissolve the test sub-
stance. It is preferable to ensure that each of the treated plates contains the same 
volume of vehicle throughout.

As detailed by Gatehouse and Tweats (1988), the nature and concentration of 
solvent may have a marked effect on the test result. Dimethysolphoxide is often 
used as the solvent of choice for hydrophobic compounds. However, there may be 

3.12  Genotoxicity (ISO 10993-3)



148

unforeseen effects, such as an increase in mutagenicity of come compounds—e.g., 
p-phenylenediamine (Burnett et al., 1982)—or a decrease in mutagenicity of others, 
such as simple aliphatic nitrosamines (Yahagi et al. 1977). It is essential to use fresh 
batches of the highest purity grade available and to prevent decomposition/oxida-
tion on storage. The products after oxidation, etc. are both toxic and can induce 
base-pair substitutions in both bacterial and mammalian assays. Finally, DMSO and 
other organic solvents can inhibit the oxidation of different premutagens by micro-
somal monooxygenases (Wolff 1977a, b). To reduce the risk of artifactual results, it 
is essential to use the minimum amount of organic solvent (e.g., <2% w/w/) compat-
ible with adequate testing of the test chemical.

It is important to keep a careful check of the number of mutant colonies present on 
untreated or vehicle control plates. These numbers depend on the following factors:

• The repair status of the cell—i.e., excision repair-deficient strains tend to have 
more “spontaneous mutants” than repair-proficient cells.

• The presence of mutator plasmids. Excision-deficient strains containing pKM101 
have a higher spontaneous mutation rate at both base substitution and frameshift 
loci than excision-proficient strains.

• The total number of cell divisions that take place of the cells in the supplemented 
top agar. This is controlled by the supply of nutrients—in particular, histidine. 
Rat liver extracts may also supply trace amounts of limiting nutrients, resulting 
in a slight increase in the spontaneous yield of mutants in the presence of S9 mix.

• The size of the initial inoculum. During growth of the starting culture, mutants 
will arise. Thus, if a larger starting inoculum is used, more of these “preexisting” 
mutants will be present per plate. In fact, the “plate mutants” arising as described 
in point (3) predominate.

• The intrinsic mutability of the mutation in question. In practice the control muta-
tion values tend to fall within in relatively precise range for each strain. Each 
laboratory should determine the normal range of revertant colonies per plate for 
each strain (Table 3.29).

Deviations in background reversion counts from the normal range should be 
investigated. It is possible that cross-contamination, variations in media quality, etc. 
have occurred that may invalidate particular experiments.

Frequent checks should also be made on the sterility of S9 preparations, media, 
and test articles. These simple precautions can prevent loss of valuable time and 
resources.

Evaluation of Results

At least two independent assays are carried out for each test article. The criterion for 
positive response is a reproducible and statistically significant result at any concen-
tration for any strain. When positive results are obtained, the test is repeated, using 
the strain(s) and concentration range with which the initial positive results were 
observed. This range may be quite narrow for toxic agents.
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3.12.5.6  Preincubation Tests

Some mutagens are poorly detected in the standard plate incorporation assay, par-
ticularly those that are metabolized to short-lived reactive electrophiles—e.g., 
short-chain aliphatic N-nitroso compounds (Bartsch et al. 1976). It is also possible 
that some metabolites may bind to components within the agar. Such compounds 
can be detected by using a preincubation method first described by Yahagi et al. 
(1975) in which the bacteria, test compound, and S9 mix are incubated together in 
a small volume at 37 °C for a short period (30–60 min) before adding the soft agar 
and pouring as for the standard assay. In this variation of the test, during the prein-
cubation step, the test compound, S9 mix, and bacteria are incubated in liquid at 
higher concentrations than in the standard test, and this may account for the 
increased sensitivity with relevant mutagens. In the standard method, the soluble 
enzymes in the S9 mix, cofactors, and the test agent may diffuse into the bottom 
agar. This can interfere with the detection of some mutagens—a problem that is 
overcome in the preincubation method (Forster et  al. 1980; Gatehouse and 
Wedd 1984).

The test is carried out as follows:

• The strains are cultured overnight, and the inocula and S9 mix are prepared as in 
the standard Ames test.

• The soft agar overlays are prepared and maintained at 45 °C prior to use.
• To each of 3–5 tubes maintained at 37 °C in a Driblock are added 0.5 ml of S9 

mix, 0.1 ml of the tester strain (10–18 h culture), and a suitable volume of the test 
compound, to yield the desired range of concentrations. The S9 mix is kept on 
ice prior to use.

• The reaction mixtures are incubated for us to 1 h at 37 °C.

Table 3.29 Positive controls for use in plate incorporation assays

Species Strain Mutagen Conc. (μg plate-1)a

(a) In the absence of S9 mix
S. Typhimurium TA1535

TA100
TA1538
TA98
TA1537

Sodium azide
Hycanthone methane sulphonate
ICR 191

1–5
5–20
1

E. coli WP2 uvrA Nifuroxime 5–15
(b) in the presence of S9 mix
E. coli WP2 uvraA 

(pKM101)
S. Typhimurium TA1538

TA1535
TA100
TA90
TA1537

2-Aminoanthracene
Neutral red

1–10
10–20
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• 2.0 ml of soft agar is added to each tube. After mixing, the agar and reaction 
mixture are poured onto previously labeled, dried Vogel-Bonner plates.

• Once the agar has set, the plates are incubated for 2–3 days before revertant colo-
nies are scored.

The use of controls is as described for the plate incorporation assay. It is crucial 
to use the minimum amount of organic solvent in this assay, as the total volume of 
the incubation mixture is small relative to the solvent component.

This procedure can be modified to provide optimum conditions for particular 
chemical classes. For instance, preincubation times greater than 60 min plus aera-
tion have been found necessary in the detection of allyl compounds (Neudecker and 
Henschler 1985).

3.12.6  Forward Mutation Tests

Forward mutation is an end point that may arise from various events, including base 
substitutions, frameshifts, DNA deletions, etc., as mentioned earlier.

Although bacterial forward mutation systems have not gained the popularity of 
reverse mutation tests (owing, in part, to lower sensitivity to some mutagens and 
lack of specificity), they have proved useful on occasion and have their supporters.

Several forward mutation tests have been devised, and a brief mention of two of 
the more widely used systems is provided below.

3.12.6.1  The Forward Mutation Test

The l-arabinose resistance test with Salmonella typhimurium is based on ara D 
mutants of the l-arabinose operon (Hera and Pueyo 1986); ara D mutants are unable 
to use l-arabinose as the sole carbon source. The assay scores a change from l- 
arabinose sensitivity to l-arabinose resistance, which is defined as the ability to 
grow in a medium containing l-arabinose plus another carbon source such as 
glycerol.

This phenotypic change reflects forward mutations in at least three different loci 
in the arabinose operon (Pueyo and Lopez-Barea 1979).

Strains have been constructed along the same lines as the recommended Ames 
strains with mutations to remove excision repair and mutations in increase perme-
ability, and including the mutator plasmic pKM101—i.e., Salmonella typhimurium 
BA3 ara D531, hisG46, ΔuvrB bio, and BA9 araD531, hisG46 ΔuvrB, bio, and rfa 
(p.KM101).

Protocols for the test have included plate incorporation, preincubation, and treat 
and plate tests (Hera and Pueyo 1986). In the latter tests the assay does not have the 
problem of “plate mutants” as described for reverse mutation tests in the previous 
section. The recommended procedure has the following outline protocol:
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• Incubate the test strain of bacteria (107–108 cells per ml) and the test agent at 
37 °C in nonselective DM medium with shaking.

• Wash the cells after a 2 h exposure period.
• Plate on selective medium (DM salts, 2 mg ml−1 glycerol, 2 ml ml−1 l-arabinose, 

20 μg ml−1 l-histidine, 12 μg ml−1 biotin) containing an additional supplement of 
d-glucose, 0.5 mg per plate.

For metabolic activation 30  μl of S9 fraction and appropriate cofactors are 
included in the initial incubation mixture as the standard level. Different concentra-
tions of S9 fraction can be used as required.

The group who have developed this test recommend that strain BA9 can replace 
the four strains used in the standard Ames test and that for the mutagens tested to 
date, this strain detects the same range of mutagens as the Ames test strains with 
equal or better sensitivity. The test does seem suitable for testing complex mixtures 
such as red wine (Dorado et al. 1988). However, the spontaneous background count 
using the protocol outlined above is over 500 per plate. If fewer cells are used, false- 
negative results are obtained (Xu et al. 1984).

3.13  In Vitro Cytogenetic Assays

The in vitro cytogenetic assay is a short-term mutagenicity test for detecting chro-
mosomal damage in cultured mammalian cells.

Cultured cells have a limited ability metabolically to activate some potential 
clastogens. This can be overcome by adding an exogenous metabolic activation 
system such as S9 mix to the cells (Ames et al. 1975; Natarajan and Obe 1982; 
Maron and Ames 1983; Madle and Obe 1980).

Observations are made in metaphase cells arrested with a spindle inhibitor such 
as colchicine or colcemid to accumulate cells in a metaphase-like stage of mitosis 
(c-metaphase) before hypotonic treatment to enlarge cells and fixation with alcohol/
acetic acid solution. Cells are then dispersed onto microscope slides and stained and 
slides are randomized, coded, and analyzed for chromosome aberrations with high- 
power light microscopy. Details of the procedure are given in Dean and Danford 
(1984) and Preston et al. (1981, 1987). The UKEMS guidelines (Scott et al. 1990) 
recommend that all tests be repeated regardless of the outcome of the first test and 
that, if a negative or equivocal result is obtained in the first test, the repeat should 
include an additional sampling time. In the earlier version of the guidelines (Scott 
et al. 1983), a single sampling at approximately 1.5 normal cycle times (−24 h for a 
1.5 cell cycle) from the beginning of treatment was recommended, provided that a 
range of concentrations was used which induced marginal to substantial reductions 
in mitotic index, usually an indicator of mitotic delay. However, Ishidate (1988a) 
reported a number of chemicals which gave negative responses with a fixation time 
of 24 h but which were positive at 48 h. This was when a Chinese hamster fibroblast 
line (CHO) with a doubling time of 15 h was used. It would appear, therefore, that 
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there are chemicals which can induce extensive mitotic delay at clastogenic doses 
and may be clastogenic only when cells have passed through more than one cell 
cycle since treatment (Thust et al. 1980). A repeat test should include an additional 
sample at approximately 24 h later, but it may only be necessary to score cells from 
the highest dose at this later fixation time. When the first test gives a clearly positive 
result, the repeat test need only utilize the same fixation time. The use of other sam-
pling times is in agreement with other guidelines (European Community EEC 
Directive—OECD 1983; American Society for Testing and Materials—Preston 
et al. 1987; Japanese Guidelines—JMHW 1984, 1987; Ishidate 1988b).

3.13.1  Cell Types

Established cell lines, cell strains, or primary cell cultures may be used. The most 
often used are Chinese hamster cell lines and human peripheral blood lymphocytes. 
The merits of these two cell lines have been reported (Ishidate and Harnois 1987; 
Kirkland and Garner 1987). The cell system must be validated and consistently 
sensitive to known clastogens.

3.13.2  Chinese Hamster Cell Lines

Chinese hamster cell lines have a small number of large chromosomes (11 pairs). 
Chinese hamster ovary cells, in which there has been an extensive rearrangement of 
chromosome material and the chromosome number may not be constant from cell 
to cell, are frequently used. Polyploidy, endoreduplication, and high spontaneous 
chromosome aberration frequencies can sometimes be found in these established 
cell lines, but careful cell culture techniques should minimize such effects. Cells 
should be treated in exponential growth when cells are in all stages of the cell cycle.

3.13.3  Human Peripheral Blood Lymphocytes

Blood should be taken from healthy donors not known to be suffering from viral 
infections or receiving medication. Staff handling blood should be immunized 
against hepatitis B, and regular donors should be shown to be hepatitis B antigen 
negative. Donors and staff should be aware of AIDS implications, and blood and 
cultures should be handled at containment level 2 (Advisory Committee on 
Dangerous Pathogens 1984).

Peripheral blood cultures are stimulated to divide by the addition of a T cell 
mitogen such as phytohemagglutinin (PHA) to the culture medium. Mitotic activity 
is at a maximum at about 3 days but begins at about 40 h after PHA stimulation, and 
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the chromosome constitution remains diploid during short-term culture (Evans and 
O’Riordan 1975). Treatments should commence at about 44 h after culture initia-
tion. This is when cells are actively proliferating and cells are in all stages of the cell 
cycle. They should be sampled about 20 h later. In a repeat study, the second sample 
time should be about 92 h after culture initiation. Morimoto et al. (1983) report that 
the cycle time for lymphocytes averages about 12–14 h except for the first cycle.

Female donors can give higher yields of chromosome damage (Anderson 1988).

3.13.4  Positive and Negative Controls

When the solvent is not the culture medium or water, the solvent, liver enzyme acti-
vation mixture and solvent with untreated controls are used as negative controls.

Since cultured cells are normally treated in their usual growth medium, the solu-
bility of the test material in the medium should be ascertained before testing. 
Extremes of pH can be clastogenic (Cifone et al. 1987), so the effect of the test 
material on pH should also be determined, but buffers can be utilized.

Various organic solvents are used, such as dimethyl sulfoxide (DMSO), dimeth-
ylformamide, ethanol, and acetone. The volume added must not be toxic to cells. 
Greater than 10% water v/v can be toxic because of nutrient dilution and osmolality 
changes.

A known clastogen should always be included as a positive control. When meta-
bolic activation is used, a positive control chemical known to require metabolic 
activation should also be used to ensure that the system is functioning properly. 
Without metabolic activation, a direct-acting positive control chemical should be 
used. A structurally related positive control can also be used. Appropriate safety 
precautions must be taken in handling clastogens (IARC 1979; MRC 1981).

Positive control chemicals should be used to produce relatively low frequencies 
of aberrations so that the sensitivity of the assay for detecting weak clastogens can 
be established (Preston et al. 1987).

Aberration yields in negative and positive controls should be used to provide a 
historical database.

3.13.5  Treatment of Cells

When an exogenous activation system is employed, short treatments (about 2 h) are 
usually necessary because S9 mix is often cytotoxic when used for extended lengths 
of time. However, cells may be treated with chemicals either continuously up to 
harvest time or for a short time followed by washing and addition of fresh medium 
to allow cell cycle progression. Continuous treatment avoids centrifugation steps 
required with washing of cells and optimizes the endogenous metabolic capacity of 
the lymphocytes.
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When metabolic activation is used, S9 mix should not exceed 1–10 percent of the 
culture medium by volume. It has been shown that the S9 mix is clastogenic in CHO 
cells and mouse lymphoma cells (Cifone et al. 1987; Kirkland et al. 1989) but not in 
human lymphocytes, where blood components can inactivate active oxygen species 
which could cause chromosome damage. When S9 mix from animals treated with 
other enzyme-inducing agents such as phenobarbitone/beta-naphthoflavone is used, 
clastogenesis may be minimized (Kirkland et al. 1989).

Prior to testing, it is necessary to determine the cytotoxicity of the test material, 
in order to select a suitable dose range for the chromosome assay both with and 
without metabolic activation. The range most commonly used determines the effect 
of the agent on the mitotic index (MI), i.e., the percentage of cells in mitoses at the 
time of cell harvest. The highest dose should inhibit mitotic activity by approxi-
mately 50% (EEC Annex V) and 75% (UKEMS: Scott et al. 1990) or exhibit some 
other indication of cytotoxicity. If the reduction in MI is too great, insufficient cells 
can be found for chromosome analysis. Cytotoxicity can also be assessed by mak-
ing cell counts in the chromosome aberration test when using cell lines. In the lym-
phocyte assay, total white cell counts can be used in addition to MI. A dose which 
induces 50–75% toxicity in these assays should be accompanied by a suitable 
reduction in mitotic index.

If the test material is not toxic, it is recommended by, for example, the EEC 
(Annex V) that it be tested up to 5 mg ml−1. The UKEMS recommends that chemi-
cals be tested up to their maximum solubility in the treatment medium and not just 
their maximum solubility in stock solutions.

For highly soluble nontoxic agents, concentrations above 10 mM may produce 
substantial increases in the osmolality of the culture medium which could be clasto-
genic by causing ionic imbalance within the cells (Ishidate et  al. 1984; Brusick 
1987a, b). At concentrations exceeding 10  mm, the osmolality of the treatment 
media should be measured, and if the increase exceeds 50 mmol kg−1, clastogenicity 
resulting from high osmolality should be suspected and, according to the UKEMS, 
is unlikely to be of relevance to human risk. The UKEMS also does not recommend 
the testing of chemicals at concentrations exceeding their solubility limits as sus-
pensions or precipitate.

A minimum of three doses of the test material should be used—the highest cho-
sen as described above, the lowest on the borderline of toxicity and an intermediate 
one. Up to six doses can be managed satisfactorily, and this ensures the detection of 
any dose response and that a toxic range is covered. MIs are as required for the 
preliminary study (at least 1000 cells per culture). It is also useful to score endo-
reduplication and polyploidy for historical data. Cells from only three doses need to 
be analyzed.

The range of doses used at the repeat fixation time can be those which induce a 
suitable degree of mitotic inhibition at the earlier fixation time, but if the highest 
dose reduces the MI to an unacceptably low level at the second sampling time, the 
next highest dose should be chosen for screening.

A complete assay requires the test material to be investigated at a minimum of 
three doses together with a positive (untreated) and solvent-only control which can 
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be omitted if tissue culture medium is used as a solvent. When two fixation times are 
used in repeat tests, the positive control is necessary at only one time but the nega-
tive or solvent control is necessary at both times.

Duplicates of each test group and quadruplicates of solvent or negative controls 
should be set up. The sensitivity of the assay is improved with larger numbers scored 
in the negative controls (Richardson et al. 1989).

3.13.6  Scoring Procedures

Prior to scoring, slides should be coded, randomized, and then scored “blind.” 
Metaphase analysis should only be carried out by an experienced observer. 
Metaphase cells should be sought under low-power magnification and those with 
well-spread, i.e., nonoverlapping, clearly defined non-fuzzy chromosomes exam-
ined under high power with oil immersion. It is acceptable to analyze cells with total 
chromosome numbers or that have lost one or two chromosomes during processing. 
In human lymphocytes (2n–46), 44 or more centromeres and in CHO cells (2n = 22; 
range 21–24) 20 or more centromeres can be scored. Chromosome numbers can be 
recorded for each cell, to give an indication of aneuploidy. Only cells with increases 
in numbers (above 46 in human lymphocytes and 24 in CHO cells) should be con-
sidered in this category, since decreases can occur through processing.

Recording microscope coordinates of cells is necessary and allows verification 
of abnormal cells. A photographic record is also useful of cells with aberrations. 
Two hundred cells (100 from each of two replicates) should be scored per treatment 
group. When ambiguous results are obtained, there may be further “blind” reading 
of these samples.

3.13.7  Presentation of Results

The test material, test cells, method of treatment, harvesting of cells, cytotoxicity 
assay, etc. should be clearly stated as well as the statistical methods used. Richardson 
et al. (1989) recommend that comparison be made between the frequencies in con-
trol cells and at each dose level using Fisher’s exact test.

In cytogenetic assays, the absence of a clear positive dose-response relationship 
at a particular time frequently arises. This is because a single common sampling 
time may be used for all doses of a test compound. Chromosome aberration yields 
can vary markedly with posttreatment sampling time of an asynchronous popula-
tion, and increasing doses of clastogens can induce increasing degrees of mitotic 
delay (Scott et al. 1990). Additional fixation times should clarify the relationship 
between dose and aberration yield.

Gaps are by tradition excluded from quantification of chromosome aberration 
yields. Some gaps have been shown to be real discontinuities in DNA (e.g., Heddle 
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and Bodycote 1970). Where chromosome aberration yields are on the borderline of 
statistical significance above control values, the inclusion of gaps could be useful. 
Further details on this approach may be found in the UKEMS guidelines (Scott 
et al. 1990).

Since chromosome exchanges are relatively rare events, greater biological 
significance should be attached to their presence than to gaps and breaks.

Chemicals which are clastogenic in  vitro at low doses are more likely to be 
clastogenic in vivo than those where clastogenicity is detected only at high concen-
trations (Ishidate et al. 1988a, b). Negative results in well-conducted in vitro tests 
are a good indication of a lack of potential for in vivo clastogenesis, since almost all 
in  vivo clastogens have given positive results in  vitro when adequately tested 
(Thompson 1986; Ishidate et al. 1988a, b).

3.14  In Vivo Cytogenetics Assays

Damage induced in whole animals can be detected in in vivo chromosome assays in 
either somatic or germinal cells by examination of metaphases or the formation of 
micronuclei. The micronucleus test can also detect whole chromosome loss or aneu-
ploidy in the absence of clastogenic activity and is considered comparable in sensi-
tivity to chromosome analysis (Tsuchimoto and Matter 1979).

Rats and mice are generally used for in  vivo studies, with the mouse being 
employed for bone marrow micronucleus analysis and the rat for metaphase analy-
sis, but both can be used for either. Mice are cheaper and easier to handle than rats, 
and only a qualitative difference in response has been found between the species 
(Albanese 1987). Chinese hamsters are also widely used for metaphase analysis 
because of their low diploid chromosome number of 22. However, there are few 
other historical toxicological data for this species.

3.14.1  Somatic Cell Assays

3.14.1.1  Metaphase Analysis

Metaphase analysis can be performed in any tissue with actively dividing cells, but 
bone marrow is the tissue most often examined. Cells are treated with a test com-
pound and are arrested in metaphase by the administration of colcemid or colchicine 
at various sampling times after treatment. Preparations are examined for structural 
chromosome damage. Because the bone marrow has a good blood supply, the cells 
should be exposed to the test compound or its metabolites in the peripheral blood 
supply, and the cells are sensitive to S-dependent and S-independent mutagens 
(Topham et al. 1983).
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Peripheral blood cells can be stimulated to divide even though the target cell is 
relatively insensitive (Newton and Lilly 1986). It is necessary to stimulate them 
with a mitogen since the number of lymphocytes which are dividing at any one time 
is very low. Cells are in G0 when exposure is taking place, so they may not be sensi-
tive to cell cycle stage-specific mutagens, and any damage might be repaired before 
sampling.

3.14.1.2  Micronuclei

The assessment of micronuclei is considered simpler than the assessment of meta-
phase analysis. This assay is most often carried out in bone marrow cells, where 
polychromatic erythrocytes are examined. Damage is induced in the immature 
erythroblast and results in a micronucleus outside the main nucleus, which is eas-
ily detected after staining as a chromatid-containing body. When the erythroblast 
matures, the micronucleus, whose formation results from chromosome loss dur-
ing cell division or from chromosome breakage forming centric and acentric frag-
ments, is not extruded with the nucleus. Micronuclei can also be detected in 
peripheral blood cells (MacGregor et al. 1980). In addition, they can be detected 
in liver (Tates et al. 1980; Braithwaite and Ashby 1988) after partial hepatectomy 
or stimulation with 4-acetylaminofluorene, or they can be detected in any prolif-
erating cells.

The concentration given above will give relatively small increases in revertant 
count above the spontaneous level. There is little point in using large concentra-
tions of reference mutagens which invariably give huge increases in revertant 
counts. This would give little information on the day-to-day performance of 
the assay.

3.15  Subacute, Subchronic and Chronic Toxicity  
(ISO 10993-11)

These studies can be 2  weeks long (what used to be called “subacute” studies 
because they were conducted at dose levels below those employed for single-dose 
or acute studies) or last up to a year. Another name for these studies is repeat-dose 
studies (Ballantyne 2009)—that is, those studies whereby animals have exposure 
to a device or extract from a device over a period of 1 year or less (at 9 months to 
a year, such studies become “chronic” – that is, for a majority of the lifetime on 
an animal. Currently, the duration of such general repeat-dose toxicity studies 
ranges from 14 days (long enough for the drug levels in the body to reach steady 
state and for the adaptive immune response to begin to be active) to 9 months (in 
nonrodents).
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3.15.1  Objectives

As with any scientific study or experiment (but especially for those in safety assess-
ment), the essential first step is to define and understand the reason(s) for the con-
duct of the study—that is, its objectives. There are three major (scientific) reasons 
for conducting subchronic and chronic studies, but a basic characteristic of all but a 
few subchronic studies needs to be understood. The subchronic study is (as are most 
other studies in whole animal toxicology) a broad screen. It is not focused on a 
specific end point; rather, it is a broad exploration of the cumulative biological 
effects of the administered agent over a range of doses. So broad an exploration, in 
fact, that it can be called a “shotgun” study.

The objectives of the typical subchronic and chronic studies fall into three cate-
gories. The first is to broadly identify the toxicity and other aspects of device/host 
interaction over a protracted period of time. Unlike the ISO 10933-6 implantation 
studies, effects and interactions distal from the immediate site of device  implantation 
are of interest and concern (Traina 1983). This definition is both qualitative (what are 
the target organs and the nature of the effects seen) and quantitative (at what expo-
sure levels are effects definitely seen and not seen). Unlike pharmaceutical and other 
types of repeat-dose studies, there is no intent nor effort to evaluate dose-response 
relationships.

The second is to provide support for the initiation of and/or continued conduct of 
one or more clinical trials in man. The duration of exposure is driven by a compro-
mise between meeting regulatorily established guidelines and the economic pres-
sure to initiate clinical trials as soon as possible. These studies are most often the 
longest to conduct prior to initiation of any clinical trial.

Chronic studies (those that last 6 or 9 months or a year) may also be conducted 
for implanted or other systemic contact devices, but are in reality uncommon.

3.15.2  Regulatory Considerations

Much of what is done (and how it is done) in longer than acute systemic biocompat-
ibility studies is a response to a number of regulations. Three of these have very broad 
impact. These are the Good Laboratory Practices requirements, Animal Welfare Act 
requirements, and regulatory requirements that actually govern study design.

3.15.3  Regulatory Requirements for Study Design

The first consideration in the construction of a study is a clear statement of its 
objectives, which are almost always headed by meeting regulatory requirements to 
support drug development and registration. Accordingly, the relevant regulatory 
requirements must be analyzed, which is complicated by the fact that requirements 
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for devices, though in general governed by ISO 10993-1, may be slightly different 
for some regulatory bodies.

New devices are frequently not developed for registration and sale in a single- 
market country. The expense is too great and the potential for broad international 
sales too appealing. While each major country has its own requirements as to study 
designs and studies required (with most of the smaller countries adhering to the 
regulations of one of the major players), harmonization has done much to smooth 
these differences (Gad 2010). Agents intended to treat or arrest the progress of rap-
idly spreading life-threatening diseases (such as AIDS) are subject to less stringent 
safety assessment requirements prior to initial clinical evaluations than are other 
drugs. However, even though approval (if clinical efficacy is established) for mar-
keting can be granted with preclinical testing still under way, all applicable safety 
assessments (as with any other class of drugs) must still be completed (FDA 1988).

3.15.4  Study Design and Conduct

3.15.4.1  Animals

Unlike pharmaceutical safety assessment, studies in only a single suitable species is 
required. If a rodent, most commonly the species employed is the rat. There is con-
siderably more variability in the nonrodent species, with a range of factors deter-
mining whether the minipig, rabbit, or dog is employed. The factors that should and 
do govern species selection are presented in detail in Gad (2015). Numbers of ani-
mals to be used in each dose group of a study are presented in Table 3.30.

Animals are assigned to groups (test and control) by one or another form of sta-
tistical randomization. Prior to assignment, animals are evaluated for some period 
of time after being received in house (usually at least 1 week for rodents and 2 for 
nonrodents) to ensure that they are healthy and have no discernible abnormalities. 
The randomization is rarely pure; it is often “blocked” in some form or another 
(by initial body weight, at least) so that each group is not (statistically) significantly 
different from the others in terms of the “blocked” parameters.

Proper facilities and care for test animals are not only a matter of regulatory 
compliance (and a legal requirement) but also essential for a scientifically sound 
and valid study.

Table 3.30 Number of animals for chronic and subchronic study per test group

Study length Rats per sex Dogs per sex Rabbits per sex

2–4 weeks 5 3 4
3 monthsa 20 6 8
6 months 30 8 8
1 year 50 10 10

aStarting with 13-week studies, one should consider adding animals (particularly to the high-dose 
group) to allow evaluation of reversal (or progression) of effects
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Husbandry requires clean cages of sufficient size and continuous availability of 
clean water and food (unless the protocol requires some restriction on their avail-
ability). Environmental conditions (temperature, humidity, and light-dark cycle) 
must be kept within specified limits. All of these must, in turn, be detailed in the 
protocols of studies. The limits for these conditions are set forth in relevant NIH and 
USDA publications.

3.15.4.2  Parameters to Measure

As was stated earlier, repeat-dose general (systemic) toxicity studies are “shotgun” 
in nature; that is, they are designed to look at a very broad range of end points with 
the intention of screening as broadly as indications of toxicity. Meaningful findings 
are rarely limited to a single end point—rather, what typically emerges is a pattern 
of findings. This broad search for components of toxicity profile is not just a 
response to regulatory guidelines intended to identify potentially unsafe drugs. An 
understanding of all the indicators of biological effect can also frequently help one 
to understand the relevance of findings, to establish some as unrepresentative of a 
risk to humans, and even to identify new therapeutic uses of an agent.

Parameters of interest in the repeat-dose study can be considered as sets of mea-
sures, each with its own history, rationale, and requirements. Chapter 6 sought to 
present an overview of such parameters. It is critical to remember, however, that the 
strength of the study design as a scientific evaluation lies in the relationships and 
patterns of effects that are seen not in simply looking at each of these measures (or 
groups) as independent findings, but rather as integrated profiles of biological 
effects.

3.15.4.3  Study Designs

The traditional design for a repeat-dose toxicity study is very straightforward. The 
appropriate numbers of animals of each sex are assigned to each of the designated 
dose and control groups. Unfortunately, this basic design is taken by many to be 
dogma, even when it does not suit the purposes of the investigator. There are many 
possible variations to study design, but four basic factors should be considered: 
controls, the use of interval and satellite groups, balanced and unbalanced designs, 
and staggered starts.

Classically, a single control group of the same size as each of the dose groups is 
incorporated into each study. Some studies incorporate two control groups (each the 
same size as the experimental groups) to guard against having a statistically signifi-
cant effect due to one control group being abnormal for one or more parameters (a 
much more likely event when laboratory animals were less genetically homoge-
neous than they are now). The belief is that a “significant” finding that differs from 
one (but not both) of the concurrent control groups, and does not differ from histori-
cal control data, can be considered as not biologically significant. This is, however, 
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an indefensible approach. Historical controls have value, but it is the concurrent 
control group(s) in a study that is of concern.

Interval or satellite groups have been discussed at two earlier points in this chap-
ter. They allow measurement of termination parameters at intervals other than at 
termination of the study. They are also useful when the manipulation involved in 
making a measurement (such as the collection of an extensive blood sample), while 
not terminal, may compromise (relative to other animals) the subject animals. 
Another common use of such groups is to evaluate recovery from some observed 
effect at study termination.

Usually, each of the groups in a study is the same size, with each of the sexes 
being equally represented. The result is called a balanced design, with statistical 
power for detection of effects optimized for each of the treatment groups. If one 
knows little about the dose-toxicity profile, this is an entirely sound and rational 
approach. However, there are situations when one may wish to utilize an unbal-
anced design—that is, to have one or more dose groups larger than the others. This 
is usually the case when either greater sensitivity is desired (typically in a low-dose 
group), or an unusual degree of attrition of test animals is expected (usually due to 
mortality in a high-dose group), or as a guard against a single animal’s idiopathic 
response being sufficient to cause “statistical significance.”

As it is, the normal practice to have a balanced design, it is also traditional to 
initiate treatment of all animals at the same time. This may lead to problems at study 
termination, however. It is a very uncommon toxicology laboratory that can “bring 
a study down” on a single day. In fact, there are no labs that can collect blood and 
perform necropsies in a single day on even the 48 to 80 dogs involved in a study, 
much less the 160 to 400+ rats in the rodent version. Starting all animals on study 
the same day presents a number of less than desirable options. The first is to termi-
nate as many animals as can be done each day, continuing to dose (and therefore, 
further affect) the remaining test animals. Assuming that the animals are being ter-
minated in a random, balanced manner, this means that the last animals terminated 
will have received from three to ten additional days of treatment. At the least, this is 
likely to cause some variance inflation (and therefore both decrease the power of the 
study design and possibly confound interpretation). If the difference in the length of 
treatment of test animals is greater than 3% of the intended length of the study, one 
should consider alternative designs.

3.15.5  Study Interpretation and Reporting

For a successful repeat-dose study, the bottom line is the clear demonstration of a 
no-effect level, characterization of a toxicity profile (providing guidance for any 
clinical studies), enough information on pharmacokinetics and metabolism to scale 
dosages to human applications, and at least a basic understanding of the mecha-
nisms involved in any identified pathogenesis. The report that is produced as a result 
of the study should clearly communicate these points—along with the study design 
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and experimental procedures, summarized data, and their statistical analysis—and 
it should be GLP compliant, suitable for FDA submission format.

Interpretation of the results of a study should be truly scientific and integrative. 
It is elementary to have the report state only each statistically and biologically sig-
nificant finding in an orderly manner and not just a recitation of all observations. 
The meaning and significance of each in relation to other findings, as well as the 
relevance to potential human effects, must be evaluated and addressed.

The author of the report should ensure that it is accurate and complete, but also 
that it clearly tells a story and concludes with the relevant (to clinical development) 
findings. A useful approach is to construct a summary table (such as illustrated in 
Table 3.30) which gives an overview by dose group, gender, and grouping of obser-
vation. The initial use of such a table should be as soon as the “in-life” data (all but 
the histopathology) from main groups in studies is available, as it can serve as both 
a tool for early understanding of findings and a guide to what examination may be 
added or modified in recovery group animals.

There are some common problems encountered in general toxicity studies. The 
most common of these and their usual causality are presented in Table 3.31 (which 
table are you referring to??).

Table 3.31 Problems in biocompatibility study design and conduct

Study Issue Solution

All Using 
Extractions

Particles in extraction fluids Let settle or centrifuge then decant and 
use clean fluid

All In Vitro Using 
Extractions

pH ≤ 2 or ≥ 11 Test solution would need to be buffered 
to between 5 and 9

Cytotoxicity Tests performed with hypo- or 
hyperosmolarity extractant 
solutions

Perform tests with serial dilutions of 
extract solution due to level of 
monotensive osmolarity

All Using 
Extractions

Very small and expensive 
devices

Customized studies to minimize total 
amounts of extract solution required 
AND base volume on device weight

Implantation 
Studies

Device larger than can be 
accommodated in rats

1.  Do not implant subcutaneously – 
rather, IM

2. Use rabbits, or if needed, dogs
Cytotoxicity Score of 3 or 4 – that is, test 

failure
Perform two in vitro studies at least one 
of which has parenteral exposure (such 
as intracutaneous reactivity or 
implantation)

Compliment 
Activation

Failure Check material components – use of 
surfactants in hydrophilic coating will 
cause failure

Ames 
(mutagenicity)

Device has an antimicrobial 
component

Use a mammalian mutagenicity assay, 
such as a mouse lymphoma assay

Sensitization For US FDA Must be GP assay – if for internal 
exposure device, use GPMT

Subchronic Study not accepted by FDA due 
to length (less than 30 days) or 
incomplete data set

See section in Chapter 3 for description 
of complete requirements
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The usual case is that over the course of drug development, we go from shorter 
(14 or 28 day) studies in progressive steps to longer studies (90 day/13 week) than 
chronic studies of 6 or 7 months. As we progress through this sequence, the results 
of earlier studies should modify the design of longer studies.

This chapter addresses a group of studies that have in common the facts that (1) 
they are intended to predict longer-term effects that occur after repeated exposure to 
an agent and (2) they are tests that have historically only been performed on a small 
subset of devices and the materials used to make them, but for which requirements 
have been significantly increased.

Subchronic and chronic studies for medical devices are generally in the range of 
being hybrids between what we are used to regarding as subchronic studies and the 
simple implant studies. The studies historically have been performed using only one 
route—implantation—with “dose” being determined in terms of how many devices 
or much material are implanted. And in their simplest forms, these subchronic and 
chronic studies are conducted as primarily modified forms of longer implantation 
studies with only the limited set of local issue tolerance indicators in the region of 
the implants being evaluated. It should also be kept in mind that it is frequent prac-
tice to combine such biocompatibility studies with evaluations of efficacy and/or 
device performance.

3.15.6  Objectives

As with any scientific study or experiment (but especially for those in safety assess-
ment), the essential first step is to define and understand the reason(s) for the conduct 
of the study—that is, its objectives. There are three major (scientific) reasons for 
conducting subchronic studies, but a basic characteristic of all but a few subchronic 
studies needs to be understood. The subchronic study is (as are most other studies in 
whole animal toxicology) a broad screen. It is not focused on a specific end point; 
rather it is a broad exploration of the cumulative biological effects off the adminis-
tered agent over a range of doses, so broad an exploration, in fact, that it can be 
called a “shotgun” study. The objectives of the typical subchronic device study fall 
into two categories. The first is to broadly define the toxicity of prolonged exposure 
to a medical device or medical device material in an animal model (most commonly, 
the rabbit). The second objective is one of looking forward to later studies. The sub-
chronic study must provide sufficient information to allow a prudent setting of doses 
for later, longer studies (including, ultimately, carcinogenicity studies). At the same 
time, the subchronic study must also provide guidance for the other (than dose) 
design features of longer-term studies (such as what parameters to measure and 
when to measure them, how many animals to use, and how long to conduct the 
study). These objectives are addressed by the usual subchronic study.

Chronic studies (those that last 6 months or a year) may also be conducted for the 
above purposes but are primarily done to fulfill registration requirements for drugs 
that are intended for continuous long-term (lifetime) use or frequent intermittent use.
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3.15.7  Regulatory Requirements for Study Design

The first consideration in the construction of a study is a clear statement of its objec-
tives, which are almost always headed by meeting regulatory requirements to sup-
port device development and registration. Accordingly, the relevant regulatory 
requirement must be analyzed, which is complicated by the fact that new drugs are 
no longer developed for registration and sale in a single-market country. The expense 
is too great and the potential for broad international sales too appealing. Chapter 2 
should be consulted for the broad overview of such regulation.

3.15.8  Study Design and Conduct

3.15.8.1  Animals

In all but a few rare cases, medical devices are evaluated for subchronic and chronic 
biocompatibility in only a single species. This is most often the rabbit, though the 
rat, dog, and hamster have also been used. The factors that should and do govern 
species selection are reviewed in detail in Gad and Chengelis (1998) and Gad (2015).

Except in rare cases, the animals used are young, healthy adults in the logarith-
mic phase of their growth curve. (The FDA specifies that rodents be less than 
6 weeks of age at the initiation of dosing.)

Numbers of animals to be used in each dose group of a study are presented in 
Table 3.32. Though the usual practice is to use three different dose groups and at 
least one equal-sized control group, this number is not fixed and should be viewed 
as a minimum (see the section on study design later in this chapter). There must be 
as many control animals as are in the largest-size test group.

Animals are assigned to groups (test and control) by one or another form of sta-
tistical randomization. Prior to assignment, animals are evaluated for some period 
of time after being received in-house (usually at least 1 week for rodents and two for 
nonrodents) to ensure that they are healthy and have no discernible abnormalities. 
The randomization is never pure; it is always “blocked” in some form or another (by 
initial body weight, at least) so that each group is not (statistically) significantly dif-
ferent from the others in terms of the “blocked” parameters (usually initial body 
weight).

Proper facilities and care for test animals are not only a matter of regulatory 
compliance (and a legal requirement) but also essential for a scientifically sound 
and valid study. Husbandry requires clean cages of sufficient size and continuous 
availability of clean water and food (unless the protocol requires some restriction on 
their availability). Environmental conditions (temperature, humidity, and light-dark 
cycle) must be kept within specified limits. All of these must, in turn, be detailed in 
the protocols of studies. The limits for these conditions are set forth in relevant NIH 
and USDA publications.
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3.15.9  Parameters to Measure

As was stated earlier, subchronic studies are usually “shotgun” in nature, that is, 
they are designed to look at a very broad range of end points with the intention of 
screening as broadly as indications of toxicity. Meaningful findings are rarely lim-
ited to a single end point—rather, what typically emerges is a pattern of findings. 
This broad search for components of a toxicity profile is not just a response to regu-
latory guidelines intended to identify potentially unsafe drugs. An understanding of 
all indicators of biological effect can also frequently help one to understand the 
relevance of findings, to establish some as unrepresentative of a risk to humans, and 
even to identify new therapeutic uses of an agent.

Parameters of interest in the repeat-dose study can be considered as sets of mea-
sure, each with its own history, rationale, and requirements. It is critical to remem-
ber, however, that the strength of the study design as a scientific evaluation lies in 
the relationships and patterns of effects that are seen not in simply looking at each 
of these measures (or groups) as independent findings, but rather as integrated pro-
files of biological effects.

Table 3.32 Number of animals for chronic and subchronic study per test group

Clinical chemistry Hematology Urinalysis

Albumin Erythrocyte count (RBC) Chloride
Alkaline phosphatase (ALP) Hemoglobin (HGB) Bilirubin
Blood urea nitrogen (BUN) Hematocrit (HCT) Glucose
Calcium
Chloride

Mean corpuscular
Hemoglobin (MCH)

Ketone
Osmolality

Creatine Mean corpuscular Occult blood
Creatine phosphokinase (CPK) Volume (MCV) pH
Direct bilirubin Platelet count Phosphorus
Gamma-glutamyltransferase (GGT) Prothrombin time Potassium
Globulin Reticulocyte count Protein
Glucose White cell count (WBC) Sodium
Lactic dehydrogenase (LDH) White cell differential 

count
Specific gravity

Phosphorus Volume
Potassium
Serum glutamic-oxaloacetic transaminase 
(SGOT)
Serum glutamic-pyruvic transaminase (SGPT)
Sodium
Total bilirubin
Total cholesterol
Total protein
Triglycerides
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3.15.9.1  Body Weight

Body weight (and the associated calculated parameter of body weight gain) is a 
nonspecific, broad screen for adverse systemic toxicity. Animals are initially 
assigned to groups based on a randomization scheme that includes having each 
group vary insignificantly from one another in terms of body weight. Weights are 
measured prior to the initial dose, then typically 1–3, 5, 7, 11, and 14 days thereaf-
ter. The frequency of measurement of weights goes down as the study proceeds after 
2 weeks, and weighting is typically weekly through 6 weeks, then every other week 
through 3 months, and monthly thereafter. Because the animals used in these studies 
are young adults in the early log phase of their growth, decreases in the rate of gain 
relative to control animals are a very sensitive (albeit nonspecific) indicator of sys-
temic toxicity.

3.15.9.2  Food Consumption

Food consumption is typically measured with one or two uses in mind. First, it may 
be explanatory in the interpretation of reductions (either absolute or relative) in 
body weight. In cases where administration of the test compound is via diet, it is 
essential to be able to adjust dietary content so as to accurately maintain dose levels. 
Additionally, the actual parameter itself is a broad and nonspecific indicator of sys-
temic toxicity. Food consumption is usually measured over a period of several days, 
first weekly and then on a once-a-month basis. Water consumption, which is also 
sometimes measured, is similar in interpretation and use.

3.15.9.3  Clinical Signs

Clinical signs are generally vastly underrated in value, probably because insuffi-
cient attention is paid to care in their collection. Two separate levels of data collec-
tion are actually involved here. The first is the morbidity and mortality observation, 
which is made twice a day. This generally consists of a simple cage-side visual 
assessment of each animal to determine if it is still alive and, if so, whether it appears 
in good (or at least stable) health. Historically, this regulatorily required observation 
was intended to ensure that tissues from intoxicated animals were not lost for mean-
ingful histopathologic evaluation due to autolysis (Arnold et al. 1990).

The second level of clinical observation is the detailed hands-on examination 
analogous to the human physical examination. It is usually performed against a 
checklist (see Gad and Chengelis 1998, for an example), and evaluation is of the 
incidence of observations of a particular type in a group of treated animals com-
pared to controls. Observations range from being indicative of nonspecific systemic 
toxicity to fairly specific indicators of target organ toxicity. These more detailed 
observations are typically taken after the first week of a study and on a monthly 
basis thereafter.
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Ophthalmologic examinations are typically made immediately prior to initiation 
of a study (and thus serve to screen out animals with preexisting conditions) and 
toward the end of a study.

Particularly when the agent under investigation either targets or acts via a mecha-
nism likely to have a primary effect on a certain organ for which functional mea-
sures are available, an extra set of measurements of functional performance should 
be considered. The organs or organ systems that are usually of particular concern 
are the kidneys, liver, and cardiovascular, nervous, and immune system. Special 
measures (such as creatinine clearance as a measure of renal function) are combined 
with other data already collected (organ weights, histopathology, clinical pathology, 
etc.) to provide a focused “special” investigation or evaluation of adverse effects on 
the target organ system of concern.

3.15.9.4  Clinical Pathology

Clinical pathology covers a number of biochemical and morphological evaluations 
based on invasive and noninvasive sampling of fluids from animals that are made 
periodically during the course of a subchronic study. These evaluations are some-
times labeled as clinical (as opposed to anatomical) pathology determinations. 
Table 3.32 presents a summary of the parameters measured under the headings of 
clinical chemistry, hematology, and urinalysis, using samples of blood and urine 
collected at predetermined intervals during the study. Conventionally, these inter-
vals are typically at three points evenly spaced over the course of the study, with the 
first being 1 month after study initiation and the last being immediately prior to 
termination of the test animals. For a 3-month study, this means that samples of 
blood and urine would be collected at 1, 2, and 3 months after study initiation (i.e., 
after the first day of dosing of the animals). There are some implications of these 
sampling plans that should be considered when the data are being interpreted. Many 
of the clinical chemistry (and some of the hematologic) markers are really the result 
of organ system damage that may be transient in nature (see Table 3.35 for a sum-
mary of interpretations of clinical chemistry findings and Table 3.33 for a similar 
summary for hematological findings). The samples on which analysis is performed 
are from fixed points in time, which may miss transient changes (typically, increases) 
in some enzyme levels.

3.15.10  Histopathology

Histopathology is generally considered the single most significant portion of data 
to come out of a repeat-dose toxicity study. It actually consists of three related sets 
of data (gross pathology observations, organ weights, and microscopic pathology) 
that are collected during the termination of the study animals. At the end of the 
study, a number of tissues are collected during termination of all surviving animals 
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Table 3.33 Association of changes in biochemical parameters with actions at particular target 
organs

Organ system
Parameter Blood Heart Lung Kidney Liver Bone Intestine Pancreas Notes

Albumin ↓ ↓ Produced by the 
liver. Very 
significant 
reductions 
indicate extensive 
liver damage3

ALP (alkaline 
phosphatase)

↑ ↑ ↑ Elevations usually 
associated with 
cholestasis. Bone 
alkaline 
phosphatase tends 
to be higher in 
young animas

Bilirubin (total) ↑ ↑ Usually elevated 
due to cholestasis 
either due to 
obstruction or 
hepatopathy

BUN (blood urea 
nitrogen)

↑ ↓ Estimates 
blood-filtering 
capacity of the 
kidneys. Doesn’t 
become 
significantly 
elevated until 
kidney function is 
reduced 60–75%

Calcium ↑ Can be life-
threatening and 
result in acute 
death

Cholinesterase ↑ ↓ Found in plasma, 
brain, and RBC

CPK (creatinine 
phosphokinase)

↑ Most often 
elevated due to 
skeletal muscle 
damage but can 
also be produced 
by cardiac muscle 
damage. Can be 
more sensitive 
than 
histopathology

Creatine ↑ Also estimates 
blood-filtering 
capacity of kidney 
as BUN does. 
More specific than 
BUN

(continued)
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Table 3.33 (continued)

Organ system
Parameter Blood Heart Lung Kidney Liver Bone Intestine Pancreas Notes

Glucose ↑ Alterations other 
than those 
associated with 
stress are 
uncommon and 
reflect an effect 
on the pancreatic 
islets or anorexia

GGT 
(gamma- 
glutamyltransferase)

↑ Elevated in 
cholestasis. This 
is a microsomal 
enzyme and levels 
often increase in 
response to 
microsomal 
enzyme induction

HBDH 
(hydroxybutyric 
dehydrogenase)

↑ ↑ Most prominent 
in cardiac muscle 
tissue

LDH (lactic 
dehydrogenase)

↑ ↑ ↑ ↑ Increase usually 
due to skeletal 
muscle, cardiac 
muscle, and liver 
damage. Not very 
specific unless 
isozymes are 
evaluated

Protein (total) ↑ ↑ Absolute 
alterations are 
usually associated 
with decreased 
production (liver) 
or increased loss 
(kidney)

SGOT (serum 
glutamic-oxaloacetic 
transaminase); also 
called AST (aspirate 
amino transferase)

↑ ↑ ↑ ↑ Present in skeletal 
muscle and heart 
and most 
commonly 
associated with 
damage to these

SGPT (serum 
glutamic-pyruvic 
transaminase; also 
called ALT (alanine 
aminotransferase)

↑ Elevations usually 
associated with 
hepatic damage or 
disease

SDH (sorbitol 
dehydrogenase)

↑ or ↓ Liver enzyme 
which can be 
quite sensitive but 
is fairly unstable

Samples should 
be processed as 
soon as possible
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(test and control). Organ weights and terminal body weights are recorded at study 
termination, so that absolute and relative (to body weight) values can be statisti-
cally evaluated.

These tissues, along with the organs for which weights are determined, are listed 
in Table 3.34. All tissues collected are typically processed for microscopic observa-
tion, but only those from the high-dose and control groups are necessarily evaluated 
microscopically. If a target organ is discovered in the high-dose group, then succes-
sively lower-dose groups are examined until a “clean” (devoid of effect) level is 
discovered (Haschek and Rousseaux 1991) (Table 3.35).

In theory, all microscopic evaluations should be performed blind (without the 
pathologist knowing from which dose group a particular animal came), but this is 
difficult to do in practice, and such an approach frequently degrades the quality of 
the evaluation. Like all the other portions of data in the study, proper evaluation 
benefits from having access to all data that addresses the relevance, severity, timing, 
and potential mechanisms of a specific toxicity. Blind examination is best applied in 
peer review or consultations on specific findings.

In addition to the “standard” set of tissues specified in Table 3.33, observations 
during the course of the study or in other or previous studies may dictate that addi-
tional tissues be collected or special examinations (e.g., special stains, polarized 
light or electron microscopy, immunocytochemistry, or quantitative morphometry) 
be undertaken to evaluate the relevance of, or understand the mechanisms underly-
ing, certain observations.

Histopathology testing is a terminal procedure, and, therefore, sampling of any 
single animal is a one-time event (except in the case of a tissue collected by biopsy). 

Table 3.34 Tissues for histopathology

Adrenalsa Mainstream bronchi

Body and cervix Major salivary gland
Brain, all three levelsa Mesenteric lymph nodes
Cervical lymph nodes Ovaries and tubes
Cervical spinal cord Pancreas
Duodenum Pituitary
Esophagogastric junction Prostate
Esophagus Skeletal muscle from proximal hind limb
Eyes with optic nerves Spleena

Femur with marrow Sternbrae with marrow
Heart Stomach
Ileum Testes with epididymidesa

Kidneysa Thymus and mediastinal contentsa

Large bowel Thyroid with parathyroida

Larynx with thyroid and parathyroid Trachea
Livera Urinary bladder
Lungsa Uterus including horns

aOrgans to be weighed
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Because it is a regulatory requirement that the tissues from a basic number of ani-
mals be examined at the stated end of the study, an assessment of effects at any other 
time course (most commonly, to investigate recovery from an effect found at study 
termination) requires that satellite groups of animals be incorporated into the study 
at start-up. Such animals are randomly assigned at the beginning of the study and 
otherwise treated exactly the same as the equivalent treatment (or control) animals.

Table 3.35 Some probable conditions affecting hematological changes

Parameter Elevation Depression

Red blood cells 1. Vascular shock
2. Excessive diuresis
3. Chronic hypoxia
4. Hyperadrenocorticism

1. Anemia
2. Blood loss
3. Hemolysis
4. Low RBC production

Hematocrit 1. Increased RBC
2. Stress
3. Shock
  (a) Trauma
  (b) Surgery
4. Polycythemia

1. Anemias
2. Pregnancy
3. Excessive hydration

Hemoglobin 1.  Polycythemia (increase in production 
of RBC)

1. Anemias
2. Lead poisonings

Mean cell volume 1. Anemias
2. B-12 deficiency

1. Iron deficiency

Mean corpuscular 
hemoglobin

1. Reticulocytosis 1. Iron deficiency

White blood cells 1. Bacterial infections
2. Bone marrow stimulation

1.  Bone marrow 
depression

2. Cancer chemotherapy
3. Chemical intoxication
4. Splenic disorders

Platelets 1.  Bone marrow 
depression

2. Immune disorder
Neutrophilis 1. Acute bacterial infections

2. Tissue necrosis
3. Strenuous exercise
4. Convulsions
5. Tachycardia
6. Acute hemorrhage

1. Viral infections

Lymphocytes 1. Leukemia
2. Malnutrition
3. Viral infections

Monocytes 1. Protozoal infections
Eosinophils 1. Allergy

2. Irradiation
3. Pernicious anemia
4. Parasitism

Basophils 1. Lead poisoning

3.15  Subacute, Subchronic and Chronic Toxicity (ISO 10993-11)
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Components of subacute or chronic response:

• Mononuclear inflammatory cells (lymphocytes, macrophages, plasma cells)
• Epithelioid or giant cells
• Fibroplasia or fibrosis
• Measure width of reactive zone
• Score on scale of 0 (not present) to 5 (extreme)

Components of acute inflammatory response:

• Inflammatory cells (polymorphonuclear leukocytes)
• Necrosis
• Hemorrhage
• Fibrin/serum

3.15.11  Study Interpretation and Reporting

For a successful repeat-dose study, the bottom line is the clear demonstration of a 
no-effect level, characterization of a toxicity profile (providing guidance for any 
clinical studies), and at least a basic understanding of the mechanisms involved in 
any identified pathogenesis. The report that is produced as a result of the study 
should clearly communicate these points—along with the study design and experi-
mental procedures, summarized data, and their statistical analysis—and it should be 
GLP compliant, suitable for FDA submission format.

Interpretation of the results of a study should be truly scientific and integrative. 
It is elementary to have the report state only each statistically and biologically sig-
nificant finding in an orderly manner. The meaning and significance of each in rela-
tion to other findings, as well as the relevance to potential human effects, must be 
evaluated and addressed.

The author of the report should insure that it is accurate and complete but also 
that it clearly tells a story and concludes with the relevant (to clinical development) 
findings.

3.16  Hemocompatibility (ISO-10993-4)

Hemocompatibility—a lack of significant adverse interactions of a device with the 
formed elements of the blood—can be one of the most complex of the standard 
safety concerns for devices to be evaluated. Properly done for a long-term cardio-
vascular implant device (such as a stent) as an independent entity, it could also be 
the most expensive of the standard, short-term responses end point to evaluate. ISO 
10993 Part 4 (Selection of Tests for Interactions with Blood) presents 25 different 
categories of assays for such evaluations, and FDA expectations have become yet 
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more extensive. While in  vitro methods have been used for screening materials 
(Motlagh et al. 2006), they have severe limitations.

The composition of blood is:

• 55% fluid elements

 (a) Plasma (91% H2O)
 (b) 7% dissolved proteins
 (c) 45% globulins
 (d) 7% fibrinogen, trace proteins
 (e) 2% other stuffs

• 45% formed elements

 (a) Red blood cells 5,000,000/μL
 (b) Platelets 300,000/μL
 (c) White blood cells 7000/μL

Few materials have consistently shown good hemocompatibility in both arterial 
and venous blood flow environments. Because of its complexity (Beutler et al. 1982; 
Collman et al. 2006) results obtained from laboratory animals may not apply to man, 
and results from one test system may not necessarily be correlated to those obtained 
from a different test system. In vitro results may not predict well what happens in vivo 
(Didisheim et al. 1984; Lindon et al. 1978). Any hemocompatibility statement must be 
linked to the intended use and conditions for which the statement is valid.

Blood-material interaction can range from transient hemolysis and minimal pro-
tein adsorption to activation of coagulation, complement, and significant destruction 
of cells. Complicated mechanisms exist in the cardiovascular system which may 
interact with medical devices. Devices vary enormously in type, function, and dura-
tion of blood contact (Cooper et al. 1987; Dewangee 1987), particularly now that 
combination and nanotechnology devices are increasingly moving to market. 
Therefore, a multidisciplinary approach to hemocompatibility testing is important. 
This includes in vitro static and dynamic tests, acute extracorporeal tests, tests of 
cardiovascular devices in appropriate animal models, and clinical studies. For most 
devices only the in vitro static tests are performed. Complex interactions are opera-
tive between the surfaces of devices/materials and the blood, based on both chemical 
and physical parameters (Zaslavsky et al. 1978), such as the rate of release of chemi-
cal moieties from a device and the nature of the blood contacting device surface.

A thorough review of the normal function and structure of the hematopoietic system 
is a discipline in itself and far beyond the range of this chapter. Irons (1985), Brown 
(1993), and Williams et al. (1995) should be consulted by those interested in the back-
ground. Figures  3.6 and 3.7 provide a very rudimentary overview of the pathways 
involved in the generation and differentiation of the formed elements of the blood.

The FDA and ISO requirements for hematocompatability evaluation for most 
devices that were not implants in the vascular system (but rather have limited dura-
tion on contact) are frequently met in the part by performing a simple in vitro hemo-
lysis test. The ASTM guidelines (ASTM 2010) and NIH (1985) called for a more 
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stringent approach. Under ISO-10993-4, externally communicating devices, with 
indirect or circulating contact with the bloodstream, or implant devices in the vas-
cular system must be evaluated. It is recommended that this evaluation look at five 
different end points (test categories: thrombosis, coagulation, platelets, hematology, 
and immunology). Tables 3.36 and 3.37 summarize representation tests available to 
evaluate each of these end points.

Pluripotent 
stem cell pool

Lymphocyte 
pool

Proerythroblasts

Erythropoletin

Megakaryocytes Myeloblasts

Release from 
marrow

Reticulocyte

Erythrocytes

Platelets Leukocytes

Fig. 3.6 Differentiation of formed blood elements

Phagocytes Immunocytes

Leukocytes

Monocytes LymphocytesGranulocytes

Neutrophils
Eosinophils
Basophils

Macrophages 
(liver, spleen, 
bone marrow)

T Cells 
(thymus 

cell-mediated 
immunity)

B Cells
(bone 

marrow, 
secrete 

antibodies 
IgG, IgA, 

etc.)

Fig. 3.7 Development of formed blood cells from plaripotent stem cells
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Each of these categories, of course, is a potential type of interaction between the 
blood and materials used in devices.

Devices contacting and therefore potentially having an interaction with the blood 
are categorized by ISO as follows:

3.16.1  Non-contact Devices

An example is in vitro diagnostic devices, which have no biocompatibility testing 
requirements.

Table 3.36 Abbreviations

Abbreviation Meaning

Bb Product of alternate pathway complement activation
β-TG Beta-thromboglobulin
C-4d Product of classical pathway complement activation
C-3a, C5a (Active) complement split products from C3 to C5
D-dimer Specific fibrin degradation products (F XIII cross-linked fibrin)
ECMO Extracorporeal membrane oxygenator
EM Electron microscopy
FDP Fibrin/fibrinogen degradation products
FPA Fibrinopeptide A
F1 + 2 Prothrombin activation fragment 1 + 2
iC3b Product of central C complement activation
IL-1 Interleukin-1
IVC Inferior vena cava
MRI Magnetic resonance imaging
PAC-1 Monoclonal antibody which recognizes the activated form of platelet surface 

glycoprotein IIb/IIIa
PET Positron emission topography
PF-4 Platelet factor 4
PT Prothrombin time
PTT Partial thromboplastin time
RIA Radioimmunoassay
S-12 Monoclonal antibody which recognizes the alpha granule membrane 

component GMP140 exposed during the platelet release reaction
SC5b-9 Product of terminal pathway complement activation
TAT Thrombin-antithrombin complex
TCC Terminal complement complex
TT Thrombin time
VWF von Willebrand factor

3.16  Hemocompatibility (ISO-10993-4)
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3.16.2  External Communicating Devices

These are devices that contact the circulating blood and serve as a conduit into the 
vascular system. Examples include but are not limited to those below.

External communicating devices that serve as an indirect blood path include but 
are not limited to:

• Cannulae
• Extension sets
• Devices for the collection of blood
• Devices for the storage and administration of blood and blood products (e.g., 

tubing, needles, and bags)

Indirect blood path devices are assigned the simplest testing strategy by ISO. A 
profile of six, relatively inexpensive, in  vitro tests is recommended, one test for 
thrombosis, one for coagulation, one for platelet count, two hematology tests, and a 
complement activation panel for immunology. Optional tests may also be required 
by the regulatory authority and this point should be clarified with them before a test-
ing program is initiated.

External communicating devices in contact with circulating blood include but 
are not limited to:

• Cardiopulmonary bypass
• Extracorporeal membrane oxygenators
• Hemodialysis equipment
• Donor and therapeutic apheresis equipment
• Devices for absorption of specific substances from blood
• Interventional cardiology and vascular devices
• Percutaneous circulatory support systems
• Temporary pacemaker electrodes

Circulating blood devices are assigned a somewhat more complex testing strat-
egy, reflecting the fact that circulating blood must blow through the device; hence 
device patency becomes an issue. Again, tests from the five basic categories are 
recommended by ISO. Additional, optional tests are also listed.

3.16.3  Implant Devices

These are devices that are placed largely or entirely within the vascular system. 
Examples include but are not limited to:

• Mechanical or tissue heart valves
• Prosthetic or tissue vascular grafts
• Circulatory support devices (ventricular assist devices, artificial hearts, intra- 

aortic balloon pumps)

3 Biocompatibility Testing: The Biologic Tests
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• Inferior vena cava filters
• Stents
• Arteriovenous shunts
• Blood monitors
• Internal drug delivery catheters
• Pacemaker electrodes
• Intravascular membrane oxygenators (artificial lungs)

The ISO guidelines also provide detailed guidance as to tests to be performed for 
each of these types of devices. This guidance is summarized in Tables 3.38, 3.39, 
3.40, 3.41, and 3.42. Table  3.36 provides a codex for the significant aberrations 
utilized in Tables 3.38, 3.39, 3.40, 3.41, and 3.42. Not covered in these tables are the 
specialized cases associated with cardiovascular devices.

3.16.4  Standard Tests

Among the wide range of tests described in Tables 3.38, 3.39, 3.40, 3.41, and 3.42, 
there are a number which are most commonly performed. These are available at 
most contract research organizations and hospitals and include (besides the simple 

Table 3.38 External communicating devices—level 1—blood path, indirect

Test category Method Comments
Thrombosis Light microscopy 

(adhered platelets, 
leukocytes, aggregates, 
erythrocytes, fibrin, etc.)

Light microscopy can be replaced by scanning EM 
if the nature of the material presents technical 
problems for light microscopy

Coagulation PTT (non-activated)
Platelets Platelet count
Hematology Leukocyte count and 

differential: hemolysis 
(plasma hemoglobin)

Hemolysis is regarded as an especially significant 
screening test to perform in this category because of 
its measurement of red blood cell membrane 
fragility in contact with materials and devices. The 
method used should be one of the normative 
standard test methods for hemolysis

Immunology C3a, C5a, TCC, Bb, 
iC3b, C4d, SC5b-9

A panel including the last four tests encompasses the 
various complement activation pathways

Level 2 (optional)
Thrombosis Scanning EM
Coagulation Coagulation factor 

assays, includingFPA, 
D-dimer, F1 + 2, PAC-1, 
s-12, TAT

Platelets PF-4, β-TG, 
thromboxane B2, 
111In-labelled platelet 
survival
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tests presented here) determination of the numbers and types of formed elements of 
the blood (Lewis et al. 1990) and other end 3.39.

The surfaces of polymers and ceramics (Yokoyama et  al. 1986) may require 
more specialized equipment and approaches than are generally available.

Table 3.39 External communicating devices level 1: circulating blood

Test category Method Comments

Thrombosis Percent occlusion Light microscopy can be replaced by scanning EM 
if the nature of the material presents technical 
problems for light microscopy

Flow reduction
Gravimetric analysis 
(thrombus mass)
Light microscopy 
(adhered platelets, 
leukocytes, aggregates, 
erythrocytes, fibrin, etc.)

Pressure drop not recommended for devices 
intended for PR

Pressure drop across 
device

Coagulation PTT (nonactivated)
Platelets Platelet count

Platelet aggregation
Template bleeding time

Hematology Leukocyte count and 
differential: hemolysis 
(plasma hemoglobin)

Hemolysis is regarded as an especially significant 
screening test to perform in this category because of 
its measurement of red blood cell membrane 
fragility in contact with materials and devices. The 
method used should be one of the normative 
standard test methods for hemolysis

Immunology C3a, C5a, TCC, Bb, iC3b, 
C4d, SC5b-9

A panel including the last four tests encompasses 
the various complement activation pathways

Table 3.40 External communicating devices level 2: optional

Test category Method Comments

Thrombosis Scanning EM (platelet adhesion and 
aggregation; platelet and leukocyte 
morphology; fibrin)

Coagulation Specific coagulation factor assays; 
FPA, D-dimer, F1 + 2, PAC-1, S-12, TAT

Platelets PF-4, βthromboxane B2; gamma 
imaging of radiolabeled platelets111In- 
labeled platelet survival

111In-labeling is recommended for PR 
only

Hematology Reticulocyte count; activation-specific 
release products of peripheral blood 
cells (i.e., granulocytes)

Immunology C3a, C5a, TCC, bb, iC3b, C4d, SC5b-9 A panel including the last four tests 
encompasses the various complement 
activation pathways
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3.16.5  Hemolysis Tests

The simplest and most commonly conducted hemocompatibility test is the in vitro 
homolysis test. In the direct contact hemolysis test, the intact test article is placed in 
a solution of saline, and a small amount of whole red blood is added. After a period 
of incubation (one hour) at 37 ° C, the supernate is decanted and assayed for hemo-
globin. The concentration of hemoglobin is proportional to the number of red cells 
that were lysed.

The percent hemolysis is calculated by the equation below:

 
PercentHemolysis =

−A B

C
×100

 

Table 3.41 Implant devices: level 1

Test Method Comments

Thrombosis Percent occulsion
Autopsy of device (gross 
and microscopic)
Autopsy of distal organs 
(gross and microscopic)

Coagulation PTT (nonactivated), PT, 
TT
Plasma fibrinogen, FDP

Platelets Platelet count
Platelet aggregation

Hematology Leukocyte count and 
differential

Hemolysis is regarded as an especially significant 
screening test to perform in this category because 
of its measurement of red blood cell membrane 
fragility in contact with materials and devices. The 
method used should be one of the normative 
standard test methods for hemolysis

Hemolysis (plasma 
hemoglobin)

Immunology C3a, C5a, TCC, Bb, iC3b, 
C4d, SC5b-9

A panel including the four tests encompasses the 
various complement activation pathways

Table 3.42 Implant devices level 2: optional

Test category Method Comments

Thrombosis Scanning EM
Angiography

Coagulation Specific coagulation factor assays
FPA, D-dimer, F1 + 2, PAC-1, S-12, TAT

Platelets 111In = labeled platelet survival PF-$, βthromboxane B2
Gamma imaging of radiolabeled platelets

Hematology Reticulocyte count; activation specific release products of 
peripheral blood cells (i.e., granulocytes)

Immunology IL-1 and other cytokines; detection of messenger RNA-specific 
for cytokines
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where A is the absorbance of the test sample, B is the absorbance of a negative con-
trol, and C is the absorbance of a positive control.

Hemolysis tests evaluate the acute in  vitro hemolytic properties of materials, 
especially those intended for use in contact with blood. The concentration of sub-
stances which produces hemolysis is generally higher than that needed to produce a 
cytotoxic effect. The result of hemolysis testing can be correlated with acute in vivo 
toxicity tests. A hemolysis test is rapid, requires simple equipment, gives easily 
interpretable quantitative results, and can be performed in the presence of the mate-
rial or on the extract. The results are compared to the controls and expressed as 
percent hemolysis.

The average life-span of human red cells is 120 days. When the life-span is short-
ened, whatever the cause, there is said to be a hemolytic process, and when the 
marrow fails to replace the lost cells quickly enough, then a hemolytic anemia 
reduction in red blood cell count develops.

The term “hemolytic” is rather misleading, as it implies actual lysis or bursting 
of the red cells in the circulation. Sometimes this does occur, and then it is known 
as intravascular hemolysis. More often, however, the cells are damaged or in some 
way inadequate and are then removed from the circulating blood by macrophages in 
the spleen in the usual way. This process is known as extra vascular hemolysis. One 
of the most common tests for hemolysis is the osmotic fragility test.

The membranes surrounding most cells in animal tissues are semipermeable, 
which means that they allow the passage of water, but prevent the passage of dis-
solved substances. When two solutions of different concentration are separated by 
such a membrane, water passes from the more dilute solution to the more concen-
trated one, until the concentration on both sides is equal. This tendency for water to 
flow in one direction is called osmosis, and the pressure exerted as it does so is 
known as the osmotic pressure.

Two solutions of equal concentration are known as “isotonic.” For human blood 
this is equivalent to 0.9% saline solution, when their concentrations are unequal, the 
more dilute solution is “hypotonic” (hypo = low) and the more concentrated solu-
tion is “hypertonic” (hyper = over, above).

If red cells are to retain their shape and function properly, the hemoglobin solu-
tion inside the cell and the plasma outside the cell must be isotonic. Similarly, when 
dealing with red cells in the laboratory, solutions must be isotonic with the contents 
of the cell.

3.16.6  The Osmotic Fragility Test

The degree of hemolysis of cells in hypotonic solutions depends largely on their 
shape. Cells which are already spherocytic (spherical) are easily lysed, that is, they 
are more fragile. Flattened cells on the other hand are more resistant to lysis than 
normal cells.
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A series of solutions are prepared containing salt concentrations from 0.3 g to 
0.6 g per 100 ml. A volume of blood is then added to each of these, and after half an 
hour, the degree of hemolysis is found by spinning down the intact red cells and 
measuring the color intensity of the supernatant. A normal control blood must 
always be treated in the same way for the purpose of comparison and to check the 
quality of the reagents (Kirk et al. 1975). The process proceeds as follows:

3.16.6.1  Method

• Place two rows of seven 10-ml tubes in a rack, and label one row T1–T7 (test) 
and the other row C1–C7 (control).

• Label another four tubes T. Std., T. Blank, C. Std., and C. Blank. Place these in 
the appropriate places in the rack.

• Using one row only, set up tubes as below.
• Mix the solutions carefully, then transfer 5 ml from each tube to the correspond-

ing tube of the second row. This ensures that each concentration is the same for 
test and control.

• To the test row, add 0.05 ml of control blood in the same way.
• Mix all the tubes and allow them to stand at room temperature for 30 min.
• Mix them again, and then centrifuge all the tubes at 3000 rev/min for 5 min.
• Using the appropriate blank, read the color intensities of the test row in a color-

imeter, using an Ilford 625 green filter. Take care not to disturb the red cell layer 
when transferring the clear supernatants to the cuvettes for reading.

• Repeat the procedure with the control row, taking care to change the blank.

3.16.6.2  Calculation and Results

One now has two sets of eight readings, including the standards. The standards, 
which are cells in water, represent 100% hemolysis. They are different from each 
other, because the hemoglobin levels of the two bloods are different.

Using one set of readings, calculate the percentage hemolysis in each tube.

 
Percentage hemolysis

Test reading

Standard reading
= ×100

 

Calculate the second set of results in the same way. The results are best expressed in 
the form of a graph showing percentage hemolysis against the NaCl concentrations.

3.16.6.3  Factors Influencing the Results

• The blood must be as fresh as possible, preferably less than 4 hours old. Cells 
deteriorate on standing and begin to lyse spontaneously.
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• Defibrinated or heparinized blood is most suitable for this test, as such 
blood would not contain any extra salts. Blood anticoagulated with EDTA is 
used also.

• The ratio of blood to saline affects the results; a ratio of 1:100 is usually used.
• The pH of the saline also affects the results. In order to standardize this, a stock 

solution of buffered saline may be prepared which is osmotically equivalent to 
10% NaCl:

 (a) Sodium chloride (NaCl) 178 g
 (b) Disodium hydrogen phosphate (Na2PO4.2H2O) 27.21 g
 (c) Sodium dihydrogen phosphate (NaH2PO4.2H2) 4.86 g
 (d) Distilled water to 2 liters

This solution is diluted 1 in 10 just before use.

3.16.6.4  Normal Range

Slight hemolysis: 0.45–0.4 g% NaCl
Complete hemolysis: 0.35–0.3 g% NaCl

3.16.7  Erythrocyte Stability

The erythrocyte stability test provides a sensitive measure of the interaction of 
extractable or leachable substances with the plasma membrane of erythrocytes and 
is reflected as changes in the osmotic fragility of the erythrocytes. This test can 
detect leachables at concentrations slightly below the sensitive levels of many cyto-
toxicity systems.

Hypotonic saline or distilled water (as described earlier under hemolysis) can 
be adjusted to the required tonicity. Extractors are adjusted to give osmolarity 
appropriate to hemolyze about 50% of the erythrocytes. Usually rabbit blood is 
used (though human blood is preferred), diluted with isotonic saline to about 
1% hematocrit. One-tenth of a millimeter of this stock erythrocyte solution is 
added to 5 mL of hypotonic extract, and the surviving cells are counted. The 
relative hemolysis, number of cells lysed in the extract versus number of cells 
lysed in the control, is reported. By performing the tests with a series of dilu-
tions of the extract, the concentration of extract at which no detectable change 
occurs can be established and compared with data from other materials or from 
extracts prepared under different conditions. Cell size distribution profiles can 
also be obtained in this test, giving an indication of the degree of swelling or 
morphologic changes.
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3.16.8  Whole Blood Clotting Time

Whole blood clotting time may be measured by modifying the Lee-White method 
or other relevant tests. The Lee-White test measures the recalcification as an indica-
tor of coagulability (Kretschner et  al. 2004). Such measures, however, are influ-
enced by blood or sample dilution. Thrombin time, prothrombin time, and/or 
platelet counts should be included.

• Partial thromboplastin time (PTI)

 (a) Shortened time = activation of intrinsic pathway
 (b) Sensitive to all know clotting factors except VII and XII

• Prothrombin time (PT)

 (a) Measures activation of extrinsic pathway
 (b) Measures time required for recalcified plasma to clot in presence of 

thromboplastin

• Thrombin time (TT)

 (a) Useful in detecting inhibitors of the thrombin-fibrinogen reaction
 (b) Measure the availability of functional fibrinogen

3.16.9  Thrombogenicity

Testing for thrombogenicity is normally done by examining platelet and fibrinogen 
turnover and observing thrombus formation and resulting emboli. Because throm-
bogenicity tests are usually difficult, controversial, and expensive, manufacturers 
should consult with the FDA to verify the proper model and test protocol (as briefly 
described below).

Thrombosis is the formation or existence of a blood clot within the vascular sys-
tem. When associated with a device, it can be a life-threatening event because the 
clot, called a thrombus, can occlude a vessel and stop the blood supply to an organ 
or body part. If detached, the thrombus becomes an embolus and may occlude a 
vessel at a distance from the original site. When measuring thrombosis, the test end 
point is the size of clot formation or the adherence of platelets, leukocytes, erythro-
cytes, or other aggregates on the test device.

In the light microscopy method, an intact sample may be exposed to whole blood 
ex vivo. Ex vivo means away from or outside of the body, and, in ex vivo experi-
ments, some of an animal’s blood is caused to bypass the normal circulatory system 
and pass through or across a device and then flow back into the animal’s body. Light 
microscopy is used to scan the material for evidence of thrombus formation. 
Alternatively, the material or device may be excised after a suitable period of expo-
sure in vivo and then scanned for thrombus formation using a light microscope. 
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Thrombosis “tests” give a yes or no answer. There is either thrombus formation or 
there is not. This is the NAVI (non-anticoagulated venous implant) model, which 
can use dogs, pigs, or sheep. It is scored as per Table 3.43, but only as utility for 
assessing short term (up to 5 days) effect. Its limits are:

• The implant position.
• The implant technique.
• The extent of device-vessel wall contact.
• Time/incubation period.
• The explant technique.
• The material or the material surface.
• Nonthromboadherent materials get labeled nonthrombogenic.
• The recipient/subject thrombotic potential.
• Statistical power.
• Evaluator expertise.

3.16.9.1  Percent Occlusion, Flow Reduction and Gravimetric Analysis

These are all attempts to quantify the amount of thrombus formation. Percent occlu-
sion is visually assessed after a device has been in use and has been removed. 
Percent occlusion is a measure of the severity of the thrombotic process in a con-
duit. Flow reduction is a measure of the drop-in rate or volume of blood flow through 
a device after a period of implantation. Gravimetric analysis is a weight measure of 
thrombus mass after removal of the mass from a device after a period of use.

3.16.9.2  Scanning Electron Microscopy

This is a method of visually assessing a device on a micron scale. When used on 
explanted materials or devices, it may give a closer visual assessment of thrombus 
formation, capsular formation, or device performance.

Table 3.43 NAVI model-scoring

Score Thrombus formation score description

0 No significant thrombosis (very small clot acceptable at insertion)
1 Minimal thrombosis, one location
2 Minimal thrombosis, multiple locations
3 Significant thrombosis, ≤1/2 the length of the implant, vessel patient
4 Significant thrombosis, ≥1/2 the length of the implant, vessel patient
5 Vessel completely occluded
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3.16.9.3  Angiography

This is an X-ray of blood vessels (which have been made rediopaque by the injec-
tion of a dye) and is a method of taking an X-ray of the vasculature following injec-
tion of a radiopaque substance to obtain a description of the blood vessels or the 
arterial pulse.

3.16.10  Complement Activation

Inappropriate of excess complement activation may lead to unwanted tissue dam-
ages or cause cardiopulmonary distress in patients (Henderson 1989). Complement 
activation is usually measured by the conversion of C3 to C3a and/or C5 to C5a. The 
hemolytic complement expressed in CH50 is generally not sensitive enough to detect 
complement activation caused by biomaterials and is not acceptable as a comple-
ment activation assay.

The classical complement system consists of nine separate protein components 
(numbered C1 through C9) acting in sequence. When activated, complement compo-
nents interact sequentially with one another in a cascade. Activation of some 
 complement components results in the cleavage of a component into two fragments. 
In some cases, the larger fragments join other activated fragments, and the smaller 
fragments, such as C3a and C5a, have inflammatory properties. The C3a and C5a cause 
vasodilation and increase capillary permeability.

3.16.11  Protein Adsorption

The adsorption of plasma protein is generally the first event that occurs when blood 
contacts a foreign surface (Lemm and Unger 1980). This protein layer has a great 
influence on the thrombogenicity of a material. One of the more commonly used 
techniques is the radiolabeling of protein with 125I. The measurements consist of 
three steps:

• The exposure of a solid surface to a solution containing the radiolabeled 
proteins

• Rinsing to remove all but the adsorbed protein
• Measurement of the radioactivity retained by the surface

This technique provides a direct measurement of the amount of protein adsorbed 
on a surface. Protein adsorption can also be studied from flowing solutions in spe-
cially designed flow chambers. Recently, real-time spectrophotometric measure-
ments of dynamic protein adsorption have been done by Fourier and transformed 
into infrared-attenuated total reflectance.
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3.16.12  Coagulation

Coagulation refers to the process of blood clotting, which results from the initiation 
of a cascading enzymatic pathway where the product on one reaction is an enzyme 
which catalyzes another, subsequent, reaction. The outcome of coagulation is the 
formation of a clot or thrombus. When measuring coagulation, the test end point is 
enzyme activation or suppression (not thrombus formation).

3.16.12.1  Clotting Time

As designed by Lee and White, is probably the earliest coagulation test developed. 
It is not discussed in ISO 10993 Part 4, although it is still frequently used to screen 
materials for blood compatibility. A sample of blood is removed from an animal 
exposed to material or device. The time at which the blood is withdrawn is noted as 
accurately as possible. The syringe is emptied into a small glass tube, which is 
rotated endwise every 30 seconds. The point at which the blood no longer flows 
from its position but maintains its surface contour when inverted is taken as the end 
point. Normal clotting time in humans is about 6.5 minutes.

3.16.12.2  Thromboplastin

The third blood coagulation factor (Factor III). Partial thromboplastin time (PTT) is 
the clotting time of recalcified citrated plasma upon the addition of partial thrombo-
plastin obtained from mammalian brain or lung. Shortening of the PTT following 
contact with a material indicates activation of coagulation factors; a prolonged PTT 
suggests a deficiency. A blood sample, as citrated plasma, is obtained from an ani-
mal that has been exposed to the intact material. An excess of calcium ions and 
thromboplastin are added and the time to clotting measured.

3.16.12.3  Prothrombin

A circulating protein which, when acted upon by thrombokinase, forms thrombin. 
Prothrombin time (PT) is related to prothrombin concentration and the accessory 
factors, Factor V, Factor VII, and Factor X. In the presence of thromboplastin, clot-
ting time depends on the concentrations of these four factors. A blood sample is 
obtained from an animal that has been exposed to the intact material. An excess of 
calcium ions and thromboplastin is added and the time to clotting measured. A pro-
longed prothrombin time indicated a deficiency of prothrombin, Factors V, VII, and 
X or fibrinogen, indicating the implant has inactivated, absorbed, or otherwise inter-
fered with the concentration of these proteins.
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3.16.12.4  Thrombin

It is a protein found in shed blood. Formed from prothrombin, it reacts with soluble 
fibrinogen, converting it to fibrin which forms the basis of blood clots. Thrombin 
time (TT) is the time required for plasma to clot when a solution of thrombin is 
added. A blood sample as plasma is obtained from an animal that has been exposed 
to the intact material. A solution of thrombin is added to the plasma and the time to 
clotting measured. A prolonged thrombin time indicates a deficiency in fibrinogen.

3.16.12.5  Plasma Fibrinogen

A protein in the blood which, when acted upon by thrombin and calcium, forms 
fibrin. A sample of plasma is obtained from an animal that has been exposed to the 
intact material. Active fibrinogen is measured indirectly by using a commercially 
available thrombin time assay. Thrombin time is dependent on fibrinogen and can 
be an accurate measure of its active concentration.

3.16.12.6  Fibrin/Fibrinogen Degradation Products

By-products of degraded fibrin and/or fibrinogen. A sample of plasma is obtained 
from an animal that has been exposed to the intact material. An immunoassay is 
performed by exposing the plasma to fibrin/fibrinogen antibodies per the instruc-
tions in commercially available tests.

3.16.12.7  Specific Coagulation Factor Assays

Fibrinopeptide A, D dimer (a fibrin degradation product), F1 + 2 (prothrombin activa-
tion fragment 1 + 2), PAC-1 (monoclonal antibody which recognizes the activated 
form of platelet surface glycoprotein IIb/IIIa), S-12 (monoclonal antibody which 
recognizes the alpha granule membrane component 9GMP140 exposed during the 
platelet release reaction), or TAT (thrombin-antithrombin complex) may be per-
formed on blood samples taken from animals exposed to intact, implanted material.

3.16.13  Platelets

3.16.13.1  Platelet Count

Platelets are flat, round cells found in the circulating blood. They play an important 
role in blood coagulation, hemostasis, and thrombus formation. When a small vessel 
is injured, platelets adhere to each other and the edges of the injury and form a plug. 

3.16  Hemocompatibility (ISO-10993-4)



190

The plug or blood clot soon retracts and stops the loss of blood. A blood sample is 
obtained from an animal that has been exposed to the intact material and the number 
of platelets per mm3 determined. Normal human values are 200,000 to 300,000.

3.16.13.2  Platelet Aggregation

Induced when cells at the site of injury secrete epinephrine, or when collagen, 
thrombin or other agents are produced at the site. Platelet aggregation can by 
induced in vitro by the addition of these agents exogenously. To evaluate the ability 
of platelets to aggregate, plasma is placed in a beaker and the exogenous agents 
added with constant stirring. As the platelets aggregate, the plasma becomes pro-
gressively clearer. An optical system (aggregometer) is used to detect the change in 
light transmission. Delayed or reduced platelet aggregation, or spontaneous aggre-
gation, is a sign of platelet activation.

Assays for PF-4 (platelet factor 4), β-TG (beta-thromboglobulin), or thrombox-
ane B2 may be performed on blood samples taken from animals exposed to intact, 
implanted material.

Gamma imaging of radiolabeled platelets may be performed on 111Indium- 
labelled platelet survival times may be determined in situ in animals exposed to 
intact, implanted material.

3.16.14  Conclusion

Though hematocompatability has long been identified as a concern for medical 
devices and biomaterials (Mason 1972; Autian 1977; Wilsnack and Bernadyn 1979), 
it is only recently that the standards for evaluation of the relevant end points ave 
come to utilize available technology (ISO-10993-4).

Currently, for materials and for devices with limited (in either extent of duration) 
exposure to the circulated blood, a limited battery of in vitro evaluations as described 
in Table 7.1 should be adequate to ensure hematocompatability. For devices with 
extended contact with circulating blood (systemic circulation), however, a much 
more extensive evaluation, including at least an in vivo study in a suitable model 
species should be considered.

3.17  Carcinogenicity (ISO 10993-3)

This section studies the potential tumorigenicity and carcinogenicity of devices and 
biomaterials with prolonged human exposure via implantation.

Carcinogenicity studies are infrequently required for medical devices. The tables 
in Chap. 1 cite each of the general cases though these do not catch all of the nuances. 
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Under ISO 10993-11, for example, the need to perform carcinogenicity tests may be 
triggered by:

• Devices introduced in the body>30 days cumulative contact
• Devices or materials with positive genotoxicity tests
• Resorbable materials and devices
• Note that in those cases where carcinogenicity testing is required but no effects 

have occurred in genotoxicity tests, clinical testing may be performed concur-
rently with carcinogenicity testing where implantation does not represent the 
most appropriate route of exposure, scientifically justified alternative should be 
considered.

Even then, the ISO standard states that “carcinogenicity should be conducted 
only if there are suggestive data from other sources.” Where implantation does not 
represent the most appropriate or there is a more practical route of exposure, scien-
tifically justified alternative routes should be considered (Henry 1985). The intent of 
such testing is to determine the carcinogenic (“tumorigenic”) potential of devices, 
materials, and/or multiple exposures over a period of the total life-span of the test 
animal. Such tests are frequently designed to evaluate both the chronic toxicity and 
the tumorigenicity in a single study as well as device efficacy. These studies are the 
longest and most expensive of the nonclinical studies typically conducted on any 
new device or device material. These studies are important because, as noted by the 
International Agency for Research on Cancer (1987), “in the absence of adequate 
data on humans, it is biologically plausible and prudent to regard agents for which 
there is sufficient evidence of carcinogenicity in experimental animals as if they 
presented a carcinogenic risk to human.” The best established risks of carcinogenic-
ity have to do with the effects of metals leading from long-term implants.

3.17.1  Animal Model

Unlike for pharmaceuticals and agrichemicals, only one species is required to be 
evaluated in a carcinogenicity assay for a device or device material. The Sprague- 
Dawley- derived rat is by far the most commonly used with the other strains of rats 
(Wistar, Long-Evans, CFE, and Fischer 344 seeing only rare use). On very rare 
occasions, dogs have been used (besides other concerns, a dog tumorigenial study 
is required to run 7 years (as opposed to two for a rat, to be valid)), but this is now 
so infrequent; we will concentrate on the case of the rat study in this section. The 
use of a single species is unlikely to adversely affect overall ability to detect poten-
tial risks (Zbinden 1993).

The choice of species and strain to be used in a carcinogenicity study is based on 
various criteria including susceptibility to tumor induction, incidence of spontane-
ous tumors survival, existence of an adequate historical data base, and availability 
(Cameron et al. 1985; Arnold et al. 1990; Gad 2002).
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Susceptibility to tumor induction is an important criterion. There would be little 
justification for doing carcinogenicity studies in an animal model that did not 
respond when treated with a “true” carcinogen. Ideally, the perfect species/strain 
would have the same susceptibility to tumor induction as the human. Unfortunately, 
this information is usually unavailable, and the tendency has been to choose animal 
models that are highly sensitive to tumor induction to minimize the probability of 
false negatives.

The incidence of spontaneous tumors is also an important issue. Rodent species 
and strains differ greatly in the incidence of various types of spontaneous tumors. 
The Sprague-Dawley stock, although preferred, has a very high incidence of mam-
mary tumors in aging females, which results in substantial morbidity during the 
second year of a carcinogenicity study. If one chooses the Fischer 344 (F344) strain, 
the female mammary tumor incidence will be lower, but the incidence of testicular 
tumors will be higher (close to 100%), than that in Sprague-Dawley rats.

A high spontaneous tumor incidence can compromise the results of a carcinoge-
nicity study in two ways. If a compound induces tumors at a site that already has a 
high spontaneous tumor incidence, it may be impossible to detect an increase above 
the high background “noise.” Conversely, if a significant increase above levels is 
demonstrated, one may question the relevance of this finding to humans on the basis 
that the species is “highly susceptible” to tumors of this type (Hajian 1983).

Such considerations are further compounded by the “Oppenheimer effect” 
(Turner 1941; Oppenheimer et al. 1948, 1952, 1953, 1955, 1958, 1961, 1964). This 
is the occurrence of parenchymal tumors produced after long-lasting periods when 
smooth-surfaced solids are implanted. Such solids have included everything from 
plastics to marble chips. This is a well-established phenomenon in rodents which 
has not been demonstrated in nonrodents or humans. These tumors are thought to be 
due to a epigenetic mechanism, and no sex differences in response have been seen. 
About 80% of the resulting tumors are fibrosarcomas (Alexander and Horning 
1959; Brand et al. 1975, 1976; Ecanow et al. 1977; Brand and Brand 1982; Memol 
1986). Particulate “generation” by the degradation of device components increases 
the degree of problems.

From these early investigations, one can derive a number of characteristics for 
the phenomenon termed “solid-state carcinogenesis.” The major ones are:

• Composition of the material per se appears to be of little importance (unless it 
contains leachable carcinogens) because a wide variety of materials elicits a 
similar response.

• A continuous, impermeable surface is important since perforations, weaves, or 
powders tend to reduce or abolish tumorigenicity of the material (Bates and 
Klein 1966; Bischoff and Bryson 1964; Dukes and Mitchley 1962; Goldhaber 
1961, 1962).

• The implant must be of at least a minimum (“critical” size).
• The implant must remain in situ for a minimum period of time. The studies of 

Oppenheimer et al. (1958) found the presarcomatous changes occurred when the 
material was in place for about 6 months, although tumors may not appear for 
many more months.
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The ability of a species/strain to survive for an adequate period is essential for a 
valid assessment of carcinogenicity. Poor survival has caused regulatory problems 
for pharmaceutical companies (PMA 1988) and is, therefore, an important issue for 
medical devises. The underlying concept is that animals should be exposed to the 
drug for the greater part of their normal life-span to make a valid assessment of 
carcinogenicity. If animals on study die from causes other than drug-induced 
tumors, they may not have been at risk long enough for tumors to have developed. 
The sensitivity of the bioassay would be reduced, and the probability of a false 
negative result would be increased.

The availability of an adequate historical data base if often cited as an important 
criterion for species/strain selection. Historical control data can sometimes be use-
ful in evaluating the results of a study. Although such data are not considered equal 
in value to concurrent control data, they can be helpful if there is reason to believe 
that the concurrent control data are “atypical” for the species/strain.

Advantages of the Sprague-Dawley rat are (1) a large historical data base includ-
ing various routes of exposure, (2) demonstrated susceptibility to known carcino-
gens, (3) generally good survival until recently (see below), and (4) ease of handling 
compared with certain other stocks. Disadvantages include (1) moderate to high 
incidence of spontaneous tumors, especially mammary and pituitary, (2) old rat 
nephropathy, and (3) marked genetic variability in stocks obtained from different 
suppliers (Chu et al. 1981; Sher et al. 1982).

There has recently been a reduction in survival of Sprague-Dawley rats and rats 
of other strains [Food and Drug Administration (FDA) 1993]. This reduction may 
be the result of ad libitum feeding, as preliminary results suggest that caloric restric-
tion may improve survival. Leukemia appears to be the major cause of decreasing 
survival in the F344 rat. The problem of reduced survival may necessitate a reevalu-
ation of the survival requirements for carcinogenicity studies by regulatory agen-
cies. There is also now a significant body of data that suggest that switching from 
the long favored ad libitum feeding of animals in bioassays can both extend their 
life-span and decrease the incidences of some background tumors (Rao and 
Huff 1990).

3.17.2  Dose Selection

3.17.2.1  Number of Dose Levels

Unlike for drugs or agricultural chemicals, there will ordinarily be two dose lev-
els, the maximum implantable dose (MID) and a fraction thereof (usually one-
half of the MID). The controls will generally include polyethylene implants or 
other materials whose lack of carcinogenic potential is documented in a compa-
rable form and shape.
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In carcinogenicity testing on rodents, the maximum implantable dose (MID) of 
a material or device should be applied. Where possible, this dose should be expressed 
as multiple of the worst-case human exposure in milligrams per kilogram.

3.17.3  Group Size

The minimum number of animals assigned to each dose group in implant carcino-
genicity studies is 50 of each sex. Most companies, however, use more than the 
minimum number, and some use up to 80 animals per sex per group. The most 
important factor in determining group size is the need to have an adequate number 
of animals for a valid assessment of carcinogenic activity at the end of the study. 
Larger group sizes are also used when the carcinogenicity study is combined with a 
chronic toxicity study in the rat. In this case, serial sacrifices are performed at 6 and 
12 months to evaluate potential toxic effects of the device.

In the final analysis, the sensitivity of the bioassay for detecting carcinogens is 
directly related to the sample size. Use of the MTD has often been justified based on 
the small number of animals at risk compared to the potential human population, in 
spite of the difficulties inherent in extrapolating effects at high doses to those 
expected at much lower clinical doses. A reasonable compromise may be the use of 
doses lower than the MTD combined with a larger group size than the 50 per sex 
minimum accepted by regulatory agencies.

3.17.4  Route of Administration

Device carcinogenicity studies are conducted with the device or material being 
implanted into the test animals. Prior to implantation the samples are prepared. 
Whenever possible, the device shall be tested in its “ready-to-use” form. Otherwise 
a suitably formed implant shall be made of the test material, with appropriate con-
sideration of potential solid-state carcinogenicity.

Treated animals typically receive single implants in a flank by making an inci-
sion, opening a pouch, inserting the sample, and closing the pouch. Dose groups are 
achieved by implanting variable numbers of devices in multiple flanks. Controls are 
generally untreated in the sense that no device is implanted—only the surgical pro-
cedure is performed.

3.17.5  Study Duration

The duration of carcinogenicity studies for rats is 2 years. Occasionally, rat studies 
are extended to 30 months. When hamsters are used, the study duration is limited to 
18 months, a time period that is consistent with the shorter survival characteristics 
of this species.
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Irrespective of the intended duration of the study, the most important consider-
ation is that adequate numbers of animals survive long enough to allow for a valid 
assessment of carcinogenic activity. When survival is problematic, the duration of 
the study may be modified accordingly. The effect of survival on study duration is 
discussed in the next section.

3.17.6  Survival

As stated earlier, adequate survival is of primary importance in carcinogenicity 
studies because animals must be exposed to a drug for the greater part of their life- 
span to increase the probability that late-occurring tumors can be detected. Early 
mortality, resulting from causes other than tumors, can jeopardize the validity of a 
study because dead animals cannot get tumors.

In general, the sensitivity of a carcinogenicity bioassay is increased when ani-
mals survive to the end of their natural life-span, because weak carcinogens may 
induce late-occurring tumors. The potency of a carcinogen is often inversely related 
to the time to tumor development. By analogy, as the dose of a carcinogen is reduced, 
the time to tumor occurrence is increased (Littlefield et al. 1979; DePass et al. 1986).

Why do we not allow all animals on a carcinogenicity study to live until they die 
a natural death if by so doing we could identify more drugs as carcinogens? In fact, 
the sensitivity of a bioassay may not be improved by allowing the animals to live out 
their natural life-span because the incidence of spontaneous tumors tends to increase 
with age. Thus, depending on the tumor type, the ability of the bioassay to detect a 
device-related increase in tumor incidence may actually decrease, rather than 
increase, with time. Therefore, the optimum duration of a carcinogenicity study is 
that which allows late-occurring tumors to be detected but does not allow the inci-
dence of spontaneous tumors to become excessive.

Reduced survival in a carcinogenicity study may or may not be device-related. 
Sometimes, the MTD is exceeded and increased mortality occurs at the highest dose 
level and, occasionally, at the mid-dose level as well. This situation may not neces-
sarily invalidate a study; in fact, the protocol may be amended to minimize the 
impact of the device-induced mortality. For example, cessation of drug treatment 
may enhance the survival of the animals in the affected groups and allow previously 
initiated tumors to develop. As shown by Littlefield et al. (1979) in the NCTR ED01 
study, liver tumors induced by 2-acetylaminofluorene, which appeared very late in 
the study, were shown to have been induced much earlier and not to require the 
continuous presence of the carcinogen to develop. By contrast, bladder tumors that 
occurred in the same study were dependent on the continued presence of the 
carcinogen.

Whether drug treatment is terminated or not, device-related toxicity may also be 
managed by performing complete histopathology on animals in the lower-dose 
groups rather than on high-dose and control animals only. If there is no increase in 
tumor incidence at a lower-dose level that is not compromised by reduced survival, 
the study may still be considered valid as an assessment of carcinogenicity.
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When reduced survival is related to factors other than excessive toxicity, the 
number of animals at risk for tumor development may be inadequate, and the valid-
ity of the study may be compromised even in the absence of a device effect on sur-
vival. Obviously, the adjustments described above for excessive, drug-related 
toxicity are not relevant to this situation.

There is no unanimity of opinion among regulatory agencies as to the minimum 
survival required to produce a valid carcinogenicity study or as to the best approach 
for dealing with survival problems. Even with a single agency such as the FDA, dif-
ferent opinions exist on these issues. For example, the recently issued FDA Redbook 
II Draft Guidelines requires that rats, mice, or hamsters be treated for 24 months. 
Early termination due to decreased survival is not recommended. The EEC guide-
lines differ in that they suggest termination of the study when survival in the control 
group reaches 20%, while Japanese guidelines suggest termination at 25% survival 
in the control or low-dose groups (Speid et al. 1990). These provisions make good 
sense in that they do not request termination of the study when device-related mor-
tality may be present only at the highest dose.

3.17.7  Parameters Evaluated

In a pure carcinogenicity study the chief parameters measured are survival and 
occurrence of tumors (Table 3.44).

Also measured are typically urinalysis parameters on samples collected prior to 
study start, at 6-month intervals during the study, and just prior to the final sacrifice, 
as presented in Table 3.45.

Clinical pathology and hematology measurements are made on blood samples 
collected at the same intervals with parameters measured in Table 3.44.

3.17.8  Statistical Analysis

Irrespective of the specific protocols used, all carcinogenicity studies end with a 
statistical comparison of tumor proportions between treated and control groups. This 
analysis is necessary because the control incidence of most tumor types is rarely 
zero. In the unlikely case that a type of tumor is found in treated animals but not in 
concurrent or appropriate historical controls, it is reasonable to conclude that the 
tumor is treatment-related without statistical analysis (Haschek and Rousseaux 1991).

Most companies analyze tumor data using mortality-adjusted methods (PMA 
1988). Peto/International Agency for Research on Cancer (IARC) methodology is 
most commonly used, perhaps because this method is currently favored by the FDA 
(Peto et al. 1980). The use of life-table methods is most appropriate for “lethal” 
tumors, that is, those that cause the death of the animals. Various statistical methods 
are available for analyzing the incidence of lethal and nonlethal tumors (e.g., Gart 
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et  al. 1979, 1986; Dinse and Lagokos 1983; McKnight 1988; Portier and Bailer 
1989; Gad 2004). These methods are especially useful when there are drug-related 
differences in mortality rates. When there is no drug effect of survival, unadjusted 
methods will generally give the same results.

Table 3.44 Lifetime carcinogenicity study (implant) organs and sites to be examined

Adrenals (2) Harderian glands (2) Spleen
Brain (3 levels: forebrain, 
midbrain, and hindbrain 
including brainstem)

Heart Spinal cord (cervical)

Eyes (2) Kidneys (2) Skin (dorsal)
Gastrointestinal tract: Larynx Sternum/bone marrow
  Esophagus Liver (2 lobes) Thymic region
  Stomach (glandular and 

nonglandular)
Lung (2 coronal 
sectionsincluding all lobes 
and mainstem bronchi)

Thyroid/parathyroid

  Duodenum Lymph node (mesenteric) Trachea
  Jejunum Mammary region (males 

and females)
Urinary bladder

  Ileum Pancreas Uterus
  Cecum Pituitary Implant site (4 sections 

ofsubcutaneous site and contiguous 
performal region)

  Colon Prostate Any other grossly abnormaltissues 
or organs

  Rectum Salivary gland 
(submaxillary)

Gonads: Ovaries with 
oviducts (2) testes with 
epididymids (2)

Sciatic nerve

Seminal vesicles
Skeletal muscle (thigh)

Table 3.45 Urinalysis 
parameters measured

Appearance (color)
pH
Ketones
Urobilinogen
Specific gravity (refractive index)
Albumin
Glucose
Occult blood
Urinary sediment
Volume
Bilirubin
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As a general approach, most pharmaceutical statisticians begin by testing for the 
presence of a dose-related trend in tumor proportions. If the trend test is significant, 
that is, the p value is less than or equal to 0.05, pairwise comparisons are performed 
between the treated and control groups. Trend and pairwise analyses may be 
adjusted for mortality as stated earlier or performed without mortality adjustment 
using such simple methods as chi-square or Fisher’s exact tests.

Although in most cases the use of trend tests is appropriate since most biological 
responses are dose-related, there are exceptions to this rule. Certain drugs, espe-
cially those with hormonal activity, may not produce classical dose responses and 
may even induce inverse dose-response phenomena. In these cases, a pairwise com-
parison may be appropriate in the absence of a significant positive trend.

Most companies use one-tailed comparisons, and a substantial number use two- 
tailed methods. Since regulatory agencies are primarily interested in identifying 
carcinogenic drugs, as opposed to those that inhibit carcinogenesis, the use of one- 
tailed tests is generally considered more appropriate. Some companies prefer two- 
tailed comparisons because, in the absence of a true carcinogenic effect, there is an 
equal probability of seeing significant decreases as well as significant increases by 
chance alone.

One of the most important statistical issues in the analysis of carcinogenicity 
data is the frequency of “false positives” or Type I errors. Because of the multiplic-
ity of tumor sites examined and the number of tests employed, there is concern that 
noncarcinogenic devices may be erroneously declared carcinogens. If any p < 0.05 
increase in tumor incidence is automatically regarded as a biologically meaningful 
result, then the false-positive rate may be as high as 47–50% (Haseman et al. 1986).

Several statistical procedures designed to correct for the multiplicity of signifi-
cance tests have been published (Haseman 1990). One approach to the problem of 
multiple tumor site/type testing is a procedure attributed to Tukey by Mantel (1980). 
This method is used to adjust a calculated p value based on the number of tumor 
types/sites for which there are a minimum number of tumors in the particular study. 
The reasoning here is that, for most tumor sites, the number of tumors found is so 
small that it is impossible to obtain a significant result for that tumor site no matter 
how the tumors might have been distributed among the dose groups. Only those 
sites for which a minimum number of tumors is present can contribute to the false- 
positive rate for a particular study.

A method proposed by Schweder and Spjotvoll (1982) is based on a plot of the 
cumulative distribution of observed p values. Farrar and Crump (1988) have pub-
lished a statistical procedure designed not only to control the probability of false- 
positive findings but also to combine the probabilities of a carcinogenic effect across 
tumor sites, sexes, and species.

Another approach to controlling the false-positive rate in carcinogenicity studies 
was proposed by Haseman (1983). Under this “rule,” a compound would be declared 
a carcinogen if it produced an increase significant at the 1% level in a common 
tumor or an increase significant at the 5% level in a rare tumor. A rare neoplasm was 
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defined as a neoplasm that occurred with a frequency of less than 1% in control 
animals. The overall false-positive rate associated with the decision rule was found 
to be no more than 7–8%, based on control tumor incidences from NTP studies in 
rats and mice. This false-positive rate compares favorably with the expected rate of 
5%, which is the probability at which one would erroneously conclude that a com-
pound was a carcinogen. This method is notable for its simplicity and deserves seri-
ous consideration by pharmaceutical statisticians and toxicologists. Without 
resorting to sophisticated mathematics, this method recognizes the fact that tumors 
differ in their spontaneous frequencies and, therefore, in their contribution to the 
overall false-positive rates in carcinogenicity studies. False-positive results are 
much less likely to occur at tissue sites with low spontaneous tumor incidences than 
at those with high frequencies.

As a final point that has special relevance to pharmaceutical carcinogenicity 
studies, one may question whether the corrections for multiple comparisons and 
their effect on the overall false-positive rate are appropriate for all tumor types. For 
example, if a compound is known to bind to receptors and produce pharmacological 
effects in a certain organ, is it justified to arbitrarily correct the calculated p value 
for the incidence of tumors in that organ, using the methods described above? It is 
difficult to justify such a correction considering that the basis for correcting the 
calculated p value is that the true probability of observing an increased incidence of 
tumors at any site by chance alone may be much higher than the nominal alpha level 
(usually 0.05). It is reasonable to expect that, when a drug has known pharmacologi-
cal effects on a given organ, the probability of observing an increased tumor inci-
dence in that organ by chance alone is unlikely to be higher than the nominal 5% 
alpha level.

Although most pharmaceutical statisticians and toxicologists agree on the need 
to control the probability of false-positive results, there is no consensus as to which 
method is most appropriate or most acceptable to regulatory agencies. The FDA and 
other such agencies will accept a variety of statistical procedures but will often 
reanalyze the data and draw their own conclusions based on their analyses.

3.17.9  Interpretation of Results

3.17.9.1  Criteria for a Positive Result

There are three generally accepted criteria for a positive result in a carcinogenicity 
study. The first two are derived directly from the results of the statistical analysis: (1) 
a statistically significant increase in the incidence of a common tumor and (2) a sta-
tistically significant reduction in the time to tumor development. The third criterion 
is the occurrence of very rare tumors, that is, those not normally seen in control 
animals, even if the incidence is not statistically significant.
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3.17.9.2  Use of Historical Controls

When the study is over, the data analyzed, and the p values corrected, as appropri-
ate, one may find that one or more tumor types increased in drug-treated groups 
relative to concurrent control group(s), but comparable to or lower than the histori-
cal incidence. Occasionally, a small number of tumors may be found in a treated 
group, and the incidence may be significant because of the absence of this tumor in 
the concurrent controls. Review of appropriate historical control data may reveal 
that the low tumor incidence in the treated group is within the “expected” range for 
this tumor.

The role of historical control data in interpreting carcinogenicity findings 
depends on the “quality” of the historical data. Ideally, the data should be derived 
from animals of the same age, sex, strain, and supplier, housed in the same facility, 
and the pathology examinations should have been performed by the same patholo-
gist or using the same pathological criteria for diagnosis. Since genetic drift occurs 
even in animals of a given strain and supplier, recent data are more useful than older 
data. The value of historical control data is directly proportional to the extent to 
which these conditions are fulfilled.

Although methods are available for including historical control data in the for-
mal statistical analysis (Tarone 1982; Dempster et al. 1983), this is usually not done 
and for good reason. The heterogeneity of historical data requires that they be used 
qualitatively and selectively to aid in the final interpretation of the data, after com-
pletion of the formal statistical analysis.

3.18  Immunotoxicology (ISO 10993-20)

The evaluation of the immunotoxicity of medical devices as part of their biocompat-
ibility assessment is the subject of the most recent ISO-10993 guidance (Part 20). 
Traditionally and still one of the three tests required for all medical devices is der-
mal delayed contact sensitization (covered in an earlier portion of this chapter). 
More extensive evaluation of immune system interactions with devices is both a 
much more recent requirement and not expected for all devices. This is in spite of 
the fact that the association between implanted or indwelling devices and granu-
loma formation has been known for some time (Adams 1983; Anderson 1988; Black 
1981; Burkett et al. 1986; Woodward and Salthouse 1986; Unanue 1994; Salthouse 
1982; Marchant et al. 1985). However, improved science and the record of immune- 
based device problem since 1980 has brought the adequacy of this approach into 
question.

The immune system is a highly complex system of cells tissues and mediators 
involved in a multitude of functions including antigen presentation and recognition, 
amplification, and cell proliferation with subsequent differentiation and secretion of 
lymphokines and antibodies (Bick 1985). The end result is an integrated and highly 
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interdependent system responsible for defense against foreign pathogens and spon-
taneously occurring neoplasms that, if left unchecked, may result in infection and 
malignancy. We also now speak of the system being composed of innate (present in 
both invertebrates and vertebrates) and adaptive (present only in vertebrates) com-
ponents. To be effective, the immune system must be able to both recognize and 
destroy foreign antigens. To accomplish this, cellular and soluble components of the 
adaptive immune system of diverse function and specificity circulate through blood 
and lymphatic vessels, thus allowing them to act at remote sites and tissues. For this 
system to function properly requires regulation through cell-to-cell communica-
tions and precise recognition of self versus nonself (or threat/nonthreat) . 
Immunotoxicants can upset this balance if they are lethal to one of more of the cell 
types or alter membrane morphology and receptors. There are several undesired 
immune system responses that may potentially occur upon repeated exposure to a 
medical device material that may ultimately present barriers to its development, 
including:

• Down-modulation of the immune response (immunosuppression or hypoimmu-
nity), which may result in an impaired ability to deal with neoplasia and infec-
tions. This is of particular concern if the devise is intended or likely to be used in 
patients with preexisting conditions such as cancer, severe infection, or immuno-
deficiency diseases.

• Up-modulation of the immune system (or hyperimmunity, such as 
autoimmunity).

• Direct adverse immune responses to the agent itself in the form of hypersensitiv-
ity responses (anaphylaxis and delayed contact hypersensitivity).

• Direct immune responses to the device that limit or nullify its utility (i.e., the 
development of neutralizing antibodies to be a delivered agent).

Immunotoxicology has evolved since the late 1970s as a specialty within toxicol-
ogy that brings together knowledge from basic immunology, molecular biology, 
microbiology, pharmacology, and physiology. As a discipline, immunotoxicology 
involves the study of the adverse effects that xenobiotics have on the immune system. 
As listed above, several different types of adverse immunological effects may occur, 
including immunosuppression, autoimmunity, and hypersensitivity. Although these 
effects are clearly distinct, they are not mutually exclusive. For example, immuno-
suppressive drugs that suppress suppressor-cell activity can also induce autoimmu-
nity (Hutchings et al. 1985), and agents that are immunoenhancing at low doses may 
be immunotoxic at high doses. Chemical xenobiotics may be in the form of natural 
or man-made environmental chemicals—pharmaceuticals and biologicals that are 
pharmacologically, endocrinologically, or toxicologically active. Although, in gen-
eral, xenobiotics are not endogenously produced, immunologically active biological 
response modifiers that naturally occur in the body should also be included, since 
many are now known to compromise immune function when present in pharmaco-
logically effective doses (Koller 1987). The success in development of immunomod-
ulatory protein therapeutics likewise has had to both promise and challenge.
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Although the types immunological responses to various xenobiotics may be sim-
ilar, the approach taken for screening potential immunological activity will vary 
depending on the application of the compound. In contrast to potential environmen-
tal exposures, medical devices and the materials they are composed of are devel-
oped with intentional but restricted human exposure, and their biological effects are 
extensively studied in surveillance.

In 1993, the FDA issued draft guidelines for immunotoxicity testing in the revi-
sion of the “Redbook” (FDA 1993). Although these guidelines have been estab-
lished through the Center for Food Safety and Applied Nutrition, other centers 
within the FDA extended the usage of these guidelines to cover testing for human 
and veterinary pharmaceuticals. Both ICH (for pharmaceuticals) and ISO (for 
drugs) have promulgated guidances for the evaluation of subject products for 
adverse immune effects.

Unanticipated immunotoxicity is infrequently observed with drugs that have been 
approved for marketing. With the exception of drugs that are intended to be immu-
nomodulatory or immunosuppressive as part of their therapeutic mode of action, 
there is little evidence that drugs or devices cause unintended functional immuno-
suppression in man (Gleichman et al. 1989). However, hypersensitivity (allergy) and 
autoimmunity are frequently observed and are serious consequences of some thera-
pies (DeSwarte 1986). An adverse immune response in the form of hypersensitivity 
is one of the most frequent safety causes for withdrawal of drugs that have already 
made it to market (see Table 3.46) and accounts for approximately 15% of adverse 
reactions to xenobiotics (de Weck 1983). In addition, adverse immune responses 
such as this (usually urticaria and frank rashes) are the chief “unexpected” finding in 
clinical studies. These findings are unexpected in that they are not predicted by pre-
clinical studies. These findings are unexpected in that they are not predicted by pre-
clinical studies because there is a lack of good preclinical models for predicting 
systemic hypersensitivity responses, especially to orally administered agents. As a 
consequence, the unexpected occurrence of hypersensitivity in the clinic may delay, 
or even preclude, further development and commercialization. Thus, a primary pur-
pose for preclinical immunotoxicology testing is to help us detect these adverse 
effects earlier in development, before they are found in clinical trials.

3.18.1  Immunotoxic Effects

The immune system is a highly integrated and regulated network of cell types that 
requires continual renewal to achieve balance and immunocompetence. Fortunately, 
the multiple components of the system serve to overlap and respond to challenges 
in a manner which provides redundancy. The delicacy of this balance makes specific 
components of the immune system a natural target for cytotoxic drugs or their 
metabolites. Since renewal is dependent on the ability of cells to proliferate and dif-
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ferentiate, exposure to agents that arrest cell division can subsequently lead to 
reduced immune function or immunosuppression. This concept has been exploited 
in the development of therapeutic drugs intended to treat leukemias, autoimmune 
disease, and chronic inflammatory diseases and to prevent transplant rejection. 
However, some drugs adversely modulate (or overly stimulate) the immune system 
secondarily to their therapeutic effects. (Simply consider the case of the monoclonal 
antibody TGN-412).

Two broad categories of immunotoxicity have been defined on the basis of sup-
pression or stimulation of normal immune function. Immunosuppression is a down- 
modulation of the immune system characterized by cell depletion, dysfunction, or 
dysregulation that may subsequently result in increased susceptibility to infection 
and tumors. By contrast, immunostimulation is an increased or exaggerated immune 
responsiveness that may be apparent in the form of a tissue-damaging allergic 
hypersensitivity response or pathological autoimmunity. However, as knowledge of 
the mechanisms involved in each of these conditions has expanded, the distinction 
between them has become less clear. Some agents can cause immunosuppression at 
one dose or duration of exposure and immunostimulation at others. For instance, the 
chemotherapeutic drug cyclophosphamide is in most cases immunosuppressive; 
however, it can also induce autoimmunity (Hutchings et al. 1985). Likewise, dimeth-
ylnitrosamine, a nitrosamine detected in some foods, has been shown to have both 
suppressing and enhancing effects on the immune system (Yoshida et al. 1989).

Table 3.46 Drugs withdrawn from the market due to dose- and time-unrelated toxicity not 
identified in animal experiments

Compound Adverse reaction Year of introduction Years on the market

Aminopyrine Agranulocytosis Approx 1900 75
Phenacetin Interstitial nephritis Approx 1900 83
Dipyrone   Agranulocytosis Approx 1930 47
Clioquinol Subacute myelo-optic 

neuropathy
Approx 1930 51

Oxyphenisatin Chronic active hepatitis Approx 1955 23
Nialamide Liver damage 1959 19
Phenoxyorioazine Liver damage 1961 5
Mebanazine Liver damage 1963 3
Ibufenac Hepatotoxicity 1966 2
Practolol Oculo-mucocutaneous 

syndrome
1970 6

Alclofenace Hypersensitivity 1972 7
Azaribine Thrombosis 1975 1
Ticynafen Nephropathy 1979 1
Benoxaprofen Photosensitivity, hematoxicity 1980 2
Zomepirac Urticaria, anaphylactic shock 1980 3
Zimelidine Hepatotoxicity 1982 2

Source: Adapted from Bakke et al. (1984)
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3.18.2  Immunosuppression

The various cells of the immune system may differ in their sensitivity to a given xeno-
biotic. Thus, immunosuppression may be expressed as varying degrees of reduced 
activity of a single cell type or multiple populations of immunocytes. Several lym-
phoid organs such as the bone marrow, spleen, thymus, and lymph nodes may be 
affected simultaneously, or the immunodeficiency may be isolated to a single tissue, 
such as the Peyer’s patches of the intestines. The resulting deficiency may in turn lead 
to an array of clinical outcomes of varying ranges of severity. These outcomes include 
increased susceptibility to infections, increased severity or persistence of infections, or 
infections with unusual organisms (e.g., system fungal infections). Immunosuppression 
can be induced in a dose-related manner by a variety of therapeutic agents at dose 
levels lower than those required to produce overt clinical signs of general toxicity. In 
addition, immunosuppression can occur without regard to genetic predisposition, 
given that a sufficient dose level and duration of exposure has been achieved.

Humoral immunity is characterized by the production of antigen-specific anti-
bodies that enhance phagocytosis and destruction of microorganisms through opso-
nization. Thus, deficiencies of humoral immunity (B lymphocytes) may lead to 
reduced antibody titers and are typically associated with acute gram-positive bacte-
rial infections (i.e., Streptococcus). Although chronic infection is usually associated 
with dysfunction of some aspect of cellular immunity, chronic infections can also 
occur when facultative intracellular organisms such as Listeria or Mycobacterium 
evade antibodies and multiply within phagocytic cells.

Since cellular immunity results in the release of chemotactic lymphocytes that in 
turn enhance phagocytosis, a deficiency in cellular immunity may also result in 
chronic infections. Cellular immunity is mediated by T cells, macrophages, and NK 
cells involved in complex compensatory networks and secondary changes. 
Immunosuppressive agents may act directly by cytotoxicity to T cells or indirectly 
by blocking mitosis, lymphokine synthesis, lymphokine release, or membrane 
receptors to lymphokines. In addition, cellular immunity is involved in the produc-
tion and release of interferon, a lymphokine that ultimately results in blockage of 
viral replication (Table 3.47). Viruses are particularly susceptible to cytolysis by T 
cells since they often attach to the surface of infected cells. Thus,  immunosuppression 
of any of the components of cellular immunity may result in an increase in proto-
zoan, fungal, and viral infections as well as opportunistic bacterial infections.

Immune depression may result unintentionally as a side effect of cancer chemo-
therapy or intentionally from therapeutics administered to prevent graft rejection. In 
fact, both transplant patients administered immunosuppressive drugs and cancer 
patients treated with chemotherapeutic agents have been shown to be at high risk of 
developing secondary cancers, particularly of lymphoreticular etiology (Penn 
1977). Most of these drugs are alkylating or cross-linking agents that by their chem-
ical nature are electrophilic and highly reactive with nucleophilic macromolecules 
(protein and nucleic acids). Nucleophilic sites are quite ubiquitous and include 
amino, hydroxyl, mercapto, and histidine functional groups. Thus, immunotoxic 
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Table 3.47 Growth and differentiation factors of the immune system

Factors Cell of origin Primary immune functions

Interleukinsa

IL-1 Macrophage, 
B and T cells

Lymphocyte-activating factor; enhances activation of T 
and B cells, NK cells, and macrophages

IL-2 T cells (Th) T-cell growth factor; stimulates T-cell growth and effector 
differentiation; stimulates B-cell proliferation/
differentiation

IL-3 T cells (Th) Mast-cell growth factor; stimulates proliferation/
differentiation of mast cells, neutrophils, and macrophages

IL-4 T cells (Th), 
mast cells, B 
cells

B-cell growth factor; induces proliferation/differentiation 
of B cells and secretion of IgA, IgG1, and IgE; promotes 
T-cell growth; activates macrophages

IL-6 T cells, 
fibroblasts, 
monocytes

Stimulates growth/differentiation of B cells and secretion 
of IgG; promotes IL-2-induced growth of T cells

IL-7 Bone marrow 
stromal cells

Stimulates pre-B- and pre-T-cell growth/differentiation; 
enhances thymocyte
Proliferation

IL-8 Monocytes, 
fibroblasts

Neutrophils chemotaxis

IL-9 T cells Stimulates T cells and mast cells
IL-10 T cells Stimulates mast cells and thymocytes; induction of class II 

MHC
Interferons (INF)
α-INF Leukocytes 

and mast cells
Antiviral; increases NK-cell function, B-cell 
differentiation, potentiates macrophage production of IL-1

β-INF Fibroblasts, 
epithelial cells

Antiviral; potentiates macrophage production of IL-1; 
increases NK-cell function

γ-INF T cells (Th), 
cytotoxic  
T cells

Antiviral; activates macrophages; induces MHC class II 
expression on macrophages, epithelial, and endothelial 
cells

Tumor necrosis 
factors (TNF)
TNFα Macrophage, 

B and T cells
Catectin; promotes tumor cytotoxicity; activates 
macrophages and neutrophils; enhances IL-2 receptor 
expression on T cells; inhibits antibody secretion

TNFβ T cells (Th) Lymphotoxin; promotes T-cell-mediated cytotoxicity
NK cells B-cell activation

Colony-stimulating 
factors (CSF)

Stem cells: Promotes growth and differentiation of:

Granulocyte CSF Myeloid Granulocytes and macrophages
Macrophage CSF Myeloid Macrophages and granulocytes
Granulocytes- 
macrophage CSF

Myeloid Granulocytes, macrophages, eosinophils, mast cells, and 
pluripotent progenitor cells

Source: Extracted and modified from Golub and Green (1991)
aIncludes lymphokines, monokines, and cytokines produced by T cells, macrophages, and other 
cells, respectively
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agents used in chemotherapy may induce secondary tumors through direct geno-
toxic mechanisms (i.e., DNA alkylation).

Reduced cellular immunity may result in increased malignancy and decreased 
viral resistance through indirect mechanisms as well, by modulating immune sur-
veillance of aberrant cells. T lymphocytes, macrophage cells, and NK cells are all 
involved in immunosurveillance through cytolysis of virally inflected cells or tumor 
cells, each by a different mechanism (Table 3.47) (Burnet 1970). In addition to the 
common cell types described in Table 3.47, at least two other types of cytotoxic 
effector cells of T-cell origin have been identified, each of which has a unique lytic 
specificity phenotype and activity profile (Merluzzi 1985). Of these, both LAK and 
TIL cells have been shown to lyse a variety of different tumor cells. However, TIL 
cells have 50–100 times more lytic activity than LAK cells. Most tumor cells 
express unique surface antigens that render them different from normal cells. Once 
detected as foreign, they are presented to the T helper cells in association with MHC 
molecules to form an antigen-MHC complex. This association elicits a genetic com-
ponent to the immunospecificity reaction. T helper cells subsequently direct the 
antigen complex toward the cytotoxic T lymphocytes, which possess receptors for 
antigen-MHC complexes. These cells can then proliferate, respond to specific viral 
antigens or antigens on the membranes of tumor cells, and destroy them (Yoshida 
et al. 1989).

In contrast, the macrophages and natural killer (NK) cells are involved in non-
specific immunosurveillance in that they do not require prior sensitization with a 
foreign antigen as a prerequisite for lysis and are not involved with MHC molecules. 
The enhancement of either NK cell function or macrophage function has been 
shown to reduce metastasis of some types of tumors. Macrophage cells accumulate 
at the tumor site and have been shown to lyse a variety of transformed tumor cells 
(Volkman 1984). Natural killer cells are involved in the lysis of primary autochtho-
nous tumor cells. Migration of NK cells to tumor sites has been well documented. 
Although not clearly defined, it appears that they can recognize certain protein-
aceous structures on tumor cells and lyse them with cytolysin.

3.18.3  Immunostimulation

A variety of drugs as well as environmental chemicals have been shown to have 
immunostimulatory or sensitizing effects on the immune system and these effects 
are well documented in humans exposed to drugs (DeSwarte 1986). The drug or 
metabolite can act as a hapten and covalently bind to a protein or other cellular 
constituent of the host to appear foreign and become antigenic. Haptens are low 
molecular weight substances that are not in themselves immunogenic but will 
induce an immune response if conjugated with nucleophilic groups on proteins or 
other macromolecular carriers. In both allergy and autoimmunity, the immune sys-
tem is stimulated or sensitized by the drug conjugate to produce specific pathologi-
cal responses. An allergic hypersensitivity reaction may vary from one which results 
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in an immediate anaphylactic response to one which produces a delayed hypersen-
sitivity reaction or immune complex reaction. Allergic hypersensitivity reactions 
result in a heightened sensitivity to nonself antigens, whereas autoimmunity results 
in an altered response to self-antigens. Unlike immunosuppression, which nonspe-
cifically affects all individuals in a dose-related manner, both allergy and autoim-
munity have a genetic component that creates susceptibility in those individuals 
with a genetic predisposition. Susceptible individuals, once sensitized, can respond 
to genetic predisposition. Susceptible individuals, once sensitized, can respond to 
even minute quantities of the antigen.

3.18.4  Autoimmunity

In autoimmunity, as with hypersensitivity, the immune system is stimulated by spe-
cific responses that are pathogenic, and both tend to have a genetic component that 
predisposes some individuals more than others. However, as is the case with hyper-
sensitivity, the adverse immune response of drug-induced autoimmunity is not 
restricted to the drug itself, but also involves a response to self-antigens.

Autoimmune responses directed against normal components of the body may 
consist of antibody-driven humoral responses and/or cell-mediated, delayed-type 
hypersensitivity responses. T cells can react directly against specific target organs, 
or B cells can secrete autoantibodies that target “self.” Autoimmunity may occur 
spontaneously as the result of a loss of regulatory controls that initiate or suppress 
normal immunity causing the immune system to produce lymphocytes reactive 
against its own cells and macromolecules such as DNA, RNA, or erythrocytes.

Although autoantibodies are often associated with autoimmune reactions, they 
are not necessarily indicative of autoimmunity (Russell 1981). Antinuclear antibod-
ies can occur normally with aging in some healthy women without autoimmune 
disease, and all individuals have B cells with the potential of reacting with self- 
antigens through Ig receptors (Dighiero et al. 1983). The presence of an antibody 
titer to a particular immunogen indicates that haptenization of serum albumin has 
occurred as part of a normal immune response. However, if cells are stimulated to 
proliferate and secrete autoantibodies directed against a specific cell or cellular 
component, a pathological response may result. The tissue damage associated with 
autoimmune disease is usually a consequence of Type II or III hypersensitivity reac-
tions that result in the deposition of antibody-antigen complexes.

Several diseases have been associated with the production of autoantibodies 
against various tissues. For example, an autoimmune form of hemolytic anemia can 
occur if the antibodies are directed against erythrocytes. Similarly, antibodies that 
react with acetylcholine receptors may cause myasthenia gravis, those directed 
against glomerular basement membranes may cause Goodpasture’s syndrome, and 
those that target the liver may cause hepatitis. Other forms of organ-specific autoim-
munity include autoimmune thyroiditis (as seen with amiodarone) and juvenile dia-
betes mellitus, which result from autoantibodies directed against the tissue-specific 
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antigens thyroglobulin and cytoplasmic components of pancreatic islet cells, respec-
tively. In contrast, systemic autoimmune diseases may occur if the autoantibodies 
are directed against an antigen that is ubiquitous throughout the body, such as DNA 
or RNA. For example, systemic lupus erythematosus (SLE) occurs as the result of 
autoimmunity to nuclear antigens that form immune complexes in the walls of 
blood vessels and basement membranes of tissues throughout the body.

The etiology of renal autoimmunity is not well established and is confounded by 
factors such as age, sex, and nutritional state, as well as genetic influences on phar-
macological and immune susceptibility. Unlike idiopathic autoimmunity, which is 
progressive or characterized by an alternating series of relapses and remissions, 
drug-induced autoimmunity is thought to subside after the drug is discontinued. 
However, this is not certain since a major determining factor for diagnosis of a drug- 
related disorder is dependent on the observation of remission upon withdrawal of 
the drug (Bigazzi 1988).

One possible mechanism for xenobiotic-induced autoimmunity involves xenobi-
otic binding to autologous molecules, which then appear foreign to the immunosur-
veillance system. If a self-antigen is chemically altered, a specific T helper (Th) cell 
may see it as foreign and react to the altered antigenic determinant portion, allowing 
an autoreactive B cell to react to the unaltered hapten. This interaction results in a 
carrier-hapten bridge between the specific Th and autoreactive B cell, bringing them 
together for subsequent production of auto-antibodies specific to the self-antigen 
that was chemically altered (Weigle 1980). Conversely, a xenobiotic may alter B 
cells directly, including those that are autoreactive. Thus, the altered B cells may 
react to self-antigens independent from Th-cell recognition and in a nontissue- 
specific manner.

Another possible mechanism is that the xenobiotic may stimulate nonspecific 
mitogenicity of B cells. This could result in a polyclonal activation of B cells with 
subsequent production of autoantibodies. Alternatively, the xenobiotic may stimu-
late mitogenicity of T cells that recognize self, which in turn activate B-cell produc-
tion of antibodies in response to “self” molecules. There is also evidence to suggest 
that anti-DNA autoantibodies may originate from somatic mutations in lymphocyte 
precursors with antibacterial or antiviral specificity. For example, a single amino 
acid substitution resulting from a mutation in a monoclonal antibody to poly-
phorlcholine was shown to result in a loss of the original specificity and an acquisi-
tion of DNA reactivity similar to that observed for anti-DNA antibodies in SLE 
(Talal 1987).

The mechanism of autoimmunity may also entail interaction with MHC struc-
tures determined by the HLA alleles. Individuals carrying certain HLA alleles have 
been shown to be predisposed to certain autoimmune diseases, which may account 
in part for the genetic variability of autoimmunity. In addition, metabolites of a 
particular drug my vary between individuals to confound the development of drug- 
induced autoimmunity. Dendritic cells, such as the Langerhans cells of the skin and 
B lymphocytes that function to present antigens to Th cells, express class II MHC 
structures. Although the exact involvement of these MHC structures is unknown, 
Gleichmann et  al. (1989) have theorized that self-antigens rendered foreign by 
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drugs such as d-penicillamine may be presented to Th cells by MHC class II struc-
tures. An alternate hypothesis is that the drug or a metabolite may alter MHC class 
II structures on B cells, making them appear foreign to Th cells.

A number of different drugs have been shown to induce autoimmunity in suscep-
tible individuals. A syndrome similar to that of SLE was described in a patient 
administered sulfadiazine in 1945 by Hoffman (see Bigazzi 1985). Sulfonamides 
were one of the first classes of drugs identified to induce an autoimmune response, 
while to date, more than 50 other drugs have been associated with a similar syndrome.

Autoantibodies to red blood cells and autoimmune hemolytic anemia have been 
observed in patients treated with numerous drugs, including procainamide, chlor-
propamide, captopril, cefalexin, penicillin, and methyldopa (Logue et  al. 1970; 
Kleinman et al. 1984). Hydralazine- and procainamide-induced autoantibodies may 
also result in SLE. Approximately 20% of patients administered methyldopa for 
several weeks for the treatment of essential hypertension developed a dose-related 
titer and incidence of autoantibodies to erythrocytes, 1% of which presented with 
hemolytic anemia. Methyldopa does not appear to act as a hapten but appears to act 
by modifying erythrocyte surface antigens. IgG autoantibodies then develop against 
the modified erythrocytes.

Some metals that are used in devices have also been shown to induce autoim-
mune responses. Gold salts used to treat arthritis may induce formation of antiglo-
merular basement membrane antibodies, which may lead to glomerulonephritis 
similar to that seen in Goodpasture’s disease (see Type II hypersensitivity). Since 
gold is not observed at the site of the lesions (Druet et al. 1982), it has been hypoth-
esized that the metal elicits an antiself response. Lithium, used to treat 
 manic- depression, is thought to induce autoantibodies against thyroglobulin, which 
in some patient results in hypothyroidism. In studies with rats, levels of antibodies 
to thyroglobulin were shown to increase significantly in lithium-treated rats com-
pared to controls immediately after immunization with thyroglobulin; however, rats 
that were not immunized with thyroglobulin did not produce circulation antithyro-
globulin antibodies upon receiving lithium, and there was no effect of lithium on 
lymphocytic infiltration of the thyroid in either group (Hassman et al. 1985).

In addition, silicone-containing medical devices, particularly breast prostheses, 
have been reported to cause serum-sickness-like reactions, scleroderma-like lesions, 
and an SLE-like disease termed human adjuvant disease (Kumagai et  al. 1984; 
Guillaume et al. 1984). Some patients may also present with granulomas and auto-
antibodies. Human adjuvant disease is a connective tissue or autoimmune disease 
similar to that of adjuvant arthritis in rats and rheumatoid arthritis in humans. 
Autoimmune disease-like symptoms usually develop 2–5 years after implantation 
in a small percentage of people that receive implants, which may indicate that there 
is a genetic predisposition similar to that for SLE. An early hypothesis is that the 
prosthesis or injected silicone plays an adjuvant role by enhancing the immune 
response through increased macrophage and T-cell helper function. There is cur-
rently controversy as to whether silicone, as a foreign body, induces a nonspecific 
inflammation reaction, a specific cell-mediated immunological reaction, or no reac-
tion at all. However, there is strong support to indicate that silicone microparticles 

3.18  Immunotoxicology (ISO 10993-20)



210

can act as haptens to produce a delayed hypersensitivity reaction in a genetically 
susceptible population of people.

3.19  Evaluation of the Immune System

3.19.1  Regulatory Positions

Since the last edition of this book, the pharmaceutical and medical device industries 
have come to have specific regulatory guidances requiring routine evaluation of the 
toxicological profile of the xenobiotic (drugs and devices) in routine preclinical 
safety testing. The chemical industry has been a proponent of using a battery of 
assays to assess chemical-induced immunotoxicity, hence guidelines for a two- 
tiered screen approach have been proposed by the National Toxicology Program 
(NTP) (Luster et al. 1988). This strategy, which was developed for nontherapeutic 
chemicals and environmental contaminants that have different safety standards, 
does not address some of the safety issues and test strategy issues that are unique to 
pharmaceuticals. ICH and ISO (and by reference the FDA) have promulgated drugs 
(ICH) and devices (ISO 10993-20) a similar two-leveled approach (Hinton 1992) 
for assessing immunotoxicity of food colors and additives. In all of these testing 
schemes, the initial tier generally includes a fundamental histopathologic assess-
ment of the major components of the immune system. Additional tiers are then 
added to more precisely evaluate the functionality of the components that appeared 
to be adversely affected in the first tier of tests. These test strategies are primarily 
geared toward the detection of chemical-induced immunosuppression, thus the 
effectiveness of these test schemes for detecting immunostimulation has not yet 
been determined (Spreafico 1988) (Table 3.48).

ISO defines the first tier of assays (Table 3.49) to include an assessment of immu-
nopathology: humoral, cell-mediated, and nonspecific immunity such as natural 
killer cell activity. The second tier includes a more comprehensive battery that 
should be used once functional changes are observed in the Tier I assays. The Tier 
II assays focus on mechanisms of immunotoxicity such as depletion of specific cell 
subsets by flow cytometry analysis or evaluation of secondary immune responses by 
examining IgG response. Cell-mediated immunity is assessed through a functional 
assay that looks at the ability of cytotoxic T cells to kill target cells, and nonspecific 
immunity is evaluated by examining various function of macrophages: (1) the abil-
ity to phagocytize inert fluorescent beads or radiolabeled chicken erythrocytes and 
(2) the ability to produce cytokines such as IL-1 or macrophage activation factor. 
The ultimate immune test would be to examine the effects of xenobiotics on the 
intact animal’s response to challenge by viral, bacterial, or parasitic pathogens or 
neoplastic cells. The ability of the immune system to compensate or, conversely, its 
inability to compensate for loss or inhibition of its components is fully examined 
through host resistance mechanisms. This tiered test approach has been validated 
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Table 3.48 Cellular components of the immune system and their functions

Cell subpopulations Markersa Functions

Nonspecific immunity

Granulocytes Degranulate to release mediators
Neutrophils (blood)
Basophils (blood)
Eosinophils (blood)
Mast cells (connective tissue)
Natural killer cells (NK) Nonsensitized lymphocytes; directly kill target 

cells
Reticuloendothelial CD14; 

HLA-DR
Antigen processing, presentation, and phagocytosis 
(humoral and some cell-mediated responses)

Macrophage (peritoneal, 
pleural, alveolar spaces)
Histiocytes (tissues)
Monocytes (blood)
Specific immunity

Humoral immunity
Activated B cells CD19; 

CD23
Proliferate; form plasma cells

Plasma cells Secrete antibody; terminally differentiated
Resting Secrete IgM antibodies (primary response)
Memory Secrete IgG antibodies (secondary response)
Cell-mediated immunity

T-cell types:
Helper (Tk) CD4; CD25 Assists in humoral immunity; required for antibody 

production
Cytotoxic (Tk) CD8; CD25 Targets lysis
Suppressor (Ts) CD8; CD25 Suppresses/regulates humoral and cell- medicated 

responses
aActivation surface markers detected by specific monoclonal antibodies; can be assayed with flow 
cytometry

Table 3.49 Tier I screen

Parameter Procedures

Immunopathology Routine hematology-complete and differential count; routine 
toxicology information-weights of body, immune organs (spleen and 
thymus), liver, and kidney; histopathology of immune organs

Humoral-mediated 
immunity

LPS (lipopolysaccharide) mitogen response or F(ab)2 mitogenic 
response; enumeration of plaques by IgM antibody-forming cells to a 
T-dependent antigen (sheep red blood cells; serum IgM concentration

Cell-mediated 
immunity

Lymphocyte mitogenic response to concanavalin A and mixed 
lymphocyte response to allogeneic lymphocytes; local lymph node assay

Nonspecific immunity Natural killer cell activity

Source: Adapted from Luster et al. (1988) and Vos et al. (1989)
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with 50 selected compounds, and results from these studies have shown that the use 
of only 2 or 3 immune tests are sufficient to predict known immunotoxic com-
pounds in rodents with a >90% concordance (Luster et al. 1992a, b). Specifically 
the use of either a humoral response assay for plaque-forming colonies (PFC 
response) or determination of surface marker expression in combination with almost 
any other parameter significantly increased the ability to predict immunotoxicity 
when compared to the predictivity of any assay alone.

The FDA guidelines for immunotoxicity testing of food additives start with a 
Type I battery of tests. Type I tests can be derived from the routine measurements 
and examinations performed in short-term and subchronic rodent toxicity studies, 
since they do not require any perturbation of the test animals (immunization or chal-
lenge with infectious agents). These measurements include hematology and serum 
chemistry profiles, routine histopathologic examinations of immune-associated 
organs and tissues, and organ and body weight measurements including thymus and 
spleen. If a compound produces any primary indicators of immunotoxicity from 
these measurements, more definitive immunotoxicity tests, such as those indicated 
in the preceding paragraph, may be recommended on a case-by-case basis.

The following is a brief explanation of some of the indicators that may be used to 
trigger additional definitive testing and a description of some of the most commonly 
used assays to assess humoral, cell-mediated, or nonspecific immune dysfunction, 
which are common to most immunotoxicology test strategies.

3.19.2  Immunopathologic Assessments

Various general toxicological and histopathologic evaluations of the immune sys-
tem can be made as part of routine preclinical safety testing to obtain a preliminary 
assessment of potential drug-related effects on the immune system. At necropsy, 
various immunological organs of the immune system such as thymus, spleen, and 
lymph nodes are typically observed for gross abnormalities and weighed in order to 
detect decreased or increased cellularity. Bone marrow and peripheral blood sam-
ples are also taken to evaluate abnormal types and/or frequencies of the various 
cellular components.

3.19.2.1  Organ and Body Weights

Changes in absolute weight, organ-to-body weight ratios, and organ-to-brain weight 
ratios of tissues such as thymus and spleen are useful general indicators of potential 
immunotoxicity. However, these measures are nonspecific for immunotoxicity since 
they may also reflect general toxicity and effects on endocrine function that can 
indirectly affect the immune system.
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3.19.2.2  Hematology

Hemacytometers or electronic cell counters can be used to assess the numbers of 
lymphocytes, neutrophils, monocytes, basophils, and eosinophils in the peripheral 
blood, while changes in relative ratios of the various cell types can be assessed by 
microscopic differential evaluation. Similar evaluations can be performed with bone 
marrow aspirates, where changes may reflect immunotoxicity to the pluripotent 
stem cells and newly developing lymphoid precursor cells. Potential hematological 
indicators of immunotoxicity include altered white blood cell counts or differential 
ratios, lymphocytosis, lymphopenia, or eosinophilia. Changes in any of these 
parameters can be followed up with more sophisticated flow cytometric analyses or 
immunostaining techniques that are useful for phenotyping the various types of 
lymphocytes (B cell, T cell) and the T-cell subsets (CD4+ and CD8+) on the basis 
of unique surface markers. Decreases or increases in the percentages of any of the 
cell populations relative to controls, or in the ratios of B cells/T cells, or CD4+/
CD8+ cells may be indicators of immunotoxicity.

3.19.2.3  Clinical Chemistry

Nonspecific clinical chemistry indicators of potential immune dysfunction include 
changes in serum protein levels in conjunction with changes in the albumin-to- 
globulin (A/G) ratio. Immunoelectrophoretic analysis of serum proteins can then be 
performed to quantify the relative percentages of albumin and the α-, β-, and 
γ-globulin fractions. To perform these assays, a drop of serum (antigen) is placed 
into a well cut in a gel, and then the gel is subjected to electrophoresis so that each 
molecule in the serum moves in the electric field according to its charge. This sepa-
ration is then exposed to specific antiserum, which is placed in a trough cut parallel 
to the direction in which the components have moved. By passive diffusion, the 
antibody reaches the electrophoretically separated antigen and reacts to form Ag-Ab 
complexes. The γ-globulin fractions can be separated and further quantified for the 
relative proportions of IgG, IgM, IgA, and IgE using similar techniques.

Serum concentrations of immunoglobulin classes and subclasses can also be mea-
sured using various techniques such as radioimmunoassays (RIAs) or enzyme- linked 
immunosorbent assays (ELISAs). In the ELISA, antigens specific for each class of 
immunoglobulin can be adsorbed onto the surfaces for microtiter plates. To determine 
the quantity of each antibody in a test sample, an aliquot of antiserum is allowed to 
react with the adsorbed antigens. Unreacted molecules are rinsed off and an enzyme-
linked anti-Ig is then added to each well. Next, substrate is added, and the amount of 
color that develops is quantified using a spectrophotometric device. The amount of 
antibody can then be extrapolated from standard curves since the amount of color is 
proportional to the amount of enzyme-linked antibody that reacts. Variations in levels 
of a given antibody may indicate the decreased ability of B cells or decreased num-
bers of B cells producing that antibody. In addition, serum autoantibodies to DNA, 
mitochondria, and parietal cells can be used to assess autoimmunity. Serum cytokines 
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(IL-1, IL-2, and γ-interferon) can also be evaluated using immunochemical assays to 
evaluate macrophage, lymphocyte, and lymphokine activity; prostaglandin E2 can 
also be measured to evaluate macrophage function.

CH50 determinations can be used to analyze the total serum complement and are 
useful for monitoring immune complex diseases (Sullivan 1989); activation of com-
plement (Table 3.50) in the presence of autoantibodies is indicative of immune com-
plex diseases and autoimmunity. The various components of the complement system 
(C3, C4) can also be measured to assess the integrity of the system. For instance, 
low serum concentrations of C3 and C4, with a concomitant decrease in CH50, may 
indicate activation of complement, while a low C4 alone is a sensitive indicator of 
reduced activation of the complement system. Since C3 is used as an alternate com-
plement pathway, it usually measures high. Therefore, a low C3 with a normal C4 
may indicate an alternate pathway of activation.

3.19.2.4  Histopathology

Histopathologic abnormalities can be found in lymphoid tissues during gross and 
routine microscopic evaluations of the spleen, lymph nodes, thymus, bone mar-
row, and gut-associated lymphoid tissues such as Peyer’s patches and mesenteric 

Table 3.50 Examples of tests for and indicators of the evaluation of immune responses

Nonfunctional assays

Immune responses Functional assays
Soluble 
mediators Phenotyping Othersa

Tissue/inflammatory Implant/systemic 
ISO 10993-6 and 
ISO 10993-11

NA Cell surface 
markers

Organ weight 
analysis

Humoral response Immunoassays 
(e.g., ELISA) for 
antibody 
responses to 
antigen plus 
adjuvantb

Complement 
(including C3a 
and C5a 
anaphylatoxins)

Cell surface 
markers

Plaque-forming 
cells

Immune 
complexes

Lymphocyte 
proliferation
Antibody- 
dependent cellular 
cytotoxicity
Passive cutaneous 
anaphylaxis
Direct 
anaphylaxis

Cellular 
responses

(continued)
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Table 3.50 (continued)

Nonfunctional assays

Immune responses Functional assays
Soluble 
mediators Phenotyping Othersa

T cells Guinea pig 
maximization test

Cytokine 
patterns 
indicative of 
T-cell subset 
(Th1, Th2)

Cell surface 
markers 
(helper and 
cytotoxic T 
cells)

Mouse local 
lymph node assay
Mouse ear 
swelling test
Lymphocyte 
proliferation
Mixed 
lymphocyte 
reaction

NK cells Tumor 
cytotoxicity

NA Cell surface 
markers

Macrophages and 
other monocytes

Phagocytosis Cytokines (IL-1, 
TNFα, IL-6, 
TGFβ, IL-10, 
ϒ-interferon)

MHC 
markers

Antigen 
presentation

Dendritic cells Antigen 
presentation to T 
cells

NA Cell surface 
markers

Vascular endothelial 
cells

Activation

Granulocytes 
(basophils, 
eosinophils, 
neutrophils)

Degranulation Chemokines, 
bioactive 
amines, 
inflammatory 
cytokines, 
enzymes

NA Cytochemistry
Phagocytosis

Host resistance NA NA NA
Clinical symptoms NA NA NA Allergy, skin rash, 

urticaria, edema, 
lymphadenopathy, 
inflammation

aAnimal models of some human autoimmune diseases are available. However, routine testing for 
induction of autoimmune diseases by materials/devices is not recommended
bMost commonly used tests. Functional assays are generally more important than tests for soluble 
mediators or phenotyping

lymph nodes. Microscopic evaluations should include descriptive qualitative 
changes such as types of cells, densities of cell populations, proliferation in 
known T- and B-cells areas (e.g., germinal centers), relative numbers of follicles 
and germinal centers (immune activation), and the appearance of atrophy or 
necrosis. In addition, unusual findings such as granulomas and scattered, focal 
mononuclear cell infiltrates in nonlymphoid tissues may be observed as indica-
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tors of chronic hypersensitivity or autoimmunity. A complete histopathologic 
evaluation should also include a quantitative assessment of cellularity through 
direct counts of each cell type in the various lymphoid tissues. In addition, 
changes in cellularity of the spleen can be more precisely quantitated from rou-
tine H&E (hematoxylin and eosin) sections using morphometric analysis of the 
germinal centers (B cells) and periarteriolar lymphocyte sheath (T cells). Similar 
morphometric measurements can be made of the relative areas of the cortex and 
medulla of the thymus. If changes in cellularity are apparent from routinely 
stained histopathology sections, special immunostaining (immunoperoxidase or 
immunofluorescence) of B cells in the spleen and lymph nodes using polyclonal 
antibodies to IgG, or immunostaining of the T cells and their subsets in the spleen 
using mono-polyclonal antibodies to their specific surface markers, can be used 
to further characterize changes in cellularity.

Numerous physiological and environmental factors such as age, stress, nutri-
tional deficiency, and infections may affect the immune system (Sullivan 1989). 
Thus, adverse findings in animal studies may reflect these indirect immunotoxic 
effects rather than the direct immunotoxic potential of a chemical or drug. Indirect 
immunotoxic effects may be assessed through histopathologic evaluations of endo-
crine organs such as the adrenals and pituitary.

It is also well known that the functional reserves of the immune system can allow 
biologically significant, immunotoxic insults to occur without the appearance of 
morphological changes. In addition, there is some built-in redundancy in the system 
in that several mechanisms may produce the same outcome. For instance, cytotoxic 
T cells may alone be sufficient to protect the organism against a bacterial infection; 
however, the body will also produce antibodies for future protection. Thus, if one 
mechanism is insufficient to fight off infection, the second mechanism can serve as 
a backup. Because of this functional reserve, adverse effects may remain subclinical 
until the organism is subjected to undue stress or subsequent challenge (Bloom et al. 
1987). Therefore, routine immunopathologic assessments as part of standard pre-
clinical toxicity tests may not be sufficient to detect all immunotoxins. Although 
changes detected in routine toxicological and pathological evaluations are nonspe-
cific, and of undetermined biological significance to the test animal, they can be 
invaluable as flags for triggering additional testing.

3.19.3  Humoral Immunity

As described previously, the humoral immune response results in the proliferation, 
activation, and subsequent production of antibodies by B cells following antigenic 
exposure and stimulation. The functionality and interplay between the three primary 
types of immune cells (macrophage, B cells, and T cells) required to elicit a humoral 
response can be assessed through various in vitro assays using cells from the periph-
eral blood or lymphoid tissues.
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3.19.3.1  Antibody Plaque-Forming Cell (PFC) Assay

The number of B cells producing antibody (PFC) to a T-dependent antigen such as 
sheep red blood cells (SRBCs) can be assessed in vitro following in vivo exposure 
to the test article and antigen (ex vivo tests). The PFC response to a T-dependent 
antigen is included as a Tier I test by the NTP since it appears to be the most com-
monly affected functional parameter of exposure to immunosuppressants. However, 
this test is designated as a Type II test in the FDA Redbook since it requires an 
in vivo immunization of the animals with antigen and, thus, cannot be evaluated as 
part of an initial toxicity screen.

Although this assay requires that B cells be fully competent in secreting antibod-
ies, T cells and macrophage cells are also essential for the proper functioning of 
humoral immunity. However, this assay is nonspecific in that it cannot determine 
which cell type(s) is responsible for dysfunction. Macrophage cells are needed to 
process antigen and produce IL-1. T cells are needed for several functions including 
antigen recognition of surface membrane proteins and B-cell maturation through 
the production of various lymphokines that stimulate growth and differentiation. 
SRBCs are most commonly used as the T-dependent antigen, although T-cell inde-
pendent antigens may also be useful to rule out T helper dysfunction as a cause of 
immunodysfunction.

The PFC assay has evolved from methodology originally developed as a hemo-
lytic plaque assay (or Jerne plaque assay) by Nils Jerne to quantitate the number of 
antibody-forming cells in a cell suspension plated with RBCs onto agar plates (Jerne 
and Nordin 1963). In its present form, animals are treated in vivo with the test com-
pound, immunized with approximately 5 × 108 SRBCs administered intravenously 
within 2 to 3 days posttreatment, and then sacrificed 4 days (IgM) or 6 days (IgG) 
later. Antibody-producing spleen cell suspensions are then mixed in  vitro with 
SRBCs, placed onto covered slides, and incubated for a few hours in the presence 
of complement. During incubation, antibody diffuses from the anti-SRBC- producing 
cells and forms Ag-Ab complexes on the surfaces of nearby SRBCs, resulting in the 
formation of small clear plaques on the slide. Plaques are then counted and expressed 
as PFCs/106 spleen cells. A dose-related reduction in PFCs is indicative of 
immunosuppression.

3.19.3.2  B-Cell Lymphoproliferation Response

The NTP has classified this assay as a Tier I test since mitogenesis can be performed 
easily in tandem with other tests to provide an assessment of the proliferative capac-
ity of the cells (Luster et  al. 1988). Since this assay is performed ex  vivo with 
peripheral blood (or spleen) and is well characterized for use in various animal spe-
cies, it has also been included as an Expanded Type I test in the revised Redbook.

The proliferation of peripheral blood or splenic B cells following stimulation 
with lipopolysaccharide (LPS) or other mitogens (pokeweed mitogen extract) is 
another measurement of humoral immunity. LPS (a bacterial lipopolysaccharide) is 
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a B-cell-specific mitogen that stimulates polyclonal proliferation (mitosis) as part of 
the natural sequence of antigen recognition, activation, and clonal expansion. The 
mitogen does not interact with just one particular antigen-specific clone, but with all 
cells bearing the carbohydrate surface marker for which it is specific. Since mito-
gens are both polyclonal and polyfunctional, they can stimulate a wider spectrum of 
antigenic determinants than antigens, which can only stimulate a low number (10-6) 
of specific cells.

In this assay, lymphocytes from animals treated in vivo are cultured in vitro in 
microtiter plates in the presence of tritiated [3H]thymidine (or uridine) using a range 
of at least three concentrations of mitogen to optimize the response. Lymphocytes 
can be obtained aseptically from peripheral blood r from single cell suspensions of 
spleen cells that are prepared by pushing the tissue through sterile gauze or 60-mesh 
wire screens. A decrease in DNA synthesis (incorporation of 3H) as compared to the 
unexposed cells of control animals may indicate that the B cells were unable to 
respond to antigenic stimulation. Alternative methodology employs an 18–20  h 
incubation with 125I-labeled iododeoxyuridine ([125I]IUdR) and fluorodeoxyuridine 
(FUdR) (White et al. 1985). After incubation, the cells are collected onto filter disks 
and then counted with a gamma counter.

Assays such as this that use polyclonal mitogens for activation may not be as 
sensitive as specific antigen-driven systems (Luster et al. 1988). In addition, sup-
pression of the mitogen response does not always correlate with the PFC response. 
Since mitogenesis represents only a small aspect of B-cell function and maturation, 
this end point is not sensitive to early events that may affect activation or later events 
that may affect differentiation of B cells into antibody-secreting cells (Klaus and 
Hawrylowicz 1984).

3.19.4  Cell-Mediated Immunity

3.19.4.1  T-Cell Lymphoproliferation Response

This assay is analogous to the B-cell lymphoproliferative response assay described 
above. Thus, this assay is also classified as a Tier I test by the NTP and as an 
Expanded Type I test in the revised draft of the Redbook.

T cells from the peripheral blood or spleen undergo blastogenesis and prolifera-
tion in response to specific antigens that evoke a cell-mediated immune response. 
T-cell proliferation is assessed using T-cell-specific mitogens such as the plant lec-
tins, concanavalin A (Con A), and phytohemagglutinin (PHA) or T-cell-specific 
antigens (i.e., tuberin, Listeria). Uptake of 3H as an indicator of DNA synthesis is 
used as described above for evaluating B-cell proliferation. T-cell mitogens do not 
just stimulate synthesis of DNA, but, in fact, they also stimulate the expression of 
cell-specific function. For instance, Con A can trigger the expression of T helper, 
suppressor, and cytotoxic effector cells, and either mitogen may induce the expres-
sion (or reexpression of memory cells) of the differentiated function (Clark 1983). 
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Since cell populations responsive to Con A are thought to be relatively immature 
compared to those that are stimulated with PHA, the parallel usage of both mitogens 
may be useful for distinguishing the affected subset (Tabo and Paul 1973). A sec-
ondary response to T-cell antigens such as purified protein derivative of tuberculin 
(PPD) or tetanus toxoid can also be assessed.

3.19.4.2  Mixed Lymphocyte Response (MLR) Assay

This assay has been shown to be sensitive for the detection of chemical-induced 
immunosuppression and is a recommended Tier I assay by the NTP (Luster et al. 
1988). In addition, it has been shown to be predictive of host response to transplan-
tation and of general immunocompetence (Harmon et al. 1982).

The mixed lymphocyte response assay assesses the ability of T cells to recognize 
foreign antigens on allogenic lymphocytes and, thus, is an indirect measure of the 
cell-mediated ability to recognize graft or tumor cells as foreign. Responder lym-
phocytes from animals treated in vivo with the test compound are mixed with allo-
geneic stimulator lymphocytes that have been treated in vitro with mitomycin C or 
irradiated to render them unable to respond (Bach and Voynow 1966). Both cell 
types are cultured in vitro for 3–5 days and then incubated with 3H for an additional 
6 h. Once the radiolabel is incorporated into the DNA of the responding cells, the 
DNA is extracted and the amount of radioactive label is measured to quantitate 
proliferation of the responder cells of drug-treated animals compared to those of the 
controls.

3.19.4.3  Cytotoxic T Lymphocyte (CTL)-Mediated Assay

This assay is similar to the MLR assay and can be performed in parallel or as a Tier 
II follow-up to the MLR assay.

The CTL assay ascertains the ability of cytotoxic T cells to lyse an allogeneic 
target cell or the specific target cell type with which they were immunized. In gen-
eral, the cytolytic response of activated effector cells is assessed by measuring the 
amount of radioactivity (51Cr) that is released from the target cell. When performed 
in conjunction with the MLR assay, lymphoid cells of the two strains are cultured 
together in  vitro as described above; however, 51Cr is added to the culture after 
4–5 days (instead of 3H). Both responder and target cells are labeled with the 51Cr, 
which is taken up rapidly by the cells through passive diffusion but is released 
slowly as long as the cell membrane is intact. Furthermore, since chromium is 
reduced from Cr6+ to Cr3+ which enters the cells at a much slower rate than Cr6+, the 
51Cr released from the damaged target cells is not significantly reincorporated into 
undamaged cells (Clark 1983), which would reduce the sensitivity of the assay. 
Thus, the amount of chromium released into the medium and recovered in the 
supernatant of the mixture of the cells is directly proportionate to the extent of lysis 
of the target cells by the sensitized responder cells.
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In a capillary tube assay developed in 1962 by George and Vaughan, the inhibi-
tion of migration of macrophage cells can be used to access normal T-cell function 
(see Clark 1983). T cells are obtained from the peripheral blood of animals treated 
in vivo with a test article and injected with an antigen (e.g., tuberculin). These T 
cells are functioning normally; they should release migration inhibition factor 
(MIF). As a consequence, the macrophages, which generally show a propensity for 
migration upon stimulation with the antigen, should show a MIG-induced reduction 
in migratory behavior.

3.19.4.4  Delayed-Type Hypersensitivity (DTH) Response

The DTH response assay is considered to be a comprehensive Tier II assay for cell- 
mediated immunity by the NTP.

3.19.5  Nonspecific Immunity

3.19.5.1  Natural Killer Cell Assays

This assay is a Tier I test for nonspecific immunity in the NTP testing scheme 
(Luster et  al. 1988) and is proposed as an additional Type I test in the draft 
Redbook.

Natural killer (NK) cells, like cytotoxic T cells, have the ability to attack and 
destroy tumor cells or virus-infected cells. However, unlike T cells, they are not 
antigen specific; do not have unique, clonally distributed receptors; and do not 
undergo clonal selection. In in vitro or ex vivo tests, target cells (e.g., YAC-1 tumor 
cells) are radiolabeled in vitro or in vivo with 51Cr and incubated in vitro with effec-
tor NK cells from the spleens of animals that had been treated with a xenobiotic. 
This assay can be run in microtiter plates over the range of various ratios of effector/
target cells. Cytotoxic activity is then measured by the amount of radioactivity 
released from the damaged tumor cells as was previously described for cytotoxic T 
cells. This assay can also be performed in vivo, where YAC-1 cells labeled with 
[125I]IUdR are injected directly into mice and NK cell activity is correlated with its 
level of radioactivity (Riccardi et al. 1979). Immunotoxicity observed as reduced 
NK cell activity is correlated with increased tumorigenesis and infectivity.

3.19.5.2  Macrophage Function

Several assays are available to measure various aspects of macrophage function, 
including quantitation of resident peritoneal cells, antigen presentation, cytokine 
production, phagocytosis, intracellular production of oxygen free radicals (used to 
kill foreign bodies), and direct tumor-killing potential. Techniques for quantitation 
of peritoneal cells and functional assays for phagocytic ability are classified as 
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comprehensive Tier II tests by the NTP and as additional Type I tests in the draft 
Redbook.

Macrophage cells and other polymorphonuclear cells (PMNs) contribute to the 
first-line defense of nonspecific immunity through their ability to phagocytize for-
eign materials, including pathogens, tumor cells, and fibers (e.g., silica, asbestos). 
Xenobiotics can affect macrophage function direct toxicity to macrophages or by 
modulating their ability to become activated. Differential counts of resident perito-
neal cells can be made as rapid, preliminary assessment of macrophage function for 
xenobiotics that are not administered parenterally.

Numerous in vitro assays can be employed to assess common function of macro-
phages and PMNs including adherence to glass, migration inhibition, phagocytosis, 
respiratory activity (chemiluminescent assays or nitroblue tetrazolium), and target 
cell killing. In one such assay, the chemotactic response to soluble attractants is 
evaluated using a Boyden chamber with two compartments that are separated by a 
filter. Macrophage cells or PMNs from treated animals are place in one side and a 
chemotactic agent in the other. Chemotaxis is then quantified by counting the num-
ber of cells that pass through the filter. In another assay, the ability of the macro-
phages to phagocytize foreign materials can be evaluated by adding fluorescent 
latex beads to cultures containing macrophage cells, then determining the propor-
tion of cells that have phagocytized the beads using a fluorescent microscope or by 
flow cytometry (Duke et al. 1985). Similar functions can be evaluated by incubating 
the cells with known amounts of bacteria. The cells are then removed by filtration 
or centrifugation, the remaining fluid is plated onto bacterial nutrient agar, and, after 
a few days of incubation, the bacterial colonies are counted. Furthermore, the effi-
ciency of the cells to kill the bacteria once phagocytized can be assayed by lysing 
the cells and plating the lysate onto bacterial agar.

Various in vivo assessments of macrophage function have also been used. For 
example, peritoneal exudate cell (PEC) recruitment can be assessed using eliciting 
agents such as Corynebacterium parvum, MVE-2, or thioglycolate (Dean et  al. 
1984). In one such assay (White et al. 1985), mice are injected intraperitoneally 
with thioglycolate, sacrificed 5 days later, and the peritoneal cavity is flushed with 
culture medium. The cell suspension is then counted, the cell concentration is 
adjusted to a known density (2 × 105 ml−1), and the cells are cultured for 1 h in 
24-well culture dishes. Adherent cells are then washed with medium, and aliquots 
of 51Cr-labeled SRBCs that were opsonized with mouse IgG are added to each well 
and incubated for various times. This same system can be used to assess adherence 
to and chemotaxis of the PECs (Laskin et al. 1981). Phagocytosis can also be evalu-
ated in vivo by measuring the clearance of injected particles from the circulation 
and the accumulation of the particles in lymphatic tissues such as the spleen.

3.19.5.3  Mast Cell/Basophil Function

The function of mast cells and basophils to degranulate can be evaluated using a 
passive cutaneous anaphylaxis test (Cromwell et al. 1986). Serum containing spe-
cific anaphylactic (IgE) antibodies from donor animals previously exposed to a 
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known antigen is first administered by intradermal (or subcutaneous) injection into 
unexposed host animals. After a sufficient latency period to allow binding of the 
donor IgE to the host tissue mast cells, the animals are administered a second intra-
venous injection of the antigen. The anaphylactic antibodies present in the serum 
will stimulate normally functioning mast cells to degranulate (release histamines) 
and produce a marked inflammatory response. Using similar in vitro assays with 
mast cells and basophils, the quantities of histamines that are released from the cells 
can be measured directly in the culture medium.

3.19.6  Host-Resistance Assays

Host-resistance assays can be used to assess the overall immunocompetence of the 
humoral or cell-mediated immune systems of the test animal (host) to fend of infec-
tion with pathogenic microbes or to resist tumorigenesis and metastasis. These assays 
are performed entirely in vivo and are dependent on all of the various components of 
the immune system to be functioning properly. Thus, these assays may be considered 
to be more biologically relevant than in vitro tests that only assess the function of cells 
from one source and of one type. Since these assays require that the animal be inocu-
lated with a pathogen or exogenous tumor cell, they cannot be performed as part of a 
general preclinical toxicity assessment and are thus classified as Type II tests in the 
revised Redbook. These assays are also included as Tier II tests by the NTP.

Similar host-resistance assays are used to evaluate the immunosurveillance of 
spontaneous tumors, which is assessed as the capacity of the organism to reject 
grafted syngeneic tumors. Various animal-bearing tumor models (Pastan et al. 1986) 
and host-resistance models have been used to assess immunotoxicity. Several of the 
host-resistance assays utilize cultured tumor cell lines such as PYB6 sarcoma and 
B16F10 melanoma cells that are used with Fischer 344 rats. For example, the PYB6 
sarcoma model uses death as an end point. In this assay, syngeneic mice are injected 
with the PYB6 sarcoma cells, and death due to tumor is recorded daily. In another 
routinely used assay, animals that have been treated with a xenobiotic are injected 
with either B16F10 melanoma cells or Lewis lung carcinoma cells, and then approx-
imately 20 days later, they are sacrificed and pulmonary tumors are measured and 
counted.

3.19.7  Hypersensitivity

3.19.7.1  Type I Hypersensitivity

Although there are acceptable systems for evaluating Type I (immediate) reactions 
following systemic exposure, there are no reliable animal models for predicting 
Type I reactions following dermal applications or oral administration of drug. 
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Repeated exposure of a xenobiotic is required to produce a Type I response. A drug 
in the form of a hapten must covalently bind to macromolecules (proteins, nucleic 
acids) before it can initiate a primary antibody response. Once sensitized, even the 
smallest exposure to the xenobiotic can elicit a rapid, intensive IgE antibody- 
mediated inflammatory response. With the exception of antivirals and chemothera-
peutic drugs, most drugs should not be reactive with biological nucleophiles since 
these drugs are usually screened out as mutagens or carcinogens in preclinical 
safety studies. However, Type I hypersensitivity is a particular problem with bio-
technology products themselves (e.g., insulin, growth hormones, interleukins), trace 
impurities from the producing organisms (e.g., E. coli proteins, mycelium), or the 
vehicles used to form emulsions (Matory et al. 1985).

The production of neutralizing antibodies to recombinant DNA protein products 
or their contaminants may be assayed using ELISAs or IRAs. A suitable animal 
model used to evaluate the potential for a Type I response to protein hydrolysates is 
detailed in the United States Pharmacopeia. This test is very sensitive for testing 
proteins administered by the parenteral route, but is of little value for low molecular 
weight drugs and those that are administered orally (Descotes and Mazue 1987). 
Active systemic anaphylaxis can be assessed in guinea pigs following systemic 
exposure to the test compound. For dermal exposures, however, rabbits or guinea 
pigs must be exposed to the test article by intradermal injections and then evaluated 
for their ability to mount a systemic anaphylactic response. The passive cutaneous 
anaphylaxis test (as described above for mast cells) can also be used to assess a 
potential anaphylactic response to a test compound. The serum containing potential 
anaphylactic (IgE) antibodies from donor animals previously exposed to the test 
compound is first administered by intradermal (or subcutaneous) injection into 
unexposed host animals. After a latency period, the animals are administered an 
intravenous injection of the test compound together with a dye. If anaphylactic anti-
bodies are present in the serum, the subsequent exposure to the test compound will 
cause a release of vasoactive amines (degranulation of mast cells), ultimately result-
ing in the migration of the dye to the sites of the intradermal serum injection.

3.19.7.2  Types II and III Hypersensitivity

No simple animal models are currently available to assess Type II (antibody- 
mediated cytotoxicity) hypersensitivity reactions. IgE antibodies and immune com-
plexes in the sera of exposed animals can be assayed using ELISA or RIA techniques 
that require the use of specific antibodies to the drug.

Type III (immune complex-related disease) reactions have been demonstrated by 
the presence of proteinuria and immune complex deposits in the kidneys of the 
Brown-Norway, Lewis, and PVG/C rat strains. However, susceptibility to the depo-
sition and the subsequent lesions (glomerulonephritis) are often variable and depen-
dent on the strain (Bigazzi 1985). For example, despite the appearance of clinical 
signs and proteinuria, after 2-month administration of mercuric chloride, detectable 
levels of circulating antinuclear autoantibodies can no longer be observed in the 
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Brown-Norway strain (Bellon et al. 1982). By contrast, in PVG/C rats administered 
mercuric chloride, immune complex deposition and antinuclear autoantibodies are 
present for longer periods of time; however, proteinuria is not observed (Weening 
et al. 1978).

3.19.8  Approaches

3.19.8.1  Suggested Approaches to Testing

As outlined above, there are numerous assays available to assess the various end 
points that are relevant to immunotoxicity. Early in the development process, a new 
compound should be evaluated with regard to various factors that may flag it as a 
potential immunotoxin, including chemical, structural, or physicochemical proper-
ties (e.g., photoallergin) and therapeutic class (i.e., immunomodulators, anti- 
inflammatories, and antimetabolites). Compounds from therapeutic or structural 
classes that are known to be potential immunotoxins or immunomodulators should 
be evaluated for the effects in question on a case-by-case basis. With the exception 
of immunomodulators, protein products, and products of biotechnology, the major-
ity of pharmaceuticals can be assessed for most forms of immunotoxicity during 
routine preclinical toxicity tests. In general, a well-conducted preclinical toxicity 
study can detect most serious immunotoxins in the form of altered clinical, 
 hematologic, or histological end points. For example, possible effects on humoral 
immunity may be indicated from clinical observation of gastrointestinal or respira-
tory pathology and changes in serum total protein and globulin and by histological 
changes in lymphoid cellularity. Likewise, effects on the cell-mediated response 
may be observed as increases in infections and tumor incidences and by changes in 
the T-cell compartments of lymphoid tissues. In the case of immunosuppressive 
drugs such as cyclophosphamide and cyclosporin A, the immune effects seen in 
rodents are similar to those observed in the clinic (Dean et al. 1987).

If perturbations are observed in any hematologic or histopathologic indicators of 
immunotoxicity, it is then prudent to follow up these findings with one or more of 
the following:

• Use of special immunochemical and cytological assays that can be performed 
retrospectively on samples taken from the animals in question

• Use of more specific in vitro assays to further assess effects on the pertinent tar-
get system and potential mechanism of activity

• Use of more specific in  vivo and ex  vivo assays to determine toxicological 
significance.

• Inclusion of additional nonroutine parameters for immunotoxicity assessment in 
subsequent (longer-term) toxicity assays. Can also include additional satellite 
groups for functional tests that may require coadministration of adjuvants, patho-
gens, or tumor cells
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3.19.9  Suggested Approaches to Evaluation of Results

Several rodent toxicity studies have shown impaired host resistance to infectious 
agents or tumor cells at exposure levels of drugs that did not cause overt signs of 
toxicity (Vos 1977; Dean et al. 1982). One serious limitation to the incorporation of 
specific immunotoxicological evaluations into general use in safety assessment for 
pharmaceuticals is a lack of clarity in how to evaluate and use such findings. This 
problem is true for all new diagnostic techniques in medicine and for all the new and 
more sensitive tools designed to evaluate specific target organ toxicities. Ultimately, 
as we have more experience and a reliable data base that allows us to correlate labo-
ratory findings with clinical experience, the required course of action will become 
clearer. However, some general suggestions and guidance can be offered.

• First, it is generally agreed that adverse effects observed above a certain level of 
severity should be given the same importance as any other life-threatening events 
when assessing biological significance. These are effects that are so severe that 
they are detected as part of the routine evaluations made in safety assessment 
studies. Such findings may include death, severe weight loss, early appearance of 
tumors, and the like. Findings such as significantly increased mortalities in a 
host-resistance assay would also fit into this category.

• Second, there are specific end point assays for which an adverse outcome clearly 
dictates the action to be taken. These end points include either immediate or 
delayed hypersensitivity reactions, because once the individual is sensitized, a 
dose-response relationship may not apply.

• Third, as with most toxicological effects, toxic effects to the immune system are 
dependent upon dose to the target site. The dose-response curve can be used to 
determine no-effect and low-effect levels for immunotoxicity. These levels can 
then be compared to the therapeutic levels to assess whether there is an adequate 
margin of safety for humans.

If we consider both the specific immunotoxicity assays surveyed earlier in the 
chapter and the arrays of end points evaluated in traditional toxicology studies, 
which may be indicative of an immune system effect, these guidelines leave many 
potential questions unanswered. As additional data on individual end points indica-
tive of immune system responses are collected, the pharmaceutical toxicologist is 
challenged with various issues regarding assay interpretation and relevance to pro-
posed (or future) clinical trials. For example, what do significant, but non-life- 
threatening, decreases in antibody response, lymphocyte numbers, macrophage 
functions, or host resistance in an animal mean about the clinic use of a drug in a 
patient? The intended patient population is clearly relevant here—if the disease is 
one in which the immune system is already challenged or incorrectly modulated, 
any immune system effect other than an intended one should be avoided. There are 
several additional considerations and questions that should be answered when eval-
uating the biological and clinical significance of a statistically significant immune 
response:
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• Is there a dose response? The dose response should be evaluated as a dose- 
related trend in both incidence and severity of the response. If there is a dose- 
related response, is the lowest dose (preferably plasma level) at which the effect 
is seen near or below the target clinical dose (plasma level), and is there an ade-
quate therapeutic margin of safety?

• Does the finding stand alone? Is a change observed in only one parameter, or are 
there correlated findings that suggest a generalized, biologically significant 
effect? For example, are there changes in lymph node and spleen weights and 
morphological changes in these tissues to accompany changes in lymphocyte 
numbers?

• Is the effect a measure of function or a single end point measurement? Functional 
measures such as host resistance or phagocytosis involve multiple cells and 
immunocomponents and, therefore, are considered to be more biologically rele-
vant than a significant change in a single end point measurement (e.g., T-cell 
number).

• Is the effect reversible? Reversibility of a response is dependent on the drug 
itself, exposure levels/duration, and factors related to the test animal (metabolic 
capability, genetic susceptibility, etc.). Most effects produced by immunosup-
pressive drugs have been shown to be reversible after cessation of therapy, such 
as those produced during cancer chemotherapy. However, if a tumor develops 
before the immune system is restored, the effect is not reversible, as is the case 
of secondary tumors related to chemotherapy.

• Is there sufficient systematic toxicity data available at levels that demonstrate 
adequate exposure? If a study was designed such that there was insufficient 
exposure or duration of exposure to potential lymphoid target tissues, the test 
protocol may not be adequate to demonstrate an adverse effect.

In general, a well-conducted long-term study in two species, with no indication 
of immunotoxicity, based on the considerations outlined above, should be adequate 
to evaluate the potential for drug-induced immunotoxicity. If the results from these 
studies do not produce evidence of immune-specific toxicity after examination of 
standard and/or additional hematologic, serum chemical, and histopathologic 
parameters, then additional testing should not be indicated. However, if there are 
structure-activity considerations that may indicate a potential for concern, or if sig-
nificant abnormalities are observed that cannot be clearly attributed to other toxici-
ties, then it is important to perform additional tests to fully assess the biological 
significance of the findings.

3.19.10  Problems and Future Directions

There are some very pressing problems for immunotoxicology, particularly in the 
context of pharmaceuticals and biological therapeutics and the assessment of their 
safety. Unlike industrial chemicals, environmental agents, or agricultural chemicals, 
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pharmaceutical products are intended for human exposure, are usually systemically 
absorbed, and have intentionally biological effects on man—some of which are 
intentionally immunomodulating (interleukins, growth factors) or immunotoxic 
(cyclosporin, cyclophosphamide).

3.19.10.1  Data Interpretation

The first major issue was presented and explored in the preceding section. This is 
how to evaluate and utilize the entire range of data that current immunotoxicologi-
cal methodologies provide to determine the potential for immunotoxicity and how 
to interpret the biological significance of minor findings.

3.19.10.2  Appropriate Animal Models

As previously addressed, most routine preclinical toxicology tests are performed 
with rats and dogs; therefore, toxicity, pharmacokinetic, and pharmacology data are 
most abundant for these species. However, most immunological parameters are best 
characterized and validated with mice. In addition, the NTP test battery was 
 developed for the mouse, and some of these assays cannot be readily transferred to 
the rat. Over the last few years, several laboratories have begun adapting tests to 
both the rat and dog (Bloom et al. 1985a, b; Thiem et al. 1988); however, efforts 
need to continue along these lines to further our understanding of the immune 
responses in these species and how they correlate with other animal models and man.

3.19.10.3  Indirect Immunotoxic Effects

A problem related to data interpretation is how to distinguish secondary effects that 
may indirectly result in immunotoxicity from the primary effects of immunotoxicity 
in preclinic toxicity studies. Various factors may produce pathology similar to that 
of an immunotoxin, including:

• Stress in a chronically ill animal as related to general toxicity, such as lung or 
liver damage, can result in immune suppression.

• Malnutrition in animals with drug-induced anorexia or malabsorption can trigger 
immune suppression.

• Infections and/or parasites may also modulate immune parameters.

These indirect factors must be systematically ruled out, and additional mechanis-
tic studies may be necessary to address this problem. The potential for some indirect 
effects may be assessed through histopathologic evaluation of endocrine organs 
such as the adrenals and the pituitary.
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3.19.10.4  Hypersensitivity Tests

Probably the largest immunotoxicity concern in clinical studies is unexpected 
hypersensitivity reactions. While the available guinea pig- and mouse-based tests 
for delayed contact hypersensitivity resulting from dermal exposure are generally 
good predictors, there are currently no well-validated models for either immediate 
or delayed hypersensitivity responses resulting from either oral ingestion or paren-
teral administration. Yet these two situations are the largest single cause for discon-
tinuing clinical trials.

One assay that may hold some promise for delayed hypersensitivity is an adop-
tive transfer-popliteal lymph node assay (Gleichmann et al. 1989a, b). This assay, 
based on the techniques previously described for the popliteal lymph node assay, 
allows assessment of hypersensitivity following systemic exposure of the drug. 
Donor mice are first injected with drug for five consecutive days. After a 4-week 
latency period, potentially sensitized T cells obtained from the spleen are injected 
into the footpad of a syngeneic mouse together with a subcutaneous challenge dose 
of the drug. Two to five days after the cell transfer, the popliteal lymph nodes are 
measured and observed for evidence of a response (enlargement). Once this assay is 
validated, it should allow for a more relevant assessment of hypersensitivity for 
drugs that are administered systemically (Gleichmann et al. 1989a, b).

3.19.10.5  Autoimmunity

Traditional methods for assessing immunotoxicity as part of routine preclinical tox-
icity tests are primarily geared toward the detection of immunosuppressive effects. 
Although it is possible to incorporate clinical methods for detecting immune com-
plexes and autoantibodies into the preclinical test protocols, the significance of 
adverse findings is ambiguous. Since these effects have a genetic component to their 
expression, the relevance of findings in animals is of questionable significance, par-
ticularly since these findings in the clinic do not always correlate with pathological 
effects.

3.19.10.6  Functional Reserve Capacity

As previously discussed, the immune system has a tremendous reserve capacity that 
offers several levels of protection and backups to the primary response. As a conse-
quence, this functional reserve can allow biologically significant, immunotoxic 
insults to occur without the appearance of morphological changes. Furthermore, 
adverse effects may remain subclinical until the organism is subjected to undue 
stress or subsequent challenge. Thus, there is some concern that routine immuno-
pathologic assessments by themselves may not be sufficiently sensitive to detect all 
immunotoxins, particularly when testing is conducted in a relatively pathogen-free, 
stress-free laboratory environment.
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3.19.10.7  Significance of Minor Perturbations

Although the immune system has a well-developed reserve capacity, some of these 
systems may act synergistically rather than independently. For instance, a macro-
phage can recognize and kill bacteria coated with antibodies more effectively than 
can either the macrophage or antibodies alone. Thus, even minor deficiencies and 
impairments may have some impact on the organism’s ability to fend off infection 
or tumors, particularly if the organism is very young, old, ill, stressed, genetically 
predisposed to certain cancers, or otherwise immunocompromised. These consider-
ations lead to some additional questions that must be addressed:

• What level of immunosuppression will predispose healthy or immunocompro-
mised individuals to increased risk of infection or tumors?

• What slight disturbances or immunosuppression lead to a prolonged recovery 
from viral or bacterial infections?

• Will slight up-modulation for extended periods result in autoimmune diseases or 
increased susceptibility to allergy?

• Are individuals that are slightly immunosuppressed at higher risk of developing 
AIDS after exposure to HIV?

The blind men and the elephant, this parable applies all too well to evaluating the 
relevance of isolated measures of effect on the immune system to truly adverse 
changes in patient health. We can measure with great sensitivity and precision 
changes in many components of the system. But we do not yet have sufficient 
understanding to know where the right line is that says it is an indication of an 
adverse effect on health.

3.19.11  Challenges and Special Cases

There are a number of issues for which our present testing scheme does not work 
well or does not address at all.

• Foremost would have to be anaphylaxis—that is, cell-mediated Type I immedi-
ate hypersensitivity. While our tests for potential Type IV delayed contact hyper-
sensitivity (DTH) are required for all medical devices with patient contact and do 
a good job of identifying such potential risks, the potential harm to a patient is 
limited and transitory. Not so for Type I—here there is a real risk of severe harm 
and even death. And no predictive testing is performed. Prior to harmonization of 
nonclinical drug testing under the ICH, the Japanese had and required guinea 
pig-based tests for both active and passive anaphylaxis (Müller and Kley 1982 
and Verdier et al. 1994).

• Inhalation/respiratory devices are not addressed by ISO 10993, nor are there any 
guidances or requirements for biocompatibility testing. What does exist is ISO 
(2017). ISO 18562: Biocompatibility Evaluation of Breathing Gas Pathways in 
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Healthcare Application. International Organization for Standardization (ISO), 
Brussels, Belgium. These provide guidances for physical testing (quantitation of 
particle sizes below certain sizes) and chemical identification, quantitation, and 
subsequent risk assessment of extracts from gas pathway components of such 
devices. Inhalation toxicology is a complex field, with special concerns that are 
unlikely to be adequately understood by those not in the field.

• A growing number of devices intended for implantation, ranging from cardiovas-
cular stents to repair matrices for bones. With the basis for determining what 
biocompatibility testing will be required for a device having duration of patient 
exposure as a fundamental component, and the basis of performing a quantitative 
risk assessment likewise being dependent on both rate and total duration of 
patient exposure to extracted chemical moieties, the lack of certainty for the time 
dimension associated with resorbable devices presents a cause of uncertainty and 
a problem.

• Ocular devices (contact lenses and their care products, interocular lenses, and 
specialty devices such as the Vision Care implantable telescope for macular 
degeneration) represent a special case. They have their own specialized guid-
ances (ISO 9394 and ISO 11979-5) fundamental depend on elements of the ISO- 
10993 set, but the two specialized guidances also prescribe specialized tests.

• While ISO 10993-1 has situations under which the performance of reproductive 
toxicity effects should be considered, and a specific guidance document (along 
with genotoxicity and carcinogenicity), ISO 10993-3, which addresses the design 
of such studies, it is rare that actual studies are conducted.
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Chapter 4
Considerations for Leachables 
and Extractables Testing

Amy L. Mihalchik-Burhans and Erica N. Rogers

Abstract This chapter provides a summary on the regulation, experimental design, 
and analytical techniques commonly utilized in extractables and leachables (E&L) 
testing approaches for medical devices. Extractables are indicated as chemical com-
pounds generated under aggressive, exaggerated experimental conditions, while 
leachables are chemical compounds expected to be present in a medical device 
under clinical use conditions. Key regulatory guidances have been established to 
define the requirements for E&L assessment; the most important guidances com-
monly used in the USA for medical device testing are summarized here. As the 
purpose and testing design for E&L assessment of medical devices differ from con-
tainer closure systems for drug products, the framework of E&L testing including 
characteristics and usage of various solvents, optimization of extraction conditions, 
and implementation of various analytical techniques to analyze the extractable pro-
file for a device under a “worst-case” patient exposure scenario is outlined in this 
chapter. Furthermore, the chapter is written from the perspective of toxicologists 
who routinely assess the safety of medical devices and therefore is a suitable 
resource for beginning risk assessors to grasp a basic understanding of the E&L 
testing process and appropriate points of contact with analytical laboratory staff.

Keywords Extractables · Leachables · Controlled extraction study · ISO 10993:18 
· ISO 10993:12

4.1  Introduction

Amy L. Mihalchik-Burhans

This chapter, written from the perspective of toxicologists who often assess extract-
ables and leachables (E&L) data for pharmaceuticals and medical devices, is intended 
to provide a brief overview of experimental design and techniques commonly employed 
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in E&L testing strategies for those with general interest in the topic and summarize 
recently updated regulatory materials. Extractables are chemical species forcibly 
extracted from a material using a selected solvent under specified experimental condi-
tions (i.e., time, temperature, and pressure), while leachables are chemical species 
expected to be present in a product under clinical use conditions (Feilden 2011; Jenke 
2012). For these substances, a general summary of the most common US regulatory 
guidelines and standards used is discussed in this chapter. The testing schema for medi-
cal devices differs from container closure systems for drug products in general design 
and intent; medical devices are usually assessed via a controlled extraction study, 
which uses multiple solvents of differing polarities, optimized extraction conditions, 
and various analytical techniques to determine the extractables profile for a device, 
which should represent a “worst case” patient exposure scenario without resulting in 
destruction or material degradation of the device. Following an initial assessment by a 
toxicologist, compounds belonging to the cohort of concern (e.g., aflatoxin-like com-
pounds, N-nitroso compounds, azo compounds, polyhalogenated-dibenzodioxins, 
polyhalogenated- dibenzofurans, and polyhalogenated-biphenyls, strained heteronu-
clear rings, heavy metals, alpha-nitro furyl compounds, hydrazines/triazines/azides/
azoxy compounds, polycyclic amines, steroids, and organophosphorus compounds) 
and compounds with TE values exceeding the potential daily exposure, in addition to 
compounds lacking adequate toxicity data for assessment and present above the TTC, 
should be assessed further in an additional targeted leachables study under conditions 
more reflective of clinical exposure (Feilden 2011; ISO 2019).

For toxicologists and risk assessors, detailed experimental protocols and study 
design utilized in E&L testing are often out of our purview, but here, we highlight 
time points in which E&L testing may be required as well as the roles of toxicolo-
gists and analytical chemists in tandem throughout general product development. In 
general, E&L assessment may be necessary or suggested:

• As part of a 510(k) premarket notification dependent upon degree of difference 
between the subject and predicate devices.

• Prior to submitting an investigational device exemption (IDE) as part of the pre-
market approval process (PMA).

• Prior to a de novo device submission (for novel devices only).
• Following a significant change in material(s) of construction used in a device.
• In order to better understand potential local toxicities observed in biocompatibil-

ity testing.
• To assess raw materials of construction prior to use as a control strategy for 

known leachables in a device.

The following figures also provide a general overview of the overlapping roles 
toxicologists and analytical laboratory staff may have during the testing process. 
Figures 4.1 and 4.2 describe the activities toxicologists and analytical staff, respec-
tively, may be responsible for or should inquire about during the initial extractables 
evaluation.

In the event that additional testing is required, Figs. 4.3 and 4.4 describe the same 
respective roles for toxicologists and analytical laboratory staff for targeted leach-
ables assessments.

4 Considerations for Leachables and Extractables Testing
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Toxicologist should 
inquire about testing 

strategies to be 
employed and have 
basic understanding 
of which data will be 

necessary for risk 
assessment.  

Toxicologist should 
communicate regularly 

with contract lab or 
sponsor; if unintended 
destruction of device 

material occurs, data are 
not representative of 
patient exposure and 

study should be repeated 
with alternative testing 

conditions. 

If laboratory report does 
not provide qualitative 

and quantitative 
identification of a 

majority of identified 
compounds (i.e. study 
report primarily lists 

compounds as 
“unknowns”), toxicologist 
must request additional 

analytical testing to 
appropriately identify 
compounds above the 

FDA Threshold of 
Regulation (equivalent to 
1.5 µg/day exposure) or 

resort to the TTC.

Prepare risk assessment 
with careful consideration 

of compounds known to be 
genotoxic, carcinogenic, or 
strong irritants/sensitizers 

depending upon device use.  
Tolerable Exposure (TE) 

values should be calculated 
for each extractable for 

expected patient 
populations and compared 

back to quantified 
extractable levels present in 
report. If Margin of Safety is 
below 3, these compounds 

should be targeted in 
additional testing

Fig. 4.1 Role of the toxicologist in extractables testing

Design Fit-for-
Purpose studies 

with consideration 
to device type and 
intended patient 

use; involve 
toxicologist or risk 
assessor as soon as 

possible in this 
process. 

Perform exaggerated or 
exhaustive extraction 

studies per ISO 10993:12 
on entire final device (or 
representative portions if 

impractical to assess 
entire device); unless 
device is intended to 

degrade in a biological 
system, testing 

conditions should not 
result in device material 

destruction. 

A variety of analytical 
techniques should be 
employed to carry out 
appropriate qualitative 

and quantitative 
identification of 

compounds present in 
extract and accurately 
reported in draft study 

report supplied to 
sponsor and toxicologist. 

Keep lines of 
communication open with 
sponsor and toxicologist 
while extractables risk 

assessment is prepared; be 
ready to address potential 

questions regarding 
identification of 

compounds.  If toxicologist 
identifies compounds of 

concern, it may be helpful 
to consider materials of 

construction used in device 
to tentatively determine 
which material(s) may be 

releasing the compound(s) 
of concern.  

Fig. 4.2 Role of the analytical laboratory in extractables testing

Per assessment of 
data from 

exaggerated or 
exhaustive extraction 
studies, compounds 

of toxicological 
concern should be 

further assessed in a 
simulated use 

extraction study 
(i.e.”leachables

study”)

Perform risk assessment 
of compounds identified 
in leachables testing.  If 

quantified levels of 
compounds exceed 

calculated TE values, 
consider additional 

testing to assess kinetic 
release of compounds of 

interest over an 
established time period 

or suggest serious 
consideration to using 

alternative material(s) of 
construction or material 

supplier(s).

Carefully compare and 
consider TE values and 

quantified levels of 
targeted compounds of 

concern.  

Fig. 4.3 Role of the toxicologist in targeted leachables testing

4.1 Introduction
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4.2  US Regulatory Basis for E&L Testing in Medical Devices

Erica N. Rogers

4.2.1  Definitions of an Extractable and Leachable

During the process validation period of a medical device, extractables and leach-
ables must be identified and addressed. Extractables are compounds that are 
released from the contact surface of a medical device or material under exagger-
ated conditions which may include elevated temperature, extended contact time, 
or aggressive solvent system. Generally, the exaggerated conditions of extraction 
conditions are conducted relative to those which a material is normally used. 
Although the extraction procedures are performed at reasonably severe condi-
tions than normally found in a biopharmaceutical process, extractions should not 
be carried out in such a manner to cause degradation of a medical device to a 
point of not being mechanically functional. Leachables are compounds that are 
released from a medical device or material under clinically relevant use. 
Typically, clinical use of the medical device or material should mimic normal 
conditions which are expected for patient  exposure. Overall, while the goal of an 
extractable study is to identify as many compounds as possible that have the 
potential to be released as leachables, a leachable study identifies chemicals 
which may be released during clinical applications. Therefore, the amount of 
identified leachables should be smaller than the quantity of identified extract-
ables. As such, leachables are a subset of extractables, and not all leachables may 
be found as extractables as illustrated in Fig. 4.5.

Perform simulated 
use extraction study 
per ISO 10993:12 on 

entire final device 
(or representative 

portions if 
impractical to assess 
entire device) under 
conditions reflective 
of expected patient 

exposure.

Compounds of concern 
identified by the 

toxicologist should be 
fully quantified in this 
study to better assess 

potential risk to patients.  

Keep lines of 
communication open 

with sponsor and 
toxicologist while 

leachables risk 
assessment is prepared; 

be ready to suggest 
additional testing 

strategies  that may assist 
in identifying the release 
kinetics of compounds of 
concern or preemptively 

screen materials of 
construction to establish 

preliminary limits for 
compounds of concern.

Fig. 4.4 Role of the analytical laboratory in targeted leachables testing
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4.2.2  Current, Common Regulatory Guidance and Standards 
Exercised in the USA

Presently, several regulatory standard and guidance documents have been established 
to define the requirements of E&L assessment. For simplicity, this chapter will only 
focus on four of the most common ISO guidelines that are used quite often in the 
USA in reference to medical devices. Under the current International Organization 
for Standardization (ISO) 10,993 and FDA regulatory guidelines and expectations, a 
critical function of safety assessment for medical devices with internal body (“sys-
temic”) contact for potentially at least 29 days or more includes the recognition and 
measurement of chemical compounds which may be transmitted out from a medical 
device to an individual as well as performance of a risk analysis and evaluation of the 
medical device of interest (FDA 2016). The guidelines that will be discussed in this 
chapter include ISO 10993 parts 1, 12, and 18 and ISO 14971.

4.2.2.1  ISO 10993-1: Biological Evaluation of Medical Devices: 
Evaluation and Testing in the Risk Management Process

ISO 10993-1 provides guidance on which biological safety tests that should be per-
formed in the ISO 10993 series for a specific application. This guidance requires 
that the biological safety tests selected and performed on a medical device should 
be documented, informed decisions that evaluate the advantages and disadvantages 
as well as relevance (among other things) of current toxicological and biological 
safety data on product and component materials, breakdown products, and metabo-
lites of medical device materials. Although initial identification of material chemi-
cal constituents and consideration of chemical characterization emphasized to occur 
prior to any biological testing, this objective is not always the case. Overall, a sys-
tematic approach to biological evaluation of a medical device as part of the risk 
management process should begin with collection of material identification infor-
mation and evaluation of a chemical characterization of material identified in the 
medical device. In theory, all material information on the construction of the medi-
cal device is provided from the manufacture(s). However, suppliers rarely share all 
material detail on the composition and production of a medical device.

Fig. 4.5 Relationship 
between extractables and 
leachables
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In 2016, FDA issued a finalized, updated document which provided further clari-
fication and updated information on the utilization of ISO 10993-1, “Biological 
evaluation of medical devices – Part 1: Evaluation and testing within a risk manage-
ment process” in support of present applications to the FDA. This finalized guid-
ance replaces the Office of Device Evaluation (ODE) Blue Book Memorandum 
#G95–1 (1995), entitled “Use of International Standard ISO-10993, ‘Biological 
Evaluation of Medical Devices – Part 1: Evaluation and Testing.” In this guidance, 
the FDA discussed the selection of appropriate endpoints for biological evaluation 
of a medical device which includes consideration of chemical characteristics of the 
device materials as well as the nature, degree, frequency, and duration of intended 
exposure of the device to the body (FDA 2016). Additionally, this guidance docu-
ment considers new topics including the use of risk-based approaches in the deter-
mination of whether biocompatibility testing is necessary, chemical assessment 
recommendations, and suggestions for biocompatibility preparation for medical 
device testing with regard to submicron or nanotechnology components and for 
medical devices made from in situ polymerizing and/or absorbable materials. Some 
medical devices are composed of materials that have been well characterized chem-
ically and physically in published data and/or possess a lengthy record of safe use 
in legally US-marketed medical devices. In this case, it may be necessary to perform 
some, if not all, of the biocompatibility endpoints as discussed in this FDA guidance 
document. For instance, if a manufacture is able to demonstrate through documen-
tation that the use of a particular material in a legally marketed predicate device or 
a legally marketed device with comparable tissue exposure as well as provide a 
convincing explanation why manufacturing is not expected to adversely impact bio-
compatibility, additional testing may not be needed to address some or all biocom-
patibility endpoints recommended for consideration.

When extractables and leachables have existing toxicological or biocompatibil-
ity data relevant to intended dose, and for which route and frequency of exposure 
indicate adequate safety margins exists, an acceptable exposure level shall be deter-
mined in accordance with ISO 10993-17 Biological evaluation of medical devices – 
Establishment of allowable limits for leachable substances, and the need for further 
biocompatible testing can be either excluded or reduced. For devices with known 
leachable chemical mixtures, potential synergies and recommended implementa-
tion of multiple ISO 10993 standards shall be considered (ISO 2018a).

4.2.2.2  ISO 10993-12: Biological Evaluation of Medical Devices – Sample 
Preparation and Reference Materials

ISO 10993-12 assumes that the quantity of extractable during the extraction period 
which is influenced by time, temperature, surface-area-to-volume ratio regarding 
extraction solvent, and extraction medium in the final product forms for a test arti-
cle. At higher temperature or other aggressive extraction conditions, the identifica-
tion of extractables should be carefully considered. Extraction time and temperatures, 
as outlined in this guidance, should be high enough to maximize the amount of 
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extractable possible without resulting in degradation or deformation of the test arti-
cle. Surface-area-to-volume extraction ratios include the thickness of such materials 
as film, tubing wall, natural elastomers, and molded items. Additionally, the surface- 
area- to-volume extraction ratio includes the evaluation of porous surfaces provided 
that these materials simulate the conditions during clinical use or result in a 
 measurable hazard. In relation to surface-area-to-volume ratio, measurements are 
dependent on the shape and thickness, among other factors. The standard surface 
area can be used to determine the volume of extraction medium required. This area 
may include a combination of areas for all sides of the test article with the exception 
of irregular-shaped devices which are determined based on mass-to-volume ratio. 
For most devices, extraction medium should be selected and prepared based on 
conditions to mimic and exaggerate clinical usage for determination of leachable 
and extractable substances, respectively. A more detailed discussion of sample prep-
aration with regard to the assessment of extractables and leachables is further dis-
cussed in Sect. 4.3 of this chapter (ISO 2011).

4.2.2.3  ISO 10993-18: Biological Evaluation of Medical Devices – 
Chemical Characterization of Medical Device Materials 
Within a Risk Management Process

The focus of ISO 10993-18 is to provide an overall outline for the identification of 
biological hazards as well as estimated quantitation and qualitative regulation of 
biological risks from chemical constituents. The requirements specified in this guid-
ance document are intended in a stepwise manner to conduct chemical characteriza-
tion on a medical device through (1) identification of material construction; (2) 
characterization of material construction through recognition and estimation of 
chemical constituents; (3) characterization of chemical substances present in the 
manufacturing of medical device; (4) approximation of potential chemicals during 
or following the construction of a medical device; and (5) estimation of exposure 
levels to leachables released in a medical device, that is, chemical constituents 
released from a device under clinical conditions (ISO 2018b).

4.2.2.4  ISO 14971: Medical Devices – Application of Risk Management 
to Medical Devices

ISO-14971 provides a fundamental guidance on a product’s intended use, determi-
nation of potential hazards, and consideration of biological and chemical risks as 
well as biocompatibility of a medical device. The primary focus of this guidance 
document is the identification, evaluation, regulation, and management of chemical 
risks associated with a test article which is defined as a medical device, a component 
or material, or an extract or portion that undergoes biological or chemical testing or 
evaluation. In accordance, ISO-14971 provides information on the preparation of a 
test article for assessment of chemical risks or chemical characterization.
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Evaluation of chemical risks should consider the exposure of airway, tissues, 
and/or environment to foreign materials such as residues, contaminates, additives or 
processing aids, degradants, and acids. Results obtained from chemical character-
ization testing shall be evaluated by a toxicologist or trained individual in order to 
decide the overall biocompatibility of a medical device. Evaluation of chemical 
characterization testing should be conducted on extractables and/or leachables 
which may potentially be released from a test article. Overall, ISO 14971 requires 
that a manufacture should either decide whether a test article is safe for exposure 
based on criteria defined in the risk management plan or if the test article is consid-
ered unsafe the manufacture must gather and review existing published data and 
literature in determination of the benefits outweighing the overall chemical risk 
(ISO 2010).

4.3  Fit for Purpose Experimental Design in E&L Testing

Amy L. Mihalchik-Burhans

4.3.1  Identification of Study Needs Based Upon Device Type

Although E&L testing strategies for pharmaceutical products and medical devices 
share some basic similarities, the intent and progression of testing may vary between 
these products as generally described below in Table 4.1. Of course, program design 
may reflect specific drug classes (i.e., orally inhaled and nasal drug products, paren-
teral and ophthalmic drug products, etc.) and intended duration of patient use, which 
is not fully considered here. However, these subtle differences in testing strategy 
and intent are essential for toxicologists and risk assessors to understand when con-
sidering and interpreting E&L data.

General study design to identify extractables from finished medical devices or 
representative portions of devices (which are expected to be of similar surface area 
and proportion to the finished medical device, undergo similar processing and 
include any coating materials) is typically device specific, dependent upon expected 
route and duration of patient contact, as well as physicochemical characteristics of 
materials of construction used in the device (ISO 2011). Generally, three study con-
dition paradigms are considered for testing including exhaustive, exaggerated, and 
simulated-use extraction conditions. Exhaustive extraction conditions are recom-
mended for testing of permanent implanted medical devices in order to ascertain the 
maximum quantity of extractables (and therefore, potential leachables) from device 
materials throughout the expected period of clinical use (or up to a lifetime) without 
resulting in chemical changes to device materials or extracted compounds. 
Exhaustive extraction study design requires sequential extractions of the device in 

4 Considerations for Leachables and Extractables Testing



247

appropriate solvents replaced after each extraction period until the level of an 
extracted substance is less than 10% of the level identified in the initial extraction or 
the total peak area, total organic carbon, or nonvolatile residue level is less than 10% 
of that observed in the initial extraction. Exaggerated extraction studies may be 
justified for devices used for <24 h or for prolonged use (>24 h to 30 days) and are 
designed to result in an extractables profile which generates an increased number or 
level of extractable compounds than expected during clinical use without resulting 
in device material degradation. Per ISO 10993:12, the following conditions are sug-
gested for exaggerated extractables testing:

(37 ± 1)°C for (72 ± 2) h.

(50 ± 2)°C for (72 ± 2) h.

(70 ± 2)°C for (24 ± 2) h.

(120 ± 2)°C for (1 ± 0.1) h.

However, conditions should be carefully selected based upon the materials of con-
struction used in the device (i.e., an appropriate solvent and temperature should be 
selected to avoid destruction of device materials which is not expected to reflect 

Table 4.1 Comparison of E&L testing strategies for pharmaceuticals and devices

Product
Intent of study 
program

Potential origin of 
E&L compounds

Appropriate 
guidance

General study 
design and 
progression

Pharmaceutical 
product

Derive qualitative 
and quantitative 
data on E&L 
compounds 
derived from 
container closure 
or packaging 
system over a 
specified time 
period

Primary container 
closure, secondary 
packaging, 
adhesives, and 
labeling inks

USP <1663>, 
USP <1664>, 
USP <661>, FDA 
Container 
Closure Systems 
for Packaging 
Human Drugs 
and Biologics

Extractables 
testing followed by 
leachables 
correlation study 
to identify and 
qualify leachates 
for safety in a drug 
product

Medical device Derive qualitative 
and quantitative 
data regarding 
compounds 
extracted from 
finished device or 
representative 
portions of 
device dependent 
upon expected 
duration of 
patient use

Materials of 
construction with 
expected direct or 
indirect surface 
contact with 
patient (i.e., 
implanted devices, 
externally 
communicating 
devices such as IV 
tubing)

ISO 10993 series 
(especially Part 
12 and 18), ISO 
14971, and FDA 
Use of 
International 
Standard ISO 
10993-1, 
“Biological 
evaluation of 
medical 
devices – Part 1: 
Evaluation and 
testing within a 
risk management 
process”

Dependent upon 
expected patient 
use and contact, 
exaggerated, 
exhaustive, or 
simulated-use 
extraction study 
which may be 
followed up with 
additional targeted 
leachables testing 
to assess release 
characteristics of 
compounds
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standard clinical use). It is also important to consider that release kinetics of all 
extractables may not be known and that alterations in temperature can significantly 
impact cross-linking or polymerization of a polymer or result in degradation prod-
ucts that are irrelevant to clinical use (Feinberg et al. 2012; Gad-McDonald et al. 
2016; ISO 2018b). Exaggerated extractables testing should meet at least one or 
more of the following conditions as described in ISO/DIS 10993:18 in order to 
identify an extractables profile reflective and protective of a worst-case leachables 
profile from a device (Table 4.2).

As testing conditions (which should be as aggressive as possible without resulting 
in device degradation) are expected to reflect a worst-case patient exposure scenario 
to expected E&L compounds, additional E&L testing is not required if toxicological 
risk assessment of all identified compounds may be qualified as safe at levels identi-
fied in testing. If E&L compounds cannot be safely justified, additional E&L testing 
in the form of simulated-use testing or kinetics testing may be required.

Simulated-use testing may be used for two purposes: (1) identify extractables in 
devices with <24 h clinical use in some instances and (2) reflect clinical use of a pro-
longed or permanent use device in a targeted leachables study following identification 
of an extractables profile using more aggressive testing conditions. The testing output 
is expected to reflect a realistic leachables profile during clinical use and should pro-
vide quantitative data reflective of the daily patient exposure level (i.e., presented in μg 
extractable/day) of an extractable leaching from a device throughout clinical exposure.

4.3.2  Test Article Considerations and Solvent Selection in E&L 
Testing

A variety of factors can significantly impact the outcome of E&L testing. Time, 
temperature, surface- area-to-volume ratio, extraction solvent, phase equilib-
rium of materials of construction, solubility of extractables in the selected sol-
vent, and rate of transfer of the extractables from the bulk matrix of the material 
to the surface may all impact testing results (Albert 2012). Clearly, test article 
preparation may also significantly impact test results. Although test articles 
assessed in E&L testing should be reflective of either the finished device or as 

Table 4.2 Testing conditions to meet exaggerated testing conditions

Testing 
conditions

Temperature exceeds clinical use scenario (commonly referred to as an 
accelerated extraction)
Testing duration exceeds clinical use scenario
Test solvent(s) used which exceed extraction power of solution (i.e., drug, IV 
fluids, etc.) which makes clinical contact between device and patient
Using a surface area/solvent volume ratio exceeding clinical exposure
Use of exhaustive testing protocol for a single-use device

aDerived from ISO/DIS 10993–18
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representative portions of the device per ISO 10993:12, and if at all possible, 
tested in triplicate, it is not always feasible to do so due to test article size or 
configuration within the device. If a device must be cut or ground for testing 
purposes, this should be accounted for in the safety evaluation and in comparing 
test replicates, especially if mechanical or thermal test article preparation tech-
niques are not uniform among samples. Test conditions (i.e., duration of extrac-
tion) may be altered if surface area of the test article is greatly increased by 
processing. If possible, prepared and unprepared test article samples should be 
compared in a separate study to identify if additional or new monomers or 
oligomers are released from the prepared sample, especially for polymer mate-
rials of construction (Feinberg et al. 2012; Stults and Creasey 2012). Although 
other surface-area-to-volume ratios may be justified, the following surface-
area-to- solvent or mass-to-solvent ratios are recommended for testing purposes 
per ISO 10993:12 (Table 4.3):

Alternatively, in order to reach the recommended ratio, multiple devices or test 
articles may be assessed within the same experiment, and replicate or microlevel 
extraction techniques may be recommended (Stults and Creasey 2012).

Assuming the composition of the test article is known, solvent selection should 
be based upon expected or known compatibility; conversely, test article- incompatible 
solvents should be avoided, as should solvents which result in extreme swelling of 
the material which could result in artificial inflation of extractables levels observed. 
Overall, and based upon regulatory recommendations, solvent selection is predi-
cated upon several considerations (ISO 2018b; Stults and Creasey 2012):

 1. A polar, nonpolar, and in some cases, semipolar solvent should be used in testing 
to generate the most reflective extractables profile.

 2. Solvent choice may impact which analytical methods may subsequently be used 
or require additional processing steps which may result in the loss or alternation 
of E&L compounds.

 3. Solvent(s) must effectively extract compounds from device or device material 
without resulting in degradation or destruction of test article.

Table 4.3 Standard surface areas and extract liquid volumesa

Sample thickness (mm)
Extraction ratio (± 
10%) Examples of forms of materials

<0.5 6 cm2/mL Film, sheet, tubing wall
0.5–1.0 3 cm2/mL Tubing wall, slab, small molded 

items
>1.0 3 cm2/mL Larger molded items
>1.0 1.25 cm2/mL Elastomeric closures
Irregularly shaped solid devices 0.2 g/mL Powder, pellets, foam, 

nonabsorbent molded items
Irregularly shaped porous devices 
(low-density materials)

0.1 g/mL Membranes, textiles

aDerived from ISO 10993:12
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 4. Solvent(s) should also not result in swelling or deformation of the test article, 
which may artificially increase concentration of extractables, result in identifica-
tion of compounds that would otherwise not be reflective of potential patient 
exposure, or damage the test article resulting in particulate matter formation.

 5. Solvent(s) selected should be compatible with the study conditions selected 
(especially temperature and extraction method selected).

Potential solvents suggested for use in ISO 10993:12 and 10,993:18 based upon 
polarity include:

Polar: water, physiological saline, phosphate-buffered saline, and cell culture media 
without serum.

Semipolar: dimethyl sulfoxide, acetonitrile, methanol, acetone, ethanol (polarity 
may vary if in aqueous solution), tetrahydrofuran, n-propyl alcohol, i-propyl 
alcohol, and dichloromethane.

Nonpolar: vegetable oil, toluene, cyclohexane, heptane, and n-hexane.

Additional solvents (or solvent “variations,” e.g., solvents with differing ethanol/
water ratios) may be permitted in simulated-use testing, with especial consideration 
to the intended clinical use of a device. For instance, it may be appropriate to utilize 
synthetic blood, sweat, sebum, or other contact-specific vehicle as an extraction 
solvent for testing assuming that the solvent has an extraction power equivalent to 
the bodily solution which mediates device/patient contact.

Solvent selection for generating extracts for biological assessment may not 
reflect solvents used in generating an extractables or leachables profile. Solvents 
intended for the correlation of biological and chemical assay results are discussed 
more fully in Annex D of ISO/DIS 10993:18 but are not considered here.

4.3.3  Common Extraction Techniques

Dependent upon the device materials and study intent, a variety of extraction tech-
niques may be employed to generate extracts for further analytical testing. 
“Traditional” extraction methods as described in ISO/DIS 10993:18 include Soxhlet 
extraction, boiling under reflux, shaking, and sonication, although newer techniques 
such as microwave-assisted extraction, pressurized fluid extraction, and supercriti-
cal fluid extraction may also be used. Selection of an extraction method is predi-
cated upon the practical limitations of each method (i.e., “traditional” methods may 
take an extensive amount of time, solvent, and resources) balanced with the intended 
use of the medical device.

4.3.3.1  Soxhlet Extraction

Soxhlet extraction is one of the most commonly utilized techniques in E&L testing. 
The Soxhlet extractor equipment allows for maintenance of a favorable concentra-
tion gradient due to periodic replenishing of the extraction solvent, which is dis-
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tilled in a reflux condenser. Extraction is also usually carried out at an intermediate 
temperature (as opposed to the solvent boiling point).

4.3.3.2  Reflux Extraction

Reflux extraction carried out by placing the test article in a round-bottomed flask in 
solvent attached to a condenser (may be a Graham, Allihn, or Friedrich condenser) 
to recycle the solvent vapor formed at the boiling point of the solvent for a specified 
amount of time. This technique is poorly suitable for thermally labile materials of 
construction and creates an unfavorable concentration gradient of extractables in the 
solvent compared to device as time proceeds.

4.3.3.3  Maceration

Maceration is the controlled soaking of a test article in a sealed vessel at a controlled 
temperature (usually at the boiling point for water or ~10 °C below the boiling point 
for organic solvents) and humidity in an appropriate solvent. Agitation in the form 
of stirring may also be included.

4.3.3.4  Shaking Extraction

Shaking extraction is simple in that it only requires the sample to be placed in sol-
vent and for mechanical energy in the form of shaking to be applied. Elevated tem-
peratures may be used with this technique.

4.3.3.5  Sonication

Sonication is one of the most basic techniques available and can be carried out with 
basic laboratory equipment. A sample is placed in solvent and sonicated in an open 
or closed container for a specified period of time. However, there is limited control 
of the temperature, intensity, and repeatability of the specific ultrasonic energy 
applied to the sample and efficiency of the extraction when comparing sonicators.

4.3.3.6  Sealed Container Extraction

In a sealed container extraction, a sample placed with solvent in a sealed container 
is heated under reduced pressure usually at a high temperature (i.e., 121 ± 2 °C) for 
a specified (and usually short) amount of time.
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4.3.3.7  Pressurized Solvent Extraction

These approaches, which are termed accelerated solvent extraction, pressurized 
fluid extraction, and pressurized liquid extraction, may be used as an alternative to 
Soxhlet or sonication approaches. Pressurized solvent extraction allows for the use 
of more extreme temperatures and pressures and less solvent while improving 
matrix penetration and extraction of compounds in less time.

4.3.3.8  Headspace, Thermal Desorption, and Dynamic Headspace

Headspace allows for extraction of a volatile and semi-volatile compounds from a 
material without the use of solvent. A sample is placed in a sealed vial and heated to 
form a gaseous headspace which is extracted and processed using gas chromatogra-
phy. Thermal desorption may be used to analyze trace levels of impurities in a gas-
eous sample, while dynamic headspace which combines static headspace and 
thermal desorption techniques concentrates volatile compounds for further 
assessment.

4.3.3.9  Microwave-Assisted Extraction

Microwave-assisted extraction, which may occur under open or pressurized condi-
tions, utilizes microwave energy to heat the solvent as part of the extraction process. 
However, this technique requires significant set up and specialized equipment. Due 
to dissipation of the microwave energy throughout the entire solvent volume result-
ing in a solvent temperature higher than under atmospheric conditions, material 
degradation may be more likely.

4.3.3.10  Supercritical Fluid Extraction

Supercritical fluid extraction uses extreme temperature and pressure such that the 
mobile phase becomes a supercritical fluid which is collected in a small volume of 
organic solvent. While this technique allows for a high degree of selectivity, optimi-
zation of parameters may require extensive time and resources to do so (Feilden 
2011; Feinberg et al. 2012).

4.3.4  Common Analytical Methods Used to Assess Extracts

Common analytical methods used to identify and, in most cases, quantify com-
pounds present in device extracts are described in greater detail in Sect. 4.4 of this 
chapter. Considering that an extract from a device may contain a wide variety of 
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chemical constituents, it is important for the analytical testing strategy to include. 
The following table briefly describes each general method and compound classes 
identified by these methods. Of course, additional and/or specialized analytical 
methods may also be employed at the discretion of the analytical chemist conduct-
ing the assessment (Albert 2012; Gad-McDonald et al. 2016; ISO 2018b) (Table 4.4).

4.4  Common Analytical Methods Used in E&L Testing

Erica N. Rogers

The are several analytical methods that can be used in E&L testing. For simplicity, this 
book will only discuss five of the most common analytical techniques utilized in E&L 
testing. Because many of these analytical techniques involve mass spectrometry and/
or chromatography, this section will be divided into “analytical techniques that involve 
mass spectrometry and/or chromatography” and “other analytical methods.”

4.4.1  Definition Mass Spectrometry and/or Chromatography

Because many of the different analytical techniques that involve mass spectrometry 
and/or chromatography essentially involve similar background information, general 
descriptions of chromatography, mass spectrometry, and ionization techniques are 
discussed in this subsection.

4.4.1.1  Chromatography

In general, chromatography is an analytical technique used to separate mixtures of 
chemical substances into individual components, so that the individual components 
can be thoroughly analyzed. Separation of chemicals occurs when the sample mix-
ture is introduced (injected) into a mobile phase. The mobile phase is different 
depending on the phase of matter (i.e., liquid or gas form) utilized. In a liquid chro-
matography (LC) process, the mobile phase is a solvent. During gas chromatogra-
phy (GC), the mobile phase is an inert or unreactive gas.

The mobile phase transports the sample mixture through the stationary phase and 
carries the components of the sample mixture with it. The stationary phases are 
either a solid or a liquid supported on a solid. Usually, the stationary phase uses a 
chemical that can selectively attract components in a sample mixture. The stationary 
phase is contained in a tube termed as a column which is typically made up of glass 
or stainless steel of various dimensions. The relative affinity of the different chemi-
cals in the mixture for the stationary phase controls the separation of substances as 
they travel the length of the column.
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The mixture of compounds in the mobile phase interacts with the stationary 
phase at a different rate. Compounds of the mobile phase that interact with the sta-
tionary phase the fastest will elute from the column first; those that interact the 
slowest exit the column last. Changing properties of the mobile phase and stationary 
phase directly leads to the separation of different mixtures of chemicals at different 
retention times. In addition, the separation process can be altered by changing the 
temperature of the stationary phase or the pressure of the mobile phase.

4.4.1.2  Mass Spectrometry

Mass spectrometry is an analytical, separation technique that measures the mass-to- 
charge (m/z) ratio of ions. This tool involves that production and subsequent separa-
tion and identification of charged species. The basic components of a mass 
spectrometer involve the ion source, the mass analyzer, the detector, and the data 
and vacuum systems. The ion source is where the components of the sample are 
introduced to the mass spectrometer, subsequently ionized, and send the ions to the 
mass analyzer. The mass analyzer applies an electric and a magnetic field to sort the 
ions by their masses, while the detector measures and amplifies the ion current to 
calculate the abundances of each mass-resolved ion.

Table 4.4 Summary of common analytical methods used to identify E&L compounds

Analytical method General purpose of method
General identified 
compound class

Gas chromatography with 
headspace sampling (HS-GC)

Most common analytical techniques 
assist in identification and 
quantification of volatile organic 
compounds (VOCs) and semi-volatile 
organic compounds (SVOCs)

Organic 
compounds – VOC

Gas chromatography-mass 
spectroscopy (GC/MS)

Organic 
compounds – 
SVOC

Liquid chromatography with 
mass spectrometry or ultraviolet 
detectors (LC/MS or LC/UV)

Most common analytical techniques 
assist in identification and 
quantification of nonvolatile organic 
compounds (NVOCs)

Organic 
compounds – 
NVOC

Inductively coupled plasma 
atomic emission spectroscopy 
(ICP-AES); inductively coupled 
plasma mass spectroscopy 
(ICP-MS)

Identification of elemental compounds 
(although unable to determine specific 
elemental form)

Elemental 
compounds

Ion chromatography Assists in identification and 
quantification of extracted inorganic 
anions and low molecular weight 
organic acids

Anions and cations

Gravimetric and Fourier- 
transform infrared spectroscopy 
(FTIR)

Estimate quantity of extractables 
present in sample and ensure major 
extractable compound(s) have been 
identified by other targeted methods 
without specific compound 
identification

Nonvolatile residue 
(NVR), total 
organic carbon 
(TOC), ash
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In a standard mass spectrometry procedure, a sample is ionized which may cause 
it to either break into charged fragments or become charged without fragmenting. 
Generation of ions then is separated according to their mass-to-charge ratio, and 
ions are detected by an electron multiplier. The results following the identification 
of charged species are typically presented as a mass spectrum which plots the ion 
signal as a function of the mass-to-charge (m/z) ratio.

4.4.1.3  Ionization Techniques

Depending on the information desired from the mass spectrometry analysis, differ-
ent ionization techniques yield different, desired results. For simplicity, this section 
will discuss some of the most common techniques during extractable and leachable 
assessments; these common ionization techniques include hard ionization, soft ion-
ization, and inductively coupled plasma.

Hard ionization, sometimes referred to as high fragmentation ionization, is a 
technique that uses highly energetic electrons to produce ions. Because of the 
high quantities of residual energy in the molecule large degrees of fragmenta-
tion occur which rupture bonds and subsequently result in the removal of excess 
energy thereby restoring stability to the resulting ion. The most common exam-
ple of hard ionization is electron impact ionization (EI) which is typically cou-
pled with gas chromatography (GC). Soft ionization is a technique which 
imparts little residual energy in the subject molecule which does not fragment 
macromolecules into smaller charged particles but rather alters the macromol-
ecules into ionized small droplets. Common examples of soft ionization tech-
niques include electrospray ionization (ESI) and atmospheric pressure chemical 
ionization (APCI) which are usually combined with liquid chromatography 
(LC). Inductively coupled plasma (ICP) uses a plasma torch generated by elec-
tromagnetic induction to result in the ionization of a sample. Because the effec-
tive temperature of the plasma is about 10,000 °C and samples are broken down 
to ions of their constituent elements, ICP is typically used for analysis of trace 
elements.

4.4.2  Analytical Techniques that Involve Mass Spectrometry 
and/or Chromatography

Four of the most common analytical techniques which involve mass spectrome-
try and/or chromatography are discussed in this subsection. These analytical 
techniques include liquid chromatography-mass spectrometry (LCMS), liquid 
chromatography/ultraviolet mass spectrometry (LC/UV MS), gas chromatogra-
phy-mass spectrometry (GCMS), and inductively coupled plasma mass spec-
trometry (ICP-MS).
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4.4.2.1  Liquid Chromatography-Mass Spectrometry (LCMS)

LCMS is commonly used to identify nonvolatile or non-thermostable polymer addi-
tives such as antioxidants, fillers, plasticizers, polymerization or hydrogenation 
catalysts, anti-slip agents, and other polymer additives during the extractable and 
leachable assessments. When compared to GC/MS, LC/MS is best suited for the 
analysis of this extensive range of large, polar, and thermally unstable organic com-
pounds. The method of LCMS utilizes two separation techniques: the LC process, 
which separates mixtures with multiple components, and the MS process, which 
separated the compounds according to mass and detects and identifies the structural 
integrity of the individual compounds found in the liquid mixture. Ultimately, the 
components separated in the liquid phase of a mixture must be converted to charged 
ion species via ionization. The overarching theory of the LCMS technique is identi-
fication of target compounds is based on both the retention time of the analytes in 
the chromatogram and the mass spectrum of the eluting compound at this specific 
time. Prior to LCMS analysis, an aliquot of the extract for extractable and leachable 
assessment is typically obtained using dichloromethane (DCM), which is denser 
than water, and concentrated to a level ten times the undiluted solution. Subsequently, 
internal calibration is performed during the analysis of the extract to determine the 
concentration of the polymer additive.

Typical LCMS analysis can be divided into four main stages: separation of the 
liquid mixture, conversion of the separated sample into ions, sorting of the ions 
according to their mass-to-charge ratio, and detection and quantitation of the ions.

Separation of the Liquid Mixture Separation of the liquid mixture takes place dur-
ing the LC process. During this first stage of the LCMS method, physical separation 
of the components in a liquid mixture sample is dispersed between the stationary 
and mobile phases. Typically, the mobile phase is a mixture of a polar, soluble sol-
vent such as water, methanol, isopropanol, and acetic acid. By contrast, the station-
ary phase is a nonpolar solid phase that is coated onto a support material and packed 
into a column. Currently, there are several types of stationary columns used during 
the LC process. Examples of LC methods include hydrophilic interaction liquid 
chromatography (HILIC), normal phase chromatography, and ion-exchange chro-
matography. Examples of commonly used columns for the LC method include sil-
ica, amino, and mixed mode (such as alkyl diol, alkyl carboxyl, and aromatic cyano) 
for HILIC; silica, amino, and diol for normal-phase chromatography; and ionic 
groups such as sulfonate and tetraalkylammonium for ion-exchange 
chromatography.

Conversion of the Separated Sample into Ions In order for a MS to detect and 
identify the individual compounds, the components must be in the gas phase and 
must be charged. Therefore, the neutral separated compounds during the LC pro-
cess are converted into ions. Several common ionization methods can achieve 
conversion of the separated sample into ions including electrospray ionization 
(ESI), atmospheric pressure chemical ionization (APCI), and atmospheric pres-
sure photo ionization (APPI). Of these common ionization methods, the tech-
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nique, ESI, is the most widely used LCMS technique to date; this soft ionization 
technique applies little residual energy which does not cause extensive fragmen-
tation and preserves the structure integrity of the molecule being ionized. ESI is 
a popular ionization technique utilized during the ionization process due to its 
ability to assess a wide range of compounds which include large molecules (such 
as intact proteins and oligonucleotides) and thermally, liable compounds. The 
APCI technique is another soft ionization technique which employs a highly 
charged probe to generate ions from neutral compounds; this method is suited for 
low, nonpolar compounds such as steroids, aromatic structures, and some lipids. 
APPI is an ionization technique which generates ions by exposing an aerosol of 
droplets to photoirradiation. APPI is ideal for highly nonpolar compounds that 
are not easily ionized by ESI or ACPI; these nonpolar compounds include lipids, 
steroids, and polycyclic aromatic hydrocarbons (PAHs). Production of ions dif-
fered based on the ionization technique used. For the ESI process, ionization 
occurs in the condensed phase, whereas ionization of molecules for APCI and 
APPI occurs in the gas phase.

Sorting of the Ions According to Their Mass-to-Charge Ratio A MS is used to 
sort and isolate the ions created on separated molecules according to the m/z ratio. 
Some of the most popular analyzers include quadrupole and time-of-flight (TOF) 
instruments. Quadrupole analyzers overall employ electrostatic potentials to the 
components of the MS which filter out ions according to their m/z ratio. Single- and 
triple-quadrupole instruments are two commonly used quadrupole analyzers. The 
single-quadrupole instrument uses a quadrupole mass filter to determine the m/z 
ratio of ions produced in a sample and can either scan a range of masses from 
screening analyses or select specific ions of particular m/z ratios for targeted analy-
ses. The triple-quadrupole instrument, sometimes referred to as a tandem mass 
spectrometer, is the most widely used quadrupole instrument. The triple-quadrupole 
LCMS instrument uses three mass filtering quadrupoles in tandem to isolate, frag-
ment, and analyze the resulting fragment ions. Overall, the reproducibility and inex-
pensive cost of quadrupole mass analyzers are appealing to scientists; however, 
these instruments produce low resolution and may contain a mass bias because the 
peak height vs. mass response must be frequently tuned. TOF instruments separate 
ions of different m/z by their time of travel between the ion source and detector, 
through a filed-free region after acceleration by a constant voltage in the source. As 
a result, ions in the TOF instrument will have different velocities depending on their 
mass. While advantages of using TOF instruments include high ion transmission, a 
high mass range in excess of 2 × 104 m/z, the sensitivity of this instrument may be 
affected by the scan speed.

Detection and Quantitation of the Ions Once the ions are generated and sepa-
rated, they are detected and transformed into a usable, quantifiable signal. MS 
detection on nonvolatile and non-thermostable compounds is tailored for these 
target compounds because of its ability to provide additional molecular and struc-
tural information of these substances, its highly sensitive ability, and enhanced 
capability of compound identification. Electron multiplier, dynode, photodiode, 
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and multichannel plate (MCP) are examples of detectors used to count the ions 
emerging from the mass analyzer. Overall, the detector is essential in the MS 
instrument which produces a signal based on the generation of secondary elec-
trons, which are further amplified, or induction of a current from moving charges. 
Ion detectors are divided into two classes: point detectors and array detectors. 
While ions in a point detector are detected on a sequential basis in a not spatially 
resolved manner, array detectors detect ions on a spatial manner, and all ions 
arrive simultaneously.

4.4.2.2  Gas Chromatography-Mass Spectrometry (GCMS)

The overarching principle for use for GMS techniques is the identification of tar-
get compounds based on the retention time of the analytes in the chromatogram 
and the mass spectrum of the eluting compound at this specific retention time. 
This technique also has the capability of scanning for wide variety of unknown 
analytes. As a result, the obtained spectra from unknown analytes can be com-
pared with the electronic mass spectrum libraries. This will aid in the qualitative 
and semi- qualitative identification of more than 190,0000 nontarget compounds. 
GCMS is usually applied for the identification of volatile organic components 
(VOCs) and semi-volatile organic components and (SVOCs).

For VOCs, GCMS has the capability of determining such compounds as mono-
mers, residual solvents, volatile degradants, and other substances present in sam-
ple extracts in a precise and rapid manner through a purge-and-trap sampling or 
headspace techniques. Typically, these components are characterized by boiling 
points which range between 50–100 and 240–260  °C.  The volatility of VOCs 
when compared to SVOCs is much higher because these compounds have lower 
boiling points.

SVOCs are thermostable, potential organic migration products that may not be 
volatile enough to detect using the purge-to-trap or headspace GCMS techniques 
but volatile enough for detection using other GCMS methods. SVOCs include, but 
not limited to, hydrocarbons, aldehydes, ethers, esters, phenols, organic acids, 
ketones, amines, amides, nitroaromatics, polychlorinated biphenyls (PCBs, also 
known as Aroclors), polycyclic aromatic hydrocarbons (PAHs), phthalate esters, 
nitrosamines, haloethers, and trihalomethanes. Commonly, SVOCs are found in 
lubricants, plasticizers, antioxidants, polymer degradants, and solvents with boiling 
points in the range of 240–260 to 380–400 °C. SVOCs refer to compounds that pos-
sess Henry’s law constant (H) in the range of 10−5 to 3 × 10−7 atm m3/mol and pos-
sess higher boiling greater than water with correspondingly low vapor pressure 
between 10−14 and 10−4 atm.

Resulting analytical results for VOCs and SVOCs may include the following:

• Identified compounds (ICs): confirmed, identified compounds based on MS and 
retention time of a standard compound.
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• Most probable compounds (MPCs): identified compounds in which unknown 
substances are matched at least 80% to known chemicals in the electronic mass 
spectral libraries. These unknown chemicals are not present in a standard.

• Tentatively identified compounds (TIC): identified compounds in which 
unknown substances are matched less than 80% to known chemicals in the elec-
tronic mass spectral libraries.

• Unknown compounds: compounds that cannot be matched to any degree with 
known chemicals in the electronic mass spectral libraries. Mass spectrum for 
these substances is provider at the sponsor’s request.

During the GC process, separation of different components of a mixture is 
carried out between a liquid stationary phase and a gas mobile phase. Helium, 
hydrogen, and nitrogen are the most common carrier gases used as the mobile 
phase of GC (Hites 1997; Kupiec 2004). While each carrier gas has its benefits 
and systems which it is best suited for, helium is the typical gas used with GCMS 
systems in the USA (Bartram and Froehlich 2010; Kupiec 2004). Helium is com-
monly used in the USA, because of its inert chemical properties, its ability to 
provide good separations, and its overall recognition as a safe carrier gas. In 
other countries, helium is not as readily available and/or is considered an expen-
sive carrier gas. Therefore, hydrogen is used as a substitute carrier gas which is 
considered to allow shorter run times and increased throughput of the laboratory, 
longer column lives and less generation of phase breakdown (“column bleed-
ing”), and execution at lower temperatures for the separation process, and this 
carrier gas is generally recognized as a green, non-environmental gas (Kupiec 
2004). Although nitrogen is also identified as an inexpensive and readily avail-
able carrier gas to use during the GC process, the run times for the GC process 
using this gas are considerably longer when compared to hydrogen and helium 
gas (Hinshaw 2001).

The difference in the chemical properties between different components of 
the mixture and the relative affinity for the stationary phase of the column will 
encourage separation of the molecules as they are transport along the length of 
the column during the GC process. Molecules retained by the column and then 
eluted at various retention times are introduced into a mass spectrometer down-
stream via a jet separator or direct connection. The mass spectrometer serves to 
capture, ionize, accelerate, deflect, identify, and quantitate ionized molecules 
separately. The hard ionization method, EI, is the most common ionization 
source combined with GC during mass analysis (Alves et  al. 2013; Vékey 
2001). EI was used due to its extensive fragmentation, subpicomole to pico-
mole sensitivity, and structural information obtained from fragmentation pat-
tern. While EI contains a number of advantages, this hard ionization technique 
possesses some limitations which include the fragmentation of organic com-
pounds at or below 600 daltons, the rearrangement process may complicate the 
spectra, extensive fragmentation limits value of molecular weight determina-
tion and recognition, and fragmentation is usually accomplished on nonpolar 
organic compounds.
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4.4.2.3  Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

The ICP-MS technique is best suitable for the detection and quantitation of many 
metals and nonmetals in the periodic table. The range of metal content is typically 
observed in polymer additives including fillers (e.g., talc), pigments, and catalyst 
residues. Extraction solutions are usually acid digestions in order to reduce the 
interference by organic matter and to allow conversion of metals associated with 
particulates to form that are measurable by ICP spectroscopy. Currently, the pres-
ence of 22 standard metals can be determined by ICP analyses following acid diges-
tions. The detection limit for each metal is dependent on the amount of material 
used in the digestion method. Typically, detection limits for metals range between 1 
and 10 μg/L.

In brief, the process of ICP-MS can be divided into four stages: sample introduc-
tion, ICP torch, interface, and MS.

Sample Introduction There are multiple methods a sample can be introduced dur-
ing the ICP-MS technique. Sample introduction is dependent on the phase of matter 
for the sample as illustrated in Fig. 4.6. While there are several ways to introduce a 
sample during the ICP-MS process, the fundamental objective for each method is to 
convert the sample into a fine droplet aerosol suitable for ionization in plasma dis-
charge (Thomas 2001). In order to achieve fine aerosol generation, the sample is 
pumped into a nebulizer which is subsequently converted into a fine aerosol by 
pneumatic action of gas flow shattering the sample into varied size droplets. Because 
the plasma discharge cannot effectively dissociate large droplets, the spray chamber 
removes nebulizer-generated droplets larger than 10 μm in diameter (Thomas 2001, 
Gaines 2005).

Fig. 4.6 Common steps used during the ICP-MS method and types of examples used during the 
sample introduction
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ICP Torch Once the fine droplets in a gaseous or aerosol form emerge from the 
spray chamber, they are transferred into the sample injector of the ICP torch. The 
tiny droplets enter the high- temperature plasma, where atomization occurs, or the 
initial dried of the gas to a solid and then heated to a gas. The atoms will continue 
to be transported through the plasma thereby absorbing energy until they release an 
electron and undergoes ionization. The newly formed ions are then transported out 
of the torch and enter the interface.

Interface The interface is the point at which the sample from the ICP portion of the 
instrument comes into contact with the MS portion of the instrument. The interface 
involves a step pressure reduction process which serves to transmit ions in an effec-
tive and consistent manner with electrical integrity from the plasma (at an 
 atmospheric pressure of 760 Torr) to the MS region (at an atmospheric pressure of 
about 10−6 Torr). Typically, the interface is composed of two or three metallic, elec-
trically neutral cones. Cones are often constructed from nickel or platinum. While 
nickel cones are more cost-effective, platinum cones withstand deterioration from 
the presence of some acids and are more durable during ICP-MS applications. In 
order to reduce the effects of the high-temperature plasma, the interface chamber 
consists of a water-cooled apparatus. After passing through the cones, the generated 
stream of positively charged ions is directed into the main vacuum chamber by a 
series of electrostatic lens, known as ion optics. In the ion optical region, the created 
ion beam is electrostatically focused toward the MS.

MS A number of MS devices are used, but the most common types are quadrupole, 
magnetic sector, time of flight (TOF), and collision/reaction cell technology. The 
main aim of the MS procedure in the ICP-MS technique only allows the transmis-
sion and analysis of analyte ions of a specific mass-to-charge ratio through the 
detector.

4.4.3  Other Analytical Methods

There are other types of analytical methods for this analysis of extractables and 
leachables that do not involve mass spectrometry and/or chromatography. One of 
the most common analytical method, Fourier Transform Infrared (FTIR) spectros-
copy, is discussed in this subsection.

4.4.3.1  Fourier-Transform Infrared (FTIR) Spectroscopy on Nonvolatile 
Residue (NVR)

FTIR spectroscopy is another analytical technique that can be used in the detection 
of nonvolatile extractables and leachables including several organic compounds, 
polymers, adhesives, lubricants, coolants, gases, inorganics, and minerals. FTIR 
spectroscopy detects the presence of nonvolatile residue in an extraction solution 
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and provides general information with regard to the release of components using 
nanograms of material. FTIR spectroscopy uses an infrared spectrum to determine 
the structural integrity of compounds included in a mixture. FTIR spectra illustrate 
absorption bands with characteristic frequencies associated with different func-
tional groups within a molecule. Some of the examples of functional groups with 
different characteristic frequencies include carbonyls (C=O), alkyls (C-H), and 
multiple bond carbon atoms (C=C and C ≡ C). An infrared spectrometer identified 
light absorbed between about 400 cm−1 and 4000 cm−1. Shifts in the frequency of a 
molecule in the infrared range can occur based on intramolecular and non-bonded 
intermolecular interactions. Overall, the use of a FTIR can provide information 
regarding the chemical composition of nonvolatile residues. In some cases, thin 
films of residue may also be identified using FTIR spectroscopy.

4.4.3.2  Liquid Chromatography-Ultraviolet (LCUV)

Detectors are useful in increasing the sensitivity of the LCMS instrument. For 
example, liquid chromatography/ultraviolet mass spectrometry (LC/UV MS) instru-
ments contain a diode-array detector (DAD) which obtain data on selected ultravio-
let (UV) and visible wavelengths and spectra. Normally, the use of a DAD in a LC/
UV instrument aids in the screening process to identify unknown peaks and/or 
determination of peak purity. This screening method is best utilized with the LC 
technique, reversed-phase chromatography, with an assortment (gradient) range of 
solvent strength as detailed in the Product Quality Research Institute (PQRI) docu-
ment, Safety Thresholds and Best Practices for Extractables and Leachables in 
Orally Inhaled and Nasal Drug Products. Initially, individual extractables will be 
identified based on retention time and characteristic ions in the mass spectra. 
Subsequently, the LC chromatogram obtained using a UV detector will allow deter-
mination of nontarget peaks.

References

Albert, D. E. (2012). Material and chemical characterization for the biological evaluation of medi-
cal device biocompatibility. In J.-P. Boutrand (Ed.), Biocompatibility and performance of medi-
cal devices (pp. 65–94). Elselvier.

Alves, S., Rathahao-Paris, E., & Tabet, J. C. (2013). Chapter five – potential of Fourier transform 
mass spectrometry for high-throughput metabolomics analysis. In D. Rolin (Ed.), Advances in 
botanical research (Vol. 67, pp. 219–302). Academic Press.

Bartram, R.  J., & Froehlich, P. (2010). Considerations on switching from helium to hydrogen. 
LCGS North America, 28(10), 890–900. Retrieved from http://www.chromatographyonline.
com/considerations-switching-helium-hydrogen.

FDA, U. S. (2016). Use of International Standard ISO 10993-1: “Biological evaluation of medi-
cal devices – Part 1: Evaluation and testing within a risk management process”. U.S. FDA 
Retrieved from https://www.fda.gov/media/85865/download

Feilden, A. (2011). Update on undertaking extractable and leachable testing. iSmithers.

4 Considerations for Leachables and Extractables Testing

http://www.chromatographyonline.com/considerations-switching-helium-hydrogen
http://www.chromatographyonline.com/considerations-switching-helium-hydrogen
https://www.fda.gov/media/85865/download


263

Feinberg, T.  N., Norwood, D.  L., Granger, A.  T., & Jenke, D. (2012). Extractables: The con-
trolled extraction study. In D. J. Ball, D. L. Norwood, C. L. M. Stults, & L. M. Nagao (Eds.), 
Leachables and extractables handbook (pp. 289–330). Hoboken, NJ: Wiley.

Gad-McDonald, S., Albert, D. E., & Gad, S. C. (2016). Leachables and extractables from medical 
devices. In S. C. Gad & S. Gad-McDonald (Eds.), Biomaterials, medical devices, and combi-
nation products: Biocompatibility testing and safety assessment (pp. 419–468). Boca Raton, 
FL: CRC Press.

Hinshaw, J.  V. (2001). Selecting carrier gases and conditions. LC-GC North America, 19(10), 
1056.

Hites, R. A. (1997). Gas chromatography mass spectrometry. In  Handbook of instrumental tech-
niques for analytical chemistry (pp. 609–626). American Chemical Society.

ISO. (2010). Medical devices  – Application of risk management to medical devices. American 
National Standard.

ISO. (2011). Biological Evaluation of medical devices – Part 12: Sample preparation and refer-
ence materials. American National Standard.

ISO. (2018a). Biological evaluation of medical devices – Part 1: Evaluation and testing within a 
risk management process. International Organization for Standardization.

ISO. (2018b). Draft International Standard: Biological evaluation of medical devices – Part 18: 
Chemical characterization of medical device materials within a risk management process. 
International Organization for Standardization.

ISO. (2019). Biological evaluation of medical devices – Application of the threshold of toxicologi-
cal concern (TTC) for assessing biocompatibility of medical device constituents. International 
Organization for Standardization.

Jenke, D. (2012). A general overview of the suitability for intended use requirements for materials 
used in pharmaceutical systems. In D. L. N. D. J. Ball, C. L. M. Stults, & L. M. Nagao (Eds.), 
Leachables and extractables handbook (pp. 21–36). Hoboken, NJ: Wiley.

Kupiec, T. (2004). Quality-control analytical methods: Gas chromatography. International Journal 
of Pharmaceutical Compounding, 8(4), 305–309.

Stults, C. L. M., & Creasey, J. M. (2012). Development, optimization, and validation of meth-
ods for routine testing. In D. J. Ball, D. L. Norwood, C. L. M. Stults, & L. M. Nagao (Eds.), 
Leachables and extractables handbook (pp. 449–506). Hoboken, NJ: Wiley.

Thomas, R. (2001). A beginner’s guide to ICP-MS. Spectroscopy, 16(5), 56.

Vékey, K. (2001). Mass spectrometry and mass-selective detection in chromatogra-
phy. Journal of Chromatography A, 921(2), 227–236. https://doi.org/10.1016/
S0021-9673(01)00825-1.

References

https://doi.org/10.1016/S0021-9673(01)00825-1
https://doi.org/10.1016/S0021-9673(01)00825-1


265© Springer Nature Switzerland AG 2019
S. C. Gad, Integrated Safety and Risk Assessment for Medical Devices and 
Combination Products, https://doi.org/10.1007/978-3-030-35241-7_5

Chapter 5
Where the Data Is and What Is It?

Sherrie Smith

Abstract Once testing has been done on a device, the next step is assessment of the 
identified compounds. This chapter discusses strategies and resources to consult in 
order to find the data necessary for the said assessment. This chapter will start with 
the online sources used to help identify compounds without proper names, then 
sources to find pertinent data. Sources include online and print, both free and paid.

Keywords Extractables · Leachables · CAS registry number · ChemSpider · 
PubChem · Permissible daily exposure (PDE) · Minimal risk level (MRL) · 
Hazardous substances data bank (HSDB) · TOXNET · Registry of toxic effects of 
chemical substances (RTECS) · Leadscope toxicity database ·  Patty’s toxicology ·  
Encyclopedia of toxicology

Once a device has been tested and extractables (or potentially leachables) of com-
ponent material have been identified and quantified, the next step is to determine the 
potential risk of each such chemical entity. In order to accomplish this task, either 
testing or a literature search should be conducted. The purpose of this chapter is to 
discuss strategies and sources for the search. Before starting any search, it is impor-
tant to identify the correct name, any synonyms, and Chemical Abstracts Service 
(CAS) Registry Number (if available) for each chemical. These pieces of informa-
tion will be the key to locating all the information needed. Some categories that are 
important in any chemical risk assessment are lethality, mutagenicity, carcinogenic-
ity, and reproductive toxicity. Other categories such as local tissue tolerance and 
potential skin sensitization may be important depending on the patient contact and 
duration of such contact with the medical device to patients.

In the case that the only identification provided for a chemical is the structure, 
there are a few sites available to help identify the name and CAS Number, if avail-
able. ChemSpider is a chemical structure database providing access to over 67 mil-
lion structures. This site allows for structure searches to be conducted by drawing 
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structures on the web site, uploading a saved structure file (.mol, .sdf, .cdx), or 
uploading an image file (.png, .jpg, .gif). A structure search will provide key 
 information such as the chemical name, synonyms, and CAS Number(s) (ChemSpider 
2015). A second site that is helpful for this purpose is PubChem. PubChem is an 
open chemistry database provided by the US National Institutes of Health (NIH). 
This site also allows for structure searches to be conducted by drawing structures on 
the web site or uploading a saved structure file (PubChem 2019). In addition to iden-
tification information, PubChem can also provide information useful to the chemical 
assessment. This information can include physical and chemical properties, occupa-
tional and environmental health data, safety data, and toxicity data (PubChem 2019).

Once the correct name(s) and CAS Number(s) are identified (or lack of CAS 
Number confirmed), there are numerous online and print sources available when 
assessing chemicals. The first place that should be consulted are the ICH guidelines, 
particularly M7, Q3C, and Q3D.  ICH M7 [Assessment and Control of DNA 
Reactive (Mutagenic) Impurities in Pharmaceuticals to Limit Potential Carcinogenic 
Risk] lists some particularly worrying compounds and the actions that should be 
taken if these compounds are present (ICH 2017). ICH Q3C (Impurities: Guideline 
for Residual Solvents) has some common residual solvents seen in the pharmaceuti-
cal industry and calculates permissible daily exposures (PDEs) for them (ICH 
2018). ICH Q3D (Guideline for Elemental Impurities) is similar to Q3C but for 
elemental impurities and includes PDEs for oral, inhalation, and parenteral expo-
sure (ICH 2019). Any compound appearing in any of these guidelines should be 
assessed in a manner in line with the guidelines.

The next source that should be consulted are any assessments or reviews by regu-
latory agencies. The Agency for Toxic Substances and Disease Registry (ATSDR) 
is a federal public health agency working as part of the US Department of Health 
and Human Services. ATSDR provides toxicological profiles and assessments for 
environmental health threats. The assessments provide minimal risk levels (MRLs) 
for acute, intermediate, and chronic duration for exposures via the oral and inhala-
tion routes. The MRL provides an estimate of the daily exposure to a substance that 
is unlikely to cause a significant risk of adverse noncancer health effects (ATSDR 
2019). The EPA provides toxicological reviews and summaries for chemicals or 
chemical groups that may present a health hazard. These assessments may provide 
an oral reference dose (RfD) and/or inhalation reference concentration (RfC) for 
these hazardous chemicals. The RfD and RfC are estimates of a daily exposure that 
is unlikely to cause a significant risk of adverse noncancer effects during a lifetime 
(EPA 2017). The European Union (EU) has agencies that may also be of assistance 
when assessing chemicals, such as the European Food Safety Authority (EFSA) and 
the European Chemicals Agency (ECHA). EFSA provides guidance and opinions 
on chemicals that may pose a risk to any part of the food chain. The guidance may 
consist of acceptable daily intake (ADI) levels or tolerable daily intake (TDI) levels. 
An ADI is an estimate of the amount of a chemical to food or drinking water that is 
unlikely to cause a significant risk of adverse effects over a lifetime. This value 
applies to chemicals intentionally used at some point in the food chain (such as a 
food additive or veterinary medicine). TDI has the same definition but applies to 
chemicals that are not intentionally added (such as contaminants) (EFSA 2019). 
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ECHA regulates chemicals on the EU market and aims to make sure chemicals are 
being used safely. They provide opinions and guidance on chemicals that may need 
further assessment. ECHA also  provides a vast database of chemicals that have been 
registered under REACH (Registration, Evaluation, Authorisation and Restriction 
of Chemicals). The database provides a great array of toxicological information, 
including toxicokinetic data, genotoxicity, irritation, and sensitization data. Data on 
carcinogenicity, acute, repeated dose, and reproductive toxicity are also provided 
for multiple routes when available. In addition, the database provides physical and 
chemical properties and ecotoxicological information (ECHA 2019).

There are also several intergovernmental agencies that provide assessments. The 
Organisation for Economic Co-operation and Development (OECD) provides hazard 
and exposure assessments for industrial chemicals. OECD also provides the eChemP-
ortal, which is a database providing physical and chemical properties, environmental 
fate and behavior, ecotoxicity, and toxicity data for chemicals. The World Health 
Organization (WHO) provides several different types of reports that may be of assis-
tance when assessing chemicals. These assessments can provide physical and chemi-
cal properties, toxicological data, evaluations from other international bodies, and 
conclusions on how to protect human health. The WHO also partly administers the 
Joint FAO/WHO Expert Committee on Food Additives (JECFA), which provides 
risk assessments and evaluations on food additives, processing aids, flavoring ingre-
dients, contaminants, natural toxins, and veterinary drug residues that may be present 
in animal products. JECFA has evaluated over 2500 chemicals (JECFA 2018).

If there are no regulatory or interagency reports available, there are several other 
free sources of toxicological data available online. A great place to start is the US 
National Library of Medicine (NLM) TOXNET (toxicology data network) data-
base. TOXNET is a collection of databases that contain information on hazardous 
substances, toxicology data, and environmental health information (TOXNET 
2019). These databases can be searched by subject or CAS Registry Number. The 
most commonly used databases are:

• The Hazardous Substances Data Bank (HSDB) a toxicology database focusing 
on providing human exposure, industrial hygiene, safe handling procedures, and 
environmental fate for potentially hazardous chemicals. Data are derived from a 
variety of sources including government documents and special reports.

• TOXLINE a database providing citations for articles discussing the biochemical, 
pharmacological, physiological, and toxicological effects of drugs and other 
chemicals. Citations date from the 1840s up to the present, with new citations 
added weekly.

• ChemIDplus a dictionary of over 400,000 chemicals that provides links to other 
resources including other NLM databases and federal and international web 
sites.

• Although archived, the Chemical Carcinogenesis Research Information System 
(CCRIS) can also be helpful. It was developed by the National Cancer Institute 
and provides carcinogenicity, mutagenicity, tumor promotion, and tumor inhibi-
tion test results for over 8000 chemicals. Data were obtained from the years 
1985–2011.
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• Other databases include the Drugs and Lactation Database (LactMed), 
Developmental and Reproductive Toxicology Database (DART), TOXMAP, 
Toxics Release Inventory (TRI), Comparative Toxicogenomics Database (CTD), 
Household Products Database, Haz-Map, Integrated Risk Information System 
(IRIS), International Toxicity Estimates for Risk (ITER), ALTBIB, the archived 
Carcinogenic Potency Database (CPDB), and Genetic Toxicology Data Bank 
(GENE-TOX).

Outside of the TOXNET databases, the US NLM also maintains MEDLINE and 
PubMed. MEDLINE is a bibliographic database containing over 25 million refer-
ences to life science journal articles concentrating on biomedicine. PubMed is a 
database that holds over 29 million citations from MEDLINE, life science journals, 
and online books. Fields covered include the life sciences, behavioral sciences, 
chemical sciences, and bioengineering. Links to full-text articles that are located in 
PubMed Central or on publisher web sites are also provided for many citations. 
PubMed also provides links to related articles and additional relevant web sites and 
resources. PubMed Central is a free archive of full-text journal articles provided by 
participating publishers as well as author manuscripts submitted in compliance with 
the NIH Public Access Policy. These resources can be searched by subject, CAS 
Registry Number, author, journal name, date, etc (PubMed 2019; Medline 2019).

Another free source is the COSMOS database, developed by the European Union 
from information obtained during the COSMOS project. The COSMOS project ran 
from 2011 to 2015 and was an effort to determine the human safety of cosmetic 
ingredients without using animal testing. During the project, several free tools and 
workflow were developed to achieve the goal, one of which was the COSMOS data-
base. The database contains more than 40,000 unique structures searchable by name, 
CAS Registry Number, or structure search. The database contains toxicological data, 
such as repeat dose and genotoxicity for more than 1600 compounds (Cosmos 2019).

Although it is not free, the Registry of Toxic Effects of Chemical Substances 
(RTECS) database has a vast amount of toxicological data available if one has the 
proper identification of the chemical entity. The RTECS database was originally 
built and maintained by the National Institute of Occupational Safety and Health 
(NIOSH) from 1971 through 2001. It is now maintained and updated quarterly 
through BIOVIA, using the data selection criteria and rules established by 
NIOSH. RTECS is a toxicological database containing information for chemical 
entities in commerce or commercial use in the USA including prescription and non-
prescription drugs, food additives, solvents, chemical wastes, pesticides, and dilu-
ents. The database lists available data for acute toxicity, tumorigenicity, skin and eye 
irritation, mutagenicity, reproductive effects, and repeat-dose effects. As of 2011, 
aquatic and in vitro toxicology data are also available (RTECS 2019). The database 
is available through purchase of a subscription through BIOVIA or other authorized 
resellers. There are also options available for single searches for a fee.

The Cosmetic Ingredient Review (CIR) was established by the Personal Care 
Products Council and is supported by the US FDA. The CIR reviews and assesses 
the safety of ingredients commonly used in cosmetic products. These reviews are 
then published in peer-reviewed science journals (Find Ingredient Reviews and 
Documents 2016).
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There are several well-known scientific journals that publish in the field of toxi-
cology and may contain pertinent information. Annual Review of Pharmacology 
and Toxicology has been in publication since 1961 and publishes articles dealing 
with significant developments on a wide variety of related topics. Topics include 
chemical agents, drug development science, and body systems such as the gastroin-
testinal tract, cardiovascular system, and immune system. Critical Reviews in 
Toxicology has been in publication since 1971 and publishes comprehensive reviews 
of research findings in toxicology related to the mechanism of action, responses, and 
assessment of health risks due to exposure to various substances. Reviews are pro-
vided on many types of substances and may include pharmaceutical agents, pesti-
cides, or ingredients found in consumer products. Toxicological Sciences has been 
in publication since 1981 and is the official journal of the Society of Toxicology. 
This journal aims to publish significant contributions to toxicology research and 
provide expert insight in the form of contemporary reviews and editorials relating to 
important toxicological topics. Toxicology has been in publication since 1973 and is 
associated with the German Toxicology Society. Articles focus on understanding the 
mechanisms of toxicity associated with exposure to toxicants as it relates to human 
health. Food and Chemical Toxicology has been in publication since 1982 and pub-
lishes articles and reviews focusing on toxic effects of natural or synthetic food, 
drugs, or chemicals to animals and humans. Toxicology Letters has been in publica-
tion since 1977 and publishes novel articles related to determining mechanisms of 
toxicity and reviews on various areas of toxicology. The International Journal of 
Toxicology has been in publication since 1982 and is associated with the American 
College of Toxicology. Articles cover a range of topics important to toxicologists 
including contemporary issues, safety assessments, risk assessment, new approaches 
to testing, mechanisms of toxicity, and biomarkers. Archives of Toxicology has been 
in publication since 1930 and publishes articles on the latest advances in toxicology, 
focusing on research related to mechanisms of toxicity in humans and animals.

Additionally, a great resource that compiles data from several of the above listed 
sources is the Leadscope Toxicity Database. This database contains over 180,000 
chemical structures and can be searched by several metrics including CAS Registry 
Number, structure, or name. When available, the database provides toxicological 
data including acute, repeat dose, carcinogenicity, genotoxicity, reproductive/devel-
opmental, and irritation studies. There are over 400,000 study results in the data-
base, and searches can be conducted by the type of toxicological study, duration of 
study, or route of exposure. Data comes from the National Toxicology Program 
chronic database, Carcinogenic Potency Database, FDA PAFA database, and pub-
lished journal articles (Leadscope 2019). In addition, Leadscope is a value-added 
reseller of the RTECS database. The RTECS database is enhanced with normaliza-
tion of dose regimen, additional end point calculations, and mapping to allow for 
easier searching. In order to use the Leadscope Toxicity Database, you would need 
to purchase one of the Leadscope applications. The applications come with a host of 
other  features that are useful, including the ability to add your own structures and 
data to strengthen your personal database.

Finally, there is a great deal of information present in books that never makes it 
to electronic sources. These include reference volumes such as Patty’s Toxicology, 
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Encyclopedia of Toxicology, Sittig’s Handbook of Toxic and Hazardous Chemicals 
and Carcinogens, and Sax’s Dangerous Properties of Industrial Materials (Pohanish 
2011; Bingham and Cohrssen 2012; Wexler 2014). If the potential leachable (or 
extractable) happens to be a commonly used ingredient in pharmaceuticals or food, 
sources such as the Handbook of Pharmaceutical Additives, Handbook of 
Pharmaceutical Excipients, and Handbook of Food Additives may have relevant 
data (Sheskey 2017; Ash 2007; Ash 2008).
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Chapter 6
Bridging Issues of Route

Amy L. Mihalchik-Burhans and Dexter W. Sullivan Jr.

Abstract Current regulatory guidelines call for the identification and quantifica-
tion of chemical compounds which may migrate out of a medical device, combina-
tion product, or a drug container closure system, and into an individual. Compounds 
that migrate from these devices often have little available toxicity data resulting in 
a major challenge in performing an adequate assessment of biological or toxicologi-
cal risks and thus potentially compromising patient safety. These limited toxicity 
data may exist by alternative routes. Therefore, route-to-route extrapolation of the 
available data may be considered for use in these instances. Here we discuss the 
factors to consider when performing route-to-route extrapolations for L&E com-
pounds beginning with historic and regulatory approaches. This will be followed by 
a review of pharmacokinetic and pharmacodynamic considerations regarding the 
applicability of route-to-route extrapolation. Finally, we will discuss route-specific 
considerations and the derivation of safe exposure limits.

Keywords Route-to-route ·  Extrapolation ·  Leachables ·  Extractables ·  L&E ·  
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6.1  Route-to-Route Extrapolation and Relevance 
to Assessment of Medical Devices

Current ISO 10993 and FDA regulatory guidelines call for the identification and 
quantification of chemical compounds which may migrate out of a medical device, 
combination product, or a drug container closure system, and into an individual 
(FDA 2016; ISO 2018). Often times, compounds that migrate from these devices 
have little available toxicity data resulting in a major challenge in performing an 
adequate assessment of biological or toxicological risks from leachables & 
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extractable (L&E) compounds that can potentially compromise patient safety. 
These limited toxicity data may exist by alternative routes. Therefore, route-to-
route extrapolation of the available data may be considered for use in these 
instances where adequate route-specific data for a compound are not available.

Here we discuss the factors to consider when performing route-to-route extrapo-
lations for L&E compounds beginning with historic and regulatory approaches. 
This includes discussions on EPA’s use of safety factors as well as approaches con-
sidered by ECHA, occupational exposure groups, cosmetic ingredient review pan-
els, and ISO and ICH guidelines consideration of route-to-route extrapolation. This 
will be followed by a review of pharmacokinetic and pharmacodynamic consider-
ations regarding the applicability of route-to-route extrapolation. Finally, we will 
discuss route-specific considerations and the derivation of safe exposure limits.

6.2  Considerations Regarding Applicability of Route-to-
Route Extrapolation

Although there is a significant need to develop methods of route-to-route extrapola-
tion that achieve regulatory acceptance, standardized approaches have yet to be cre-
ated especially in the field of pharmaceutical and medical device risk assessment. 
The majority of proposed approaches have primarily been developed in the European 
Union (EU), in the US Environmental Protection Agency (EPA), and by independent 
academic or industry research groups for the purposes of assessing risk associated 
with environmental, occupational, and consumer exposures to chemicals via dermal 
and inhalation routes extrapolated from oral data in various test species. Few groups 
have developed methods to carry out route-to-route extrapolation from oral (or der-
mal or inhalation) exposure data to parenteral exposures, which compose a signifi-
cant portion of medical device use (e.g., externally communicating medical devices 
and implanted medical devices), an area for much-needed research (Broschard et al. 
2016; ICH 2014; ISO 2018). Regardless, the basic tenants historically set forth for 
route-to-route extrapolation (typically with oral data as the point of departure) should 
apply to medical devices and provide the basis for further exploration of this topic. 
Most route-to-route extrapolation methods discussed in the literature are predicated 
upon the use of readily available oral data as the point of departure.

Below, key factors required to consider regarding route-to-route extrapolation 
are described in greater detail.

6.2.1  Critical Target Tissue of Toxicity Following Exposure

When possible, the critical toxic effect of interest should be independent of route. 
Route-to-route extrapolation is generally only performed on compounds with 
known systemic toxicity (toxicities noted at distant site from exposure route) and 
should not be considered if local or portal of entry effects, such as corrosion, 
 moderate to severe irritation, or sensitization, is expected. Regarding local effects, 
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toxicity is often associated with the concentration of a substance present at the site 
of administration as opposed to the total systemic dose received (ECETOC 2003; 
ECHA 2012; Geraets et al. 2014; IGHRC 2006; Pepelko and Withey 1985; Schroder 
et al. 2016; Sharratt 1988).

6.2.2  Metabolism of the Compound

When considering route-to-route extrapolation, tissue-specific metabolism should 
be carefully considered, especially when considering non-oral routes of exposure. 
While hepatic and extrahepatic biotransformation enzymes often share similarities, 
specific enzyme distribution, induction, and forms may vary among tissues. Upon 
oral administration, compounds may be metabolized by stomach acid, mucosal cells 
of the gastrointestinal tract, or intestinal microorganisms prior to reaching the liver. 
Dermal metabolism, which is fairly limited for a majority of chemicals (aside from 
esters), is typically quite low compared with the liver, suggesting that significant 
biotransformation is typically unlikely. Similarly, the lungs are expected to also 
have limited metabolic function compared to the liver; additionally, considerations 
such as particle size, deposition, and compound solubility may significantly impact 
compound metabolism as related to distribution of metabolic enzymes throughout 
the respiratory tract. Furthermore, species- specific effects should be considered 
whenever possible, considering that the ratio of activating/deactivating metabolic 
enzymes within pulmonary tissue may exhibit a 100-fold difference between rats 
and humans (Bond 1993; IGHRC 2006). In cases where a compound is expected to 
undergo significant metabolism by one route, route-to-route extrapolation may sig-
nificantly underestimate potential toxicity associated with exposure via the route of 
interest and should be approached with caution (IGHRC 2006).

6.2.3  Toxicokinetic Characteristics

When performing route-to-route extrapolation, it is suggested that compound 
absorption be independent of potential local effects and that absorption efficiency 
data of the starting route and intended route of exposure be available to calculate a 
modifying factor (Geraets et al. 2014). As it is usually challenging to accurately 
quantify differences in other TK characteristics including distribution, metabolism, 
and excretion between routes and test species, absorption is the key characteristic to 
examine extrapolation is also often more reliable for compounds with relatively 
long half-life values as toxicity may be more closely related to stable systemic 
exposure as opposed to dose-related exposure factors (e.g., a bolus dose may result 
in high exposure concentration which may not be reflected by other routes of expo-
sure) (IGHRC 2006; Sharratt 1988). In the absence of experimental data, the use of 
physiologically based pharmacokinetic models to more accurately predict target 
tissue dose exposure concentrations at sites of interest may also be considered 
(ECHA 2012; IPCS 2010).

6.2  Considerations Regarding Applicability of Route-to-Route Extrapolation
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6.2.4  First-Pass Effects

Following oral administration, a compound may undergo extensive first-pass 
metabolism in the liver which may significantly alter its bioavailability and tox-
icity. For instance, a compound rapidly metabolized in the liver following oral 
exposure may result in limited systemic exposure, suggesting that exposure by 
an alternative route (such as parenteral) may elicit increased toxicity. Toxicity 
may also vary by exposure route for compounds requiring metabolic activation, 
as tissue-specific metabolism of a compound may not result in the production of 
the same metabolites at the same rate (Geraets et  al. 2014; IGHRC 2006; 
Sharratt 1988).

6.2.5  Physicochemical Properties of the Compound in Regard 
to Toxicokinetics

Physicochemical properties may impact the absorption, distribution, metabolism, 
and excretion of a compound in the body, especially by varying routes of exposure 
(Schroder et  al. 2016). Characteristics that may impact absorption and systemic 
exposure dose include dissociation size, molecular size, molecular weight, partition 
coefficient, pKa, reactivity, solubility, and volatility (Gerrity et al. 1990).

6.2.6  Intended Route/Duration of Patient Exposure

When considering route-to-route extrapolation as part of a risk assessment for a 
compound of interest present in or leached from a medical device, it is essential to 
consider all available data as related to the intended patient exposure route and dura-
tion when possible.

Per ISO 10993-17, medical devices may be broadly categorized by two factors: 
expected body contact and duration of contact. Expected patient use of a device may 
impact potential routes and durations of exposure to L&E compounds, which may 
migrate from the device or device packaging. Medical device categories based upon 
body contact and exposure routes of interest are summarized in Table 6.1. Routes of 
interest for the purposes of risk assessment per expected patient contact are also 
included; if available, data by these routes should be used in derivation of a safe 
exposure level or extrapolation to the most appropriate exposure route should be 
considered (ANSI 2008).

Three primary categories of exposure duration are described in 10993-17 as 
shown in Table  6.2. When considering available animal or human data for risk 
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assessment purposes, the experimental exposure duration should be considered in 
regard to expected patient exposure. The use of chronic exposure data (generally 
from a 2-year study in rodents or duration of half a lifetime in other test species) 
when calculating a safe exposure limit is the most appropriate and conservative 
approach when considering devices with long-term patient use (ECHA 2012). If 
only subacute or subchronic data are available when assessing a device with 
expected long-term use, an additional modifying factor should be applied to account 
for this added uncertainty. In cases where patient exposure is expected to be limited 
or prolonged, subacute and subchronic data may be appropriate without application 
of a modifying factor. LD50 values are not recommended as a point of departure in 
calculating safe exposure limits for a compound due to inherent uncertainty associ-
ated with this endpoint, failure to identify earlier critical toxic effects, and extreme 
uncertainty regarding potential long-term effects associated with compound 
exposure.

6.2.7  Data Quality and Availability

As with any standard risk assessment, data quality and availability may significantly 
impact uncertainty associated with a calculated safe exposure level (IGHRC 2006; 
Sharratt 1988). When carrying out route- to- route extrapolation, it is ideal if high-
quality data (i.e., studies performed to GLP or OECD guidelines with appropriate 
sample size in animals of both sexes) pertaining to systemic toxicity, reproductive 
and developmental toxicity, carcinogenicity, and genotoxicity are readily available 
for a compound or can be extrapolated from surrogate compounds expected to have 
similar toxicities, toxicokinetic parameters, and structure/chemical space. It is help-
ful if potential mechanism(s) of toxicity have been elucidated for a compound to 
determine if local or portal of entry effects may occur or if a mechanism of toxicity 
may be conserved in a variety of bodily tissues. For the purposes of route-to-route 
extrapolation, lack of quality data may increase uncertainty or restrict feasibility of 
using this approach (Fig. 6.1).

Table 6.2 Contact duration of medical devicesa

Contact duration category Definition

Limited exposure Cumulative sum of single, multiple, or repeated exposures 
up to 24 h

Prolonged exposure Cumulative sum of single, multiple, or repeated exposures 
over 24 h but not in excess of 30 days

Long-term exposure Cumulative sum of single, multiple, or repeated exposures 
exceeds 30 days

aTable contents adapted from 10993-17

6 Bridging Issues of Route
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6.3  Regulatory Approaches to Route-to-Route Extrapolation

6.3.1  US Environmental Protection Agency (US EPA)

US EPA published “Methods for Derivation of Inhalation Reference Concentrations 
and Application of Inhalation Dosimetry” in 1994 to provide general guidance on 
derivation of reference concentration (RfC) values for inhalation exposure. It was 
suggested that route-to-route extrapolation could only be used in circumstances 
where the following criteria were established:

• Local respiratory effects and first-pass metabolic effects (via oral or inhalation 
metabolism) were not expected to occur.

• Compound is not expected to elicit route-specific toxicities.
• Dosimetry comparison between routes cannot be established.
• Respiratory tract data are unavailable in oral (or starting route) study.
• Short-term inhalation, dermal irritation, in vitro assessments, or physicochemi-

cal characteristics of the compound suggest compound may result in  local or 
portal of entry effects within respiratory tract but are insufficient to form basis of 
RfC derivation.

If criteria are met, the development of a physiologically based pharmacokinetic 
(PBPK) model to determine the pharmacokinetic parameters of the compound for 
routes of interest should be completed in order to model the effective dose required 
to elicit the critical toxic effect of concern via the starting route and intended route 

Are adequate toxicity data available for 
compound of interest by oral route?

No, route-to-route 
extrapolation cannot be 

scientifically justified

Yes, adequate data from studies in 
relevant species available; adequate 
data may include systemic toxicity, 
localized or portal-of-entry toxicity, 
genotoxicity/carcinogenicity, and 

reproductive/developmental toxicity

Is compound toxicity expected or 
predicted to be systemic or localized? 

Do not proceed with route-to-
route extrapolation; gather 
additional data or see ISO 

18562-3, ISO/TS 21726, or other 
TTC methodologies 

Compound may elicit local effects 
such as severe irritation, 

sensitization, or a route-dependent 
critical toxicity at site of contact

Compound expected to 
induce systemic effects, 
proceed with flow chart

Are adequate toxicokinetic data 
available for compound by oral route 

and ideally by intended route (consider if 
significant first-pass or route-specific 

metabolism is expected)? Are enough data available to 
develop PBPK models to 

address these 
considerations?

No, route-to-route 
extrapolation cannot be 

scientifically justified

Extensive first-pass or route-
specific metabolism is 
expected, compound 

toxicity may be related to 
route-specific metabolite(s)

Derive route-specific adjustment factor 
based upon differences in route-specific 

bioavailabilities (method may vary by 
intended route and overall availability of 

data; see Table 6.3.1)

Fig. 6.1 Decision tree for establishing suitability of route-to-route extrapolation

6.3  Regulatory Approaches to Route-to-Route Extrapolation
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for extrapolation. This guidance did not discuss the use of default extrapolation fac-
tors or a default method for route-to-route extrapolation (EPA 1994).

6.3.2  Interdepartmental Group on Health Risks and Chemicals 
(IGHRC)

IGHRC, which is a working group with members from numerous scientific agencies 
in the United Kingdom, drafted guidelines on the use of route-to-route extrapolation 
for the purposes of assessing human health risk to chemicals present in the environ-
ment and in “normal use.” Potential default extrapolation values were described for 
the purposes of route-to-route extrapolation, as well as methods for extrapolation to 
dermal and inhalation exposure in cases where bioavailability data are available for 
either the starting route or intended route (IGHRC 2006).

6.3.3  ECHA

ECHA published “Guidance on information requirements and chemical safety 
assessment: Chapter R.8: Characterization of dose [concentration]-response for 
human health” as part of a guidance series in order to meet REACH regulation stan-
dards. The guidance suggested that route-to-route extrapolation should only be con-
sidered if the compound of interest is not expected to elicit local effects or undergo 
first-pass metabolism. Although it is suggested that compound- and route-specific 
absorption values be used to derive a modifying factor, default factors for oral-to-
inhalation, inhalation-to-oral, and oral-to-dermal extrapolations were provided. A 
preferred general method of extrapolation was proposed, which accounted for allo-
metric scaling and route-specific absorption (see Table 6.3) (ECHA 2012).

6.3.4  European Medicines Agency

The EMA “Guideline on setting health based exposure limits for use in risk identi-
fication in the manufacture of different medicinal products in shared facilities” pub-
lished in 2014 established general guidelines for route-to-route extrapolation to 
establish safe exposure limits to pharmaceutical contaminants during manufactur-
ing processes for drugs that may be administered via different routes. In cases where 
compound bioavailability is expected to be significantly different between routes, a 
correction factor assuming 100% bioavailability of a contaminant compared to the 
bioavailability of starting route may be calculated. If data are unavailable and sys-
temic bioavailability to the contaminant is expected to be lower than that of the 
intended route, a correction factor is not required (see Table 6.3) (EMA 2014).

6 Bridging Issues of Route
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6.3.5  ICH Harmonized Guideline Q3D

Within the ICH “Guideline for Elemental Impurities” ICH Q3D, parenteral PDE 
values for elemental compounds lacking sufficient route-specific toxicity data were 
derived by applying additional modifying factors to the available point of departure. 
Modifying factors (MFs) ranging from 1 to 100 were applied based upon oral bio-
availability as follows:

Oral bioavailability <1%: divide by MF of 100
Oral bioavailability <50%: divide by MF of 10
Oral bioavailability between 50% and 90%: divide by MF of 2
Oral bioavailability >90%: divide by MF of 1

For elemental compounds lacking adequate toxicity data by the inhalation route 
for derivation of a PDE, a MF of 100 was applied to the calculated oral PDE. The 
use of 100 as a MF was rooted in an analysis of a subset of compounds with oral and 
inhalation data in the EPA HEAST dataset, which summarized provisional risk 
assessment data and compound-specific oral and inhalation reference dose (RfD) 
and concentration (RfC) values, respectively. Within the subset, safe daily human 
exposure doses in mg/kg body weight/day derived from RfC values were up to 100-
fold lower than those from accompanying RfD values, therefore providing a basis 
for general application of a MF of 100 for route-to-route extrapolation of data from 
oral to inhalation exposures (Ball et al. 2007; ICH 2014).

ICH Q3D also provides recommendations regarding derivation of route-specific 
PDEs for alternative routes (e.g., dermal, rectal, vaginal, and ocular) not described 
in the guidance, suggesting that the risk assessor (1) select the most appropriate 
Q3D PDE as a starting point, utilizing the oral PDE as the default; (2) determine if 
localized portal of entry effects are expected when administered by the intended 
route and adjust an existing PDE as necessary; (3) if local effects are absent, con-
sider the bioavailabilities of the compound by the oral (or parenteral or inhalation) 
route and new proposed route for deriving a compound-specific correction factor; 
and (4) consider product quality attributes if a higher PDE is derived compared to 
an established PDE (Fig. 6.1; Table 6.3) (ICH 2014).

6.4  Route-Specific Considerations

Risk assessments for compounds which may migrate from a medical device are 
typically challenging. These compounds typically have little to no safety data. 
The limited safety data that may be available are almost never in the correct route 
of exposure. Typically, most available toxicity data are reported by the oral route, 
whereas exposure to medical devices occurs by multiple routes not limited to 
oral, inhalation, dermal/transdermal, parenteral, rectal, vaginal, ocular, and 
intrathecal.

6 Bridging Issues of Route
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While some routes of exposure have barriers that limit exposure to compounds, 
others provide little to no protection against chemical exposure. For example, and 
as previously mentioned, the oral rout of exposure has the first-pass effect. Dermal 
exposure is often limited as the skin provides an excellent layer of protection, thus 
limiting the amount and types of compounds that enter the body. On the other hand, 
parenteral exposure offers little to no such protection. As a result, the same com-
pound can have much different bioavailability based on the route of exposure. These 
differences in bioavailability are key when performing route-to-route extrapolations 
for compounds. For the most part, these route-to-route extrapolations for medical 
device components are performed using oral data, going from oral route of exposure 
to inhalation or intraperitoneal.

When using oral data to derive safe exposure limits by the parenteral or inhala-
tion route, modifying factors (MFs) are typically used as previously discussed here 
(see Sect. 6.2.5) and described in ICH Q3D. MFs typically range from 1 to 100 
based on the bioavailability of the compound by the oral route of exposure. For 
parental exposure, as the oral bioavailability increases, the MF decreases. In 
instances where the oral bioavailability is greater than 90%, the MF is 1. When the 
oral bioavailability is unknown, a worst-case scenario of oral bioavailability <1% 
should be assumed and a MF of 100 used. Similarly, for inhalation exposures based 
on oral data, a MF of 100 is generally used.

Similar methodologies may be used for specialized routes of exposure including 
rectal, vaginal, ocular, intravenous, and intrathecal. However, in addition to differ-
ences in bioavailability, localized effects should also be considered.

6.5  Derivation of Safe Exposure Limits

A variety of methods exist regarding derivation of safe exposure limits to com-
pounds that may be present in, on, or leach from medical devices or combination 
products. Possible methods and regulatory guidance on the topic are summarized 
below.

6.5.1  Derivation of a Permissible Daily Exposure (PDE) Value

The PDE calculation is intended to provide a safe lifetime daily exposure limit to a 
compound based upon assessment of pertinent toxicity data to identify the critical 
effect (the most sensitive indicator of an adverse effect at the lowest identified dose) 
as a point of departure for applying additional safety factors as described in ICH 
Harmonized Guideline ICH Q3C, “Impurities: Guideline for Residual Solvents 
Q3C(R6)” and elsewhere. Regarding medical devices, it is more common to derive 
a tolerable intake (TI) and subsequent tolerable exposure (TE) value based upon 
standardized patient body weights in kg, but PDEs may be calculated when assess-

6.5  Derivation of Safe Exposure Limits
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ing combination products, container closure systems or packaging materials, and 
manufacturing components. Standard safety factors (each up to a value of 10) used 
in calculating a PDE are described in further detail below (ICH 2016):

 
PDE

POD Body Weight kg

F F F F F
=

× ( )
× × × ×1 2 3 4 5  

where:

PDE = permissible daily exposure

POD  =  point of departure; preferably a no-observed-adverse-effect-level 
(NOAEL) or no-observed-effect-level (NOEL); in the absence of NOAEL or NOEL 
values, a lowest-observed- adverse-effect-level (LOAEL) value may be used. LD50 
values are not recommended in deriving a PDE as these are crude markers of toxic-
ity which fail to identify the earliest critical effect essential in risk assessment.

F1 = interspecies extrapolation (accounts for comparative surface area to body 
weight ratios for various test species and humans)

F2 = intraspecies extrapolation (accounts for variability in humans)
F3 = duration of exposure (accounts for duration of acute or subchronic studies)
F4 = severe toxicity (accounts for non-genotoxic carcinogenicity, neurotoxicity, 

or teratogenicity)
F5 = accounts for data quality and availability (i.e., extrapolation from a LOAEL 

or TDLO to NOAEL)

Regarding medical devices, the risk assessor when considering route-to-route 
extrapolation or especially sensitive patient populations, an additional safety factor, 
F6, may also be included. F6, if possible, should be predicated upon experimental 
data such as bioavailability data for routes of interest to derive an appropriate adjust-
ment factor. If bioavailability data are unavailable for the intended route of expo-
sure, absorption of 100% may be used as a default for comparison (especially in 
considering parenteral exposures).

F
Absorption via intended route

Absorption via oral route or ro
6 =

uute of POD( )

For example, when considering a compound (such as a leachable or extractable 
substance) derived from an implanted device resulting in parenteral exposure, F6 
may be calculated as follows assuming the risk assessor has absorption data for the 
compound via the route of the POD value and assumes 100% absorption by the 
intended route of exposure in the absence of experimental ADME data for this route.

F6
100

80
1 25= =

%

%
.
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If a range of absorption values are available regarding the route of the POD, the 
most conservative (i.e., the lowest) absorption value should be utilized in calculat-
ing F6 in order to arrive at the most conservative adjustment factor. For instance, for 
a compound with adequate toxicity data and extremely low oral absorption (>1%), 
F6 would be 100 assuming 100% bioavailability by the intended route of exposure. 
However, this approach should be used with caution and expert judgment, espe-
cially in considering whether the POD may be an accurate representation of poten-
tial toxicity associated with the intended route of exposure (Broschard et al. 2016).

A similar approach to route-to-route extrapolation has also been presented by the 
European Medicines Agency (EMA) in a 2014 guidance document, “Guidelines on 
setting health based exposure limits for use in risk identification in the manufacture 
of different medicinal products in shared facilities.” The guidance describes calcula-
tion of a PDE using precepts from ICH Q3C for the purposes of establishing clean-
ing validation limits in pharmaceutical manufacturing facilities and provides 
additional recommendations regarding route-to-route extrapolation. In instances 
where bioavailabilities between the POD and intended routes exhibit clear differ-
ences, a correction factor (preferably based upon data from same species) assuming 
100% bioavailability via the intended route may be derived as follows:

Correction Factor
bioavailability POD

bioavailability i
=

%

%100 nntended route

This factor may then be multiplied by the calculated PDE to derive a safe expo-
sure limit accounting for route (EMA 2014).

In the event that bioavailability data are entirely unavailable for the compound of 
interest, standardized default values for route- specific extrapolations have not been 
established (Broschard et al. 2016). Furthermore, in the absence of compound-spe-
cific data capable of meeting criteria described in Sect. 6.3, the use of established 
generic safety thresholds as described in ICH M7, the Cramer classification scheme 
(which is based upon TTC concept), ISO 18562 (general TTC values for compounds 
in medical devices resulting in gas pathway exposure), or ISO/TS 21276 (general 
TTC values for medical device constituents) may be more appropriate (ICH 2017; 
ISO 2017b, 2019).

6.5.2  Derivation of Tolerable Intake (TI) and Tolerable 
Exposure (TE) Values

The International Standard ISO 10993 guidance series regarding biological evalua-
tion of medical devices provides the international framework for biological assess-
ment of sterile and non-sterile medical devices that may come in indirect or direct 
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contact with patients for and by a variety of purposes and routes, respectively (FDA 
2016). ISO 10993-1, “Biological evaluation of medical devices – Part 1: Evaluation 
and testing within a risk management process,” and ISO 10993-17, “Biological 
evaluation of medical devices – Part 17: Methods of the establishment of allowable 
limits for leachable substances,” suggest that patient contact duration with a medical 
device and route of exposure play a key role in determining (1) if an overall device, 
material of construction, or leachable compound may result in patient toxicity and 
(2) if safe exposure doses to leachable compounds may be calculated based upon 
available toxicity data [route, duration of study, applicability of study dose(s), and 
overall data quality]. While ISO 10993-1 describes the overarching premise for 
evaluating safety of a device based upon a number of biocompatibility and toxicity 
assays, ISO 10993-17 provides guidance on the derivation of TI and patient popula-
tion-specific TE values for leachable/extractable substances identified in a medical 
device or its packaging materials (ANSI 2008; ISO 2018).

Although specific methods of route-to-route extrapolation are not defined in ISO 
10993-1 and ISO 10993-17, it is strongly encouraged that risk assessors compare 
and consider route and duration of exposure to a device in actual patient populations 
with available literature data when calculating a safe exposure level to a leachable/
extractable compound. Route-to-route extrapolation approaches should be employed 
with expert judgment, careful consideration of portal of entry or localized effects, 
potential use of physiologically based pharmacokinetic modeling of systemic- and 
tissue-specific exposure, and relevance of data (e.g., dose, species, study duration) 
to expected patient exposure and population(s). Upon consideration of these factors, 
ISO 10993-17 suggests that uncertainty regarding route extrapolation be included in 
uncertainty factor 3 (UF3) of the TI calculation, which is provided below. A TI pro-
vides a value, in mg/kg body weight, that should be a safe limit for daily exposure 
to compounds present in or on a device.

TI
POD

MF
=

MF UF UF UF= × ×1 2 3

where:

TI = tolerable intake

POD = point of departure; preferably a NOAEL or LOAEL if possible

MF = modifying factor which is the multiplied product of uncertainty factors 1, 
2, and 3 (UF1, UF2, and UF3); intended to account for uncertainty associated with 
estimating a safe dose while considering potential toxicities associated with a com-
pound of interest; total factor up to 1000 is usually protective but may vary if only 
poor or inappropriate (e.g., study duration or route of exposure) data are available

UF1 = accounts for interhuman variability; default of 10 usually
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UF2 = accounts for extrapolation of data from other species to human; default of 
10 usually but may be altered based upon expected differences in test species 
and human

UF3 = accounts for quality and relevance of available data, ranges from 1 to 100 
based upon applicability of POD based upon study duration and route of exposure, 
identification of a NOAEL, breadth of data available on compound, rate of expo-
sure, and overall confidence in available data, may exceed 100 if necessary if only 
acute data are available for deriving safe level of compound in device with perma-
nent patient contact

Once a TI is calculated for a compound, patient population-specific TE values 
may be calculated based upon standard patient population body weights (kg) and a 
utilization factor (UTF) based upon expected concomitant exposure to a leachable 
from other medical devices and days of actual use of a device compared to duration 
of an exposure category [e.g., expected device use of 7 days for device determined 
to have prolonged (up to 30 days) contact with patient].

The TE calculation is as follows and described in greater detail below:

  
TE TI body weight kg UTF= × ( )×  

   UTF CEF PEF= ×  

where:

TE = tolerable exposure (in mg/day)

TI = tolerable intake (in mg/kg)

Body weight = up to 70 kg for adults (other regulatory agencies may use standard 
body weight of 60 kg or 50 kg), 10 kg for pediatric patients, 3.5 kg for infants, and 
0.5 kg for neonates

UTF = utilization factor

CEF = concomitant exposure factor, default of 0.2, may also be calculated using 
additional equations present in ISO 10993-17 if leachable is expected to be present 
in >5% of medical devices or increased to 1 if <5% of devices solid in calendar year 
or <5 devices containing the leachable are used in any single medical procedure

PEF = proportional exposure factor, default of 1, may be calculated to result in 
higher value by dividing number of days in exposure category by number of days of 
device use if less than exposure category

Despite mention of route-to-route extrapolation as necessary for an accurate 
assessment of toxicity associated with leachable compounds, specific methods or 
recommended resources for further reading are not described in ISO 10993 guid-
ances. Therefore, extrapolation is based upon expert judgment and methods other-
wise discussed throughout the literature without regulatory guidance or consensus.
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6.5.3  Adjustment of Cramer Classification Values

The Cramer classification scheme (decision tree) is a predictive toxicology method 
used to assess chemicals in order to generate a toxicological threshold concern 
(TTC) estimation. It is typically intended to estimate a TTC for chronic exposure 
via the oral route but may be a useful tool to gauge the potential risk associated with 
a compound. The decision tree uses chemical structures, estimates of total human 
intake, recognized pathways for metabolic deactivation and activation, toxicity data, 
and the presence of a substance as a component of traditional foods or as an endog-
enous metabolite to evaluate the compound of interest. The Cramer classification 
recommended threshold (Cramer TTC) is intended to be protective for daily oral 
exposure to compounds and was designed using oral NOAEL values from chronic, 
subchronic, reproductive, and developmental toxicity studies carried out in rodents 
and rabbits. The lowest 5% of NOELs for a group were then modified with a safety 
factor of 100 to ensure a margin of safety. Acute toxicity of the compounds was not 
taken into consideration when these levels were determined, nor were other routes 
of administration (Cramer et al. 1978; Munro et al. 1996). The Cramer TTC is still 
useful in estimating overall potential risk from a compound and can be used as a 
basis for determining the safe level relevant for alternative routes of exposure 
(Broschard et al. 2016; ICH 2014).

Substances are classified and threshold levels recommended as follows 
(Broschard et al. 2016; Health Canada 2016; Kroes et al. 2004; WHO/EFSA 2016):

• Class I: substances with simple structures and for which efficient modes of 
metabolism exist, suggesting a low order of oral toxicity. Recommended 
threshold is 1800 μg/day for oral products.

• Class II: substances which possess structures that are less innocuous than 
class I substances, but do not contain structural features suggestive of toxicity 
like those substances in class III. Recommended threshold is 540 μg/day.

• Class III: substances with chemical structures that permit no strong initial 
presumption of safety or may even suggest significant toxicity or have reac-
tive functional groups. Recommended threshold is 90 μg/day.

• Compounds with anti- acetylcholinesterase activity including organophos-
phates or carbamates. Recommended threshold is 18 μg/day.

• FDA threshold of regulation for genotoxic substances. Recommended thresh-
old is 1.5 μg/day. Compounds identified at levels below 1.5 μg are generally 
not assessed, and 1.5 μg should be protective against effects of genotoxic 
carcinogens.

Although a consensus or default safety factor value has not been established by 
regulatory authorities for route-to-route extrapolation, it has generally been sug-
gested that compound-specific factors may be derived based upon bioavailability of 
a compound by the oral and intended exposure route, although caveats may apply 
(see Sect. 6.3). For instance, assuming conservative oral bioavailability of ~1% and 
potential parenteral bioavailability of 100%, a safety factor of 10 should be adequate 
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to address extrapolation as described by Broschard and others (Broschard et  al. 
2016; ICH 2014). Furthermore, numerous groups have researched and published 
possible methods regarding extrapolation of the TTC method primarily to inhalation 
and dermal exposures resulting from occupational, environmental, and consumer 
products (e.g., household products, cosmetics, and personal care products) which 
are not discussed in detail here and have not been fully validated by regulatory agen-
cies (Blackburn et al. 2005; Carthew et al. 2009; Escher et al. 2010; Hoersch et al. 
2018; Kroes et al. 2007; Rennen et al. 2004; Safford 2008; Williams et al. 2016; 
Yang et al. 2017).

6.5.4  Consideration of ISO 18562-3

ISO 18562-3 specifically provides TTC values for volatile organic compounds 
(VOCs) lacking appropriate data for calculation of TI and TE values that may be 
conveyed to patients through the gas pathway throughout the use of respiratory 
devices including devices, component parts, and accessories.

The TTC values listed in Table 6.4 above are not intended to be protective against 
local effects or assume biocompatibility of a compound. The TTC values are also 
presented in μg/day assuming a 70  kg adult. ISO 18562-1 indicates that patient 
population-specific TTC values be calculated for patient populations of lower body 
weight to derive a safe limit. Body weights used in adjustment include 0.5 kg for 
neonates, 3.5  kg for infants, and 10  kg for pediatric patients. Sex-specific body 
weight adjustments are not discussed in this guidance, although ISO 10993-17 dis-
cusses the use of a reduced standardized body weight for adult females (ANSI 2008; 
ISO 2017a, b).

6.5.5  Consideration of ISO/TS 21726

ISO/TS 21276, Biological evaluation of medical devices – Application of the thresh-
old of toxicological concern (TTC) for assessing biocompatibility of medical device 
constituents, was published in early 2019. This standard describes the derivation 

Table 6.4 TTC limits for VOCs identified in gas pathway from respiratory medical devices

Device exposure 
category

Duration of 
patient exposure TTC (μg/day)

Limited ≤24 h 360 – –
Prolonged >24 h and <30 d 360 (in first 24 h 

exposure)
120 (for subsequent 
29 days)

–

Permanent ≥30 d 360 (in first 24 h 
exposure)

120 (for subsequent 
29 days)

40, beyond 
30 days
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and applicability of TTC values specifically for compounds present in, or, or 
released from a medical device that lack adequate data to derive TI and TE values. 
The TTC values described in ISO/TS 21726 are intended to be protective against 
effects elicited by exposure to genotoxic and non-genotoxic carcinogenic, systemic, 
and reproductive toxicants, but do not encompass endpoints otherwise assessed in 
standard ISO 10993 testing including cytotoxicity, irritation and sensitization, 
hemocompatibility, pyrogenicity, or local tissue effects at the site of bodily contact. 
The values were based upon TTC limits described in ICH M7 for control of DNA 
reactive impurities in pharmaceutical products regardless of patient population or 
route of administration ordinarily without the need for further route-related adjust-
ment (ICH 2017; ISO 2019). However, it is important to note that FDA CDRH has 
not recognized this standard yet for use in regulatory submissions. Table 6.5 below 
presents these TTC values as defined in ISO/TS 21726:

6.6  Conclusions

While route-to-route extrapolation has been explored for decades in the field of 
regulatory toxicology, formal guidance from regulatory agencies specifically in ref-
erence to chemical exposures resulting from medical devices is lacking. The US 
EPA, EU agencies and programs (ECHA, EU SCOEL, COSMOS, EMA), and 
numerous academic and regulatory scientists have proposed a variety of methodolo-
gies and considerations regarding appropriate application of route-to-route extrapo-
lation. However, a consensus standard regarding these approaches is unavailable, 
which significantly reduces compliance with standardized (and comparable) route-
specific extrapolation methods among regulatory scientists. Considering that regula-
tory scientists are often required to assess compounds with incomplete or inadequate 
data to fulfill all proposed criteria for route-to-route extrapolation, more research 

Table 6.5 TTC limits for medical devicesa

Medical device contact 
category

Limited 
(<24 h)

Prolonged 
(24 h to 30 d) Long term (>30 d)b

Duration of body 
contact

≤1 month >1 month to 
12 months

>1 year to 
10 years

>10 years to 
lifetime

Daily intake of any one 
constituent (μg/day)

120 20 10 1.5c

aTTC does not apply to compounds that are expected to be highly toxic (“cohort of concern” com-
pounds) including aflatoxin-like compounds, N-nitroso compounds, azo compounds, polyhaloge-
nated-dibenzodioxins, polyhalogenated-dibenzofurans, and polyhalogenated-biphenyls, strained 
heteronuclear rings, heavy metals, α-nitro furyl compounds, hydrazines, triazines, azides, or azoxy 
compounds, polycyclic amines, steroids, and organophosphorus compounds, as well as high 
molecular weight polymers, particles, ceramics, proteins, and radioactive substances
bLong-term includes devices generally defined as permanently contacting in ISO 10993-1
cBased upon 10−5 cancer risk and 60 kg adult body weight

6 Bridging Issues of Route
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regarding derivation and implementation of route-specific “default” values for regu-
lar use in risk assessment is required. Alternatively, use, and perhaps extrapolation, 
of Threshold of Toxicological Concern (TTC) values as presented in ICH M7, ISO 
21726, or ISO 18562 guidance may assist in deriving safe exposure values for com-
pounds with inadequate data by all potential routes of exposure.
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Chapter 7
Risk Assessments for Medical Devices

Erica N. Rogers

Abstract This chapter focuses on providing a brief but thorough summary of risk 
assessment in relation to medical devices. This chapter is divided into four key sec-
tions: (i) Overview of Device Regulation, (ii) Classification of Medical Devices, (iii) 
Medical Devices and Risk Assessment, and (iv) Case Studies. In the Overview of 
Device Regulation section, information is provided on the definition of a medical 
device as it applies to the US Food and Drug Administration (FDA). For the 
Classification of Medical Devices section, a summary of the key classes of medical 
devices, as given by the FDA, is discussed. The Medical Devices and Risk Assessment 
section includes information on set standards as detailed by the International Council  
on Harmonisation of Technical Requirements for Registration of Pharmaceuticals 
for Human Use (ICH), the key steps of human health risk assessment, examples of 
sources for data retrieval and analysis, and calculation of a tolerable exposure limit 
with some implementation of uncertainty and/or safety factors as well as determina-
tion of whether a device is safe to use. Lastly, this chapter provides two fictious case 
studies which assist readers in understanding how to apply the steps of human health 
risk assessment to determine an appropriate TE limit.

Keywords Medical device ·  Risk assessment ·  Tolerable exposure (TE) ·  
Uncertainty factor (UF)

7.1  Overview of Device Regulation

Medical devices have been recognized as inert constructs composed of a single 
biomaterial or a combination of biomaterials, diagnostic devices, microelectronics, 
computer components, and software (Gad and Schuh 2018). Medical devices 
are  primarily constructed from such materials as polymers, metals, textiles, 
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 nanomaterials, ceramics, and animal-derived materials or tissues (Gad and Schuh 
2018). Overall, medical devices have been accepted as an apparatus that supports a 
limited range of interaction in the human body with limitations mainly to be due to 
direct contact of the medical device with the host tissue. Majority of medical devices 
are present as solid entities. However, some medical devices are constructed as 
injected liquids and injectable suspensions or particles or liquids. Additionally, 
medical devices can be grouped based on their rate of resorption in the human body.

In 1976, the FDA enacted the Medical Device Amendments of 1976 (1976 
Amendments) (Pub. L. 94-295). In the Medical Device Amendments of 1976, the 
FDA established standards for some devices and required premarket clearance and 
approval for others. Devices classified as posing minimal risk to patients during use 
were excluded from both these standards and premarket clearance. According to 
Section 201(h) of the Food Drug and Cosmetic (FD&C) Act, a medical device was 
defined as an instrument, apparatus, implement, machine, contrivance, implant, 
in  vitro reagent, or other similar related article, including a component, part, or 
accessory, which is:

 1. Recognized in the official National Formulary, or the United States Pharmacopeia, 
or any supplement to them

 2. Intended for use in the diagnosis of disease or other conditions, or in the sure 
mitigation, treatment, or prevention of disease, in man or other animals

 3. Intended to affect the structure or any function of the body of man or other ani-
mals, and which does not achieve its primary intended purposes through chemi-
cal action within or on the body of man or other animals and which is not 
dependent upon being metabolized for the achievement of its primary intended 
purposes (CDRH 1992)

7.2  Classification of Medical Devices

In addition to implementing an exact definition for the term “medical device,” the 
Medical Device Amendments of 1976 created a classification system to categorize 
medical devices based on their required level of control to ensure the safety and 
efficacy on the device. In this classification system, medical devices are assigned to 
one of three regulatory classes which depends on the intended use of the device and 
the indications for use in the device of interest. Additionally, as the classification for 
a device increases, the risk to the patient and therefore regulatory control of the 
device also is enhanced (i.e., Class I includes device with the lowest risk, whereas 
Class III devices include devices with the greatest amount of risk). The three regula-
tory classes and their respective requirements are described as follows:

 1. Class I: General Controls
Defined as medical devices that possess low to moderate risk to the patient and/
or user. Devices in this class have the least amount of regulatory control as they 
potentially present minimal harm to the patient and/or user. Generally, devices in 
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this class constitute the broad enforcement, and regulatory requirements as 
established by Congress should be sufficient (if achieved) to assure effective 
usage and safety to the patient and/or user. Class I devices typically are straight-
forward in design and manufacture detail and contain a history of safe usage. 
Within the Class I category, devices on this group can be subdivided according 
to exemption controls. Today, approximately 47% of currently used medical 
devices are designated as Class I devices (USFDA 2017). About 95% of Class I 
devices are exempt from the regulatory process (USFDA 2017). As defined in 21 
Code of Federal Regulation (CFR) Parts 862–892, a Class I device labeled with 
exemptions does not require compliance with the good manufacturing practices 
regulation, a premarket notification application, and FDA clearance prior to its 
promotion in the USA. If a Class I device is determined as not exempt, a 510(k) 
is require for marketing. Examples of common Class I devices include tongue 
depressors, an arm sling, and manual surgical instruments (such as clip applier, 
manual dermabrasion brush, scrub brush, ligature carrier, and chisel).

 2. Class II: General Controls and Special Control
Class II medical devices are identified as devices where General Controls are 
insufficient to provide reasonable assurance of safety and effectiveness. These 
types of devices are suggested to exert a moderate to high risk to the patient and/
or user. To assure the safety and effectiveness of these devices are adequately 
met, existing methods, standards, and guidance documents have been estab-
lished. Besides being compliant with General Control measures, it is mandatory 
that Class II devices comply with Special Controls requirements which include 
special labeling fields; patient registries and guidelines; adherence to necessary 
performance standards; post-market surveillance; and FDA medical device spe-
cific guidance(s). Like Class I devices, Class II devices contain the subcatego-
ries with or without exemption requirements. Similar to Class I exempt devices, 
Class II devices deemed as exempt do not have to complete a premarket notifi-
cation application as well as do not require FDA clearance before marketing of 
the device in the USA. Class II medical devices that are not exempt require 
FDA-submitted premarket notifications and a complete FDA review of a 510(k) 
clearance to market submission. To date, about 43% of medical devices are 
considered as Class II devices (USFDA 2017). Examples of Class II devices 
include powered wheelchairs, X-ray systems, gas analyzers, pumps, and surgi-
cal drapes.

 3. Class III: General Controls and Premarket Approval
Class III medical devices have the most stringent regulatory controls as sufficient 
information is not readily available to assure safety and effectiveness through the 
application of General Controls and Special Controls. These devices contain the 
most risk to the patient and/or user and are generally characterized to support or 
sustain human life, are of substantial importance in preventing impairment of 
human health, or present potential unreasonable risk illness or injury. Notably, 
while many implant devices are classified as Class III devices, many have 
been categorized as in the Class II group. Typically, a Class III device that is not 
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considerably equivalent to a legally marketed predicate device must be subjected 
to a premarket approval (PMA) application prior to it being commercially dis-
tributed in interstate commerce; exceptions to this requirement can be mandated 
if the device is down-classified by the FDA or the device is cleared through de 
novo review process. Currently, about 10% of medical devices regulated by the 
FDA are classified as Class III devices (USFDA 2017). Examples of Class II 
devices that require PMA include heart valves, silicone gel-filled breast implants, 
and implanted cerebella stimulators.

7.3  Medical Devices and Risk Assessment

Although manufacturing companies constructing medical devices strive to achieve 
the most effectiveness with the least amount of health risk possible, complete 
absence of potential danger through use of a device is not realistic. In actuality, use 
of all medical devices over an extended period of time may result in potential health 
risk to the patient and/or user. In general, a “risk” is defined as the possibility of 
loss, harm, or other adverse effect to occur as a result of a given situation. A health 
risk is defined as the possibility that an adverse event will harm or otherwise affect 
an individual’s health. Overall, the risk of an adverse event can be quantified as the 
combination of the likelihood (probability) and magnitude (severity) of a negative 
outcome to occur:

 Risk Severity Probability= ×  

Although this equation is useful due to its simplicity, health risk is not one- 
dimensional when in relation to a patient’s and/or user’s operation of medical 
devices and potential human health outcomes. To address this problem, many have 
considered the process known as “health-based risk assessment” which provides an 
alternative approach for evaluating health risk perspectives (Gad and Gad-McDonald 
2015; ISO14971-1 2019; Stark 1997).

7.3.1  Standards and Guidances

A detailed paradigm for the medical device risk management process has been 
described in the American National Standard/Association for the Advancement of 
Medical Instrumentation (ANS/AAMI) standards under the International 
Organization for Standardization (ISO) Standard, ISO 14971: Medical devices – 
Application of risk management to medical devices as shown in Fig.  7.1 
(ISO14971-1 2019).

In ISO 14971 standard, information is provided detailing that a manufacture 
must establish, document, and maintain accurate identification of hazards through-
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out the life cycle and ongoing process of medical devices. During the ongoing 
process of identifying hazards associated with a medical device, the following ele-
ments must be included: risk analysis, risk evaluation, risk control, and production 
and postproduction information. A schematic illustration of the risk management 
process, which is a truncated version of event display in Fig.  7.1, is shown in 
Fig. 7.2 (Ecobichon 1997; ISO14971-1 2019).

For the purposes of this chapter, we will only focus on the risk analysis and risk 
evaluation which are the essential events for risk assessment as indicated by 
ISO 14971.

7.3.2  Elements of Human Health Risk Assessment

Health risk assessment can be defined as the characterization of the potential adverse 
effects of human exposure to a particular agent or substance. The aim of health risk 
assessment in reference to a specific agent or substance is to either establish a safe 
exposure level or determine the likelihood of its harm during exposure (White et al. 
1999). As generalized by the ISO standard, ISO 14971: Medical devices  – 
Application of risk management to medical devices, a human health risk assessment 
with regard to medical devices is a process which encompasses risk analysis and 
risk evaluation. Thus, human health risk assessment involves systematic use of 
available information to identify hazards to estimate a risk (i.e., risk analysis) and 
utilize judgment, according to hazard identification, to determine whether an accept-
able risk has been achieved in a given context based on current, available scientific 
information (i.e., risk evaluation) (ISO14971-1 2019).

Human health risk assessment can be divided into four steps:

• Step 1: Hazard Identification
Hazard identification involves the evaluation of whether exposure to an agent or 
substance can result in an increased incidence of an adverse health outcome such 
as birth defects, cancer, and systemic toxic effects. Hazard identification of 
agent(s) in a device can be qualitatively assessed by conducting some or all of the 
biological tests as outlined in the medical device category of the ISO 10993-1 
guidance (Table 7.1) (ISO10993-1 2018).

In general, qualitative extracts of the material or device are prepared accord-
ing to ISO 10993-12 guidance when short-term, less expensive tests will be per-
formed (Table 7.1). The most common tests during hazard identification include 
cytotoxicity, sensitization, irritation or intracutaneous reactivity, systemic (acute) 
toxicity, genotoxicity, short-term implantation analysis, and hemocompatibility 
evaluation. Chronic testing and/or carcinogenic studies are usually not performed 
during the hazard identification step as they are time-laboring and more expen-
sive to conduct. Alternatively, analysis of available scientific data may be consid-
ered during hazard identification in place of biological testing.

• Step 2: Dose-Response Assessment

7.3  Medical Devices and Risk Assessment
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Fig. 7.1 Overview of risk management process for medical devices as described by ISO 
14971:2007/(R)2010 (ISO14971-1 2010)
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Dose-response assessment is the relationship between the highest exposure dose 
that does not result in an adverse effect. In theory, all chemicals are toxic at a 
particular dose; toxicity of a given chemical is dependent on the exposure dose. 
That is, the toxic effect as a result of exposure to a chemical is reliant on such 
factors as availability of the substance, form of contact to the substance, and 
duration of contact to the substance. Compilation and subsequent analysis of 
adequate animal and human scientific data are essential for determining the 
dose-response relationship. Overall, the dose-response relationship determines 
the threshold in which an adverse effect is produced. Many calculated values 
considered during analysis of the dose-response relationship are provided as a 

Fig. 7.2 A schematic illustration of the risk management process as described by ISO 14971:2007/
(R)2010 (ISO14971-1 2010)
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numerical estimate, including the no observed adverse effect level (NOAEL), 
lowest observed adverse effect level (LOAEL), and no adverse effect level 
(NOEL). Generally, the most conservative dose, which is the highest dose that 
will not cause an adverse effect, is selected for the dose-response assessment; 
this is designated as the tolerable exposure (TE) limit. A thorough overview of 
data sources is included in the “Sources of Data” section of this chapter.

• Step 3: Exposure Assessment
The exposure assessment is the quantification of the frequency or duration of 
human exposure to the agent or substance of interest. Typically, the exposure 
assessment is calculated by determining the number of devices to which a patient 

Table 7.1 ISO 10993 – Biological evaluation of medical devices

Part Title
Most recent 
publication year

10993-1 Guidance on selection of tests 2018
10993-2 Animal welfare requirements 2006
10993-3 Tests for genotoxicity, carcinogenicity, and reproductive 

toxicity
2014

10993-4 Selection of tests for interaction with blood 2017
10993-5 Tests for cytotoxicity:   in vitro methods 2009
10993-6 Tests for local effects after implantation 2016
10993-7 Ethylene oxide sterilization residuals 2008
10993-8 Guidance for reference materials No longer operative
10993-9 Degradation of materials related to biological testing 2009
10993- 10 Tests for irritation and sensitization 2010
10993- 11 Tests for systemic toxicity 2017
10993- 12 Sample preparation and reference materials 2012
10993- 13 Identification and quantification of degradation products from 

polymers
2010

10993- 14 Identification and quantification of degradation products from 
ceramics

2001

10993- 15 Identification and quantification of degradation products from 
coated and uncoated metals and alloys

2000

10993- 16 Toxicokinetic study design for degradation products and 
leachables

2017

10993- 17 Method for establishment of allowable limits for leachable 
substances using health-based risk assessment

2002

10993- 18 Chemical characterization of materials 2005
10993- 19 Physicochemical, mechanical, and morphological 

characterization
2006

10993- 20 Principles and methods for immunotoxicology testing of 
medical devices

2006

10993- 22 Guidance on nanomaterials 2017
10993- 23 Tests of irritation Under development
10993- 33 Guidance on tests to evaluate genotoxicity – supplement to 

ISO 10993-3
2015
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and/or user will potentially be exposed to in a sequential period or use or over a 
lifetime. Knowledge on how the device will be used is essential for estimating 
what the experienced or expected human exposure to an agent or substance will 
likely be. The exposure assessment can be divided into three main groups: (i) 
determination of the concentration of chemicals(s) which a patient and/or user 
will be exposed to; (ii) a thorough grasp of anticipated patterns of usage for the 
medical device; and (iii) the amount of chemical per human bodyweight (com-
monly expressed in mg/kg-bw) can be used for comparisons with available toxi-
cological data.

• Step 4: Risk Characterization
Risk characterization is a cumulation of the all three previous steps to estimate 
the likelihood of an adverse effect to occur following exposure to the medical 
device of interest. In short, risk characterization is a direct comparison between 
the TE limit selected (i.e., Step 2 – Dose-Response Assessment) and the esti-
mated exposure level (i.e., Step 3 – Exposure Assessment). As a general rule, 
when the TE limit is greater than the estimated exposure level, no adverse toxic 
effects are expected for the agent or substance of interest.

As described in Step 2 for Dose-Response Assessment, the estimated expo-
sure level is determined based on available toxicological data which include ani-
mal studies, published literature, other relevant sources, and in some cases 
human data. Extrapolation of selected data to the human exposure to a medical 
device of interest may occur based on such areas as inter- and intraspecies differ-
ences, route-to-route differences, and reliability of available (or selected) data. 
When extrapolation of data is needed, uncertainty factors may be implemented. 
(A detailed explanation of uncertainty factors is contained in the “Uncertainty 
Factor” section of this chapter.)

7.4  Sources of Data

Data for calculating the TE limit of exposure to a material can come from multiple 
resources. The data sources included in this section are not intended to represent the 
major sources for analysis of available toxicological data but rather some examples 
of resources that can aid during the dose-response assessment process. The types of 
resources an individual can use during the dose-response assessment procedures 
can be divided into topics which include:

• Toxicity Databases
• Biomedical Search Engines
• Published Toxicological Guidance
• Industrial and Environmental Regulations Guides and Other Regulatory Sources
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7.4.1  Toxicity Databases

• Leadscope Toxicity Database is a portal which is composed of more than 180,000 
chemical structures with over 400,000 toxicity study results. Their database 
takes a novel, interactive approach to browsing and interpreting chemical and 
biological screening data in an organized fashion through the use of such detail 
as reference source, dose duration, dose amount, and study results (Leadscope 
2019; Roberts et al. 2000).

• TOXNET (Toxicology Data Network) is a group of databases which is centered 
around chemicals and drugs, diseases and environment, environmental health, 
occupational safety and health, poisoning, risk assessment and regulations, and 
toxicology. TOXNET can be divided into two main subsections: chemical 
nomenclature and structure and toxicology data and toxicology literature. The 
toxicology data and toxicology literature subsections are further divided into 
subdivisions which are related to data collection and literature sources. While the 
toxicology data and toxicology literature subsections are most pertinent during 
the dose-response assessment procedure, all subsections of may provide valuable 
information for risk assessment (TOXNET 2019; Wexler 2001).

7.4.2  Biomedical Search Engines

• PubMed is a free search engine which is contained under the support of the 
National Center for Biotechnology Information (NCBI). PubMed is composed 
of more than 29 million citations for biomedical literature from the MEDLINE 
database of references and abstracts, life journals, and online books. Many of the 
citations included provide direct links to full-text information from a variety of 
publisher web sites such as PubMed Central. Many filter options (including pub-
lication dates, abstract and summary text, and article types) are available to con-
duct a more focused data search (Geer et al. 2010; Lu 2011).

7.4.3  Published Toxicological Guidance

• Sittig’s Handbook of Toxic and Hazardous Chemicals and Carcinogens is a well- 
known, reliable, and well-accepted reference on more than 2000 of the most 
common hazardous chemicals. This handbook provides an enormous array of 
critical information with regard to the use, transportation, and regulation of sub-
stances of occupational and environmental concern. The supplied data is exten-
sive yet displayed in a uniform format which allows locating relevant information 
with ease. Currently, this handbook is in its 7th edition, under the editorial man-
agement of Richard Pohanish, and was published in 2017 (Pohanish 2017).
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• Carcinogenically Active Chemicals: A Reference Guide is a reference manual 
with a focus on identification of carcinogens, evaluation of implanted materials 
with carcinogenic potential, and a thorough analysis of some of the most com-
mon chemicals termed as “suspected” or “questionable” carcinogens. Presently, 
only one edition exists for this handbook which was published in 1991 under the 
editorial direction of Richard J. Lewis.

• Patty’s Toxicology uses a logical six-volume grouping system to sort comprehen-
sive toxicological data for industrial compounds. Provided data for each com-
pound is established in an easy-to-read format which include available 
information as CAS number, physical and chemical properties, exposure limits, 
and biological tolerance values for occupational exposure. Types of industrial 
compounds discussed in this handbook include aliphatic hydrocarbons, glycols, 
organic peroxides, and halogenated one-carbon compounds. Further, this book 
provides information of novel, innovative topics such as nanotechnology, human 
health effects of nonionizing electromagnetic fields, and occupational chemical 
carcinogenesis. This handbook is in its 6th edition which was published in 2012 
under the editorial guidance of Eula Bingham and Barbara Cohrssen.

7.4.4  Industrial and Environmental Regulations Guides 
and Other Regulatory Sources

• Threshold Limit Values (TLVs) are guidelines (not standards) prepared by the 
American Conference of Governmental Industrial Hygienists, Inc. (ACGIH) to 
mainly assist industrial hygienists in formulating decisions with regard to safe 
exposure values for chemicals in the workplace. The TLVs are time-weighted 
average (TWA) concentrations of airborne substances that assume workers are 
repeatedly exposed to a substance during their entire working lifetime which is 
estimated to occur at 7–8 hour/day, 5 days/week. Generally, ACGIH publishes 
TLVs on a yearly basis and focus on chemical air concentration.

• Biological Exposure Indices (BEIs) are another type of guidelines prepared by 
the ACGIH.  BEIs represent determinant levels as an index of an individual’s 
uptake of a chemical which is considered biological monitoring. Unlike TLVs, 
which implement air monitoring to determine the potential inhalation exposure 
of an individual group, the biological monitoring parameters may differ for a 
variety of reasons. The uptake measures for individuals within a workgroup can 
differ based on physiological makeup and health status (e.g., body build, diet, 
and metabolism), occupational exposure (e.g., work-rate intensity, exposure 
duration, and temperature), and non-occupational exposure factors (e.g., expo-
sure to community/home air pollutants, personal hygiene, and alcohol intake). 
Similar to TLVs, BEIs apply to approximately an 8 hour workday, 5 days/week 
and are published by the ACGIH on an annual basis.
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• Workplace Environmental Exposure Levels (WEELs) are recommended by the 
American Industrial Hygiene Association (AIHA) and managed by the 501(c) 
(3) nonprofit organization Toxicology Excellence for Risk Assessment (TERA) 
under the Occupational Alliance for Risk Science (OARS) initiative. WEELs are 
airborne concentration limits that provide protection guidance for most workers 
against the development and onset of adverse health effects induced by occupa-
tional chemical exposure. All WEELs are expressed as either TWA concentra-
tions (i.e., the average concentration a worker is exposed to a particular chemical 
for approximately 7–8 hour workday) or ceiling values (i.e., occupational expo-
sure levels which indicate the airborne concentration of a substance that should 
not be exceeded in a worker’s breathing zone); different time periods are speci-
fied based on the properties of the chemical of interest.

• Short-Term Exposure Limits (STELs) are the maximum concentration levels of 
substances which workers may be continually exposed to for a period up to 
15 minutes, provided that no more than four excursions per day are permitted, and 
with at least 60  minutes between each excursion period. The STEL value as 
defined by the ACGIH is a short-term exposure period to a hazardous chemical in 
which workers are not expected to suffer from irritation, chronic or irreversible 
tissue damage, or narcosis of sufficient degree to increase a worker’s likelihood of 
accidental injury, impairment of self-rescue, or a reduction in work efficiency.

• International Council on Harmonisation of Technical Requirements for 
Registration of Pharmaceuticals for Human Use (ICH) is a joint initiative 
between regulatory authorities and key participants in the pharmaceutical indus-
try to discuss scientific and technical aspects of pharmaceutical product develop-
ment, guidelines, and registration. The ICH topics are separated into four key 
categories: quality guidelines, safety guidelines, efficacy guidelines, and multi-
disciplinary guidelines. While all guidelines in this initiative are extremely infor-
mative, the ICH Q3 and ICH M7 guidelines provide much detail in relation to 
safety aspects of impurities based on essential properties such as characterization 
as an element, an organic volatile substance, or a mutagenic compound.

7.5  Establishment of the Tolerable Intake (TI) for Chemicals 
in Medical Devices

The TI is an estimation of the average daily intake of a chemical over a specified 
time period based on the body mass of an individual (in terms of milligrams per 
kilogram bodyweight per day) and is considered as a safe level. As stated in the 
10993-17 guidance, a review of toxicological data is necessary to determine the 
conservative and appropriate NOAEL or another relevant toxicological endpoint. 
This toxicological endpoint is then adjusted for duration of patient exposure, route 
of exposure, cancer or noncancer endpoints, and irritation potential using UFs (and 
in some cases SFs).
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7.5.1  Calculating the TI

The TI is calculated from the most conservative endpoint (i.e., NOAEL, LOAEL, 
etc.) from the most relevant route of administration/exposure. The calculated TI 
must take into account the degree of severity of the chemical of interest and the 
uncertainty as characterized during the risk assessment. Majority of the time, a 
modifying factor (MF) is used when calculating the TI to account for route-to-route 
extrapolation, interspecies differences, and the relevancy and quality of available 
data for the identified chemical in a medical device.

The formula for calculating TI level, in milligrams per kilogram bodyweight per 
day, using the MF approach is

 
TI

Conservative endpoint NOAEL, LOAEL, etc

MF
=

( ).

 

where the MF is calculated using the UFs as described in the “Uncertainty Factor” 
section of this chapter. The MF formula is

 MF UF UF UF= × ×1 2 3  

7.6  Establishment of the Tolerable Exposure (TE) 
for Chemicals in Medical Devices

Once the TI has been determined for an identified chemical in a medical device, it 
is necessary to adjust the TI to determine the exposure level that would be tolerable 
to an individual. The TE takes into account populations being exposed, body mass 
of exposed population, intended usage pattern of the device, and the potential expo-
sure of the identified chemical from multiple devices. Together, the TE is calculated 
based on the estimated TI, body mass of intended patient population using the medi-
cal device of interest, and the utilization factor (UTF). The formula for TE is as 
follows:

 TE TI UTFB= × ×m  

where

TE is the tolerable exposure level which takes into account the populations being 
exposed, body mass of exposed population, intended usage pattern of the device, 
and the potential exposure of the identified chemical from multiple devices

TI is the tolerable intake after modification based upon the device evaluation. 
Typically, this value is expressed in milligrams per kilogram bodyweight per day 
(mg/kg bw/day)

mB is the bodyweight specific to the intended patient population
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UTF is the utilization factor which takes into account the frequency of the use of 
the device and the use conjunction with other medical devices that may be expected 
to contain the same identified chemical as the substance present in the medical 
device of interest

7.6.1  Determining the Bodyweight of the Intended Patient 
Population

The intended patient population groups are usually grouped into three categories: 
adults, children, and neonates. The body masses of 3.5 kg for neonates (<1 year) 
and 10 kg for children (usually up to 12 years of age) are used in TE calculations. 
For adults, the bodyweight for TE calculations vary between 50 and 70 kg based on 
the government or other regulation standard being used. For example, in the USA 
the standard bodyweight of an adult is accepted at 60  kg; however, in the ISO 
10993-17 standards, the accepted bodyweight for an adult is set at 70 kg. Though 
bodyweight standards have been set for neonates, children, and adults, the body-
weight can vary and may be derived based on special considerations including 
devices specifically intended for use with uniquely sensitive groups such as 
adult women.

7.6.2  Calculation of the Utilization Factor (UTF) 
from Intended Use Pattern

The TI and bodyweight are adjusted using a UTF which takes into account the 
anticipated use patterns of medical devices. The UTF is a numerical value which 
factors in the utilization of the device in terms of frequency of use (i.e., the propor-
tional exposure factor [PEF]) and utilization in combination with other medical 
devices (i.e., the concomitant factor [CEF]). These factors are multiplied together to 
obtain the UTF as given in the following equation:

 UTF CEF PEF= ×  

• Concomitant exposure factor (CEF) – this factor takes into account the extent of 
exposure of the chemical of interest arising from use of multiple devices. The 
value for CEF ranges normally between 0.2 and 1.0, where the CEF is 0.2 if the 
UTF is unknown and 1.0 if either fewer devices can release the chemical of inter-
est (i.e., <5% of the devices sold in a calendar year) or less than five devices in 
any single medical procedure are used. If many medical devices can release the 
chemical of interest, the CEF can be calculated based on formulas described in 
the ISO 10993-17 guidance. For simplicity, this book will not provide detail on 
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calculating the CEF for multiple devices that can release the same chemical of 
interest.

• Proportional exposure factor (PEF)  – this factor takes into consideration the 
frequency of use of a medical device. The PEF value is calculated as the number 
of days in the exposure category (nexp) during which the actual number of days of 
device use (nuse) as shown as

 
PEF

use

=
n

n
exp

 

If the number of days of device use is not specified, a reasonable upper limit is used. 
By default, the PEF is set at 1, which is the most conservative value for this factor.

7.7  Extrapolation Factors

7.7.1  Uncertainty Factor

The UF is a concept which is integrated into health risk assessment for animal-to- 
human extrapolation when determining acceptable levels for humans based on ani-
mal studies. When calculating the TI, the UF is typically utilized. As a common 
practice, at least three UFs are applied which accounts for human variability, inter-
species extrapolation, and the quality and relevance of experimental data. Each of 
the three UFs used are:

UF1 (human (interindividual) variability) – this UF value ranges between 1 and 10. 
As a default, the UF for human (interindividual) variability is normally set at 10. 
This default value accounts for variations that were not considered if an occupa-
tional limit, such as WEEL, was selected. If by chance an occupation limit is 
selected the human variation is considered as intermediate, and an intermediate 
UF should be applied. In cases where an animal study was chosen as the point of 
departure, the default value of 10 was used because animal studies do not account 
for human variations.

UF2 (interspecies differences) – this UF value ranges between 1 and 12 and accounts 
for animal-to-human extrapolation. Some of the most common UF2 values for 
interspecies extrapolation are listed in Table 7.2 based on an adaptation of values 
provided in ICH Q3D Step 4 guidance.

UF3 (quality and relevance of experimental data) – the UF3 value ranges between 1 
and 100. Of the three UF values, UF3 varies the most. A number of components 
influence this variability including the point of departure selected (e.g., TLV, 
NOAEL, LOAEL, LD50) and available data (e.g., carcinogenicity, genotoxicity, 
acute toxicity, and repeat dose toxicity studies) for the chemical of interest. 
Although scientists try to be as similar as possible in their selection of a UF3 
value, variations may arise because of scientific bias.
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7.7.2  Safety Factor (SF)

In addition to UFs, other SFs may be used to account for any other remaining uncer-
tainties, and it clearly allows for the incorporation of scientific judgment based on 
the overall quality and relevance of available studies to human health risk assess-
ment. Typically, the SF value varies between <1 and 10. Some of the most com-
monly cited reasons for use of a SF includes remaining uncertainties in relation to 
exposure scenarios, severity of selected point of departure, uncertainties with regard 
to bioavailability measure for route of administration, and route-to-route 
extrapolations.

7.8  Margin of Safety (MOS)

The MOS in principle is a comparison of the TE with the estimated maximum daily 
human exposure level. To calculate the MOS with regard to a chemical in a medical 
device, the TE (after correction for UFs and/or MFs) is divided by the maximum 
potential daily exposure to the chemical identified from medical device. Instead of 
the maximum potential daily exposure level, the total amount of the chemical in a 
device can also be used as a (conservative) basis for the calculation with the assump-
tion that all the available chemical is released in a single day.

 
MOS

TE

Maximum Potential Daily Exposure Level in a Medical De
=

vvice  

As a general rule, when the TE is greater than the estimated human exposure 
level or dose, then no adverse human effects are predicted. Additionally, the greater 
the estimated MOS value, the fewer potential adverse effects are probable for a 
chemical of interest. A MOS value >100 is most desirable as there is minimum 
prediction for toxicological effects or death to occur for the chemical of interest; a 
MOS value >1 is the minimum value which is accepted to pose a human health risk.

Table 7.2 UF1 for 
extrapolation between species

UF1 value Extrapolation from species to human

1 Extrapolation from rats to humans
12 Extrapolation from mice to humans
2 Extrapolation from dogs to humans
2.3 Extrapolation from rabbits to humans
3 Extrapolation from monkey to humans
10 Extrapolation from other animals to 

humans
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7.9  Case Studies

In order to provide a better sense of how to perform a risk assessment on medical 
devices, two fictious case studies will be discussed.

7.9.1  Metered-Dose Inhaler

A company developed a metered-dose inhaler that delivers a specific amount of 
medication to alleviate respiratory problems such as asthma and chronic obstructive 
pulmonary disease (COPD). The company has requested a risk assessment on bis(2- 
ethylhexyl) phthalate (DEHP) which is suggested to be released from the device 
into the delivered drug product for adults and children. The worst-case scenario 
level of DEHP in drug product was estimated at 0.015 mg/day.

Hazard Identification According to the Toxicology Data Network/Hazardous 
Substance Database (TOXNET/HSDB), the US Environmental Protection Agency 
Integrated Risk Information System (USEPA IRIS) and the International Agency 
for Research on Cancer (IARC) have concluded DEHP as a possible human car-
cinogen (HSDB 2015). Further, the National Institute for Occupational Safety and 
Health (NIOSH) considered DEHP as a potential occupational carcinogen. The 
determination of DEHP as a potential human carcinogen was based on a dose- 
dependent response of liver tumors in rodents fed DEHP (Kluwe 1982). Additionally, 
dietary exposure to DEHP resulted in benign testicular tumors (Leydig cell tumors) 
(Voss et al. 2005) and benign pancreatic tumors (acinar cell and islet cell adenoma) 
in male rats (David 2000; Rao et al. 1990). Inhalation of DEHP in various animal 
studies reported reproductive effects to male and female rodents (HSDB 2015).

Dose-Response Assessment Female rats which inhaled 25  mg/m3 DEHP for 
6 hours/day for 5 continuous days/week from postnatal days (PND) 22 to 41 and to 
PND 84 showed advancement of the age for vaginal opening (which is related to 
indicative of puberty) and the age of the first estrous cycle (Ma et  al. 2006). 
Inhalation of DEHP by male rats at 5 or 25 mg/m3 for 6 hr/day for 4 and 8 weeks 
significantly increased the concentration of plasma testosterone and weight of semi-
nal vesicles (Kurahashi et al. 2005). The ACGIH recommends the TLV-TWA level 
for DEHP at 5 mg/m3 (NTP 2016).

Because the TLV-TWA level for DEHP at 5 mg/m3 is the most conservative con-
centration based on inhalation studies, this will be used to determine the TI for this 
compound. Since the value is an occupational exposure level that is intended to 
occur during an approximate 8 hr limit during a 5-day work week, the TLV-TWA 
limit will be adjusted for continuous exposure (8 hr/24 hr and 5 days/7 days). Before 
determining the TE for DEHP, the TLV-TWA limit (which is the effect level) must 
be converted to mg/kg using the FDA standards for adult respiratory volume at 
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20 m3/day and the default human bodyweight of 60 kg. Thus, the effect level was 
determined as

 
Effect Level TLV TWA value

mg

m

m
day

hr
hr

days
days

= − =
× × ×5 20

8
24

5
73

3

660
0 4

kg

mg

kg day
=

−
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Because inherent uncertainties in estimating the potential effects of DEHP on 
humans when using the metered-dose inhaler are possible, UF was used. The UF 
and the MF were:

UF1 – Takes into account variations between humans (1–10); here 10 to be conser-
vative and human variability was not accounted for in this occupational exposure 
limit.

UF2 – Extrapolates from data derived from species other than humans (generally 
1–10, can be larger if differences are toxicologically significant); here 1 is used 
because this is a human study and therefore extrapolation is not needed.

UF3 – Accounts for quality and relevance of experimental data (1–100); here 10 was 
used because although the USEPA and IARC have suggested this as a potential 
human carcinogen, a TLV-TWA limit has been established in humans based on 
the regulatory agency ACGIH.

The MF was therefore determined as

 
Modifying factor MF UF UF UF( ) = × × = × × =1 2 3 10 1 10 100

 

The TI for DEHP based on the TLV-TWA was calculated as
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Because it is assumed that less than five devices in any single medical procedure 
will be used (CEF = 1), and the number of days in which the medical device will be 
used is uncertain (the PEF = 1), the UTF was set at

 UTF CEF PEF= × = × =1 1 1  

Finally, to calculate the TE it is assumed that the medical device is intended for 
adults and children with a bodyweight of 60 kg and 10 kg, respectively (mB). The 
TE value for DEHP was determined as

 
TE adults TI UTF

mg

kg day
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dayB( ) = × × =
−

× × =m 0 004 60 1 0 24. .
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TE children TI UTF

mg

kg day
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−
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Exposure Assessment The maximum daily dose (MDD) of DEHP present in the 
metered-dose inhaler is estimated at 0.015 mg/day.

Risk Characterization Comparing the MDD of DEHP (at 0.015 mg/day) to the TE 
limit of DEHP (at 0.24 mg/day for adults and 0.04 mg/day for children), the margin 
of safety (MOS) values were determined as
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Because the MOS values for both adults and children were above 1, exposure to 
DEHP in the metered-dose inhaler is considered safe.

7.9.2  Implant Blood Vessel Support Device

A company has created an external scaffold that is intended for adult patients with 
kidney failure in need of dialysis requiring vascular access through the arteriove-
nous (AV) fistula. This implanted blood vessel external support device is placed 
over the fistula, thereby reducing the tension in the vein. The metal, nickel (Ni), was 
detected in the support device at 2.71 μg/g when evaluated by inductively coupled 
plasma optical emission spectrometry (ICP-OES). The extraction procedure was 
performed in purified water at 70 °C for 24 hours on two test articles which together 
weighed 3.1 g. The amount of Ni in the device was therefore determined as
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Hazard Identification Nickel particulate (e.g., elemental and subsulfide) has been 
associated with nasal and lung cancer after workplace inhalation exposures. The 
International Agency for Research on Cancer (IARC) classifies nickel and nickel 
compounds as having sufficient evidence of cancer in humans (Group 1); however, 
IARC notes that the evaluation applies to the group in general and not necessarily to 
all compounds in the group, in particular, zero valence metals. Serious reproductive 
or developmental effects related to nickel exposure were not readily observed in 
rodent studies upon acute and chronic exposure to various nickel compounds. 
However, female workers exposed to 0.08–0.196 mg/m3 nickel sulfate on the job 
experienced more spontaneous abortions and gave birth to more infants with struc-
tural malformations compared to non-exposed workers, but a causative relationship 
was not established. Chromosomal aberrations have been noted in lymphocytes in 
occupationally exposed individuals (ATSDR 2005).

Dose-Response Assessment The EMA has published a guidance for allowable lev-
els of heavy metals in chronically administered pharmaceuticals (EMA 2008). For 
nickel (a Class 1C metal in the guidance), the acceptable limit on daily exposure is 
30 μg/day by the parenteral route of administration (0.6 mg Ni/kg/day in a 50 kg 
person and based on a bioavailability of 10%). The ICH Q3D(R1) Elemental 
Impurities has estimated a parenteral permissible daily exposure (PDE) limit for 
nickel at 22 μg/day (ICHQ3D(R1) 2019).

The parenteral dose for Ni of 22 μg/day (0.022 mg/day) under ICH Q3D guid-
ance was used as the TE level for this element. This limit was chosen because it was 
the most conservative dose for the most relevant route of administration. Because 
this is a well-established dose set by a regulatory agency, no further uncertainty or 
safety factors need to be implemented.

 
TE

mg

day
= 0 022.

 

Exposure Assessment The maximum daily dose (MDD) of nickel present in the 
implant blood vessel support device is estimated at 0.0042 mg/day.

Risk Characterization Comparing the MDD of Ni (at 0.0042 mg/day) to the TE 
limit of Ni (at 0.022 mg/day for adults), the margin of safety (MOS) value was 
determined as
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The TE for Ni is approximately fivefold higher for adults when compared to the 
amount detected in the implant blood vessel support device during an extraction 
procedure using ICP-OES. Therefore, adults exposed to Ni in this support device 
should not result in adverse toxic effects.
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Chapter 8
An Introduction to (Q)SAR with Respect 
to Regulatory Submissions

Jerry L. Bettis Jr.

Abstract (Q)SAR ((quantitative or qualitative) structure-activity relationships) meth-
odologies are used to predict physical and biological properties of small molecules. 
These methods are used to support pharmaceutical research and regulatory submis-
sions. Primarily, (Q)SARs are used to predict the activity of untested chemicals based 
on structurally related compounds with known activity. The term (Q)SAR is often 
used to refer to predictive models, especially computer-based models; however, in 
reality (Q)SAR encompasses a wide variety of computerized (i.e., in silico) and non-
computerized tools and approaches. As a tool, (Q)SAR is accepted internationally for 
predicting mutagenicity; however, its applicability for predicting additional endpoints 
(e.g., skin sensitization or hepatotoxicity) is still an active debate topic, particularly 
debates about the acceptability of the (Q)SAR models for additional endpoints and 
how they are either explained or interpreted. After discussing the basics of (Q)SAR, 
we relate (Q)SAR methodologies to inexpensive and practical applications.

Keywords (Q)SAR ·  ICH M7 ·  Mutagenicity ·  Structural alerts ·  DEREK ·  
Leadscope ·  Cramer classifications

8.1  Introduction

Quantitative structure-activity relationships (QSARs) are techniques that attempt to 
identify correlations between chemical structure and associated activity (e.g., bio-
logical), primarily to predict the activity of untested chemicals based on structurally 
related compounds with known activity. The parentheses around “Q” in (Q)SAR 
indicates that the term refers to both qualitative predictive tools (i.e., structure- 
activity relationships (SARs)) and quantitative predictive methods (i.e., quantitative 
structure-activity relationships (QSARs)). In practice, the term (Q)SAR is often 
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used to refer to predictive models, especially computer-based models; however, in 
reality (Q)SAR is encompassing a wide variety of computerized (i.e., in silico) and 
non-computerized tools and approaches.

Using a ligand-based approach, (Q)SARs attempt to quantify the relationship 
between an aspect of chemical structure (i.e., a molecular fragment) and an activity 
or property (e.g., mutagenicity) imparted by that structure. The molecular structure 
of molecules is often described by descriptors (e.g., electrophilicity, hydrogen 
bonding, molecular fragments) or physical-chemical properties (e.g., LogP) which 
are then used to develop a mathematical correlation between a group of structures 
and a defined activity or endpoint (e.g., carcinogenicity, sensitization, HERG chan-
nel inhibition, etc.). The mathematical correlations usually take the form of statisti-
cal algorithms developed through a variety of techniques (e.g., univariate regression, 
multiple linear regression, partial least squares analysis).

Although the term (Q)SAR is often used to refer to predictive models, especially 
computer-based models, it should be noted that (Q)SAR is inclusive of a wide vari-
ety of tools and approaches such as analogs, chemical categories, and computer- 
based or non-computer-based SAR/QSAR models.

8.2  Key Principle of (Q)SAR

Crum-Brown and Fraser published Equation 1.1 in 1868, which is considered to be 
the first formulation of a QSAR: the “physiological activity” (Φ) was expressed as 
a function of the chemical structure C (Crum-Brown and Fraser 1868):

    
Φ = ( )f C

 
(8.1)

However, given time and experience, (Q)SAR’s most general mathematical 
form is:

 
Φ = f physicochemical properties and or structural properties/(( )  

(8.2)

Based on Eqs.  8.1 and 8.2, three key components may be inferred that are 
required to develop a viable QSAR model:

• Some measure of the activity (in this case toxicity) for a group of chemicals in a 
biological or environmental system – toxicological endpoint

• A description of the physicochemical properties and/or structure for this group 
of chemicals (i.e., molecular descriptors)

• A form of statistical relationship to link activity and descriptors

These three key components are pivotal in toxicological risk assessment of muta-
genic compounds using (Q)SAR.

Expert models generally follow a process of identifying active and inactive 
chemicals based on the presence or absence of specific structural features. For 
example, expert systems (e.g., DEREK) use “rules” (i.e., decision logic) to catego-
rize the potential activity of untested chemicals based on expert knowledge gathered 
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from the analysis of experiments data. Statistically based (Q)SAR models (e.g., 
Leadscope Model Applier), which rely on a statistical association between structure 
and activity, may be developed objectively with little mechanism of action expertise 
and are useful for detecting structural features/molecular descriptors predictive of 
toxicity (EPA 2012).

8.3  Molecular Descriptors Used in (Q)SAR

8.3.1  Physicochemical Properties

Physicochemical molecular descriptors may be defined as a numerical representa-
tion of chemical information encoded within a molecular structure via mathematical 
procedures (Jhanwarb et al. 2011). Physicochemical molecular descriptors are used 
extensively as predictors for toxicity in statistical-based models.

The three major types of physicochemical molecular descriptors commonly 
employed are (1) hydrophobic (partition coefficient, distribution coefficient, solu-
bility parameter, etc.), (2) electronic (Hammett constant, ionization constant, etc.), 
and (3) steric (Taft’s steric parameter, molar volume, van der Waals, etc.) (Jawarkar 
and Game 2018).

Physicochemical properties tend to describe fundamental molecular effects (e.g., 
hydrophobicity). As a general rule, these properties are considered related to a mol-
ecule’s mechanism of action and, therefore, are less susceptible to spurious correla-
tion. A spurious correlation is a mathematical relationship in which two or more 
events or variables are associated but not causally related.

Although determining the physicochemical properties of a pure chemical sub-
stance is a relatively simple and straightforward task, the computation of physico-
chemical properties is relatively cheap and advantageous when investigating 
untested molecular entities with little to no experimental data.

Molecular orbital theory is an interesting candidate for use as a molecular descrip-
tor. The theory has proven applicable and appropriate for predicting metabolism, 
persistence, or biochemical reactivity (Braga and Andrade 2012). The rapid increase 
in the speed of computers has enabled the rapid calculation of numerous atomic and 
molecular orbital descriptors, such as charges, dipole moment, energy levels, etc.

Among the physicochemical factors that modulate and may hinder the potential 
biological activity of the chemicals with SAs are (1) molecules with very high 
molecular weights and size because they have little chance of being absorbed in 
significant amounts; (2) physical state, which influences the capability of the com-
pounds to reach critical targets; (3) solubility in consideration of highly hydrophilic 
compounds being poorly absorbed and are readily excreted; and (4) the chemical 
reactivity of highly reactive compounds which may not be carcinogenic because 
they spontaneously hydrolyze or polymerize or react with noncritical cellular con-
stituents before interacting with critical cellular targets (Benigni and Bossa 2006).

To become prolific in the field of molecular descriptors requires a diverse skillset 
because it is inherently interdisciplinary and encompasses many theories and 
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 disciplines. For example, those successful in the field of molecular descriptions 
must possess an in-depth knowledge of algebra, graph theory, information theory, 
computational chemistry, physical chemistry, quantum chemistry, and organic 
chemistry. But those skills are insufficient to fully develop a viable (Q)SAR model. 
Sophisticated software and good programming skills are also required.

8.3.2  Structural Alerts

Structural alerts (SAs), otherwise known as “expert rules,” are substructural features 
(i.e., fragments of a molecular structure) that are associated with a particularly 
adverse outcome (i.e., toxicity). SAs are widely accepted in chemical toxicology 
and regulatory decision support as a simple and transparent means to flag potential 
chemical hazards or group compounds into categories. Concerning (Q)SAR meth-
odologies, SAs are the primary predictors of toxicity in expert/rule-based models 
(Alves et al. 2016).

SAs for predicting genotoxicity were introduced in 1985 by John Ashby 
(Fig.  8.1) (1). Ashby depicted the SAs in the form of a hypothetical chemical, 
namely, poly- carcinogen which contains most of the known SAs. Subsequently, 
Benigni et  al. (2008) summarized SAs as follows: “The Structural Alerts are 

Fig. 8.1 The figure displays the Ashby’s poly-carcinogen SAs
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molecular substructures or reactive groups that are related to the carcinogenic and 
mutagenic properties of the chemicals, and represent a sort of ‘codification’ of a 
long series of studies aimed at highlighting the mechanisms of action of the muta-
genic and carcinogenic chemicals.” Thus, SAs for genotoxicity aid in the categori-
zation of potential carcinogens and/or mutagens and also provide insight into the 
underlying mechanisms of genotoxicity (Table 8.1).

The key point of this section is that the research in the field of modeling the 
structural properties of mutagens and carcinogens is highly interdisciplinary work. 
In particular, mechanistic research based on experimental systems together with 
human ingenuity in the interpretation of the results has provided the essential basis 
for the identification of the SAs that characterize the mutagens and carcinogens.

8.4  Endpoints Encoded in (Q)SARs

In general, an endpoint is defined as the recorded observation coming from a bio-
logical effect (e.g., NOAEL, NOAEC, LD50, or LC50) determined from an in vitro 
or an in vivo assay (JRC 2016). A large number of endpoints (e.g., lethality, carcino-
genicity, immunological responses, organ effects, developmental and reproductive 
effects) are used in regulatory assessments of chemicals. State-of-the-art (Q)SAR 
methodologies develop endpoint-specific models for evaluating individual toxic 
endpoints (NAFTA 2011). Endpoint-specific (Q)SAR models are defined by molec-
ular descriptors. Numerous biological activities have been successfully  modeled 
using this approach. In general, endpoints may be divided into two major groups, 
namely, human health endpoints and environmental toxicity endpoints (Piir et al. 
2018). If it isn’t evident already, we are focusing solely on human health endpoints.

Two very important human health endpoints are chemical carcinogenicity and 
mutagenicity. Carcinogens can be genotoxic, which interact directly with DNA and 
are thought to work by inducing mutations, or epigenetic, which act through mecha-
nisms that do not involve direct DNA damage; however, no unifying theory exists 

Table 8.1 The SAs represented in Fig. 8.1

Ashby’s structural alerts

Alkyl esters of either phosphonic or sulfonic 
acids

β-Haloethyl mustards; N-chloroamines

Aromatic nitro groups Propiolactones and propiosultones
Aromatic azo groups (because of the possible 
reduction to aromatic amines)

Aromatic and aliphatic aziridinyl derivatives

Aromatic ring N-oxides Aromatic and aliphatic substituted primary alkyl 
halides

Aromatic mono- and dialkylamino groups Derivatives of urethane (carbamates)
Alkyl hydrazines Alkyl N-nitrosoamines
Alkyl aldehydes Aromatic amines (including their N-hydroxy 

derivatives and the derived esters)
N-methylol derivatives; monolakenes Aliphatic and aromatic epoxides
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for their mode of action. However, mutagens provoke heritable changes to the 
genetic material. The modeling of chemical carcinogenicity and mutagenicity is a 
very important goal in toxicology because of the huge impact they have on the qual-
ity of life and because of the enormous investment in time, money, and animal lives 
needed to test chemicals adequately (Plošnik et al. 2016). Currently, the only (Q)
SAR endpoints with enough historical data to be recognized by the ICH are carci-
nogenicity and mutagenicity.

The chemical metabolism and biotransformation of chemicals within biological 
organisms are also endpoints receiving a lot of attention in the field of drug develop-
ment. The driving force behind this attention is due to the pharmaceutical industry 
shifting toward more intelligent and time-efficient screenings to avoid the failure of 
candidate drug substances. Thus, pharmacokinetic parameters (e.g., absorption, dis-
tribution, metabolism, and excretion) are becoming prioritized toxicological end-
points. The pharmacokinetic properties must be optimized such that the drug will be 
readily absorbed, transported to the appropriate site, and eliminated from the body 
promptly. Remember this, approximately 40% of drug candidates fail preclinical 
development tests due to unacceptable pharmacokinetics (Caldwell 2000).

Undeniably, (Q)SAR models that reliably predict toxicity endpoints of untested 
compounds are invaluable tools; however, one of the major problems in (Q)SAR 
modeling is the availability of high-quality experimental data for building the mod-
els. If the untested compound contains structural feature not included in the experi-
ment data, then the model may not correctly predict the compound’s toxicity due to 
gaps in the experiment data used to create the model. Additionally, the input data 
must be both accurate and precise to develop a meaningful model.

Remember, a (Q)SAR model is as valid as the experimental data that led to its 
development. Spoken plainly, if the experimental data used to build the model is 
small and of low quality (i.e., bad data), then the model itself may also be of low 
quality; and thus, the predicted toxicity of an endpoint may be unreliable (i.e., 
bad model).

8.5  Regulatory Submission Requirements for Compounds 
Evaluated in Silico

The ICH M7 (2017) guideline entitled “assessment and control of DNA reactive 
(mutagenic) impurities in pharmaceuticals to limit potential carcinogenic risk” 
states that expert rule-based and statistical-based models ((Q)SAR models) can be 
used to predict the outcome of a bacterial mutagenicity assay to support hazard 
assessment. In certain cases, these predictions can avoid having to test impurities or 
degradants for bacterial mutagenicity.

Toxicologists using state-of-the-art (Q)SAR methodologies receive predictions 
and supporting information from several (Q)SAR models relevant to the particular 
compound and the particular toxicological endpoint. The reason for employing sev-
eral QSAR models within a software program is that each model uses a different 
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correlation algorithm; together, these algorithms can increase and cross-check the 
reliability of the prediction. Significantly, it indicates difficulties in prediction, and 
consequently lower levels of reliability are revealed to the investigator by a lack of 
consistency across the values from each model (Benfenati et al. 2013).

8.6  Widely Accepted Expert-Based and Statistical-Based  
(Q)SAR Models

Given that the only in silico endpoints recognized by the ICH are carcinogenicity 
and carcinogenicity, it comes as no surprise that the ICH M7 (2017) guideline stipu-
lates that two complementary (Q)SAR prediction methodologies must be applied to 
untested compounds to satisfy regulatory submission requirements (e.g., US FDA, 
EMA, and Health Canada). The first methodology should be expert rule-based (e.g., 
DEREK), and the second methodology should be statistical-based (e.g., Leadscope 
Model Applier (LSMA)). Both DEREK and Leadscope Model Applier employ the 
general validation principles set forth by the Organisation for Economic Co-operation 
and Development (OECD) (LSMA 2016; OECD 2007).

8.6.1  Statistical Models

Statistical methods are the mathematical foundation for the development of QSAR 
models. The application of multivariate analysis, data description, classification, 
and regression modeling is combined with the ultimate goal of interpretation and 
prediction of untested compounds (Cherkasov et al. 2014).

Leadscope Model Applier (LSMA) is a statistical (Q)SAR methodology built 
using the Leadscope Predictive Data Miner software and training datasets compiled 
at the US Food and Drug Administration (FDA) by the Division of Applied Regulatory 
Science (DARS). The LSMA statistical models are implemented with molecular 
descriptors that include structural features and seven physicochemical properties. 
The structural features include a set selected from Leadscope’s 27,000 pre-defined 
structural features, predictive scaffolds (i.e., toxicophores with larger structural fea-
tures that show association or lack of association to the toxicity endpoint), and SAs 
identified from the literature or through an analysis for larger databases. The seven 
calculated physicochemical properties used are parent molecular weight, aLogP, 
polar surface area, hydrogen bond acceptors, hydrogen bond donors, number of rota-
tional bonds, and Lipinski score (rule violation). The models are built using molecu-
lar descriptors (i.e., substructural features and properties) also described as x- or 
independent variables. The models encode the relationship between these descrip-
tors and the toxicity endpoint, such as the results of the bacterial mutagenesis assay 
(i.e., y-variable or response variable). The modeling technique used to generate these 
models is referred to as partial logistic regression (LSMA 2016).

8.6  Widely Accepted Expert-Based and Statistical-Based (Q)SAR Models
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When a prediction is made on an untested compound, the same structural fea-
tures and properties in the model are calculated for the test compounds (i.e., data-
set). These descriptors are then used with the models to calculate a probability of a 
positive result, as long as the untested compound is within the applicability domain 
of the model (i.e., the majority of substructural features of the untested compound 
are known to the model).

8.6.2  Expert Models

Expert systems are composed of structural rules derived from specific toxicological 
mechanisms or plausible modes of action of chemical agents in combination with 
pattern recognition routines to identify substructures associated with specific toxic 
effects (Sanderson and Earnshaw 1991).

DEREK is an expert/rule-based (Q)SAR methodology that indicates whether a 
specific toxic response may occur; it does not provide a quantitative (e.g., statistical) 
estimate of the prediction. DEREK has several rule bases, consisting of descriptions 
of molecular substructures (SAs) that have been associated with toxic endpoints 
(e.g., mutagenicity, carcinogenicity, or skin irritation). Since substructures can exist 
in a variety of molecular contexts, the rules are not compound-specific, but rather 
serve as broad generalizations concerning the chemical structure (e.g., alkylating 
agent, acid, or halogen-containing molecule). The development of the rules is a con-
tinuous process that is monitored by the DEREK Users Group (Cariello et al. 2002).

Generally, when a structure is evaluated by DEREK, it is standardized and then 
compared to the certified Lhasa knowledge base, and a toxicity prediction is gener-
ated. The prediction includes an overall conclusion about the likelihood of toxicity 
of a structure and detailed reasoning information for the likelihood. The prediction 
is generated by applying expert rules in toxicology to the data returned from the 
knowledge base (Cariello et al. 2002). The structure standardization in DEREK uses 
a set of transform rules including, but not limited to, aromaticity perception, trans-
forming pentavalent nitrogens, and removing specific stereochemistry. The stan-
dardization aims to interpret structures more accurately, in order to optimize 
predictions (Lhasa 2019).

8.6.3  Cramer’s Classification

The Cramer decision tree is one the best-known approaches used to estimate the 
thresholds of toxicological concern (TTCs) for an untested compound based on its 
chemical structure (Cramer et  al. 1978; Munro et  al. 1996; Kroes et  al. 2004). 
Initially, the TTC approach was developed to protect humans against carcinogenic-
ity and systemic toxicity. The Cramer decision tree (aka Cramer’s rules) is intended 
to help rank and/or exclude compounds from formal testing based on their predicted 
toxicities.
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Computerized implementations of the Cramer decision tree are not representa-
tive of traditional (Q)SAR systems because they do not predict the presence or 
absence of potential bioactivities for specific endpoints.

Cramer decision tree categorizes a compound’s potential toxicity based on the 
presence or absence of structural alerts/expert rules (Cramer et al. 1978; Curios‐IT 
2009). Cramer decision tree consists of 33 “yes” or “no” questions (i.e., rules) (Cramer 
et al. 1978). The answers to these questions lead to other questions until the decision 
tree categorizes the compound into one of the three distinct classes (see Table 8.2).

Cramer first tested the decision tree against 81 chemicals (e.g., pharmaceuticals, 
excipients, and pesticides,) with oral no-observed-effect level (NOEL) reported in 
the literature (Cramer et al. 1978). Although NOELs between the three classes over-
lapped, in general, NOELs of Class I compounds were higher than those of Class II, 
and NOELs of Class II compounds were higher than those of Class III compounds. 
Most importantly, the decision tree did not underestimate the toxicity of the com-
pounds tested when compared with oral toxicity data obtained from chronic studies 
(Lapenna and Worth 2011).

Subsequently, the Cramer decision tree was modified by Munro et al. (1996) to 
estimate human TTCs for additional toxicity endpoints. The dataset evaluated by 
Munro et  al. contained more than 613 organic chemicals associated with 2941 
NOEL values. The non-cancer NOEL values were obtained from sub-chronic, 
chronic, reproductive, and developmental toxicity studies conducted in rodents and 
rabbits. Munro et al. classified the dataset compounds based on the Cramer scheme 
and estimated human TTC limits by taking the lower fifth percentile value of the 
distribution of NOELs for each three Cramer classes, multiplying by 60 to convert 
the values expressed as mg/kg/day into mg/day, and then dividing by a factor of 100 
to ensure a margin of safety. Using these methods, Munro et al. proposed oral TTC 
limits for Class I, II, and III compounds, respectively (Table 8.3).

The TTC levels proposed by Munro et  al. are widely used in the food safety 
industry. Additionally, three independent non-food committees (SCCP, SCHER, 
and SCHENIHR) evaluated the potential applications of the TTC and concluded 
that the TTC approach is scientifically acceptable for human health risk assessment.

Thus, to promote a consistent application of the Cramer decision tree as defined by 
Cramer et al. (1978) with TTC limits defined by Munro et al. (1996), the JRC com-
missioned the development of Toxtree, an open-source software, for use by profes-
sionals. In principle, Toxtree’s implementation of the Cramer decision tree may be 
applied to organic molecules, organic salts, organometallics, oligomers, and polymers.

Table 8.2 Descriptions of Cramer classes

Cramer 
class Description

Class I Substances with simple chemical structures and for which efficient modes of 
metabolism exist, suggesting a low order of oral toxicity

Class II Substances which possess structures that are less innocuous than Class I substances, 
but do not contain structural features suggestive of toxicity like those substances in 
Class III

Class III Substances with chemical structures that permit no strong initial presumption of 
safety or may even suggest significant toxicity or have reactive functional groups

8.6  Widely Accepted Expert-Based and Statistical-Based (Q)SAR Models
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8.6.4  (Q)SAR Domains of Applicability

The importance of considering the domain of applicability of the (Q)SAR tool has 
already been mentioned concerning the applicability of a (Q)SAR tool to an untested 
compound. Evaluating the relationship of untested compound to the domain of 
applicability of the (Q)SAR tool essentially involves determining whether the com-
pound lies within the domain of applicability or outside of it. As implied, predic-
tions for untested compounds outside of the domain of applicability of a (Q)SAR 
tool are not necessarily inaccurate but are generally considered less reliable than 
predictions for compounds falling with the domain of applicability (NAFTA 2011).

The domain of applicability may be defined in different ways (e.g., descriptor, 
structural fragment, mechanistic, and metabolic domains). To determine if an 
untested compound is within the domain of a molecular descriptor-based (Q)SAR 
model, the untested compound’s molecular descriptor values are compared to the 
range of values for the chemicals in the training set (i.e., experimental data) encoded 
in the model. Expert/ruled-based domain analyses typically ensure that the untested 
compound doesn’t contain substructural features that are not present in the training 
set of the model. For the mechanism of action or metabolic domain, the key ques-
tion is whether the untested compound is likely to act via the same  mode/mecha-
nism of action and/or be metabolized in the same manner as other chemicals for 
which the (Q)SAR model is applicable (NAFTA 2011).

OECD has noted that because domains of applicability, which are programmer- 
defined, vary from methodology to methodology, a prediction for an untested com-
pound that is within the domain of applicability of a (Q)SAR model based on 
structural and physicochemical parameters may still not be reliable if it has a unique 
mechanism of action not covered by the mechanistic domain(s) of applicability of 
the (Q)SAR model (OECD 2007).

The domain of applicability and the reliability of a model’s prediction may also 
depend on the age and/or training set (i.e., empirical data encoded in the model). For 
example, old global type (Q)SAR model may generate a negative prediction for an 
untested compound because its training set is populated with a limited number of 
chemicals that contain the key substructural features present in the untested com-
pound and that all tested negative in historical empirical studies. However, the train-
ing set of a newer model will likely be validated against modern in vitro or in vivo 
studies. This new training set will be segregated into groups according to mecha-
nism of action. If the new training set contains a larger number of compounds, many 
of which have positive empirical test results, from the same chemical class as the 

Table 8.3 TTC values of 
Cramer classes

Cramer class TTC values (μg/day)

Class I 1800
Class II 540
Class III 90
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untested compound, then the model may generate a positive prediction that may be 
considered more reliable even though the untested compound falls within the 
domains of applicability of both models.

In short, for the purpose of regulatory submission, we recommend using of the 
most up-to-date versions of models and training sets. This point may be particularly 
important when combining information from multiple prediction methodologies.

8.7  How to Interpret (Q)SAR Prediction Results

8.7.1  DEREK

All the rules in DEREK are based either on hypotheses relating to mechanisms of 
action of a chemical class or on observed empirical relationships (Sanderson and 
Earnshaw 1991). Information used in the development of rules includes published 
data and suggestions from toxicological experts in industry, regulatory bodies, and 
academia.

The toxicity predictions are the result of two processes:

 1. The model attempts to identify SAs in the knowledge base that are also present 
in the untested compound.

 2. The reasoning engine then assesses the likelihood of a structure being toxic. 
There are nine levels of confidence: certain, probable, plausible, equivocal, 
doubted, improbable, impossible, open, and contradicted (Table 8.4).

Genotoxicity alerts in DEREK include alerts for mutagenicity (in bacteria and 
mammals) and alerts for chromosome damage based on the in vitro chromosomal 
aberration assay and including effects that do not involve direct DNA damage 
(Lhasa 2019).

To demonstrate the capabilities of DEREK, the mutagenic potential of benda-
mustine (CAS N°. 3543-75-7) was evaluated and predicted to be PLAUSIBLE for 
mutagenicity in  vitro (Table  8.5) due primarily to the presence of two (2) SAs, 
namely, an alkylating agent and nitrogen mustard.

The alkylating agent triggering the SA is alkyl chloride (Fig. 8.2a). Alkylating 
agents are reactive compounds that replace hydrogen with an alkyl group. DNA, 
RNA, and cellular proteins contain many groups that are susceptible to these altera-
tions. The carbon attached to the halide in an alkyl halide group is slightly positive, 
making it easily attracted to and reactive with DNA. Alkylation of DNA can cause 
abnormal nucleotide sequences, breaking of DNA strands, and DNA cross-linking, 
resulting in interruption of DNA replication. Consequently, many compounds con-
taining these groups are mutagenic in the Ames test, especially in Salmonella strains 
TA100 and TA1535. In general, bromo and iodo alkyl groups are equally mutagenic 
and more mutagenic than chloro alkyl groups, with mutagenicity decreasing the 
longer the alkyl chain. Nitrogen mustards (Fig. 8.2b) are alkylating agents that can 
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Table 8.4 Terminology used in DEREK reports

Terminology Description

Certain There is proof that the proposition is true
Probable There is at least one strong argument that the proposition is true, and there are no 

arguments against it
Plausible The weight of evidence supports the proposition
Equivocal There is an equal weight for and against the proposition
Doubted The weight of evidence opposes the proposition
Improbable There is at least one strong argument that the proposition is false, and there are no 

arguments that it is true
Impossible There is proof that the proposition is false
Open There is no evidence that supports or opposes the proposition
Contradicted There is proof that the proposition is both true and false

Table 8.5 Summary of DEREK (Q)SAR results for bendamustine (CAS N°. 3543-75-7)

Structures DEREK prediction

Bendamustine
CAS N°. 3543-75-7

Mutagenicity in vitro is 
PLAUSIBLE in:
  Bacterium
  S. typhimurium
  E. coli

Fig. 8.2 The potentially mutagenic features triggering SAs in bendamustine. Although not high-
lighted, one (1) more instance of each SA is present in the molecule. (a) Alkylating agent (alkyl 
chloride). (b) Nitrogen mustard alerting feature
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induce interstrand cross-links, and DNA adducts especially at the N7 guanine posi-
tion. Nitrogen mustards are genotoxic in most assays including Ames, in vitro chro-
mosome, and in vivo micronucleus.

8.7.2  Leadscope Model Applier (LSMA)

The statistical QSAR model encoded in LSMA calculates a probability for muta-
genic activity. Mutagenicity prediction values ≤0.4 and ≥0.6 correspond to 
NEGATIVE and POSITIVE mutagenicity predictions, respectively. Mutagenicity 
prediction values between 0.4 and 0.6 correspond to intermediate mutagenicity pre-
dictions. These are the cutoffs presently used by the US FDA in evaluating M7 
QSAR submissions using Leadscope. Alternatively, an out-of-domain call is gener-
ated if the query compound was not in the model’s domain of applicability 
(LSMA (2016).

The full statistical (Q)SAR report from Leadscope Model Applier includes a 
picture of the chemical structure(s), a description of the models that were used, a 
table of the results, an explanation of how the results were calculated (including a 
presentation of the structural feature responsible for the positive or negative predic-
tion), and a listing of the structural analogs from the training set.

To illustrate some of the features described, the potential mutagenicity of benda-
mustine was also evaluated using the Leadscope Model Applier Version 2.2.2. 
Bendamustine generated a POSITIVE consensus call for mutagenicity. Both the 
E. coli 102 A-T Mut. and Salmonella Mut. models generated a high mutagenic pre-
diction probabilities (>0.8) (Table 8.6).

Again, as with DEREK, the presence of an alkylating agent and nitrogen mustard 
in both compounds triggered structural alerts for mutagenicity (Fig. 8.3). Neither 
model covered the methylated imidazole ring well. The API has feature count for 
both models that was ≥15. The model feature count aids in determining whether or 
not the training set (i.e., experimental data) contains a significant number of features 
used in the prediction model. More confidence is placed in predictions when the 
model feature count completely covers the entire chemical space of the untested 
compound. Both models identified analog compounds for bendamustine. The 
majority of analog compounds were correctly predicted to be positive, which adds 
to the confidence of the predictions generated by Leadscope.

8.7.3  Toxtree

To demonstrate the capabilities of Toxtree’s implementation of the Cramer decision 
tree, the mutagenic potential of bendamustine was again evaluated. The following 
outputs were derived in Toxtree v 3.1.0.1851, indicating that the compound is within 
Class III and should therefore be limited below 90 μg/day. However, based on the 
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DEREK and Leadscope Model Applier results, it may be more prudent to limit 
bendamustine to the TTC of 1.5  μg/day for potentially mutagenic compounds 
(Table 8.7).

8.7.4  Disscussion

The criteria for interpreting predictions that have been developed by the originator 
of the (Q)SAR tool and the rationale for them should also be considered when 
evaluating the reliability of predictions. Statistical-based QSAR models often gen-
erate probabilities (i.e., 0–1.0) for dichotomous (e.g., positive/negative) endpoints, 

Table 8.6 Summary of Leadscope Model Applier (Q)SAR results for bendamustine (CAS N°. 
3543-75-7)

Structures Leadscope resulta

Bendamustine
CAS N°. 3543-75-7

Consensus:
Positive for mutagenicity
E. coli-Sal. 102 A-T Mut.
Positive, prediction 
probabilities = 0.816
Salmonella Mut.
Positive, prediction 
probabilities = 0.864

aLeadscope prediction probabilities less than 0.4 are considered negative predictions, prediction 
probabilities greater than 0.6 are considered positive, and prediction probabilities between 0.4 and 
0.6 are considered indeterminate for mutagenicity

Fig. 8.3 Leadscope’s statistical model coverage of bendamustine in the (a) E. coli-Sal 102 A-T 
Mut. and (b) Salmonella Mut. models. Red (blue) bonds and atoms represent positive (negative) 
SAs that contribute to the overall mutagenicity prediction. Black bonds and atoms represent areas 
not covered by the model (i.e., not within the model’s domain of applicability), and gray bonds 
make neither negative nor positive contributions
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and the model developers recommend specific criteria for interpreting the predicted 
probabilities (e.g., LSMA criteria: prediction probabilities less than 0.4 are consid-
ered negative predictions, prediction probabilities greater than 0.6 are considered 
positive, and prediction probabilities between 0.4 and 0.6 are considered indetermi-
nate for mutagenicity). Such criteria are usually developed and monitored based on 
internal and/or external validation testing to optimize the predictive performance of 
the model.

8.8  Conclusion

This chapter described expert-based and statistical-based (Q)SAR methodologies 
designed to support the ICH M7 guideline for drug impurities. The rules and molec-
ular descriptors encoded in an expert-based (e.g., DEREK) and statistical-based 
(e.g., Leadscope Model Applier) methodologies, respectively, are based on well- 
defined experimental data (e.g., Ames test). Using two orthogonal (Q)SAR models, 
based on different sets of experimental data and different molecular descriptors, to 
investigate the toxic potential of an untested compound may potentially increase or 
decrease the confidence in predictions generated by either methodology. Both 
DEREK and Leadscope are recommended for use in regulatory submissions because 
both platforms display good validation results that adhere with the ICH M7 guid-
ance and OECD validation principles.

The structural alerts encoded in the (Q)SAR models described in this chapter are 
based on well-defined mutagenicity structural alerts from the literature which have 
been further refined to include additional activating/deactivating factors as well as 
active subclasses (which represent increased concern). We also described how pre-
dictions are generated by the alert system and the various factors influencing the 
final prediction. Although the (Q)SAR models described here can’t extrapolate the 
potential toxicity of substructural features unknown to the model’s database, their 
good validation results and adherence with the ICH M7 guidance allow these mod-
els to be used in the regulatory assessment of impurities with confidence.

Table 8.7 Toxtree’s Cramer classification results for bendamustine (CAS N°. 3543-75-7)

Compound Toxtree predictions

Bendamustine
(CAS N°. 3543-75-7)

Cramer rules
Q1 – Normal constituent of the body: No
Q2 – Contains functional groups 
associated with enhanced toxicity: No
Q3 – Contains elements other than C, H, 
O, N, divalent S: Yes (i.e., Cl)
Q4 – Elements not listed in Q3 occurs 
only as a Na, K, Ca, Mg, N salt, 
sulfamate, sulfonate, sulfate, 
hydrochloride, etc.: No
Result: Class III with an oral TTC 90 μg/
day

8.8  Conclusion
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Chapter 9
Pathology and Histopathology Evaluations 
of Biomaterials and Medical Devices

JoAnn C. L. Schuh

Abstract This chapter will focus on pathology- and histopathology-based study 
interactions that will optimize the study design, tissue collection and preparation, 
and evaluation, interpretation, and documentation of biologic responses to biomate-
rials and finished medical devices. Much of provided information is also applicable 
to pathology and histopathology evaluations of combination products (device and 
pharmaceutical or biologics) and regenerative medicine products that include engi-
neered or polymer scaffolds. The reader should be familiar with and consult the 
most recent ISO and country-specific regulatory standards and reviews to ensure 
regulatory compliance with the pathology components of any study.

Keywords 2016 · Biofilms · Biopsy samples · Carcinogenicity studies · Causality 
· Determination of complete biodegradation · FDA · Foreign body response (FBR) 
· Histopathology evaluations · Imaging techniques · Immunohistochemistry · 
Immunotoxicity · Infections · International Harmonization of Nomenclature and 
Diagnostic (INHAND) Criteria · Local and systemic immune reactions · Local 
implantation sites · Macroscopic anatomical pathology · Modifiers of tissue 
responses · Nomenclature · International Organization for Standardization · 
Quantitative (objective) morphometry · Resin embedment · Risk assessment plan · 
Standardization for Exchange of Nonclinical Data (SEND) · Tissue lists

9.1  Introduction

Whether intentionally working with medical devices or not, in their career 
pathologists have usually encountered tissue responses to biomaterials or 
medical devices such as ear tags, catheters, internal fixation devices for frac-
tures, and suture materials. The response to biomaterials and medical devices 

J. C. L. Schuh, CL, DVM, PhD, DACVP (*) 
JCL Schuh, PLLC, Bainbridge Island, WA, USA
e-mail: schuhj@jclschuh.com

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-35241-7_9&domain=pdf
mailto:schuhj@jclschuh.com


340

is also familiar to pathologists as the classic foreign body response (FBR), 
which has similar features whether induced by surgical implantation of biomaterials 
or a finished medical device or by accidental tissue introduction of plant mate-
rial, fragments of metal, glass or porcupine quills, hair fragments released 
into the dermis by surgery or inflammation, and migrating parasites or other 
exogenous microorganisms. Although no tissue response is often considered 
the ultimate goal, any foreign material will induce a FBR and a minimal or 
controlled tissue response while retaining the tissue and device function is a 
more realistic goal for determination of a biologically compatible biomaterial 
or medical device.

9.1.1  Regulatory Standards and General References

Toxicologists and toxicologic pathologists are usually familiar with Good 
Laboratory Practice (GLP) guidance documents, which also apply to medical 
devices, but the standards from the International Organization for 
Standardization (ISO; https/www.ISO.org/) are the primary documents that 
govern biomaterial and finished medical device testing globally. Readers 
should consult other chapters in this book and ISO and country-specific regula-
tory standards for additional guidance on expected minimal testing, as well as 
recent publications on definitions, types of biomaterials and devices, develop-
ment programs types, and a tabulation of regulatory information and online 
resources (Funk et  al. 2018; Gad and Gad-McDonald 2016; Gad and Schuh 
2018; Schuh and Funk 2019).

9.1.2  Risk Assessment Plan

The testing plan for each biomaterial and finished medical device should be on a 
case-by-case basis using a risk-based approach rather than based on the lack of 
demonstrable toxicity in a list of standard tests (International Organization for 
Standardization 2009, 2017b; U.S. Food & Drug Administration 2016). This also 
applies to selection of the histopathology evaluations (International Organization 
for Standardization 2016). A thorough characterization of the physiochemical 
properties of the biomaterial, implant size relative to body size, intended location 
and expected duration of exposure in the body, degradation characteristics, leach-
ables and extractables, and an informational review of similar biomaterials and 
available nonclinical data help to assess known risk and need for additional non-
clinical testing, including histopathology evaluations. The available regulatory 
standards and guidelines present lists of tests to consider in the development pro-
gram to assess risk. Unique biomaterials and medical devices will often require 
specialized in  vivo and histopathology evaluations that reflect biomaterial and 
device- or organ-specific characteristics.

9 Pathology and Histopathology Evaluations of Biomaterials and Medical Devices
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9.1.3  Biocompatibility and In Vivo Biologic Response 
Determinations

Biocompatibility, safety, and efficacy are terms that are often used inconsistently and 
interchangeably for characterization of responses to biomaterials and finished medi-
cal devices (Funk et al. 2018). A PubMed (https://www.ncbi.nlm.nih.gov/pubmed/) 
search for “biocompatibility” identified 26,819 papers, “biocompatibility implant” 
identified 2884 papers, and “biocompatibility medical device” identified 8776 papers 
(last accessed 1 Sept 2018). Scanning the content of these papers indicates that bio-
compatibility is a topical word for engineering design of biomaterials, equated with 
inertness or lack of a tissue/material interface response of implanted biomaterials; 
refers to biodegradation patterns after in vitro, ex vivo, and in vivo testing; and may 
be used to describe integration and function of a finished medical device (including 
confounding variables such as surgical implantation). Regulatory agencies such as 
the US Food and Drug Administration (FDA) Center for Devices and Radiological 
Health (CDRH) often evaluate results of in  vitro and in  vivo biocompatibility of 
biomaterials separately from the safety and efficacy or the biologic response evalua-
tion of the finished medical devices tested in animals (Funk et al. 2018; U.S. Food & 
Drug Administration 2015, 2016). The FDA use of 10993-1:2016 guide Attachment 
G (U.S. Food & Drug Administration 2016) and other proposed definitions (Williams 
2008; Williams 2014) define biocompatibility by context and performance, but a 
widely accepted and specific usage pattern for the term remains elusive. In reality, 
the final determination for compatibility of a biomaterial or finished medical device 
should encompass the totality of the response of the biomaterial or finished device to 
the biologic test system and the response of the biologic system to the biomaterial or 
device (Sect. 9.2.3.1). This broader view is similar to pharmacokinetic (what the 
body does to the drug) and pharmacodynamic (what the drug does to the body) deter-
minations for drugs, respectively. Single studies can report the specific biodegrada-
tion patterns and ex vivo or in vivo tissue responses, but the term biocompatibility 
should be used sparingly and only if modified by the characteristics of the study 
design and criteria used to determine compatibility (Sect. 9.5.6).

9.2  General Pathology Considerations for Study Designs

9.2.1  ISO and GLP Compliance

The FDA has a stated preference that in vitro and in vivo local biocompatibility and 
safety and efficacy studies in animals should be conducted in accordance with GLP 
principles in 21 CRF Part 58 (U.S. Food & Drug Administration 2015, 2016). The 
Organisation for Economic Co-operation and Development allows for the applica-
tion of GLP principles by individual jurisdictions (The Organisation for Economic 
Co-operation and Development 2015). Other global regulations often only focus on 
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ISO standards, but the study director, toxicologist, and pathologist should be trained 
under GLP principles, and the CRO selected to conduct the study should be GLP 
compliant to ensure proper conduct of studies for global registration (Funk et al. 
2018). An overview of study types, selection of studies, and general study design of 
implantation, safety, and efficacy studies are provided in these ISO, FDA, and GLP 
regulatory documents.

9.2.2  Standardized Nomenclature and Controlled Terminology

9.2.2.1  Anatomy and Histology

Macroscopic anatomical nomenclature and histological nomenclature have been 
standardized for animals in the Nomina Anatomica Veterinaria and Nomina 
Histologica, respectively (http://www.wava-amav.org/). While the standardized 
nomenclature focuses on domestic animals, these standardized terms also apply to 
laboratory animals (Popesko and Getty 1971; Popesko et al. 1990, 1992). Use of 
standardized anatomical and histologic terminology enhances accuracy and consis-
tency of tissue identification and collection, and the use of standardized terms is 
encouraged for any toxicology, safety, or efficacy studies.

Histopathology terminology for toxicologic pathology is being standardized 
through the International Harmonization of Nomenclature and Diagnostic 
(INHAND) Criteria (https://www.toxpath.org/inhand.asp#pubg). For organ systems 
and species criteria that have not been finalized, the older Standardized System of 
Nomenclature and Diagnostic Criteria guides can be used for rodents, or individual 
publications may need to be consulted until the INHAND series is finalized. 
INHAND pathology terminology is fundamental to generation of Standard for 
Exchange of Nonclinical Data (SEND) datasets which do not yet apply to studies on 
biomaterials and medical devices (Sect. 9.2.3.2).

Despite attempts to harmonize anatomic, histology, and histopathology terminol-
ogy, recent publications and textbooks may not follow these nomenclature standards. 
Terminology used in older publications, particularly in publications in bioengineer-
ing and toxicology journals and textbooks, make it difficult to identify which tissues 
were collected, particularly when tissues such as lymph nodes have multiple loca-
tions that are modified by anatomical location, such as medial or lateral. Consistent 
use of standardized terms for such tissues is particularly important to properly docu-
ment that the correct lymph nodes draining the implantation site were collected.

9.2.2.2  Best Practices and Position Papers

The Society of Toxicologic Pathology (STP) has published numerous best practices 
and position papers for histopathology conduct of studies. Currently there are no 
STP best practices or position papers (https://www.toxpath.org/best-practices.asp) 
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specifically for biomaterials, medical devices, and combination, regenerative, or 3D 
printed products. However, multiple best practices and position papers on data inter-
pretation, study design, study reports, peer review, and organ-specific guidelines 
directed toward pharmaceuticals and biologics can be useful and applied to evalua-
tion of biomaterials, medical devices, and related products.

9.2.2.3  International Harmonization of Nomenclature and Diagnostic 
(INHAND) Criteria

INHAND has been completed for multiple organ systems in rodents, and work con-
tinues on remaining rodent organs and for terminology in large animals (rabbits, 
minipig, dogs, and nonhuman primates). The STP, along with related international 
societies (British, European, and Japanese), has also published these documents in 
Toxicologic Pathology (http://journals.sagepub.com/home/tpx) and the Journal of 
Toxicologic Pathology (https://www.jstage.jst.go.jp/browse/tox). While these stan-
dardized terms can be applied to histopathology evaluations of biomaterials and 
medical devices, INHAND does not address all biocompatibility findings used for 
semiquantitative scoring such as skeletal muscle fatty infiltration (Roberts et  al. 
2013) nor details of some tissue/device interface reactions. INHAND guides are 
also not proposed for some species/strains of animals frequently used for medical 
device testing (e.g., ruminants, full-size swine, hound dogs, chinchillas, and guinea 
pigs). Published veterinary diagnostic information for farm animals, pet animals, 
and caged pets should be researched to identify the incidence and occurrence of 
sex- and age-related background and spontaneous findings, diseases, and induced 
pathology in these species/strains.

9.2.3  FDA Considerations for ISO Testing and Animal Studies 
for Medical Devices

9.2.3.1  FDA-Specific Guidance Documents

In 2016, the FDA issued a guidance on Use of International Standard ISO 10993-1, 
Biological evaluation of medical devices – Part 1: Evaluation and testing within a 
risk management process (U.S. Food & Drug Administration 2016). This guidance 
clarifies and modifies the ISO 10993-1 standard testing matrix and also adds addi-
tional details for in  vivo implantation biocompatibility testing and for medical 
devices.

The FDA has also issued a draft guidance specific to the design, evaluation, and 
reporting of animal studies used to test medical devices (U.S.  Food & Drug 
Administration 2015). Important points from this document are that the animal 
model selected should be scientifically justified, efficacy is secondary to determina-
tion of safety, and in vivo assessments should be bidirectional. This would include 
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device effect on the biologic system such as injury, inflammation, resorption, heal-
ing, and integration and include animal effects on device structural and functional 
integrity, surgical success, imaging characteristics, and system compatibility with 
ancillary devices. A full tissue evaluation is encouraged to assess local, downstream, 
and systemic effects. The study should be conducted according to GLP, and justifi-
cation should be provided if the test site is not a GLP facility.

9.2.3.2  Standard for Exchange of Nonclinical Data (SEND)

SEND was implemented in Dec 2017 as a requirement by the FDA for submission 
of standardized electronic data along with nonclinical report submissions to the 
FDA. Specific component datasets, including pathology data, are now required for 
regulatory submissions to the Center for Drug Evaluation and Research and the 
Center for Biologics Evaluation and Research. As of Sept 2018, there was no pub-
lished plan to incorporate SEND requirements into biocompatibility and medical 
device study submissions to the FDA CDRH.

9.3  Workflow Involving the Pathologist

Pathologists can provide broad input on the study design and help to optimize all 
tissue-related interactions, but study plans frequently fail to assign the pathologist 
to the early planning or study team (Maul et al. 2011). Unfortunately, the necropsy 
and histopathology interpretation may be provided by two different pathologists; 
the in vivo, necropsy, and tissue trimming services may be provided by separate 
contract research organizations (CRO) or an academic or other test facility distant 
to one another; and the histopathologist may be at another site or in another country 
from the CRO or other test facilities. Integrating the interactions of one or more 
CRO, test facilities, and one or more study pathologists with the sponsor, study 
director, clinical veterinarian, or surgeon and study toxicologists needs to be incor-
porated into the study plan.

For any studies, the necropsy pathologist and histopathologist should be con-
sulted prior to study initiation. The pathologist can provide input on specific study 
design components including: 1) the need for pilot or proof-of-concept studies, 2) 
selection of appropriate species/strains or animal models of disease, 3) the use of 
surrogate rather than clinical devices, 4) sacrifice intervals and selection of end-
points, 5) tissue samples and tissue sampling, 6) histology methods and special 
stains (histochemistry and  immunohistochemistry), 7) digital photographic docu-
mentation in vivo and ex vivo, 8) light and electron microscopic evaluation, 9) need 
for blind, peer, or expert reviews, and 10) to advise on supplemental tissue imaging 
or analytical techniques (Funk et al. 2018; Nikula and Funk 2016).
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9.3.1  Limitations of Test Animals and Animal Models 
of Disease

Pathologists can contribute to selection of appropriate test species and strains and 
suitable animal models of human disease through their familiarity with comparative 
physiology, anatomy, and pathology and broad training in mechanisms of spontane-
ous and induced diseases (Funk et al. 2018). The complexity of the biologic response 
does not allow for in vitro or ex vivo models to substitute for evaluating the ultimate 
safety, efficacy, and fate of medical devices. Selection of the wrong species, strain, 
or animal model can also be a costly mistake. Examples of advantages and disad-
vantages of animal models that can be problematic for medical devices or the tissue 
assessment by the study pathologist are included in Table 9.1. Biomaterial and med-
ical device placement should be discussed with the study pathologist to determine if 
device size and location may cause confounding tissue responses, affect tissue sam-
pling, or increase procedural and by-design device failure.

9.3.2  Pilot and Proof-of-Concept Studies

In some development programs, the pivotal studies should be postponed while a 
non-GLP pilot or proof-of-concept study is conducted to evaluate the species selec-
tion and feasibility of any surgical procedures (U.S. Food & Drug Administration 
2015). The pilot study may also be required to optimize the necropsy, tissue pro-
cessing, and histology procedures (Sect. 9.4) and to evaluate the robustness of pro-
posed biologic response scores (Funk et al. 2018) as discussed further in Sect. 9.5.2.

9.3.3  Pathology Observers at Implantation or Surgery

If possible, the pathologist responsible for the necropsy and the histopathology 
should also be present at the surgery or insertion of the biomaterial or device. This 
allows the pathologist to observe possible confounding features introduced by the 
surgical methods, to observe orientation and placement of the biomaterial or device 
that may affect the tissue sampling, and to optimize plans for photographic docu-
mentation, tissue collection, trimming, and processing procedures. The surgeon can 
also be a valuable observer at the necropsy to assist in separating surgical from 
medical device changes and in retrieving the biomaterial or medical device (Funk 
et al. 2018; Nikula and Funk 2016).
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9.3.4  Submission of Study Materials to the Pathologists

At a minimum, the necropsy and the histopathologist should have access to a copy 
of the physiochemical characteristics of the biomaterials or configuration of the 
finished device, manufacturing processes, extractables and leachables, the study 
protocol with any amendments, animal source/vendor health and background data, 
and surgical procedures in life clinical observations and body weights, life special-
ized analyses (e.g., bone morphometry, echocardiograms, cytokine analysis, etc.), 
clinical pathology, gross pathology, and organ weight data. With access to complete 
datasets, both the pathologist responsible for the necropsy and the pathologist 
responsible for the histopathology can provide macroscopic and microscopic cor-
relates with in life observations or imaging and microscopic changes, clinical 
pathology versus microscopic changes, and gross finding and organ weight changes 
with microscopic data. Neglecting or intentionally withholding physiochemical and 
study in vivo data frequently leads to suboptimal histopathology preparations or 
incomplete interpretation of the pathology data.

9.4  Pathology Evaluations

9.4.1  Necropsy

A recent special issue of Toxicologic Pathology provides both general and device-
specific information for gross pathology and histology techniques for biomaterials 
and medical devices (Rouselle and Paulin 2019).

9.4.1.1  Responsibility

A common practice for implantation and medical device studies is to have the tech-
nical staff trained as prosectors conduct all necropsy procedures or to use the study 
director, clinical veterinarian, or surgeon to supervise this phase of the study. Ideally, 
an experienced toxicologic or veterinary pathologist should supervise the gross 
pathology and be on site to help enter the necropsy and organ weight data, to guide 
the prosectors on identification of unusual or unexpected gross findings, to make the 
determination on collecting additional tissues or samples outside of the protocol- 
required list, and to direct photographic documentation. A pathologist is also the 
most likely individual to meet GLP standards for necropsy responsibilities for a 
necropsy, except for simple studies such as intramuscular implantation. Less desir-
able is to have a pathologist familiar with the study design available on-call and to 
have them direct or assist in the tissue collection based on remote gross photo-
graphs. Insufficient or inappropriate recording of necropsy data and necropsy data 
that conflicts with the histopathology data may have a negative effect on the risk 
assessment and may require studies to be unnecessarily repeated.

9.4  Pathology Evaluations
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9.4.1.2  Scheduled Necropsy

A complete necropsy should include macroscopic evaluation of general body 
appearance, body cavities, and all organ systems and their visible tissue compo-
nents. Even if systemic toxicity of the biomaterial and medical device is known not 
to occur, the necropsy should not be restricted only to local implant sites and exami-
nation of protocol-required tissues.

9.4.1.3  Unscheduled Deaths

In the case of sudden deaths or euthanasia of a moribund animal, qualified CRO or test 
facility staff members need to be available outside of normal operating hours. The 
necropsy should be conducted the same day the death is identified, and in no case 
should the examination be delayed by refrigerating the carcass overnight or over a 
weekend. Autolysis begins in most tissues within 5–15 min of death, and delaying the 
necropsy may preclude macroscopic and microscopic examinations. To assist the 
pathologist in making a determination of proximate or ultimate cause of death and to 
correlate to morbidity observations, the necropsy should be optimized to collect tis-
sues in a timely manner and to collect a comprehensive list of local and systemic tis-
sues even if there are no visible gross findings. For planned euthanasia of a moribund 
animal, any feasible protocol-required assessments, including veterinary clinical eval-
uation, clinical pathology (hematology, chemistry, and coagulation), imaging, and 
specialized organ-specific physiological evaluations (e.g., ECG or echocardiography), 
should be undertaken prior to the necropsy. Animals euthanized should be subjected 
to gross pathology, sampling for microbial evaluation of implant infections, organ 
weights, collection of the entire implantation site and adjacent tissues, and collection 
of tissues (ISO 10993-11:2017 Annex E) including all protocol-required tissues and 
gross abnormalities and all treatment sites. Similar procedures and sampling, except 
for clinical pathology and organ weights, apply to animals found dead.

9.4.1.4  Organ Weights

Organ weights along with relative weights (relative to body weight and brain 
weight) can be supporting indicators of deleterious local and systemic effects. The 
ISO 10993-11:2017 (International Organization for Standardization 2017b) stan-
dard and Society of Toxicologic Pathology (STP) best practice paper (Sellers et al. 
2007) provide guidelines for organ weight measurements and interpretation.

9.4.1.5  Recording Necropsy Findings

Any macroscopic findings but particularly abnormalities in and around the site of 
implantation or insertion of the medical device and of any protocol-required tissues 
should be recorded. If the implant is unstable or not visible without invasive cutting 
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(e.g., injected bone substitutes), gross observations of the implant may have to be 
postponed until the tissues are trimmed or skipped entirely. In this situation, the 
records should note why no gross observations are recorded. For implants in tissues 
where the entire organ and device need to be collected together, care should be taken 
in manipulating the fresh or fixed tissue to observations as the tissue/device inter-
face should not be disturbed. Electronic data capture using standardized nomencla-
ture glossaries is preferred for GLP studies but may be too restrictive for recording 
observations for all or part of some implantation and medical device studies. If 
needed, electronic data records can be supplemented with handwritten records that 
capture the use of nonstandard tools and methods, study-specific needs such as dia-
grams of implant locations and detailed tissue collection maps, and photographic 
documentation.

9.4.1.6  Digital Gross Photography (Macrophotography)

Regulatory requests are increasing for gross and microscopic photographic docu-
mentation of implants at intermittent stages and at the terminal phase of studies. 
This may include digital photographs to document the surgery, interim in vivo pho-
tographs for visible devices, device/tissue interface, and general normal or distorted 
organ/tissue architecture in the implantation area. Photographs may need to be 
taken immediately after surgical implantation, at multiple time points during in-life 
procedures, at necropsy, and at tissue trimming or explantation of the device. These 
digital photographs can be used to follow the biologic response to and fate of the 
medical materials (Sects. 9.7 and 9.8) and correlate clinical observations with nec-
ropsy and histopathology findings. Macrophotographs themselves may also be a 
specific endpoint for vascular devices (Rousselle and Wicks 2008) and burn models 
(Greenwood and Dearman 2012). Photographs should be high-resolution color 
images with appropriate identifiers (date, study and animal number, tissue, and lat-
erality) and a numeric scale. For comparison within and between groups, images 
should be captured consistently from the same tissue regions and at the same 
 magnification. Digital macrophotographs for regulatory submission should comply 
with GLP standards and should be presented with no or minimal digital post-pro-
cessing or manipulation (Tuomari et al. 2007).

9.4.2  Tissue Collection

9.4.2.1  Study Endpoints

The time intervals, number, and type of endpoints need to be carefully considered to 
ensure that each endpoint sample contributes to the objectives of the study. Tissue 
collection for histopathology most often occurs at study termination, but interim 
necropsies may also be desirable. Interim tissue samples may also be collected by 
biopsy of externally accessible implants in areas such as the skin or mucosa. Interim 
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samples help to monitor the progression of the tissue responses and the fate of 
implanted materials (Sects. 9.7 and 9.8). Bioengineering sampling needs may also 
compete with the needs for histopathology. The timing, preservation method, sam-
ple size and orientation, need to retain the device in situ, or device explantation may 
create competition for both interim and study termination samples. If necessary to 
ensure proper sampling, additional animals or satellite animals for a specific sample 
may need to be added to the groups. These considerations will also need to meet the 
requirements and ethical considerations of the institutional animal care and use 
committee.

9.4.2.2  Tissue Handling

To avoid artifacts, prosectors should be trained to avoid compressing tissues with 
forceps and to not wipe or rub tissue surfaces by hand, with instruments, or with 
gauze or paper products. Blood, excreta, and other contaminants can be reduced or 
removed by carefully rinsing tissues in a small quantity of buffered saline. All tis-
sues, particularly gross abnormalities and the treatment sites, should be cleaned of 
any normal extraneous tissues such as muscles or unneeded membranes. Care 
should be taken to clean gross lesions and treatment sites sparingly and to retain 
implanted devices and inflammatory reactions with adjacent tissues to preserve the 
tissue/device interface.

9.4.2.3  Marking Implant Sites and Tissues

Implant sites and tissue/device interface margins, such as skin wound margins, can 
be permanently marked on animals during surgery using indelible tattoo ink that 
will be visible at the gross necropsy and tissue trimming and will be microscopi-
cally detectable. Similar to marking tissues prior to or during tissue collection, the 
location of an implant site can be permanently marked during surgery with a piece 
of inert US Pharmacopeia (USP) control material. This material is often visible dur-
ing tissue collection and trimming, and the material acts as a marker during the 
microscopic examination (Elmore et al. 2017). This marker can serve as an accurate 
indicator of the original implantation site tissue/device interface and may be useful 
in determining the fate of biodegraded biomaterials that may disappear during 
chronic studies.

Rather than free floating in a jar of formalin, small tissues and serial sections or 
multiple regional samples taken from larger tissues can be collected into labeled 
tissue cassettes used for trimming, processing, and embedding to easily retrieve and 
retain the sequence or sub-location of the tissue samples. At necropsy, implant sites 
can also be marked with indelible dye before fixation to facilitate accurate recovery 
at trimming and sectioning. Tissue orientation or laterality can also be marked using 
small selective cuts into the tissues, using indelible dyes, or placing the tissues 
directly into marked cassettes. Flat or long tissues with elastic components that are 
prone to shrinkage, contracture, or curling (skin, blood vessels, nerves, muscle, and 
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gastrointestinal tract) can be immobilized prior to fixation in a more relaxed state by 
lightly attaching the tissues by wrapping, stapling, or inserting the ends into a 
V-notch of a solid surface such as cardboard or perforated plastic sheets. These 
extraneous materials need to be pretested to ensure that they will not disintegrate in 
the fixative and not affect the subject tissues and that the tissues will fix properly.

9.4.2.4  Tissue Lists

Tissues to be collected at necropsy will be listed in the study protocol or plan. As 
per ISO 10993-11:2017 Annex E (International Organization for Standardization 
2017b) and the FDA guidance (U.S. Food & Drug Administration 2015), the test 
material or device should be evaluated for local, downstream, and systemic expo-
sure. This may involve collecting, preserving, processing, and histopathologi-
cally evaluating a full complement of tissues (ISO 10993-11:2017 Annex E). In 
the absence of systemic exposure, all tissues should be collected, but a more 
restricted histopathology examination of representative tissues from major 
organs may be appropriate (Tier I tissues in ISO 10993-11:2017 Table F.1.). 
Collection of an abbreviated tissue list for histopathology examination should 
always be based on the study and device requirements and knowledge acquired 
through prior studies. Not all suggested Tier I tissues may be appropriate, and 
tissues not listed may provide important information on the local, upstream, and 
systemic tissue responses. It should be noted that (1) ISO 10993-11:2017 Table 
F.1. includes the liver but not major gastrointestinal tract components (stomach, 
small and large intestine) as Tier 1 tissues, (2) excretory is a function and not a 
recognized organ system and many excretory tissues are not included in the 
list,(3) thymus rather than bone marrow (representing primary lymphoid tissue) 
may be preferable or an important adjunct tissue for evaluation of systemic and 
lymphohematopoietic effects, (4) lymph nodes draining the implantation site 
(and distant comparator lymph nodes) rather than just spleen (representing sec-
ondary lymphoid tissue) may be needed as a Tier I tissue used to interpret local 
inflammatory events, (5) a consistent location should be chosen for the muscle 
sample, and (6) a bone marrow smear is better than a tissue section for evaluation 
of hematopoietic activity. A histopathologist can provide advice on the major 
organs and a scientifically justified abbreviated list of representative tissues to 
collect from major organs, as well as additional tissues within the major organs 
that would be relevant to the individual study and medical device.

9.4.2.5  Sample Selection from Test Sites

The number and location of samples collected for fixation and for histopathology 
evaluation of the medical device site are dependent on the implant size, type, 
location and characteristics, number of test sites, the size of the implant relative 
to the size of the animal, degradation patterns, the integration characteristics and 
reparative processes, and need for efficacy evaluations. Additional samples may 
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also need to be collected for bioengineering analyses. Where possible, a consis-
tent number of tissue samples should be collected from each test subject and site, 
and the biomaterial or medical device should be retained with adjacent tissues to 
allow histopathology evaluation of the tissue/device interface. Individual tissue 
samples should also be consistent in size, orientation, location, and laterality. 
Tissues larger than 0.5 cm thick and dimensionally larger than 5–6 cm usually 
need to be cut into multiple smaller representative pieces to allow for penetration 
of tissue fixatives.

Along with the full or abbreviated tissue list, the number of test site samples 
included in the study protocol should be determined collaboratively by the sponsor, 
CRO, study director, and study toxicologist and pathologist. Tissue collection plans 
may also need to be modified and the protocol amended after evaluation of interim 
data collected by noninvasive imaging, biopsies, or necropsy. Interim imaging data 
may also aid the pathologist in selection of specific areas of the test site that need to 
be correlated with abnormalities identified by imaging (Alves et al. 2019; Rousselle 
and Wicks 2008). During the necropsy, the supervising pathologist should collect 
any gross lesions in any tissues and, with discretion and additional documentation, 
collect additional tissues not predetermined as protocol required. Unlike rodents, it 
is not feasible to retain all residual body parts from a large animal necropsy, and 
selection of samples during the necropsy is critical. Therefore, duplicate or extra 
tissues should be preserved in all studies to allow for future testing or for confirma-
tion of unusual or unexpected histopathology findings. Any tissues collected during 
the study should be retained until the study report is finalized and any GLP retention 
policies have expired.

9.4.2.6  Sampling Large and Complex Implants

Although the tissue/device interface should be preferentially preserved, large or 
complex implants may need to be separated from the tissues to ensure and optimize 
tissue fixation, processing, and sectioning. Retrieval of the device for bioengineer-
ing analyses may also be necessary. In these situations, multiple small samples of 
the tissue should be carefully cut and removed from the tissue/device interface or 
other critical areas prior to removing the entire device from the remaining tissue. 
Other tissue samples are then collected for fixation from the residual tissue after 
removal of the device. Physical tissue extraction by maceration or enzymatic meth-
ods (stable polymers) may allow biomaterials to be identified macroscopically 
(Rousselle and Wicks 2008), but these techniques should not be applied to tissues 
intended for histopathology.

9.4.2.7  Identification and Collection of Regional Lymph Nodes

Gross identification of lymph nodes and differentiation from the fat pads that they 
are often enclosed in can be enhanced by using acetone-, alcohol-, hydrochloric 
acid-, or acetic acid-based revealing agents and fixatives during the necropsy or at 
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tissue trimming (Horne et al. 2014). In ISO 10993-6:2016 (International Organization 
for Standardization, 2016), lymph nodes draining the site of implantation are 
included as an endpoint for biocompatibility studies, and evaluation of regional 
lymph nodes is an important part of evaluation of safety and efficacy of finished 
medical devices (Wancket 2019). Veterinary anatomical textbooks (Budras et  al. 
2007; Evans and De Lahunta 2013; Grossman and Getty 1975a, b; Popesko and 
Getty 1971; Popesko et  al. 1990, 1992) and some specific publications (Soto‐
Miranda et al. 2013; Suami et al. 2013, Ito and Suami 2015; Suami and Scaglioni 
2017) are useful to identify patterns of regional lymph nodes drainage from implan-
tation sites. Multiple lymph nodes in some locations and overlapping or intercon-
nected drainage regions complicate the choice of the primary draining lymph node 
and mapping dye studies (Harrell et al. 2008), and lymphoscintigraphy or lymphan-
giography (Zhang et al. 2011) may be required. A concern is that the presence of 
inflammation or concurrent disease may change the lymphatic drainage pattern and 
that unexpected reactivity in distant lymph nodes (Kesler et al. 2013) may be an 
indicator of systemic effects of the medical device or may be a false negative related 
to a confounding tissue finding such as infections.

9.4.2.8  Special Sampling Procedures

Biopsy Samples

In addition to samples collected at necropsy, accessible implants may be intermit-
tently biopsied throughout the duration of the study to monitor the device/tissue 
interface as part of a time course study. This technique is most often applied to skin 
samples, but transcutaneous or surgical re-opening of deeper implantation sites for 
biopsy collection is also possible. For biodegradable polymers, biopsies can be used 
to monitor and determine the point of complete dissolution of the matrix and resolu-
tion of any inflammatory response (Sect. 9.8.2.1). This intermittent tissue sampling 
is particularly useful for chronic studies (1 or more years in duration) where com-
plete biodegradation of the biomaterial and resolution to a functionally normal tis-
sue is an endpoint. Biopsy samples may be able to demonstrate early biodegradation 
and return to normal function and thus justify early termination of the study. For 
permanent implants, biopsy may have a role in evaluating tissue responses and 
infections and monitoring unexpected degradation of the biomaterials. However, 
biopsy samples require the risk of additional anesthesia and surgery, and the sam-
pling introduces a confounding acute inflammatory and reparative process on top of 
a healing or healed implantation site. Biopsy sample sites should be carefully docu-
mented to avoid accidentally collecting these areas at study termination. The major 
limitation for biopsy samples is that the resulting tissue sample is small (1–20 mm 
diameter) and of short depth (usually no more than 15 mm). Multiple samples may 
be required to adequately evaluate an implantation site for residual biomaterials. As 
with samples collected at necropsy, biopsy samples may be evaluated by qualitative, 
semiquantitative, and quantitative histopathology evaluations and can be stained for 
immunohistochemistry evaluations or used for molecular and chemical analyses.
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Fresh Frozen Tissues

Some analytical procedures are not successful when performed on formalin-fixed 
tissues, but flash frozen tissues stored at greater than −60 °C can be held until the 
analyses are conducted. If antigenic epitopes are not stable in formalin, immunohisto-
chemistry may have to be conducted on tissues that are placed in a protective embed-
ding medium (optimal cutting temperature [OCT] compound) prior to flash freezing in 
liquid nitrogen. Laser capture microdissection (Sect. 9.6.1) and molecular analyses 
(Sect. 9.6.3) may be affected by the use of OCT, and alternative media may be required 
(Datta et al. 2015). Usually, tissues no larger than 1cm3 should be flash frozen to ensure 
complete freezing. For molecular analyses, tissues are usually directly frozen or macer-
ated in saline (without special media) and are held at greater than -60C until analyzed.

Hemocompatibility

In vivo hemocompatibility of devices that contact blood (International Organization 
for Standardization 2017a) is generally incorporated into safety studies rather than 
done as a free-standing study (Wolf and Andwraon 2012). Tissues collected and 
evaluated for in vivo hemocompatibility should include collection of vasculature 
upstream of the insertion site as control tissue and at the insertion site to assess 
immediate local tolerance and multiple samples downstream of the insertion site 
(starting 1–2 cm or further downstream) to assess potential thrombosis and cytotox-
icity. Selected distant end organs that readily display thromboemboli (particularly 
the lung, but also the brain, liver, spleen, and kidney) should also be evaluated.

Immunotoxicity

The need for immunotoxicity assessment of biomaterials and medical devices may 
be detected early in the development program by one or more changes in hemato-
logic parameters, lymphoid tissue weights, microscopic changes of primary (thy-
mus and bone marrow) and secondary (spleen, lymph nodes, and mucosa-associated 
lymphoid tissues), and susceptibility to opportunistic infections. Histopathology 
screening of lymphoid tissue, particularly lymph nodes draining the implantation 
site compared to distant external and internal lymph nodes, is useful to fully charac-
terize the inflammatory response and for detecting immunological abnormalities. 
The typical lymph nodes collected in GLP toxicology studies are often not the 
lymph nodes draining the implantation sites (Sect. 9.4.2.7). Simple qualitative and 
semiquantitative scoring of lymph node changes may not be informative, and 
detailed reporting of individual lymphoid compartments using enhanced histopa-
thology principles may be needed for lymph nodes (Elmore 2006b), as well as the 
spleen (Elmore 2006c), thymus (Elmore 2006d), and mucosa-associated lymphoid 
tissues (Elmore 2006a). Bone marrow smear and hematologic evaluations are pref-
erable to bone marrow tissue sections for characterization of bone marrow changes 
(Tomlinson et al. 2013).
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Carcinogenicity Studies

Carcinogenicity testing of devices should be considered for all permanent devices 
and when certain leachables, extractables, and manufacturing residuals are identi-
fied, unless other data (genotoxicity, structure activity relationships, and supportive 
literature) is sufficient to justify omission with a regulatory waiver (International 
Organization for Standardization 2014; International Organization for 
Standardization 2017c). Carcinogenicity studies are generally 2-year studies in two 
rodent species with the possibility of a 6-month study in genetically modified mice 
(International Council for Harmonisation 1995; International Organization for 
Standardization 2014). Biomedical and medical device inquiries may only require 
the use of a single rodent species, with the rat most often selected. The transgenic 
CByB6F1-Tg(HRAS)2Jic oncogenic model (rasH2) is the most commonly used 
transgenic model. Transformation-related protein 53 deletion (Trp53± or p53±) 
model should not be used due to the high incidence of implanted microchip tran-
sponder-induced sarcomas which indicates an enhanced carcinogenicity response to 
foreign material (Blanchard et al. 1999; Schuh 2015). The Tg.AC model, often used 
for dermal testing, had a high incidence of false positives, and these animals are no 
longer commercially maintained. Rarely are carcinogenicity studies in large ani-
mals considered economically or practically feasible, and tumor databases, similar 
to those in rodents, are lacking for large species. As carcinogenicity assays focus on 
tumor development, assessment of clinical pathology and organ weights and spe-
cial tissue evaluations are generally not necessary. The maximum implantable dose 
(MID; often the finished medical product or a multiple of expected clinical expo-
sure in mg/kg) may be the only treatment group. An additional dose group at one-
half the MID (MID50) may be considered to identify a minimal effect or no effect 
dose. Due to foreign body-induced carcinogenesis, control groups implanted with 
USP control material is a questionable practice. Large, smooth, flat, and nonporous 
reference materials are most often associated with tumor induction. The gross 
pathology and histopathology examination in a carcinogenicity study should include 
a complete gross examination of the animal, and tissues collected will generally 
include a screen of all tissues (ISO 10993-11:2017 Annex E) and all tumors, par-
ticularly tumors around the implant in untreated control and the MID groups. In an 
MID50 group, collection only of gross lesions and tumors may be appropriate. 
Histopathology evaluations should conform to reporting standards used for pharma-
ceuticals and biologics. The International Council for Harmonisation (ICH) safety 
guidelines S1A-S1C (http://www.ich.org/products/guidelines/safety/article/safety-
guidelines.html) should be consulted for additional information on recommended 
carcinogenicity study parameters. Tumor evaluations and reporting should include 
a peer review and may need a pathology working group review (Sect. 9.5.4). 
Tumorigenicity of biomaterials and medical devices is discussed further in Sect. 
9.7.2.3.
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9.4.3  Tissue Fixation

General principles used for collection and fixation of tissues should also be rigor-
ously applied to optimize the quality of tissues to be used for histopathology and 
other related investigations of biomaterials and medical devices. Whenever possi-
ble, the device should be fixed together with the adjacent tissue to maintain the tis-
sue/device interface for evaluation. If this is not possible, small sections of the 
interface should be carefully collected for fixation prior to explanting the device. 
When the medical device is encompassed by a large piece of tissue, the animals will 
need to be anesthetized and the entire animal or the implant region fixed by intravas-
cular perfusion with 4% buffered paraformaldehyde, followed by submersion fixa-
tion, usually in 10% neutral buffered (Gage et al. 2012).

Tissues are collected immediately after death into fixatives to prevent autolysis 
(begins within 5–15 min for most tissues) and to allow clean cuts to be made in the 
hardened tissues at trimming. Most fixatives do not penetrate rapidly or deeply into 
whole organs or large tissues and multiple cuts should be made into large tissues 
and organs and bones should be cut open or representative sections, no larger than 
5 mm thick, and 2–3 cm of the tissue should be taken as a sub-sample. Whole eyes 
and bones from rodents and rabbits usually do not have to be pre-cut prior to fixa-
tion but may require longer than 48 hr of fixation. An exception for bones is that the 
skull and spinal cord should always be opened and the nervous tissues removed for 
direct fixation. Filling the lumen of hollow tissues (lung, intestine, and blood ves-
sels) with fixative will also allow larger pieces of tissue to be successfully fixed. 
Blood and excreta reduce the effectiveness of fixatives so any surface contaminants 
should be rinsed off of tissues prior to placing in a fixative.

The most common fixative solution for tissues is 10% neutral buffered formalin, 
but other buffered fixatives such as paraformaldehyde (perfusion), glutaraldehyde 
(electron microscopy), and for eyes, modified Davidson’s (Latendresse et al. 2002) 
may be appropriate. Alcohol (70% or greater) is a preservative rather than a fixative, 
but it may be a component of special fixatives including those for immunohisto-
chemistry. Tissues are normally fixed at room temperature for 24–48 hr, but less or 
greater time may be optimal for small or larger tissues, respectively. A rotation table 
helps to keep the solution moving gently between the tissues and helps to prevent 
the tissues from compacting at the bottom of chemically resistant collection jars. 
Changing out the formalin half way through the optimal fixation time also helps to 
improve the quality of fixation. Sufficient fixative should be used to provide a 1:20 
ratio of tissue/fixative, but never less than a 1:10 ratio. Conical centrifugation tubes 
seldom provide sufficient volume for fixation, and tissues will invariably be trapped 
in the conical end and may autolyze. Tissues should be trimmed for histologic pro-
cessing as soon as fixation is complete. Excess fixation time is particularly adverse 
for formalin- fixed tissues used for immunohistochemistry (Sect. 9.4.5.4), and sec-
tioning artifacts (e.g., fracturing) are often present in tissues held long term in 
fixatives.
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9.4.4  Tissue Trimming

Illustrated guides for tissue sampling and trimming have been published for tissues 
of rodents (Kittel et al. 2004; Morawietz et al. 2004; Ruehl-Fehlert et al. 2003) and 
pigs (Albl et al. 2016). Depending on the list of study required tissues, not all tissues 
that are collected and fixed will need to be trimmed and histologically processed. 
Once fixation is complete, the protocol-required tissues need to be trimmed down in 
size to ensure that they will fit histologic cassettes used for tissue processing 
(Knoblaugh and Randolph-Habecker 2017). Unless the device was separated from 
the tissue, tissues from the test site should be trimmed to retain the tissue/device 
interface. Tissues should be trimmed using sharp and disposable razor or necropsy 
blades appropriate to the size of the tissue. Cutting blades should be changed fre-
quently and the cutting surface regularly cleaned to minimize artifacts and contami-
nation. All tissues should be consistently trimmed from the same part and area of 
the fixed tissues and in the same orientation to assist in making direct comparisons 
between sites and animals. Consistent sectioning is particularly important for skin 
or tissues that tend to curl during fixation. These tissues should be fixed as flat as 
possible (Sect. 9.4.2.3) to ensure that the tissues are not trimmed tangentially which 
changes the proportions of the different tissue compartments and presents structures 
such as hair in cross-section rather than longitudinally. Tissues are placed in labeled 
cassettes for subsequent processing, embedding, and sectioning by the histology 
laboratory.

Identification of the tissue/device interface may be difficult unless the tissues 
were marked during implantation (Sect. 9.4.2.3). For intraosseous metal implants 
and eye implants (Short 2008), the implant interface may not be readily visible. 
Marking or imaging with positional data (Roberts et al. 2013) provides the location 
of implantation which is critical to reducing or preventing the need for blind trim-
ming. If the appropriate tissue is not present on the slides, the pathologist will need 
to request recuts, deeper sections, or that additional tissue be retrieved from the fixa-
tive. Any diagrams of the trimming locations and orientation should be archived 
with the study and made available to the histopathologist. After all tissues are 
trimmed, the remaining tissue should be preserved for the duration of the study or 
until GLP retention policies are met.

9.4.5  Histology

9.4.5.1  Pre-study Preparations

The study director, toxicologist, pathologist, and histotechnologist will benefit from 
being able to see and also feel the native biomaterials and the composition of a fin-
ished medical device. Photographic examples of common biomaterials and medical 
devices are included in numerous individual biomaterial-specific publications and 
in reviews (Funk et al. 2018; Goad and Goad 2013; Hassler et al. 2011; Long 2008; 
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Ratner et al. 2013), or the sponsor should be asked to provide a sample. The pathol-
ogist and histotechnology laboratory should always be offered a sample of any 
novel biomaterials or materials with novel processes (e.g., biospinning) so that the 
hardness and suitability of standard histologic processing, embedding, and section-
ing processes can be tested and to determine if the biomaterial is visible in hema-
toxylin and eosin (H&E) tissue sections. Polymers or soft materials can be stabilized 
in these preparations by creatively inserting or wrapping the material in skeletal 
muscle or other suitable tissue purchased from a grocery store. Embedding the bio-
material within a block of solidified agar may not be useful as both the agar and 
biomaterial may disappear during histologic processing and will not provide the 
needed contrast. Using the proposed fixation and trimming methods, the biomaterial 
within a tissue can also be prepared by the histopathology laboratory and examined 
by the histopathologist. Adjustments can then be made to the histology methods 
prior to receiving the often irreplaceable study tissues.

9.4.5.2  Tissue Embedding and Sectioning

An algorithm for selecting embedment, cutting procedures, and stains for biomate-
rials has been published (Alves et al. 2019).

Formalin-Fixed and Paraffin-Embedded Tissues

Trimmed tissues are processed by dehydration through graded alcohol and then 
embedded in a block of paraffin wax (Callis et al. 2002). Thin sections (5–6 μm) of 
the tissue blocks are cut onto a glass microscope slide using a microtome, deparaf-
finized, and stained, and the tissue is covered with a glass coverslip. Ultrathin sec-
tions (2–3um) or larger sections (De Jong et al. 2005) can be cut to increase cellular 
detail for microscopic examination, or thick sections (5–15um) of unstained and 
stained sections can be cut for laser capture microdissection. Serial (adjacent) or 
step sections may be necessary to capture the best histologic sections for the pathol-
ogist to evaluate. Extra-large paraffin blocks can be used to embed a small whole 
mouse, whole tissues (eyes), and large implants in toto. These tissue sections are cut 
from the blocks with a specialized sledge (slab) microtome onto extra-large micro-
scopic slides. Flash frozen tissues for immunohistochemistry are sectioned in a low 
temperature cryotome (Sect. 9.4.5.4) and thin sections placed on specially charged 
slides to enhance section adherence for staining. All nonstandard methods used in 
preparation of the slides should be documented for the report.

Resin Embedment

Hard tissues, such as bone and teeth, and metal or other hard devices cannot be 
directly trimmed or paraffin embedded and sectioned, and resin embedment is pre-
ferred (Long 2008). Bone and teeth are usually fixed and then softened by decalci-
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fied (formic acid or EDTA) for paraffin embedment (Sanjai et al. 2012). Hard tissues 
and devices, some firm devices, and critical tissue/device interfaces should be cut 
down with a saw and small sections embedded in plastic resin. Thin sections are cut 
using a diamond sawing or grinding of the resin block with a polishing machine 
(Caropreso et al. 2000; Long 2008; Malik et al. 1998; Ramot et al. 2016; Rousselle 
et al. 2019).

Troubleshooting Histology Preparation of Implants in Tissues

Firm biomaterials embedded in paraffin may tear or be ejected during microtomy 
and may have to be re-embedded or a new sample prepared. Firm biomaterials (e.g., 
contact lenses) may distort when embedded in certain resins. Novel biomaterials 
should be pretested for the suitability of the histologic reagents and procedures. 
Polymers seldom stain with the standard histochemical dyes, and if they do, they 
consist of lightly stained amorphous material. Empty spaces will be left as a place-
holder representing a negative image of the polymer. Some polymers are dissolved 
by solvents during processing or, like polylactic acid and poly(lactic-co-glycolic) 
acid, dissolve during staining. Processing may also damage the polymer, change its 
appearance in tissue sections, or create artifactual fragments. Implants that are suc-
cessfully sectioned may not adhere properly to the glass microscope slides and may 
be lost before or during staining. Positively charged slides, used for immunohisto-
chemistry, may help to stably attach the thin section to the slide.

9.4.5.3  Tissue Stains

Stains are used on tissues to provide cellular differentiation and contrast for micro-
scopic evaluation. Standard H&E staining and special histochemical stains are 
applicable to formalin-fixed paraffin-embedded tissues. These histochemical stains 
are also applicable to staining resin-embedded tissues, although modified stains 
may be required (Alves et al. 2019; Long 2008; Malik et al. 1998; Rousselle et al. 
2019). Metals, some textiles, fibers, glass, and ceramics may be readily visible or 
have edge contrast without absorbing histochemical stains. Other than polyaryle-
theretherketone (PEEK), most polymers will not stain or absorb very little stain, and 
polymers may be dissolved by the tissue processing and staining procedures. 
Occasionally polymers may stain with connective tissue stains or special stains in 
combination with polarized light (dermal fillers stained with Alcian blue and dental/
bone material stained with von Kossa stain). Some polymers autofluoresce, and this 
fluorescence can also be quenched with Sudan black (Jaafar et al. 2011). More dif-
ficult is the visualization and identification of degrading fragments or particles of 
damaged biomaterials. Permanent metal and polymer particles may be birefringent 
under polarized light and polyethylene debris stains with oil red-O stain (Bauer 
1996; Hansen et al. 2002; Krenn et al. 2014; Morawietz et al. 2006; Schmalzried 
et al. 1993; Shea et al. 1996). For non-staining biomaterials, special histochemical 
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stains are useful to highlight and characterize the reaction in the tissues and identify 
device-associated infections. Special stains such as a modified gram stain are useful 
to identify and confirmation bacterial infections (Becerra et al. 2016). Contrasting 
stains may also outline the edge of polymeric materials. Commonly used histo-
chemical stains include Masson’s trichrome, Masson-Goldner trichrome, and tolu-
idine or Alcian blue (connective tissue and bone), Safranin-O (cartilage), Movat’s 
pentachrome (blood vessels), periodic acid-Schiff (carbohydrates), and von Kossa 
(mineral). These special stains will differentially stain specific tissue compartments 
that may not be otherwise visibly differentiated, highlight fibrotic reactions and 
encapsulation, and may help to differentiate intact and fragments of biomaterials 
from tissue reactions (e.g., Prussian blue stain for hemosiderin tissue reactions and 
von Kossa for mineral changes from bone implants) (Alves et al. 2019; Krenn et al. 
2014; Morawietz et al. 2006; Rentsch et al. 2014; Rodriguez et al. 2014; Schwartz 
et al. 2004).

9.4.5.4  Immunohistochemistry

Identification and localization of cells, subcellular and molecular features, and tis-
sue response characteristics can be highlighted in tissues using labeled antibodies 
against tissue antigens. If antigenic epitopes are retained or can be unmasked, 
formalin- fixed tissues can be a suitable investigative matrix. Labile antigens may 
require use of flash frozen tissues (Sect. 9.4.2.8). As with histochemical stains, 
immunohistochemistry is most applicable to characterization of tissue changes and 
cellular responses rather than identification of biomaterials (De Jong et al. 2005; 
Diller et  al. 2015; dos Santos et  al. 2016; Funk et  al. 2018; Krenn et  al. 2014; 
Morawietz et al. 2006; Rentsch et al. 2014), but immunohistochemistry will also 
monitor biologically derived medical materials (Brown et  al. 2015; DeLustro 
et al. 1986).

9.5  Histopathology Evaluations

A recent special issue of Toxicologic Pathology provides both general and device-
specific information for histopathology of, and special techniques for biomaterials 
and medical devices (Rouselle and Paulin 2019). Histopathology consists of quali-
tative (subjective), semiquantitative (subjective), and quantitative (objective) evalu-
ation or microscope slides and tissue images, of local, systemic, and confounding 
changes. There is a tendency to assume that the semiquantitative scoring schemes in 
Annex E of the ISO 10993-6:2016 (International Organization for Standardization 
2016) are the only microscopic evaluations needed for local biocompatibility 
implantation and finished medical device studies. While convenient, the minimalis-
tic to no qualitative content that is provided by these scoring schemes does not 
properly evaluate the entirety of the biologic responses to biomaterials and the 
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safety and efficacy of finished medical devices. Histopathology evaluations should 
not be restricted to semiquantitative scoring based on ISO 10993-6:2016 templates, 
and peer and expert reviews should be used to confirm the accuracy of the reported 
pathology findings. Masked (blinded) study evaluation should be used appropriately 
and only when warranted. Reporting and interpretation of the pathology findings 
should include correlation of the gross and histopathology findings with organ 
weight alterations, clinical observations, clinical pathology observations, and any 
related imaging or analytical tests.

9.5.1  ISO 10993-6:2016 Limitations in Qualitative 
and Quantitative Histopathology

Historically, histopathology evaluations of biomaterials and medical devices have 
not been as rigorous as that applied to pharmaceuticals and biologics. In these other 
therapeutic categories and even combination drug/device or biologics/device evalu-
ations, toxicologic pathology evaluations start with recording morphological diag-
noses, followed by or in parallel scoring using a template with well-defined 
numerical limits. For safety (toxicology) studies of biomaterials, it is not unusual to 
see full histopathology evaluation and reporting of all other tissues, but surprisingly, 
the tissue changes in the implanted test site may only be evaluated by a scoring 
scheme based on ISO 10993-6 Annex E templates.

The use of simple scoring schemes (ISO 10993-6 Annex E) as the sole record of 
microscopic changes for biomaterials and medical devices is seldom adequate and 
should not be relied upon for characterization of the tissue response. Tissue response 
scores for implanted biomaterials using the ISO suggested scoring templates are 
incomplete unless footnotes and other detailed descriptive notes are included to 
fully capture the breadth and depth of tissue changes. Reporting the qualitative fea-
tures with interpretation enhances the reaction score (formerly, irritancy score) of 
the test versus control material and provides a full histopathology accounting and 
risk assessment. Detailed reporting of the qualitative morphologic diagnoses is par-
ticularly useful to support the interpretation of the biomaterial reaction scores when 
the physiochemical characteristics of the USP polymer control material differ from 
that of the test item as the test item may score better or worse than the control mate-
rial (Elmore et al. 2017; Schuh 2008). Templated responses such as fatty infiltration 
are difficult to apply in subcutaneous implantation and in deep wounds. Subcutaneous 
fat is anatomically normal, and adipocytes may be captured and readily incorpo-
rated into the edge of implant and reparative sites of full-thickness skin wounds and 
subcutaneous implants. Scoring templates also do not directly capture bystander 
reactions in tissues such as reactions to surgically place sutures or staples (which are 
themselves medical devices), inflammation, and degeneration of nerves, blood ves-
sels, and fat in subcutaneous or intramuscular implantation site. Wound dressings 
placed in full-thickness skin wounds often have two separate foreign body responses: 
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one associated with the degradation of the wound dressing material and the second 
associated with hair fragments (hair granulomas) inadvertently deposited in the 
wound bed during wound creation or study procedures. To properly characterize 
and interpret the tissue response, the FBR to the hair should be reported separately 
from the FBR to the medical device. Examination of local draining lymph nodes is 
also useful to properly interpreting the local inflammatory response in tissues (Sect. 
9.4.2.7), and this examination should be interpreted relative to the tissue and not 
using an independent scoring scheme. Focusing on response scores also does not 
usually document problems with the tissue sections (tangential or incomplete sec-
tions), the differences between heterophils (rabbits) and granulocytes (most ani-
mals), changes known to be spontaneous findings for the tissue, patterns of 
inflammatory changes (local cellular clustering) and small reparative details (col-
lagen fiber orientation, cellularity and density, and breakage or loss of vascular elas-
tic lamina), and shape and size of degraded material that may be an important but 
subtle feature of the biologic response. Scores may also not incorporate tissue 
changes that may be biomaterial-induced metaplasia or spontaneous/background 
changes in that tissue leading to false-positive reporting of a potentially unaccept-
able tissue change (Table 9.1; metaplastic bone formation versus os cordis in the 
heart). The incidence and severity of concurrent spontaneous or background changes 
may change after surgical implantation. Complex devices with multiple biomateri-
als usually have different reactions to the different biomaterials, and combining the 
responses as a single score is seldom informative. Also, unusual findings such as 
tertiary lymphoid tissue (Sect. 9.7.3.1) may appear only months to years after study 
initiation, and if interim samples (Sect. 9.4.2.1) have been evaluated, the original 
scoring scheme may have to be abandoned or amended part way through the study, 
and the microscopic evaluations repeated to incorporate the new finding. Tertiary 
lymphoid tissue is often preceded by subtle accumulations and organization of lym-
phocytes that would not be identified early by typical scoring templates.

Characterization of tissue responses includes all reactions, and ignoring inconve-
nient features of the response because they are not part of typical scoring templates 
leads to underreporting and potentially to mis-categorizing compatibility or risk. A 
simple scoring scheme is only justified to rank or screen the ability of the tissue or 
body to tolerate one or more biomaterials or multiple procedures or production 
systems. To properly evaluate the toxicity, safety, and efficacy of pivotal studies, a 
qualitative histopathology evaluation with morphologic descriptions should be 
applied to all tissues including the test site. The scoring scheme should supplement, 
rather than supplant the qualitative (subjective) evaluation.

9.5.2  Primary Histopathology Evaluations

Toxicologic or veterinary pathologists are well trained in evaluating a local FBR, in 
systemic tissue responses, and in identification of tumors. The typical local tissue 
response is a local FBR and sometimes the induction of tumors, but systemic 
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response or responses in tissues distant to the original implantation site are infre-
quently report. The details of local and systemic inflammatory responses are sum-
marized in Table 9.2, and tumorigenicity is summarized in Sect. 9.7.2.3. Although 
familiar with the appearance of the FBR to common surgical materials such as 
sutures, accidentally introduced foreign bodies, microorganisms, and artifacts 
(McInnes 2005), the histopathologist may not be familiar with the appearance of 
some biomaterials and medical devices in tissues. The photomicrographic appear-
ance and responses to short- and long-term implanted biomaterials and medical 
devices have been documented in numerous publications (Alves et al. 2019; Funk 
et  al. 2018; Goad and Goad 2013; Greenwood and Dearman 2012; Jessen et  al. 
2018; Krenn et al. 2014; Krenn and Perino 2017; Leigh Perkins 2010; Long 2008; 
Morawietz et al. 2006; Pierce et al. 2009; Ramot et al. 2016; Rentsch et al. 2014; 
Rodriguez et al. 2014; Rousselle et al. 2019; Tellez et al. 2017). As suggested in 
Sect. 9.4.5.1, unique materials should be pretested in histology procedures which 
will provide the histopathologist with a chance to preview the biomaterial in a tissue.

9.5.2.1  Histopathology Qualitative (Subjective) Evaluations

Tissue response characterization of biomaterials and medical devices is enhanced 
by including subjective histopathology evaluations that properly capture details of 
the tissue change as a morphological diagnosis, lesion age (acute, subacute, chronic, 
chronic-active), severity (minimal, mild, moderate or marked, or similar modifiers), 
multiplicity (focal, multifocal, diffuse, locally distributed), laterality (unilateral, 
bilateral), and findings segregated by tissue compartments and separating out 
bystander or secondary lesions. Subjective grading applied to the tissue changes 
may focus on age, severity, and multiplicity and may not use the same criteria used 
for a subjective semiquantitative scoring schema (Sect. 9.5.2.2). Confounding 
 surgical or procedural related and spontaneous or background changes should also 
be described separately to help support the interpretation of the tissue responses 
(Shackelford et al. 2002; Ward and Thoolen 2011).

Local Implantation Sites

Interlacing fibers of some synthetic fabric implants or sutures, solid dark metallic or 
metal-coated implants, granular ceramic and glass implants, solid dark fragments or 
spicules of some bone substitutes, and PEEK polymers can be identified in micro-
scopic sections by appearance, shape, and color (Alves et al. 2019; Goad and Goad 
2013; Long 2008; Moya et al. 2016; Pierce et al. 2009). Although firm biomaterial 
may survive tissue processing, during sectioning, they may eject from the block and 
deform or tear the tissue, and the biomaterial may not only be partially retained in 
the tissue section. Polyurethane foam already contains clear spaces when viewed in 
tissues and typically degrades with progressive scalloping and fracturing that leads 
to clear spaces with multiple geometric forms (Rodriguez et al. 2014). Autograft or 
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Table 9.2 Local cellular and secretory foreign body responses with corresponding histopathology 
findings of biomaterials and medical devicesa

Event Inflammatory response Histopathology findings

Insertion, contact, 
or implantation

Breach of mechanical 
defenses of the body 
with physiologic and 
metabolic disturbances

Tissue loss or damage to tissues or organ

Hemostasis and 
acute 
inflammation and 
provisional 
matrix (seconds 
to 1–3 days)

Activation: Vasculature, 
adhesion molecules, 
chemotactic factors, and 
upregulation of innate 
immunity including 
damage-associated 
recognition pattern 
(DAMP) and pathogen- 
associated recognition 
pattern (PAMP) 
receptors
Secretions: Fibrinogen, 
vasoactive peptides, 
coagulation 
components, 
complement factors, 
histamine, chemotactic 
factors, chemokines and 
cytokines, proteases, 
free radicals, and 
growth factors

Vascular: Edema, hemorrhage, blood clot or 
thrombus formation, and blood protein (albumin, 
fibrin, complement, fibronectin, vitronectin, 
γ-globulin) adsorption onto the surface of the 
device form a provisional matrix
Cells: Activation of tissue resident macrophages, 
mast cells and platelets, influx of neutrophils/
heterophils/eosinophils, lymphocytes, natural 
killer cells, monocytes (macrophages), and 
dendritic cells, and phagocytic cells try to remove 
the foreign body by phagocytosis

Subacute 
inflammation and 
repair (usually 
3–14 days)

Activation: Acquired 
immunity (cell-
mediated and antibody) 
with upregulation of T 
and B cells and antigen 
presentation; fibroblast 
proliferation
Secretions: As for acute 
inflammation; secretion 
of fibrinolytic 
compounds and 
immunoglobulins 
(antibody)

Vascular: Resolution of edema, hemorrhage (heme 
pigment will persist), and blood clots; new blood 
vessels form (neovascularization)
Cells: Variable numbers of granulocytes 
(neutrophils/heterophils and eosinophils), 
macrophages, and lymphocytes with accumulations 
around the biomaterial; occasional plasma cells; 
mononuclear macrophages engulfing biomaterial are 
often vacuolated and start to form multinucleated 
giant cells (MNGC); fibroblasts increase; osteoblasts 
and osteoclasts increase in bone
Biomaterial: Visible biodegradable materials show 
variable changes dependent on biomaterial type 
(decreased size and mass, tinctorial changes, 
scalloping, irregular shapes, fragmentation, 
macro- and microparticles, amorphous or granular 
material, crystals); similar changes in non-staining 
biomaterials inferred from outlines of phagocytic 
cells surrounding the empty spaces; permanent 
biomaterials with no visible changes
Repair: Early reparative processes with 
proliferation of granulation tissue (fibroblasts and 
neovascularization) that replaces the provisional 
matrix; differentiation of fibroblasts to 
myofibroblasts, increased production of collagen; 
an early fibrotic capsule may be organizing; new 
bone may form

(continued)
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Table 9.2 (continued)

Event Inflammatory response Histopathology findings

Event Inflammatory response Histopathology findings
Chronic 
inflammation, 
repair, 
remodeling 
(weeks to 
indefinite), and 
complete 
resolution 
(replaced by 
normal tissue or 
fibrosis or 
encapsulation)

Activation: Acquired 
immunity (cell-
mediated and antibody) 
with upregulation of T 
and B cells and antigen 
presentation continues 
or is diminishing
Secretions: 
Downregulation of most 
except for those related 
to tissue repair and 
growth factors

Cells: MNGC predominate if biomaterial is still 
present; MNGC very large with ≥10 nuclei and 
may contain biomaterial in intracytoplasmic 
vacuoles; variable numbers of granulocytes, 
macrophages, lymphocytes, and plasma cells 
around the biomaterial; eventually elimination of 
most inflammatory cells although a few 
lymphocytes, plasma cells, and macrophages/
MNGC may persist indefinitely; fibroblasts and 
myofibroblasts may be organizing around the 
implant; osteoblasts increased around bone
Biomaterial: Depending on time point, 
degradation may be active or completed 
(biomaterial eliminated); encapsulation may 
inhibit further degradation of trapped residual 
biomaterial; permanent biomaterials may show 
some degradation and particles appear around 
tissue/device interface
Repair: Granulation tissue remodeling; fibroblasts 
and myofibroblasts organizing a capsule around 
material that cannot be removed; fibroblasts fill 
tissue voids that cannot be repaired; new bone 
organizing and may be forming osteophytes; 
adjacent damaged tissues are repaired or replaced
Remodeling: Granulation tissue and collagen 
remodeled to fibrosis; mature fibrotic capsule 
walls off residual biomaterials and inflammation; 
tissues that cannot be repaired are replaced by 
fibrosis (scarring); new bone is organized

Chronic-active 
inflammation, 
repair, and 
remodeling
(weeks to 
indefinite)

Activation: Acquired 
immunity (cell-
mediated and antibody) 
with upregulation of T 
and B cells and antigen 
presentation continues
Secretions: 
Downregulation of most 
except for those related 
to tissue repair and 
growth factors; metal 
ions may be released

Cells: Similar to chronic inflammation except 
neutrophils/heterophils and eosinophils may 
persist along with lymphocytes, plasma cells, and 
macrophages/MNGC
Biomaterial: Incompletely eliminated; particulates 
may be forming
Repair and remodeling: Incomplete

allograft tissue substitutes are often difficult to separate from normal cells and con-
nective tissue (Orenstein et al. 2012). Some polymers leave mostly empty spaces 
(negative images) with a granular material or a slightly translucent or discolored 
amorphous material that is retracted away from the wall surrounding the space, or 
there may be a change in light refraction at the edges of or in folds of the biomaterial 
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within the space. Most polymers will not be visible in tissue sections using H&E or 
special stains as polymers can be dissolved during the tissue and staining processes 
(Sect. 9.4.5.2). This frequently leaves empty spaces of varying sizes and shapes 
where the polymer or fragments formerly resided. These empty negative images or 
visible medical materials will generally be surrounded by granulocytes (neutrophils 
or heterophils and eosinophils), lymphocytes, tissue resident macrophages, and 
multinucleated giant cells (MNGC). The phagocytic cells are often large and acti-
vated and contain cytoplasmic vacuoles that are clear or finely granular, which may 
represent the fragments of the degrading biomaterial. In addition to empty spaces 
representing a negative image of biomaterials that do not survive processing, empty 
spaces may need to be differentiated from fat vacuoles entrapped in the tissues or 
from other causes of intracytoplasmic vacuolation. Fibroblasts are also capable of 
phagocytosis, and biomaterial particles may be identified in intracellular spaces in 
these cells (Woodward et al. 1985). Mononuclear cells (neutrophils/heterophils and 
lymphocytes) are long- lived and may persist in the tissues, particularly if any resid-
ual biomaterial or particle remains loose or is encapsulated in the tissues. Granulation 
tissue and eventually fibrosis will accompany the inflammatory reaction. Tissues 
adjacent to the implant (blood vessels, nerves, adipose tissue, muscles, cartilage, 
bone, and epithelium) may also show evidence of damage and reparative processes 
(degeneration, necrosis, abscesses, apoptosis, hemorrhage, hemosiderin, hypertro-
phy, hyperplasia, and metaplasia). The fate of the biologic response and biomaterial 
in tissues includes complete or partial elimination of biodegradable materials, stable 
tissue/device interface with permanent implants, complete or partial encapsulation, 
partial or complete termination of the inflammatory response, unresolved chronic-
active inflammation with residual biomaterial, a partial or complete return to form 
and function, and/or scarring (Table  9.2, Figs.  9.1 and 9.2, and Sect. 9.7). 
Confounding inflammatory reactions include sutures and staples used to place the 
device, infections from contaminations during or post-surgery (Sect. 9.8.3.1), and 
displacement or migration of biomaterials and medical devices (Funk et al. 2018).

Lymphoid Tissues

One or more lymph nodes draining the local implant area should be compared with 
more distant lymph nodes, or in the case of skin or dermal implants, the peripheral 
lymph nodes are compared to internal lymph nodes. As drainage patterns are inter-
connected, care must be taken to ensure that the comparator lymph node is well out 
of range of the test site (e.g., for a wound dressing on the back, collect the inguinal 
and popliteal lymph nodes, and compare to the mesenteric rather internal iliac 
lymph node as the internal iliac receives drainage from the inguinal lymph node in 
the periphery). For large skin wounds on the back, both posterior and anterior lymph 
nodes should be sampled to cover the lymphatic drainage area (Sect. 9.4.2.7). If a 
reaction is present in the lymph nodes, the different compartments of the lymph 
node should be described separately, and an enhanced histopathology evaluation 
may be warranted (Elmore 2006b). Histopathology changes in the lymph nodes can 
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Fig. 9.1 Biologics fates and adverse sequelae to permanent biomaterials and medical devices
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Table 9.3 Local and systemic immune-mediated and nonimmune (complement-mediated) 
responses to biomaterials and medical devices

Reaction Inflammatory response Mechanism and histopathology findings

Immediate-type 
hypersensitivity

IgE antibody-mediated 
anaphylaxis or allergy

Re-exposure to antigens simulates immunity
Local (dermal or mucosal) or systemic 
(multiorgan), nonspecific, and inconsistent 
histopathology including acute inflammation 
involving lymphocytes, mast cells, and leukocytes

Delayed-type 
hypersensitivity

Cytotoxic T cell- and 
macrophage-mediated 
(antibody independent)

Memory T helper cells activate macrophages
Nonspecific inflammation and necrosis in tissues

Autoimmunity Auto-antibodies 
(self-antigens)

Antigen-antibody immune-complex disposition in 
one or more tissues (e.g., blood vessels, kidney, or 
skin) with local or systemic inappropriate or 
exaggerated immune response
Inflammation, necrosis, and deposits of 
amorphous immune-complex material in tissues

Pseudoallergy Complement 
activation-related 
pseudoallergy 
(CARPA) to 
nanoparticles

Nonimmune complement activation
Vascular leakage identified as perivascular edema, 
perivascular and intravascular accumulations of 
leukocytes, and sometimes visible degranulation 
of mast cells (similar to histopathology findings 
for cytokine release syndrome)

be compared to changes in the primary (thymus and bone marrow) and secondary 
lymphoid tissues (spleen and mucosa-associated lymphoid tissues) to determine if 
the local reaction to the biomaterial has become a systemic reaction, if there is a 
confounding reaction to stress (Everds et al. 2013), or if an immunotoxicology eval-
uation (Table 9.3) should be considered. Fragments migrating from biodegradable 
biomaterials and wear particles from permanent biomaterials may be identified in 
regional draining and distant lymph nodes using histochemical stains, polarized 
light (De Jong et al. 2005; Shea et al. 1996), and autofluorescence (Sect. 9.4.5.3), 
but spectroscopy and molecular characterization of fragments and particles (Sect. 
9.6.3) from extracted tissues is a more accurate identification method (Bauer 1996; 
Frydman et al. 2017). Migration versus encapsulation of microsphere or dermal fill-
ers may depend on the size, implant location, and carriers (Lemperle et al. 2004).

Regional and Systemic Sites

Systemic reactions to biomaterials and medical devices are not well documented. 
However, direct systemic reactions have also not been thoroughly investigated as 
many nonclinical studies report data only from local implantation sites and either do 
not conduct or do not report systematic whole body histopathology. Regional and 
systemic procedure-related surgery and post-surgical problems, device failures, and 
infections are recognized for both nonclinical and clinical studies of medical devices. 
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Clinical adverse events that are reported for medical devices are indicative of the 
potential for systemic reactions to medical devices, even though little evidence exists 
for these responses in nonclinical studies. IgE-mediated and delayed- type hypersen-
sitivity reactions, autoimmunity, and inflammatory disorders have been reported for 
metals, radiocontrast agents, and other biomaterials (Teo and Schalock 2016; 
Wawrzynski et al. 2017), but there is no evidence for these systemic responses as a 
sequelae to ruptured silicone breast implants (Institute of Medicine 1999; McLaughlin 
et al. 2007). Pseudoallergy (complement activation-related pseudoallergy [CARPA]) 
is a complement-mediated reaction that occurs with nanoparticles (Szebeni 2012). 
Systemic immune reactions can be nonspecific, and hypersensitivity is not a diagno-
sis made by histopathology or predicted by animal models (Table 9.3).

Wear, damage, and failure of medical devices including catheters, wires, and car-
diovascular devices have resulted in vascular embolism of device components. 
Thrombosis with distant thromboemboli is also a sequela of intravascular devices. 
Collateral damage, immunotoxicity, and damage or failure of the device appear to 
currently be the major categories for systemic reactions reported for medical devices.

Efficacy Evaluations in Animal Models

Ideally, a complete histopathology evaluation (full tissue screen for local and sys-
temic effects) should be conducted on animal models used to evaluate the efficacy 
and safety of medical devices. As many animal models are developed as research 
tools in species and strains of animals not commonly used for toxicology testing, 
the histopathology of spontaneous or background changes and databases on inci-
dence of nonproliferative and proliferative lesions are often lacking (Table  9.1). 
This can make histopathology evaluations in these models challenging.

9.5.2.2  Histopathology Semiquantitative (Subjective) Scoring

When used, scoring templates should be specific to the tissue and device, and the 
score parameters and numerical ranges should be tested in a pilot study (Sect. 9.3.2) 
and adjusted for the safety and efficacy studies if needed (Shackelford et al. 2002). 
The parameters and numerical limits of a scoring scheme may also need to be 
adjusted during later time points in a long-term study, when it becomes apparent 
that not all evaluable parameters were identified in the short-term study, or if the 
device is failing. Any qualitative or numerical scoring scheme should be validated, 
which is a difficult procedure (Rutgers et al. 2010). Generally, what is held out as 
validation is that the scoring scheme was used in one or more studies that have been 
published or that it is adapted or is a scoring template from ISO 10993-6:2016 
Annex E. Annex E templates are listed as informational, but in practice, these semi-
quantitative scoring sheets are frequently used without regard to applicability to 
device- and tissue-specific needs and that these templates are not validated. That 
differential weighting of tissue response other than those listed in Annex E is also 
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seldom addressed and justification of the weighting is need to be provided for any 
semiquantitative analyses. Annex E suggested scoring templates include a general 
template frequently used for subcutaneous and intramuscular implantation studies 
and a scheme for neural tissues. Appropriate implantation test sites for individual 
biomaterials include intra-abdominal, intrathoracic, intravascular bone (including 
dental implants), ocular, mucosal tissues, and central and peripheral nervous sys-
tem, but individual biomaterials may not always fit into the templates. It should be 
noted that other ISO documents are also available for determining the biocompati-
bility and scoring parameters of dental, ocular, and cardiovascular devices (Schuh 
and Funk 2019).

General (Shackelford et al. 2002) and numerous semiquantitative or quantitative 
grading systems have been devised or described for a variety of site-specific implan-
tations including bone, cartilage, cardiovascular, orthopedic, and vaginal devices 
(Alves et al. 2019; Batniji et al. 2002; Bergknut et al. 2013; Cook et al. 2010; De 
Jong et al. 2005; Funk et al. 2018; Ionita et al. 2009; Kraus et al. 2010; Masuda et al. 
2005; Pierce et al. 2009; Ramot et al. 2015a; Rutgers et al. 2010; Sheth et al. 1996; 
Tellez et  al. 2017; Wilson et  al. 2009). Novel biomaterials with unique delivery 
(injectable and self-forming with exothermic reactions and embolic memory foams) 
generally resist easy adaptation to ISO 10993-6 Annex E scoring templates (Fellah 
et al. 2006; Rodriguez et al. 2014). Irrespective of the scoring system chosen, the 
pathology report should clearly provide the scoring validation or criteria (tested in a 
pilot study) with justification for any differential weightings that are applied.

Published scoring systems may also not be reflective of our current understand-
ing of inflammation and usually do not assess specific regenerative changes in 
muscles, blood vessels, or other tissues capable of continuous cell division. 
Polymorphonuclear leukocytes (PMNs) are a x2 weighted inflammatory cell in the 
ISO 10993-6:2016 scoring template. PMNs include neutrophils or heterophils, 
eosinophils, and basophils, which have different functions and distributions within 
tissues. In general, neutrophils are the predominate PMN included in the score, 
without regard to the dynamics or relative proportions of inflammatory eosinophils 
versus neutrophils/heterophils in tissue sections. Basophils are seldom identified in 
tissue sections and are of lesser concern. Eosinophils are broadly involved in inflam-
mation, their presence is not pathognomonic for hypersensitivity reactions 
(Kariyawasam and Robinson 2006), and they are involved in tissue and muscle 
repair (Heredia et al. 2013). This suggests that separation of PMN subtypes in scor-
ing systems is scientifically justified. In rabbits, the problem is compounded by the 
similar appearance of heterophils and eosinophils in tissue sections.

9.5.2.3  Quantitative (Objective) Morphometry and Stereology

The quantitative (objective) evaluation provides the most rigorous measurement of 
the tissue responses and tissue repair to the biomaterial or medical device. 
Morphometry and stereology are complex procedures that should be carefully 
applied by an experienced and informed operator with the appropriate digital cap-
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ture equipment (Boyce et al. 2010; Gundersen et al. 2013). Samples should be col-
lected from consistent locations and with equal frequency. Quantitative sample 
analysis for medical devices most often includes morphometric quantification for 
point, dimensional, or area changes in tissue responses or the implanted material 
and less frequently estimations of residual biomaterial or wear particles (Bergsma 
et al. 1995b; De Jong et al. 2005; Diller et al. 2015; Gauthier et al. 2019; Rentsch 
et al. 2014; Rismanchian et al. 2012; Varela and Jolette 2018).

9.5.3  Masked (Blinded) Histopathology

Masking (blinding) the pathologist to the biomaterial, study design, and other study 
data should be done selectively and generally only for pivotal studies used for risk 
assessment and business decisions. Unnecessary and inappropriate attempts to 
remove observational bias from the pathology evaluation by masking the study can 
be costly in terms of time and money, without contributing to diagnostic accuracy 
(Neef et  al. 2012). In order to improve the confidence of the suitability of the 
 microscopic evaluation and interpretation, a peer or an expert review is often prefer-
able (Crissman et al. 2004).

9.5.4  Peer and Expert Review of Histopathology

Peer review of all microscopic slides from a subset of animals, target organs/tissues, 
and review of the pathology report is an established mechanism to control observa-
tional bias, to increase diagnostic accuracy and interpretations, and to confirm 
appropriate terminology and lesion grades or scores, in evaluations of pharmaceuti-
cals and biologics (Crissman et  al. 2004; Morton et  al. 2010). Peer review by a 
second pathologist (internally or externally to the study pathologist facility) is 
becoming recognized as a mechanism to also verify and improve the quality of his-
topathology evaluations and interpretations of tissue responses to biomaterials and 
medical devices. Although specific guidelines have not yet been established for peer 
or expert review of biomaterials, the established best practices for pharmaceuticals 
and biologics can be applied, as long as the review is adjusted for unique biomateri-
als and that finished medical device may be conducted in animal models of disease 
and not in the standardized species and strains of animals typical of toxicology stud-
ies. Peer and expert review procedures are particularly useful for important risk 
assessment and business decisions and may be required by government granting 
agencies. Unusual findings or additional interpretation of the study findings can be 
provided by a subject matter (organ/tissue or pathological process) review by an 
individual pathology expert for that topic. The expert can conduct their review on a 
single study and act as the peer review pathologist. Alternatively, they may conduct 
their review of a specific microscopic finding across multiple studies and provide a 
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supplemental interpretive pathology report that does not affect the accuracy or con-
tent of the original primary pathology report. Substantive disagreements between 
the primary and peer review pathologists can be handled by adding in an indepen-
dent review by a subject-specific expert pathologist or by using a formal pathology 
working group (Morton et al. 2010).

9.5.5  Histopathology Determination of Causality of Morbidity 
and Mortality

As with any toxicology study, acute and ongoing illness and any deaths (found dead 
or moribund euthanasia) should be investigated. If possible, a determination should be 
made by the pathologist if the mortality is directly, indirectly, or not associated with 
the biomaterial or medical device. Surgical factors (infections and surgical failure), 
confounding or by-design device failure, pathophysiology at distant sites, animal 
model failure, and confounding or spontaneous conditions and disease need to be 
considered. At necropsy, more tissues or organs may have to be collected than those 
listed in the study protocol, particularly if an abbreviated tissue list was included in 
the protocol. It may also be desirable to conduct radiography, angiography, echocardiog-
raphy or microcomputed tomography imaging, and scanning electron microscopy on 
the explanted device and photographically document the device in situ and when 
explanted to assist in defining the death. Microscopically, death may be attributed to 
systemic effects or to effects on organ systems distant to the implantation site (e.g., 
brain infarcts due to blood clots from cardiovascular devices). A proximate cause of 
death (multi-tissue inflammation with bacteria) and the ultimate cause of death (bacte-
rial contamination of the implanted device) may need to be specified.

9.5.6  Histopathology Reporting for Biocompatibility 
and Biologic Responses

As indicated above (Sect. 9.5.2), a qualitative descriptive of findings for all tissues 
including the implantation or test site should be the basis of the histopathology report 
for safety and efficacy studies, and this detailed format should also be considered for 
all histopathology studies including ISO 10993-6 biocompatibility local implanta-
tion studies. The qualitative report should include individual animal reports (gross 
and histopathology changes with correlates between gross and histopathology find-
ings) and at least a table of the incidence of gross and histopathology findings by 
group. A separate table should summarize the correlation between the gross and 
histopathology findings. Additional tables may include the grading of lesions. If a 
detailed semiquantitative scoring is applied, these results should include individual 
animal scores and group means and also delineate the numerical or evaluation crite-
ria used for the scores. These data along with the clinical observations, mortality, 
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body weight, organ weight, clinical pathology, other data tables, images, or analyses 
that are evaluated by the histopathologist will be summarized and interpreted in the 
histopathology report. Ascribing biocompatibility to the results of a single study is 
generally not warranted. The results of a single histopathology report can determine 
the local and systemic histopathology changes and identify the ability of the tissue or 
body to tolerate the biomaterial or finished medical device, but only within the con-
text of the study design. The conclusion to any study should be modified by always 
stating the criteria and testing limitations used to determine tolerability and the test-
ing procedure (e.g., “the implanted device was well tolerated due to minimal chronic-
active inflammation and capsule formation after 3  months of intramuscular 
implantation in New Zealand white rabbits” or “the wound dressing was considered 
safe and efficacious in a minipig model of full-thickness skin wounding, as deter-
mined by repair of the wound (fibrosis replacing the dermis and complete replace-
ment and coverage of the epidermis), and nearly complete  biodegradation of the 
wound dressing with few residual inflammatory cells (MNGC and lymphocytes)”).

9.5.7  Digital Photomicrography

As with gross photographic documentation (Sect. 9.4.1.6), photomicrographs are 
useful to document the biological response and fate and to correlate microscopic 
changes to macroscopic observations and in vivo imaging. Photomicrographs are 
often a valuable adjunct document for regulatory summaries, and as such, photo-
graphs should be high-resolution color images of one or more magnifications suf-
ficient to document the findings. For comparison within and between groups, images 
should be captured from consistent tissue regions and at the same magnification. A 
legend with the appropriate identifiers such as date, study number, animal number, 
group, tissue, and laterality should accompany the photograph acquisition number. 
Incorporation of a numeric scale within the microscope light path is preferable to 
manually calculating digital magnification. Photomicrographs for regulatory sub-
mission should comply with GLP standards and should be presented with no or 
minimal digital manipulation or post-processing (Tuomari et al. 2007).

9.6  Special Imaging Techniques and Technologies

9.6.1  Improving Histopathology Visualization of Biomaterials

There are a variety of molecular labels that can be incorporated into or administered 
to animals prior to necropsy to microscopically identify cells and function including 
tracers for localization and tracking (radiolabels and green fluorescent protein) and 
tracking dyes and particles (fluorescent proteins, vital dyes, labeled microspheres, 
and gold particles) and markers for proliferating cells (bromodeoxyuridine) and 
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bone growth (tetracycline). Light microscopy examination of tissue sections can be 
supplemented with molecular, cellular, and subcellular changes identified by using 
immunohistochemistry and in situ hybridization to localize cells and identify cel-
lular content.

9.6.2  Specialized Light Microscopy Techniques

Specialized light microscopy techniques such as polarized or differential interfer-
ence contrast light, autofluorescence, and laser capture microscopy can be used to 
help characterize tissue changes. Laser capture microdissection is an accurate and 
efficient microscopic dissection tool for isolating cell populations from histologic 
tissue sections. The cells can be further analyzed by molecular, chemical identifica-
tion, and “omics” assays to characterize inflammatory and fibroblastic tissue 
responses (Datta et al. 2015).

9.6.3  Electron Microscopy

Ultrastructural evaluations using transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM) can identify cellular, subcellular, and extracellular 
changes and characterize surface topography and subcellular localization of bioma-
terial particles or contaminants (Cheville and Stasko 2014). For TEM, tissues less 
than 5mm3 are typical. Slightly larger tissues, up to 1cm3, can be collected for scan-
ning electron microscopy (SEM). The tissues are usually fixed in glutaraldehyde- 
based fixatives and will not require additional trimming prior to embedment in plastic 
resins (Alves et al. 2019; Rousselle and Wicks 2008). A laboratory with an ultrami-
crotome, knowledge of the special sectioning and staining procedures, and the TEM 
or SEM should be consulted for additional information on the type of tissues suitable 
for electron microscopy. SEM examination of graft degradation can be problematic 
as pitting and tearing artifacts can be induced or irregular surfaces exaggerated by 
water loss and metal coatings during tissue processing. The biggest limitation to 
using TEM and SEM for pathology examinations is that the examined tissues are 
small which may require examination of many samples using these time- consuming 
and expensive tools. SEM is frequently used by bioengineers for proof- of- concept 
studies, to evaluate the surface of novel biomaterials, and for failure investigations.

9.6.4  High-Resolution Imaging

Comparative high-resolution imaging modalities and their properties applicable to 
biomaterials have been reviewed (Alves et al. 2019; Appel et al. 2013; Funk et al. 
2018; Kraus et al. 2012; Nam et al. 2015; Nyska et al. 2014; Roberts et al. 2013; 
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Tempel-Brami et al. 2015; Varela and Jolette 2018). High-resolution optical micros-
copy using confocal and atomic force microscopy and combined and related tech-
nologies are limited by use of small tissue samples. Repeated and noninvasive in 
situ imaging and 3D morphometry of tissues and the body can be documented by 
radiographs, ultrasound, echocardiography, angiography, computed tomography 
(CT), μCT, optical coherence tomography (OCT), magnetic resonance imaging 
(MRI), positron emission tomography (PET), and single-photon emission com-
puted tomography (SPECT). Imaging techniques can be combined and applied to 
medical devices at necropsy or explantation, and functional images can also docu-
ment device location and movement and provide repeated in situ measurements to 
monitor biomaterial fate in individual animals. Raman spectroscopy, attenuated 
total reflection/Fourier-transform infrared (ATR/FTIR) spectroscopy, and scanning 
acoustic microscopy imaging can also be used to analyze cellular function (Vegas 
et al. 2016). Multiphoton intravitreal imaging has recently been used for 3D visual-
ization of inflammatory processes and tissue responses to implanted biomaterials 
(Stiers et al. 2018; Vegas et al. 2016).

Despite the value of high-resolution imaging in providing repeated and often non-
invasive evaluation of biomaterial and medical device function and fate, the special-
ized equipment and trained operators are often not available in testing CRO, and 
some instruments will not accommodate large animals. It is not acceptable to tempo-
rarily move animals to another facility and then return them to the original facility, 
particularly for a GLP study. Ultrasound, angiography, echocardiography, μCT, and 
occasionally MRI and PET may be available in testing CRO. The cost, feasibility, 
and limitations of using any imaging technique need to be understood prior to incor-
porating these techniques into a study. In practice, advanced imaging techniques may 
only be applied during research investigations and proof-of-concept studies.

9.6.5  Microscopic Molecular and Chemical Analysis of Tissues

Matrix-assisted laser desorption/ionization imaging mass spectrometry (Walch 
et al. 2008) and x-ray fluorescence microscopy (Frydman et al. 2017) can be used to 
characterize the molecular composition within the tissue response and to identify 
degrading biomaterial components and particulates in tissue sections (Alves et al. 
2019; Frydman et al. 2017).

9.7  Biologic Responses to Medical Materials and Finished 
Medical Devices

The implanted device affects the host by inducing injury, inflammation, repair, 
and remodeling at the same time that the biologic system affects the device by 
altering surgical success and altering the device structural and functional integ-
rity through degradation and/or a stable tissue/device interface. Biologic 
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responses to implanted or inserted medical materials consist of the sum of the (1) 
biomaterial physiochemical characteristics; (2) confounding animal genetics, 
animal model characteristics, and confounding procedural and surgical events 
(summarized in Table 9.1); (3) local response of the specific tissues around the 
implant; and (4) response of tissues adjacent to the implant and systemic reac-
tions of the body. Typically, most biologic responses to biomaterials and medical 
devices are the well-characterized local FBR.  Insertion and implantation may 
also have unintended consequences identified in the tissue sections including 
nongenotoxic tumor induction. Regional tissue and systemic responses to bioma-
terials and medical devices are less frequently documented and are discussed in 
Sect. 9.7.3. Immune- and nonimmune-mediated systemic reactions are summa-
rized Table 9.3.

9.7.1  Modifiers of Tissue Responses

9.7.1.1  Physiochemical Factors

Context of placement and desired function as well as the chemical characteristics of 
a medical material (Diller et al. 2015; Zhao et al. 2000) contributes to the degree and 
extent of the tissue responses. The ability of the tissues, organs, or body to tolerate 
or integrate with compatible materials is also modulated by the size, shape, and/or 
depot size/mass of the material (Greaves et al. 2013; Orenstein et al. 2012; Ramot 
et al. 2015a; Shoieb et al. 2012; Sunderman 1989; Thackaberry et al. 2017; Weyhe 
et al. 2015; Wood et al. 1970), body contact site (Kaminski et al. 1968; Markwardt 
et al. 2013; Pierce et al. 2009; Veiseh et al. 2015), surface topography (DiEgidio 
et al. 2014; Veleirinho et al. 2014; Wagenfuhr-Junior et al. 2012), and size of indi-
vidual fibers (Sanders et al. 2000). Textured silicone gel and saline breast implants 
increase the risk of breast implant-associated anaplastic large cell lymphoma in 
women (Loch-Wilkinson et al. 2017).

9.7.1.2  Species-, Strain-, and Sex-Related Effects and Tissue Factors

Size, genetic background, sex, biological and physical differences, orientation, and 
load distribution are important variables when selecting animals to test biomaterials 
and medical devices in animal models (Funk et  al. 2018). These variables plus 
stress-induced changes from handling and surgery (Everds et al. 2013) need to be 
considered in study design and tissue responses (Table 9.1). Anatomic and spatial 
orientation differences between dedicated bipeds (humans), terrestrial quadrupeds 
(nonhuman primates as transient and arboreal bipeds), and dedicated quadrupeds 
(most mammals) may require changes in surgical approach, implantation location, 
and imaging techniques. Thus, implantation of a device in a quadruped may result 
in unintentional movement, migration, altered load, shearing, tissue tearing, 
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mechanical failure, or impingement of the device that will not correlate to tissue 
responses in humans. Studies are often initiated when test animals are young adults 
and still growing, and failure of non-scalable devices occurs when the animal out-
grows the device (e.g., vascular grafts and valves). Irritation and pain associated 
with devices may also lead animals to rub or press body parts on housing infrastruc-
ture which can lead to confounding tissue reactions and infections. For cutaneous or 
dermal devices, collars, wrapping, sleeves, or jackets are often used to hold or pro-
tect the device. Excess pressure by occlusive wrappings has been found to damage 
the liver (“corset liver”) (Chandra et al. 2015) in rats and the liver (Chandra et al. 
2015) and spleen (Schuh, unpublished data) of rabbits. Physiochemical, location, 
and animal model variables are also important to the characteristics of inflammatory 
responses and interpretation of microscopic findings of the tissue response (Funk 
et al. 2018). Marked differences in subcutaneous inflammation and biodegradation 
have been noted for polyurethane in rodents versus rabbits (Rigdon 1973); a co- 
polyester tissue filler in swine versus rats (Ramot et  al. 2015b); hydroxyapatite 
intramuscular osteoinduction in rabbits, dogs, and baboons (Ripamonti 1996); and 
calcium phosphate ceramic intramuscular and subcutaneous osteoinduction in rats, 
rabbits, dogs, pigs, and goats (Yang et al. 1996), and subtle inflammatory differ-
ences were found for polydimethylsiloxane implants in male versus female mice 
(Dalu et al. 2000).

9.7.2  Local Tissue Responses

9.7.2.1  Foreign Body and Tissue Responses

The ideal biomaterial would induce little to no tissue reaction, with complete resorp-
tion of biodegradable implants or biostable integration of permanent implants with 
host tissues, and return to normal form and function. More typical (Table 9.2) is at 
least a transient and sometimes persistent chronic or chronic-active inflammatory 
response that may be associated with or without encapsulated residual biomaterial 
for biodegradable materials and movement or corrosion of permanent medical 
devices. Often, fibrovascular proliferation (granulation tissue) followed by progres-
sive substitution with collagen and maturing to fibrosis or osteoinduction for bone 
contributes to encapsulation of foreign material, replacement of missing tissues, and 
reparative processes (Jones 2015). In some cases, residual biomaterial may incite a 
granulomatous reaction which is encapsulated, forming a structure similar to a 
granuloma (Pagán and Ramakrishnan 2018). These responses are the classic FBR 
that the body uses to respond to and eliminate or harmlessly segregate exogenous 
materials. The FBR, including cellular and secretory mediators to biomaterials and 
medical devices, has been extensively investigated and reviewed (Amini et al. 2011; 
Anderson et al. 2008; Badylak 2015; Davies et al. 2013; Funk et al. 2018; Goad and 
Goad 2013; Gorbet and Sefton 2004; Hu et al. 2001; Klopfleisch and Jung 2017; 
Major et al. 2015; Milde et al. 2015; Pagán and Ramakrishnan 2018). Important 
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features of the general FBR including time course, cellular and soluble immune 
response, and histopathology findings are generally similar, irrespective of the for-
eign material. With biodegradable implants, the inflammatory response may be pro-
longed, and the tissue/device interface is often more limited in permanent devices. 
This pattern of response to biomaterials consists of overlapping hemostasis, inflam-
mation, repair (including encapsulation), and remodeling to normal tissue or 
replacement by scar tissue. As indicated above, physiochemical and animal charac-
teristics as well as concurrent disease can modify the microscopic features of the 
FBR (Socarrás et al. 2014). However, immunohistochemical characterization has 
identified differences in immunophenotypic responses to degradable (Muhamed 
et al. 2015) and nondegradable (Konttinen et al. 2014; Nich and Goodman 2014) 
implants. This suggests that immunohistochemistry assessment may identify impor-
tant biologic responses that affect the accurate determination of biocompatibility 
and potential for device failure that is not captured by histopathology evaluation or 
in vitro assessments.

9.7.2.2  Unintended Tissue Sequelae Identified by Histopathology

A variety of unintended tissue sequelae are cosmetic or result in limited functional 
deficiencies. Other changes affect tissue or organ form and function that can con-
tribute to morbidity, device failure and a need for removal or a revision surgery, and 
death (Figs. 9.1 and 9.2). These changes include tissue calcification and mineraliza-
tion (Schoen et  al. 1988) and osseous metaplasia in soft parenchymal tissues 
(Barbolt et al. 2001; Fernandez-Bueno et al. 2015) and periprosthetic osteophyte 
formation (Krenn and Perino 2017). Neovascularization within intimal hyperplasia 
of vein grafts correlates with restenosis, and thrombosis, occlusion, and rupture may 
affect grafted and stented blood vessels (Baklanov et al. 2003; Sheth et al. 1996; Xie 
et al. 2015). Fibroblastic and myofibroblastic repair remodeling may also result in 
contracture of wounds and fibrotic nodules that affect return to normal function 
(Lee and Kim 2015). With prostheses, wear particles promote persistent inflamma-
tion and skewing toward proinflammatory M1 phenotype macrophages which are 
associated with osteolysis and aseptic loosening of joints (Sect. 9.8.3.2).

9.7.2.3  Carcinogenicity of Medical Materials

Solid-state carcinogenesis or foreign body tumorigenicity for a variety of biomateri-
als and metals is well recognized. Solid-state carcinogenesis is the induction of 
sarcomas (benign and malignant) through nongenotoxic mechanisms related to 
geometry, physical form, and texture of materials. Chronic or chronic-active inflam-
mation associated with persistence, movement, and wear particles of the biomateri-
als is an important mechanism of foreign body tumorigenicity (Brand et al. 1975a; 
Carter and Roe 1969; Kirkpatrick et  al. 2000; Oppenheimer et  al. 1955). Small, 
porous, granular, or mesh materials often have less inflammation and are less prone 
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to tumor induction than large, flat, impervious, and textured materials (Amini et al. 
2011; Bischoff and Bryson 1964; Brand et al. 1975b). Nongenotoxic events starting 
with the respiratory burst of oxidation and nitric acid during acute inflammation 
drive the initial cytotoxic and mutagenic events. Cytokines and growth factors dur-
ing chronic inflammation promote the formation of tumors (Moizhess 2008). There 
also appear to be species differences and a possible genetic basis for tumorigenicity 
of medical materials (Brand et  al. 1975b; Goad and Goad 2013; Schuh 2015). 
Rodents with implants readily develop sarcomas compared to humans, sarcomas are 
frequent with telemetry or device implants in genetically modified and certain 
inbred mouse strains, and there is some evidence of sex predominance in inbred mice.

In toxicology studies, fibromas and fibrosarcomas are most frequently identi-
fied in rodents after subcutaneous, intramuscular, and intraperitoneal implantation 
of telemetry microchips and occasionally after subacute and chronic implantation 
studies of biomaterials and medical devices (Greaves et  al. 2013; Ramot et  al. 
2015a; Shoieb et al. 2012; Sunderman 1989). Although some polymeric and metal 
materials are classified as possible carcinogens for humans, there is insufficient 
toxicology information to classify the carcinogenic potential of most biomaterial 
components and complex medical devices (McGregor et al. 2000). Epidemiological 
studies have identified a low incidence of tumors in humans (Altman et al. 2018; 
Brewster et al. 2013; Keel et al. 2001; McLaughlin et al. 2007; Moalli et al. 2014; 
Pinchuk 1995; Signorello et al. 2001; Visuri et al. 1996). The risk for implant- 
associated bone tumors around joint replacements is also low, even when manu-
factured with metals classified as carcinogenic (Witzleb et  al. 2006). Breast 
implant-associated anaplastic large cell lymphoma, a peri-implant T-cell tumor- 
associated with textured silicone gel- and saline-filled implants, is under investi-
gation (Loch-Wilkinson et  al. 2017) and under review by regulatory agencies 
(https://www.fda.gov/MedicalDevices/ProductsandMedicalProcedures/
ImplantsandProsthetics/BreastImplants/ucm239995.htm). There is little available 
data, but thus far no evidence exists for blood or distant tumors associated with 
permanently implanted medical devices (Mathiesen et al. 1995). Temporary use 
devices for radiographic imaging and use of morcellators in the presence of undi-
agnosed gynecologic tumors are associated with secondary and metastatic tumors, 
respectively (Pearce et al. 2012; Perkins et al. 2016).

9.7.3  Systemic Responses and Immunotoxicity

Systemic responses to biomaterials and medical devices are rarely reported but are 
also frequently not investigated. This is compounded by terminology inconsisten-
cies used in published literature that affect the ability to effectively search the medi-
cal device literature. The term adverse event, favored for complications associated 
with pharmaceuticals and biologics, is used less frequently for medical devices 
(Farrah et al. 2016; Golder et al. 2014). Other than secondary systemic responses 
associated with emboli, thromboembolism, and bacterial infections, systemic 
immune reactions are the only reported reactions with both local and distant effects.
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9.7.3.1  Local and Systemic Immune Reactions

Another unintended consequence of implanting biomaterials and medical devices is 
inappropriate and exaggerated immune responses. Immediate and delayed hyper-
sensitivity reactions and autoimmunity (Table 9.3) have been associated with intact 
or degraded metals, polymers, elastomers, ceramics, radiocontrast reagents, bio-
logical materials, and therapeutic impregnated medical devices. Antigenic proteins 
or haptens and molecular mimicry (cross-reactivity between avocado and latex) 
may also cause hypersensitivity reactions. Animal models are poor predictors of 
hypersensitivity in humans, and the histopathology findings are limited and nonspe-
cific. Immune-complex and inflammatory disorders causing tissue and vascular 
necrosis have been associated with metals (Athanasou 2016; Honari et al. 2008; Lie 
et al. 2011; Pizzoferrato et al. 1988; Ricciardi et al. 2016; Teo and Schalock 2016; 
Wawrzynski et al. 2017), but there is no proven association to damaged silicone 
breast implants (Institute of Medicine 1999; McLaughlin et al. 2007). Metal wear 
debris, particulates, and ions are associated with chronic local inflammatory 
responses that may progress to systemic metal hypersensitivity with inflammation 
and necrosis (Athanasou 2016; Frydman et al. 2017; Tuan et al. 2008). Aseptic joint 
loosening may be due to hypersensitivity inducing proliferation of osteoclasts that 
damage the metal and induce cytotoxicity (Wawrzynski et al. 2017). Chronic inflam-
mation may also attract activated macrophages from distant sites to the prosthesis- 
induced osteolysis and prosthetic loosening (Ren et  al. 2011). Pseudoallergy or 
complement activation-related pseudoallergy (CARPA) is a nonimmunological- 
mediated reaction that occurs with nanoparticles and results in hemodynamic fail-
ure (Dobrovolskaia 2015; Szebeni 2012; Szeto and Lavik 2016).

Post-inflammation, lymphocytes may also persist in tissues in a quiescent state 
or may organize. Tertiary lymphoid tissue (lymphoneogenesis) can form in nonlym-
phoid tissues during persistent infections, chronic inflammation, autoimmunity, and 
cancer. Lymphocytes organize into lymphoid follicle structures with germinal cen-
ter formation. Tertiary lymphoid tissues have been reported in association with sili-
cone breast and testicular implants (Abbondanzo et  al. 1999), subcutaneous 
polymers (Schuh 2008), joint prosthetics (Ricciardi et al. 2016), and implanted met-
als particularly gold (Lie et al. 2011), but the functional significance of tertiary lym-
phoid follicles is unknown.

9.8  Biologic Fates and Adverse Tissue Responses

The potential biologic fate of biomaterials and medical devices is of interest to the 
regulatory agencies, sponsors, surgeons, and patients. Time course tissue samples 
collected by noninvasive and invasive imaging, interim biopsies, or interim nec-
ropsy can be used to monitor the tissue/device interface, integration of permanent 
implants, and degradation patterns of biodegradable implants. Such sampling is par-
ticularly important for early detection of device failure and to monitor the in vivo 
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degradation. This information may justify early termination of chronic safety stud-
ies in animals, once complete degradation is identified (Sect. 9.8.2.1). Normal host 
responses to biomaterials, particularly the occurrence of inflammatory macrophages 
and MNGC, are frequently considered an undesirable response to biomaterials. The 
amount and persistence of inflammation are critical to controlled and appropriate 
biodegradation or integration of permanent biomaterials and medical devices. 
Immune recognition of non-self-antigens causes the body to attack and attempt to 
destroy and remove any foreign material. If destruction or removal is impossible, an 
attempt will be made to wall off the material with a fibrous capsule (Jones 2015). If 
the implanted material promotes inflammation or if the biomaterial persists, then 
the tissue at the implant site may not return to normal form, and the tissue, organ, or 
body will lose normal function.

Whether the biomaterial is intended as a permanent replacement or addition to 
the tissues or organs (Fig. 9.1) or whether the biomaterial is intended as a tempo-
rary scaffold or replacement destined for complete biodegradation (Fig.  9.2), 
determines the potential biologic fates and adverse tissue reactions that contribute 
to normal or abnormal form and function and device failure. The biological fates 
and adverse reaction of the biomaterial in tissues include complete or partial elimi-
nation of biodegradable materials, stable integration into adjacent tissues, com-
plete or partial encapsulation, partial or complete termination of the inflammatory 
response, unresolved chronic-active inflammation with residual biomaterial, a par-
tial or complete return to form and function, and/or fibrotic (scar) replacement of 
tissues that cannot be regenerated. Minimization or modulation of excess tissue 
reactions is the holy grail of biomaterial and medical device implantation. 
Biomaterial surface manipulation and coatings with and without eluting drugs and 
biologics (bioactives) are used to improve attachment or promote integration into 
bone and tissues, to reduce bacterial adhesion, and to minimize inflammatory reac-
tions and fibrosis (Klopfleisch and Jung 2017; Meng et  al. 2016; Morais et  al. 
2010; Thevenot et al. 2008).

9.8.1  Stable Tissue/Device Interface (Integration) 
of Permanent Biomaterials and Medical Devices

In reality, permanent medical devices never become fully integrated with the host 
tissue, organ, or body (Fig. 9.1). Many permanent biomaterials are tolerated long 
term with little to no adverse changes, even though a low-grade inflammatory 
response, wear particles, and release of metal ions may still be present during a 
return to normal function. Permanent biomaterials are primarily degraded through 
corrosion, frictional wear of articulating components, and movement at the tissue/
device interface (biotribology), but enzymes and oxidative activities from the 
inflammatory response are also involved (Chen and Thouas 2015; Gibon et  al. 
2017a, b; Shayesteh Moghaddam et al. 2016). Integration is best considered a stable 
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or fixed tissue/device interface. Creation of this interface may involve some 
inflammatory- induced surface changes to the biomaterials which help to anchor the 
interface. A stable tissue/device interface and anchoring into adjacent normal tis-
sues is desirable as long as site function is retained. Adverse tissue/device interface 
events are illustrated by vascular damage and occlusion or restenosis secondary to 
placement of intravascular stents, osteophyte overgrowth of joint replacements, and 
tension created by fibrotic substitution in and along tissues.

Although some published scoring protocols include integration as part of the 
microscopic scoring (ISO 10993-6 Annex E does not), integration is an interpreta-
tive and not a valid microscopic change. An interpretation of integration based on 
qualitative evaluations and semiquantitative or quantitative scores should always 
indicate which findings were relied upon for the determination of integration.

9.8.2  Biodegradation of Biomaterials and Medical Devices

Oxidation, hydrolysis, and movement with friction are primarily responsible for 
degradation of biodegradable materials (Santerre et  al. 2005). For biodegradable 
materials, integration is simply infiltration of inflammatory cells and the progres-
sion from granulation tissue to repair and remodeling of fibroblasts and fibrosis, 
concurrent with resorption of the biomaterials, the culmination of the FBR (Sect. 
9.7.2.1 and Fig. 9.2). Differing degradation rates make it difficult to histologically 
compare different biomaterial timelines if samples are all collected at fixed time 
points. Collection times based on retention of molecular weight have been sug-
gested as a suitable method to directly compare in  vivo degradation. Using this 
method, poly(DTE adipate) was shown to have the mildest response (inflammation 
and capsule formation), followed by poly(DTE carbonate) and then poly(L-lactic 
acid) (Hooper et al. 1998). With biodegradable materials, strategies that focus on 
retention of tissue function (vascular patency, scaffold stability, and controlled and 
ordered inflammatory and fibrotic response) appear to be more successful than pro-
longing the retention of the biomaterial.

9.8.2.1  Determination of Complete Biodegradation and Return 
to Normal Form and Function

Proof that biodegradation is complete and that there is a return to normal tissue, 
organ, or body form and function is often requested by regulatory authorities as an 
endpoint for safety and efficacy studies, particularly for permanent implants and 
implants in and near vital tissues (brain, heart, liver, kidney, and lung). The final 
in vivo recovery point is difficult to predict in advance as it depends on the biomate-
rial type, location of the implant, and host response. Chronic studies to define com-
plete degradation are often greater than 1 year and in large animals may extend 
beyond 2 years. Biodegradable medical materials generally degrade through hydro-
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lysis and cellular oxidative activity within months to years, but with stable or slowly 
degrading polymers, fragmentation and loss of mass may be incomplete after years 
in nonclinical studies (Ramot et al. 2015a; Ramot et al. 2016; Rigdon 1973; Sun 
et  al. 2006; Welsing et  al. 2008) and after clinical explantation (Bergsma et  al. 
1995a; Handel 2006; Iezzi et al. 2014; Pinchuk 1995). Comparative in vitro and 
in vivo degradation studies may show similar or dissimilar degradation time curves, 
dimensional changes, and biostability, and in vitro degradation cannot predict the 
appearance and timelines for degradation in vivo (Adhikari et al. 2008; Ang et al. 
2017; Bölgen et al. 2005; Ganta et al. 2003; Hooper et al. 1998; Ikarashi et al. 1992; 
Van Der Giessen et al. 1996; Wolf et al. 2014).

In histopathology studies, proper sample collection (Sect. 9.4.2) is imperative to 
obtaining representative samples of the implantation site, particularly during the 
later stages of degradation when serial sections may need to be examined to ensure 
biomaterial degradation is progressing or is complete. Identification of polymers is 
often complicated by pathologists having to use a tissue void or negative image as a 
marker of where biomaterials were, but were then lost during tissue preparations. 
These spaces change shape over time and may become difficult to differentiate from 
normal small tissue voids (Sect. 9.5.2.1). As degradation approaches the terminal 
phase, detection of small fragments of residual biomaterials is increasingly difficult 
as residual biomaterial macro- and microparticles may still exist within phagocytic 
vacuoles in the absence of other visible biomaterial in the tissues. Resolution or 
persistence of the inflammatory response is also variable and may persist indefi-
nitely in small foci after general repair of tissue injury. Inflammation by neutrophils 
and eosinophils may resolve or be trapped within encapsulated foreign material. 
MNGC, resident tissue macrophages, foamy macrophages, lymphocytes, and 
plasma cells are long-lived, and these cells may persist in the center of and within 
the wall of encapsulated materials. Persistent perivascular lymphocytes are also 
associated with aseptic loosening of joint prostheses (Ricciardi et al. 2016). Tertiary 
lymphoid tissue is neogenesis of organized lymphoid follicles in tissues that usually 
do not contain lymphoid follicles or tissues which are not secondary lymphoid tis-
sues. Tertiary lymphoid follicles have been occasionally reported with chronic 
inflammation around implants (Abbondanzo et al. 1999; Funk et al. 2018; Ricciardi 
et al. 2016). Encapsulated foreign bodies can also rupture leading to reactivation of 
a chronic-active inflammatory response to the formerly encapsulated materials 
(Kalimo et al. 1996). Biodegradation of materials is characterized by a change in 
geometry, edge features, color or tinctorial staining properties, and partial (particles, 
fibers, or granularity) or complete loss of the biomaterial. A reduction or absence of 
inflammatory cells and mature fibrosis or fibrotic encapsulation is indicative of a 
terminated reparative process to a foreign body in tissues. However, a few well-
encapsulated residual biomaterial fragments, a small population of leukocytes, 
MNGC, and even tertiary lymphoid tissue within an otherwise quiescent and inac-
tive implant site are still consistent with a completed host response. Tissues, organs, 
or the body may be restored to normal, modified, or abnormal form or function. 
Modified or abnormal form and/or function can lead to tissue sequelae that require 
revision or removal surgery or may result in permanent morbidity, neoplasia, or 

9.8  Biologic Fates and Adverse Tissue Responses



386

even death. A weight-of-evidence approach to histologically determining a stable 
and a terminal or completed host response to a biomaterial or medical device should 
examine and identify features of the biomaterial resorption, inflammatory response, 
repair and remodeling, and other supporting features such as activity in regional 
draining lymph nodes (Table 9.4.).

9.8.3  Device Failures

9.8.3.1  Infections and Biofilms

Local contamination by pathogenic gram-positive and gram-negative bacteria may 
progress to septic joint loosening or sepsis and embolization that is difficult to treat, 
and death may occur if the device is not removed (Von Eiff et al. 2005). Biofilms are 
surface-associated phenotypically altered bacterial communities and sometimes 
yeast that attach to extracellular matrices and one another. Biofilm contamination is 
an adverse event for multiple medical devices including catheters, contact lenses, 
prosthetic heart valves, intrauterine devices, wounds, and joint replacements 
(Donlan and Costerton 2002; Phillips et al. 2016). Prevention of infections or bio-
films is preferable but can be difficult. Biomaterials with incorporated antibiotics, 

Table 9.4 A weight-of-evidence approach to histologically determine a stable and a terminal or 
completed host response

A stable or completed host response is indicated by:
Biomaterial

Little to no residual biodegradable biomaterial, unless encapsulated
Permanent biomaterials are intact
Inflammation

Few to no neutrophils/heterophils or eosinophils (PMN), MNGC, or mononuclear inflammatory 
cells, or
Chronic or chronic-active inflammation (PMN, MNGC, lymphocytes, and plasma cells) may be 
trapped in the center of completely encapsulated residual biomaterial
Tissue repair and fibrosis

Return to normal tissue morphology, or
Complete encapsulation, or
Fibrosis permanently replaces the original tissue at the implant site
Tissue changes are stable and do not progress between two sequential time points weeks to 
months apart
Regional draining lymph nodes

Regional draining lymph nodes may be activated (germinal centers and increased resident 
tissue macrophages) but do not have PMN, altered micro-architecture, or loss, or expansion of 
any lymphoid compartments

Abbreviations: PMN polymorphonuclear leukocytes (neutrophils or heterophils or eosinophils), 
MNGC multinucleated giant cells
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antimicrobials (silver salts, nitrofurazone, chlorhexidine quaternary ammonium 
surfactants), antibacterial peptides, and anionic nanoporous hydrogels (Busscher 
et al. 2012; Hook et al. 2012; Monteiro et al. 2009; Veerachamy et al. 2014) have 
been tested to control biofilms.

9.8.3.2  Biotribology

Biotribology is the study of friction, lubrication, and wear of interacting tissue sur-
faces in relative motion. Permanent implants such as metals, ceramics, fabrics, and 
certain polymers were once considered inert, but it is now clear that these implants 
can degrade by corrosion, fatigue, and wear associated with friction, wear, and lack 
of lubrication. Macro-, micro-, and nanoparticles can be shed locally and into lym-
phatics (Shea et al. 1996), and biomaterials can abrade, crack and delaminate, and 
release metal ions. Particles can adhere and cause grooving of articulating surfaces 
and migrate or embolize with adverse consequences for the patients (Siddiqui et al. 
2009; Stokes 2009). Wear debris is of particular concern for its association with 
aseptic joint loosening and peri-implant osteolysis. Particles are phagocytosed in 
macrophages which become activated and release cytokines that polarize the mac-
rophages to the M1 proinflammatory phenotype. This is thought to enhance osteoly-
sis and subsequent joint loosening (Gibon et al. 2017a, b; Konttinen et al. 2014; 
Nich and Goodman 2014; Ricciardi et al. 2016; Tuan et al. 2008). Friction and wear 
also cause cardiovascular devices to fail and contribute to hemolysis and thrombosis 
(Xie et al. 2015).

9.9  Conclusions

Evaluation of the pathology and histopathology of permanent and biodegradable 
biomaterials and medical devices is a complex topic that requires understanding and 
application of regulatory standards and guidances and application of available stan-
dardized nomenclature and terminology. It is imperative to include the gross pathol-
ogist, histopathologist, and histotechnology laboratory as part of the development 
team so that they can provide expertise to study design and appropriate tissue end-
points, collection fixation, and preparations. Histopathology evaluations should 
include a qualitative assessment which can be supplemented but not supplanted by 
semiquantitative scoring templates as per ISO 10993-6:2016. Use of a semiquanti-
tative score in proof-of-concept studies comparing biomaterials, techniques, and 
processes is the one situation where only a semiquantitative score is applicable. 
Histopathology can also be supplemented by quantitative analyses, immunohisto-
chemistry, special imaging techniques, and chemical analysis of tissues. Biologic 
responses to biomaterials and medical devices are mostly local or regional responses 
to the implant site and primarily consist of a foreign body response, but hypersensi-
tivity and immune responses may be expressed as systemic abnormalities. 
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Implantation of foreign material may also result in a variety of unintended tissue 
consequences that can impact both tissue/organ form and function. The fate of the 
permanent and biodegradable medical materials is also important. Histopathology 
determination of a stable or terminated host response to biomaterials requires a 
weight-of-evidence approach and evaluation of biomaterial resorption, inflamma-
tory response, repair and remodeling, and other supporting features. Finally 
 infections, biofilms, and biotribology (friction and wear) may result in device fail-
ure that requires removal or revision surgeries.
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Chapter 10
Nanodevices

David W. Hobson

Abstract The incorporation of nanomaterials into medical devices has benefits and 
also new challenges for safety assessment. Understanding these challenges is a sig-
nificant and important step in the process of practicing “safety by design” in the 
development of nano-enabled medical devices as well as for establishing methods 
and practices for safety testing. Toxicological issues are being identified and 
resolved for a growing number of emerging nano-enabled medical devices with 
product safety as the objective. This safety testing has identified challenges in test 
design, nomenclature, and global regulatory processes and harmonization. 
Nevertheless, it is clear that the incorporation of nanotechnology into medical 
device design most certainly is having and will continue to have major impacts 
toward advancing both our knowledge of the utility of nanotechnology in medicine 
and toward improving the quality of life of those with a variety of afflictions that 
need hope for a brighter future.

Keywords Nanotechnology · Nanomaterials · Nanoparticle · Medical device · 
Safety · Toxicology · Nanodevice · Nanomedicine · Nanotoxicology

10.1  Introduction

All living things on earth live and have evolved in an environment that includes 
daily exposure to naturally occurring microparticles and nanoparticles. These 
nanoparticles include dietary (lipid micelles, minerals, peptide and protein frag-
ments, and other food particles of many types) and a myriad of non-dietary ingested 
and/or inhaled substances with nanoscale dimensions as well as inhaled nanoparti-
cles of many types (smoke, dusts, ocean spray, ash, etc.). Naturally occurring 
nanoparticles of many types also come into contact with our skin, lungs, and 
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 gastrointestinal system on a daily basis, and, as a result, humans as well as other 
animal species have developed uses for these nanomaterials as nutrients or have 
developed tolerances to potentially harmful nanomaterial exposures and even mech-
anisms for their absorption, distribution, and elimination.

With the advancement of materials science and engineering, technology exposures 
to nanomaterials have expanded to include an ever-increasing development and utiliza-
tion of a myriad of engineered nanotechnology products in essentially every commer-
cial product sector including the construction of medical devices. So, it follows that 
inclusion of these materials in medical product design requires that we investigate their 
beneficial effects as well as any risks that may be associated with their intended uses.

Nanomaterial safety evaluations are prudent, practical, and necessary to identify 
potential safety concerns that might arise from this utilization of engineered nano-
materials in medical devices of all types to ensure that adverse effects are eliminated 
or are as low as reasonably possible below the threshold for toxicological concern.

Because of the duality of chemical and particle exposure characteristics of engi-
neered nanomaterials, the evaluation of safety of medical devices that incorporate 
nanomaterials must include methods that examine the impact of correlated qualities of 
these materials especially if they might substantially potentiate an adverse event. 
Therefore, regulatory agencies around the world are issuing guidance as to how prod-
ucts containing nanomaterials should be evaluated for safety prior to market approval.

Most medical device regulatory authorities worldwide recognize that the safety 
as well as benefit of the use of nanomaterials in medical devices is best evaluated on 
a “case-by-case” basis, and the guidance documents generally reflect this approach 
and do not consider a nanomaterial inherently harmful or beneficial without reason-
able scientific evidence.

The focus of this chapter is on the fundamental definitions, nomenclature, regu-
lations, and safety evaluation approaches for nanomaterials used in medical devices.

10.2  Nanomaterial Nomenclature

The term “nanotechnology” was coined by US Engineer Eric Drexler in the 1980s, 
and over the past few decades, a wide range of different nanotechnologies have been 
utilized in a growing number of applications in essentially every aspect of materials 
science including medical products that may be classified as either drugs or devices. 
The use of nanotechnology is already reshaping medicine and will continue to do so 
over the foreseeable future.

The US National Nanotechnology Initiative (NNI) defines that “Nanotechnology 
is science, engineering, and technology conducted at the nanoscale, which is about 
1 to 100 nanometers.” The NNI further defines that “Nanoscience and nanotechnol-
ogy are the study and application of extremely small things and can be used across 
all the other science fields, such as chemistry, biology, physics, materials science, 
and engineering” (National Nanotechnology Initiative 2018a).

Engineered nanomaterials are products of nanoscience and nanotechnology. 
These products involve particles and molecular structures in the “nanoscale” which 
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is generally accepted as including materials having at least one dimension between 
1 and 100 nanometers. This is the size region where the quantal molecular charac-
teristics of these very small dimensions are most evident. Internationally, there is 
some interest in expanding this range to include all materials having at least one 
dimension in the nanometer range of ≥1 nm up to ≤999 nm; however, the essential 
and most practical biological consideration is what dimensionality for a given mate-
rial does it exhibit the quantal characteristics of substances at the nanoscale.

Developing a common definitions and standards for nanomaterials has been chal-
lenging because of the need to satisfy two diverging considerations: (1) the defini-
tions and standards should be broad enough to define materials that may warrant 
additional evaluation, and (2) they should not be so broad as to include those materi-
als for which additional examination or evaluation would not be meaningful in terms 
of human health, reducing animal testing or protecting the environment. Definitions 
proposed and standards developed to date have taken a variety of approaches as they 
seek to support various and often specific jurisdictional mandates, and this frequently 
leads to proposals to incorporate contradictory inclusions and exclusions with the 
definition (National Nanotechnology Initiative 2018b). This creates a complex regu-
latory maze for producers of nanomaterials and products containing them as to when 
and what to report for products containing nanomaterials. Therefore a balance is 
necessary to ensure appropriate and practical coverage of emerging nanomaterials to 
most effectively protect the health and safety of humans and the environment while 
at the same time allowing for the potential useful applications of proven safe nano-
materials. Overcoming difficulties associated with attempting to comply with contra-
dictory nanomaterial definitions and the different regulations where they are used can 
impede the development, and entry of useful and safe nanomaterials into interna-
tional trade may fundamentally reduce public confidence in the adequacy of regula-
tory protections from exposure to nanomaterials. This is exactly why many regulatory 
bodies have taken the position that nanomaterials be considered for safety on a case-
by-case basis and to avoid broad classification schemes that have failings for materi-
als in such a technologically expansive landscape.

The International Organization for Standardization (ISO) has descriptively 
defined “nanomaterial” as a “material with any external dimension in the nanoscale 
or having internal structure or surface structure in the nanoscale” (ISO 2008) and 
“nanoparticle” as a “nano-object having all three external dimensions in the 
nanoscale” where nanoscale is defined as the size range from approximately 
1–100 nm (ISO 2010). These technical definitions, based on size only, may be insuf-
ficient from a risk evaluation standpoint because they do not include other important 
elements that should be considered when determining whether a nanomaterial may 
need additional review and scrutiny.

Nanomaterials are neither inherently hazardous nor inherently safe (Auffan et al. 
2009; Donaldson and Poland 2013). This has been broadly recognized, and it is 
prudent that they should not be treated as such in evaluation programs (Hamburg 
2012; Holdren et al. 2011; SCENIHR 2007). This view is the evidence in the US 
Food and Drug Administration (FDA) current guidance for “Drug Products, 
Including Biological Products, that Contain Nanomaterials Guidance for Industry” 
of December 2017 (U.S. Department of Health and Human Services Food and Drug 
Administration 2017).
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In the broadest view and in modern toxicological terms, particles could be con-
sidered “nano”particles if the largest dimension of the particle was in the nanorange 
of <999 nm and >1 nm (Boverhof et al. 2015). This is a definition that has been used 
in some regulatory documents (Nikalje 2015; Paradis 2012) to include essentially 
everything in the nanoscale. In fact it is becoming increasingly evident from the 
growing body of scientific evidence that some particles above 100 nm still exhibit 
quantum behavior in addition to their chemical characteristics such that absorption 
through biological membranes and diffusion in biological fluids results in exposure 
that is profoundly different than the same particle with even very low micrometer 
dimensions. This is often because, at least in part, some materials have a broad par-
ticulate range where the mean particle diameter is above 100 nm, but the particle 
distribution includes a substantial proportion of particles <100 nm. This is illus-
trated below in more detail under the topic of nanomaterial characterization.

Current regulatory guidance for nanotechnology in US FDA-regulated products 
states that nanotechnology “As used in this guidance, the word ‘products’ (or ‘FDA- 
regulated products’) is meant to include products, materials, ingredients, and other 
substances regulated by FDA, including drugs, biological products, medical devices, 
food substances (including food for animals), dietary supplements, cosmetic prod-
ucts, and tobacco products” (U.S. Food and Drug Administration 2014). This clearly 
indicates that the use of nanotechnology in medical devices is a recognized regulatory 
consideration for the US FDA that must be included in the submission of any device 
application that involves a device that incorporates nanomaterials and nanotechnol-
ogy. In many cases, the nanomaterials of concern for medical device safety are 
nanoparticles of different compositions and molecular structures. The use of nanoma-
terials in a medical device should always be disclosed to the US FDA as well as other 
international regulatory bodies. It is never a good idea to overlook the need to report 
nanomaterials or to attempt nondisclosure of their presence in a medical device.

Nanoparticles are a subset of nanomaterials in general (Hobson et  al. 2016). 
Figure  10.1 shows a practical scheme for the classification of different types of 
nanomaterials.

Figure 10.2 provides a biological perspective on nanomaterial dimensions in 
contrast to the dimensions of biological structures and biomolecules that is helpful 
in understanding how materials in this size range may affect normal biological pro-
cesses (Hobson et al. 2016).

Current scientific studies are addressing issues such as (1) the characterization of 
particle-host or particle-cell interactions, (2) the mechanisms of distribution of 
nanoparticles in the body, especially via regions where there are surfaces conducive 
for entry into the body (i.e., the pulmonary system and gastrointestinal tract), (3) the 
cellular and systemic effects of nanoparticles to include effects on both micro- and 
macro-cellular and tissue biology and on biochemical process, (4) the generation of 
reactive oxygen species, (5) the activation of pro-inflammatory signaling, and (6) 
immune response mechanisms.

Since the physicochemical nature of nanoparticles with different sizes and 
compositions is affected by the environment in which a given particle is sur-
rounded, it should not be difficult to understand that nanoparticles of different 
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sizes and compositions would exhibit differential rates and degrees of absorption 
as they pass through the body (Obiweluozor et  al. 2018; Yoshida et  al. 2018). 
These characteristics may be helpful in determining whether or not a given nano-
material may be innocuous or a toxicant.

The degree to which a given nanoparticle might produce toxicity depends largely 
on how the tissues interact with the nanoparticle and the inherent toxicity of the 
particle whether it may be toxicant or toxin in nature (Hobson et al. 2016).

Nanotechnology is a rapidly emerging field of great interest and promise that is 
heavily engaged in the development of “engineered” nanomaterials for a very wide 
variety of applications including use in medical devices. As new nanomaterials and 
devices utilizing them are developed and commercialized, hazard information also 
needs to be generated to reassure regulators, workers, and consumers that these 
materials and devices may be used safely.

Nanomaterial

Nano-Object
(any external dimension in the nanoscale)

Nanostructured Material
(internal structure or surface structure in the 

nanoscale)

Nanoparticle
(3 external dimensions in the 

nanoscale)

Nanofiber
(2 external dimensions in the 

nanoscale)

Nanoplate
(1 external dimension in the 

nanoscale)

Nanotube
(hollow nanofiber)
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(electrically conducting 
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(rigid nanofiber)

Single-Wall Nanotube
(hollow, single tube 

nanofiber)

Multi-Wall Nanotube
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Fig. 10.1 A practical approach to the classification and description of different types of nanoma-
terials. (Based on Hobson et al. (2016))

1 nm 100 nm 1 µm

Nanoscale 
Materials

Cellular 
Structures & 
Organelles

Living 
CellsBiomolecules Most Small 

Molecule Drugs 

Viruses 
20 – 400 nm

Bacteria
300 – 5,000 nm

Fig. 10.2 A size-based, biological perspective on nanomaterial dimensions in contrast with the 
dimensions of biological structures and biomolecules. (From Hobson et al. (2016))
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10.3  Characterization of Nanomaterials

The biological properties, including tissue absorption, of nanomaterials are closely 
tied to the physical characteristics, including size, shape, dissolution rate, agglom-
eration state, and surface chemistry, to name a few. Furthermore, these properties 
can be altered by the medium used to suspend or disperse these water-insoluble 
particles. Unfortunately, some older toxicology literature often lacks much of the 
nanomaterial characterization information that toxicologists and regulators need to 
accurately assess potential hazards of emerging, engineered nanotechnologies. 
Toxicologists often need to know a relatively complex set of characteristics for a 
given particle to better investigate, evaluate, and describe its interactions with bio-
logical systems. A lack of adequate characterization also leads to different laborato-
ries reporting discordant results on seemingly the same test of nanomaterial because 
subtle differences in the particle characteristics are leading to differences in the 
dispersion medium used that resulted in altered properties and variable toxicity of 
the particle. For these reasons, adequate characterization data should accompany 
and is now often required of all scientific publications concerned with nanomateri-
als biological effects.

The scientific community, regulatory agencies, environmentalists, and most 
industry representatives all agree that more effort is required to ensure the responsi-
ble and safe development of new nanotechnologies. Characterizing nanomaterials is 
a key aspect in this effort. There is no universally agreed upon minimum set of char-
acteristics, although certain common properties are included in most recommenda-
tions. Therefore, nanomaterial characterization sometimes is more like a puzzle put 
together with various, potentially relevant measurements rather than having a single 
analytical measurement modality to rely on as with most toxicants and toxins. 
Therefore, the important elements of nanoparticle characterization must emphasize 
and illustrate with a systematic approach both on the physical and chemical charac-
teristics of a given nanomaterial. Often, this characterization includes a comprehen-
sive overview or summary describing the nanotechnological properties that are 
thought to be most significant to toxicological testing along with details as to the 
methods used for characterizing a nanomaterial that often includes the measurement 
of size, zeta potential, surface properties, and various types of imaging as appropriate 
for each specific nanomaterial (Boverhof and David 2010; Powers et al. 2012).

As indicated above, the need for proper characterization is essential to the 
advancement of reliable nanomaterial science including toxicology, pharmacology, 
and food science to the extent that some scientific journals now have instructions to 
authors regarding adequate characterization of test materials, including nanomateri-
als, before an article will be accepted for publication (Powers et  al. 2012; 
International Journal of Nanotechnology and Allied Sciences 2018). Sufficient 
details of the nanomaterial characterization as well as the techniques employed to 
enable the work to be repeated with adequate fidelity to the original, reported, and 
scientific study must be provided before the manuscript is accepted for publication 
(International Journal of Nanotechnology and Allied Sciences 2018; Nature 
Nanotechnology 2018).
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The methodology used to characterize nanomaterials is ever increasing and 
includes a wide array of methods and protocols that are continuously improving. 
The specific set of tests to be conducted is dependent on the actual nanomaterial 
with consideration to the intended use and conditions of exposure. Transmission 
electron microscopy (TEM), for example, is considered the standard for nanomate-
rial size characterization, but there are many other particle size determination meth-
ods including dynamic light scattering (DLS) and hyperspectral imaging (HI) that 
rapidly provide both particle size and size distribution data with less time in sample 
preparation and analysis. The methods recommended to adequately support good 
scientific and regulatory practice are discussed in the growing current literature on 
this subject and are listed in regulatory guidance documents (Boverhof and David 
2010; Powers et al. 2012).

An example of some of different methods that may be used for the characteriza-
tion of nanomaterials is shown in Table 10.1. Transmission electron microscopy 
(TEM) is often considered to be most reliable for nanoparticle characterization of 
size, shape, surface area, and detection in biological matrices, as well as stability 
evaluation in bulk and in test solutions. Scanning electron microscopy (SEM) is 
useful in evaluating particle size, shape, chemical composition, as well as evalua-
tion of surface agglomeration, aggregation, and three-dimensional characteristics 
in test solutions as well as in biological matrices. Atomic force microscopy (AFM) 
may be used for particle size, agglomeration, aggregation, as well as stability 

Table 10.1 Different methods used for characterization of nanomaterials

Method of analysis A B C D E F G H I J

Agglomeration and aggregation state X X X X
Chemical composition and purity X X X X X
Crystal structure (if applicable) X
Detection in extractable/leachable matrices X X X X X X X
Detection in tissues and biological fluids X X X X X X X
Evaluation of endotoxins and sterility X
Mean particle size and size distribution X X X X X
Particle shape X X
Protein corona formation and composition X X X X
Spectral properties and analysis X X
Stability in bulk and in packaging X X X X
Stability in test media and dosing solutions X X X
Surface area X X
Surface charge X
Surface chemistry (reactivity and hydrophobicity) X
Surface structure and morphology X X
Three-dimensional analysis X

A  =  Transmission electron microscopy; B  =  scanning electron microscopy; C  =  atomic force 
microscopy; D =  ICP-MS; E = XRF or NAA; F = particle size analysis (various); G = AFFF; 
H = particle surface area; I = confocal Raman; J = other standardized method (see text for more 
details)
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characterization. X-ray fluorescence (XRF) and neutron activation analysis (NAA) 
are useful in the determination of chemical elemental composition of particles and 
nanosurfaces and can be used for nanomaterial detection in complex biological 
matrices including tissues. Asymmetrical flow field-flow fractionation (AFFF) 
separates constituents based on hydrodynamic size and is emerging as a powerful 
tool for obtaining high-resolution information on the size, molecular weight, com-
position, and stability of nanoscale particles in liquid media. Dynamic light scat-
tering (DLS) is commonly available in many laboratories that work with 
nanoparticles and is often useful for particle size and size distribution evaluation. 
Hyperspectral imaging (HI) is a popular technique for localizing and following the 
movement of nanoparticles in complex matrices. Confocal Raman microscopy 
(CRM) is an improvement on Raman spectroscopy that provides information 
about depth and buried structures including nanomaterials in thin samples includ-
ing biological matrices. BET (Brunauer-Emmett-Teller) analysis is considered the 
best technique to determine the surface area of nanoparticles. This technique is 
based on adsorption and desorption principle and Brunauer-Emmett-Teller (BET) 
theorem usually using nitrogen gas. Endotoxin and sterility determinations may be 
accomplished using a variety of standardized methods that are available from 
compendial sources such as the US Pharmacopeia (USP). Further detail for each 
of these methods may be easily located in current nanotechnology literature, 
including nanotoxicology and nanomaterials analysis literature. Some methods 
may be widely available, and others must be conducted in specialized facilities by 
experienced personnel that often do contract analytical work.

Some important practical considerations in evaluating the safety of nanomaterial 
use in new medical device products are the following:

• There is primary concern for “unbound” nanomaterials that may be absorbed 
into the body and disrupt life-essential biologic process.

• It is generally accepted that although many products may employ nanotechnol-
ogy for one purpose or another, but not all products may not require extensive 
safety evaluation if it can be firmly established by design data and relevant test-
ing that the nanomaterial is bound to the device and is not bioavailable.

• Even if a nanomaterial does enter the body, safety may be established if the 
toxicological effects of the nanomaterial are minimal to negligible and that the 
nanomaterial can be eliminated in a short time without any significant 
bioaccumulation.

• In vitro diagnostic tests employing nanotechnology generally would not require 
in vivo safety or biocompatibility evaluation.

• The manufacturer is solely responsible for demonstrating medical device safety 
clearly a lack of potential adverse effects from exposure to nanomaterials incor-
porated into the device design.

Central to most all of these practical considerations is the need to ensure ade-
quate characterization of nanomaterials where exposure is possible to support state- 
of- the-art scientific and regulatory identity, compositional, and stability needs for 
inclusion as good practices (e.g., good laboratory practices or good manufacturing 
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practices) quality data. This characterization should, as a minimum, include the 
evaluation of the physical parameters of nanomaterial dimension, size and size dis-
tribution (when applicable), zeta potential (when applicable), chemical composi-
tion, surface characteristics, etc. When possible, both in vitro and in vivo interactions 
with biologic systems should be considered and included when relevant.

The physical characteristics that should be addressed for nanomaterials that may 
enter the body via different potential routes of exposure include size and size distri-
bution, composition, structure and morphology, surface chemistry, macromolecular 
weight, surface area, porosity, solubility, surface charge density, purity, sterility, and 
stability.

In vitro characteristics that should be considered and determined as warranted 
include:

• Binding to plasma, cells, and tissues.
• Pharmacological effects in isolated cells and tissues.
• Blood contact properties including hemocompatibility and pyrogenicity.
• Cellular uptake, distribution, metabolism, cytotoxicity, and mutagenicity.

In vivo assessment of medical device nanomaterials that are in contact with 
blood and/or tissues would typically include when possible:

• Route and rate of absorption.
• Pharmacokinetics/toxicokinetics (descriptive rather than modeled).
• Protein binding.
• Tissue distribution.
• Metabolism.
• Route and rate of elimination/excretion.
• Safety.

 – For route and indication.
 – Using appropriate species.
 – Exposures with appropriate route and duration.
 – Relevant toxicological endpoints.

10.4  Engineered Nanomaterial Biological Interactions 
and Fate

There are several challenges in conducting studies on the biological fate and effects 
of nanomaterials. These challenges include (1) inconsistency in the quality of nano-
materials available for study (e.g., lot-to-lot variations in important characteristics 
such as size, shape, and surface properties and deviations from the labeled descrip-
tion); (2) limitations in quantities available for study; (3) uncertainty as to the proper 
dose metric (e.g., mass vs surface area vs particle concentration); (4) difficulty 
detecting and quantifying nanomaterials in tissues; and (5) changing chemical and 
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physical properties of nanomaterials with time, handling, and in biological environ-
ments (Hobson et al. 2016).

As nanomaterials associated with medical devices that are in contact with the 
tissues, there is often an immediate, chemical environmental change that can alter 
nanomaterial properties that may influence biological activity, including size, shape, 
and surface properties such as charge, catalytic properties, and adsorbed materials 
(i.e., formation of a lipid and proteinaceous “corona” coating around the nanopar-
ticle) (Hobson et al. 2016). Changes in the dynamic environment of the tissues may 
occur and include pH, ionic strength, and composition of body fluids, killing of 
microflora, and alterations in cellular functions. Contact surfaces may also change 
even if the nanomaterial is bound to the medical device depending on contact sur-
face area, interaction of body tissues with the nanomaterial, and resilience of tissue- 
protective barriers (Hobson et al. 2016).

10.5  Use of Nanomaterials in Medical Devices

Nanomaterials have increasing utilization in the design and composition of many 
different types of medical device products such as those listed below.

• Topical medical device products (wound and burn dressings, etc.)
• Intravascular devices including antimicrobial catheters, coated stents, etc.
• Neurodegenerative drug delivery devices.
• Biosensors.
• Implants (biofilm issue).
• Dental materials including crowns, cements, fillers, and composites.
• Osteopathy materials disease nano.
• Diagnostic imaging agents.
• Drug/medical device combinations.

Many different forms of nanotechnology have already been used and are cur-
rently available or are emerging for a variety of applications in the design and devel-
opment of nano-enabled medical devices, and the list is growing continually. It is, 
therefore, possible to identify different types of medical devices that incorporate 
nanotechnology and to describe how the evaluation safety can be effectively 
addressed. It is important to the advancement of new and potentially significant 
nanoproducts that the utilization of nanotechnology in their designs never be pre-
sumed to be inherently safe or potentially harmful. Instead, it is best to embrace the 
concept of “safety by design” which is best facilitated with a prudent, case-by-case, 
approach to safety and risk assessment. In fact, most regulatory bodies that evaluate 
medical device risk relative to the benefits of use ascribe to this type of approach. 
This is why most government regulations that address the testing and evaluation of 
device safety provide “guidance” on how to approach the assessment rather than 
prescribe in detail how to design and conduct safety tests. Therefore, it is generally 
best to have an experienced nanomaterial characterization scientist as well as a 
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board-certified, toxicologist that have worked with nanotechnology safety assess-
ments involved in designing and planning the test and data analysis plan for each 
nano-enabled device on a case-by-case basis building on past experience and ever 
advancing the state of the art for effective as well as efficient safety evaluation.

There are many reasons why incorporation of nanomaterials in the design and 
function of medical devices is desirable. Most of these are related to nanomaterial- 
enhanced mechanical, electrical, magnetic, optical, thermal, biological, and/or 
chemical properties. Some examples of desirable uses of nanotechnology in specific 
types of medical devices are provided below with references for further, reading.

 1. Antimicrobial nanomaterials such as silver nanoparticles which are among the 
first uses of nanotechnology in medical devices including various types of wound 
dressings (Fong and Wood 2006).

 2. Nanostructured surfaces of medical devices for various advantages (Aninwene II 
and Webster 2013).

 3. Miniaturization of medical devices and biosensors making them smaller, lighter, 
and more “wearable” (e.g., “smart” contact lenses and “stretchable” electronics 
and biosensors) (Park et al. 2018; Chu et al. 2016; Lee et al. 2013; Kim et al. 
2015; Besteman et al. 2003).

 4. Nanoencapsulation of drugs into or onto medical devices (e.g., controlled 
release, targeted delivery, triggered release applications) (Kumari et  al. 2014; 
Yoo et al. 1999; Pamornpathomkul et al. 2017; Borhani et al. 2018; Yin et al. 
2014).

 5. Advanced structural materials for improved durability, strength, lower weight, 
flexibility, etc. (Aninwene II and Webster 2013; Park et al. 2018; Chu et al. 2016; 
Lee et al. 2013; Kim et al. 2015).

There are also undesirable aspects to incorporation of nanomaterials in medical 
devices when they may be unnecessary. These are generally related to the uncer-
tainty of different types of risks including environmental, toxicological, undesirable 
biological effect, applicable exposure limits, and incomplete knowledge of the 
mode of action of the nanomaterial component. It is, therefore, important that care-
ful consideration be made in the design phase when nanomaterials are being consid-
ered and to apply safety by design concepts to best assure success.

There is now an emerging history with the development of nanotechnology- 
enabled medical devices that show areas where there has been success as well as 
where there are significant challenges and obstacles to safe and effective commer-
cialization (Borhani et  al. 2018; Hobson 2009, 2016). This literature should be 
examined carefully to arrive at a state of the science perspective and approach to 
safety by design.

The development of nanomaterial-coated stents provide a current and valuable 
example of an often complex device-drug combination that provides substantial 
insight into the issues involved in commercialization and regulation of nanomaterials 
associated with medical devices. This is because in designing a stent, biological 
responses to the components of the stent must always be considered very carefully 
due to the intimacy in which they are in contact with the body as well as where they 
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may be applied (Borhani et al. 2018). The stent surface, in particular, plays a critical 
role in the success of stent implantation (Borhani et al. 2018). In developing advanced 
nanomaterials for application to stent surfaces, there are several coating technologies 
for polymer-free stents including direct coating, crystallization of the drug, nano- 
and microporous surfaces, inorganic porous coating, macroporous drug reservoirs, 
coating of nanoparticles, and self-assembled monolayers (Chen et al. 2015).

All cardiovascular implants, including stents, must provide a biocompatible sur-
face with essential functions of anticoagulation, anti-hyperplasia, anti- inflammation, 
and pro-endothelialization after the implantation (Li et al. 2017). To further elabo-
rate, the surface must meet at least three important requirements:

First, inhibit the inflammatory reaction for impeding the thrombosis formation, 
inhibit excessive smooth muscle cell (SMC) proliferation, and prevent intimal 
hyperplasia.

Second, fast endothelialization from the early time of implantation to promote the 
formation of endothelial layer on the stent surface within 1 month. A fast endo-
thelialization process is essential to decrease the risk of thrombosis to the least 
amount.

Third, avoidance of adverse material-tissue interface interactions as it is necessary 
for the surface to be biocompatible, especially after complete drug elution from 
the surface coating (Liu et al. 2014).

There is currently a significant need for the improvement of coating technology 
to supply stent manufacturers to optimize drug-loading conditions (Borhani et al. 
2018). Many novel techniques have been employed for improving drug release from 
stent coatings such as utilizing grooves and cavities on the stent struts, constructing 
nanocarriers like nanopores, nanofibers, and nanoparticles, and taking advantage of 
bioresorbable stent materials with specific drug molecules and utilizing gene NPs to 
specifically inhibit proliferation of vascular SMCs (Hu et al. 2015; McGinty et al. 
2014; Nakazawa et al. 2008). Nanotechnology has been widely utilized to manipu-
late materials for developing current treatments and appears to be applicable in stents 
and/or within the coating layer of stents. Nanometer drug carriers with excellent 
biological and physicochemical properties are considered as efficient delivery tools 
to be used in cardiovascular stents. A drug may be taken up or be covalently bonded 
to the surface of nanocarriers or even be wrapped into the nanocarriers. Applying 
nanocarriers, as a stent-modified coating, enhances the localized drug delivery to 
injured locations because the cellular absorption of nanosized drugs can sometimes 
be more efficient and improve the duration as well as tissue distribution of the drug 
over other forms of administration. In addition, nanoparticles with much larger sur-
face area in comparison to bulk or microstructures can achieve an effective slow drug 
release (Hu et al. 2015). In the light of developing nano-modified stents, the ability 
of peptide amphiphile-based nanomatrix coating for stents under physiological flow 
conditions in vitro has been evaluated, and the results indicate the capability of the 
nanomatrix-coated stent for reendothelialization, reducing neointimal hyperplasia, 
reducing restenosis, preventing thrombosis, and alleviating inflammatory response 
(Alexander et al. 2017). In an attempt to enhance the efficacy of drug-eluting stents, 
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highly oriented nanotubes were grown vertically on a titanium- based alloy stent plat-
form that showed potential application for a self-expandable stent (Saleh et al. 2017). 
These self-grown nanotubes showed potential as a powerful tool for surface modifi-
cation to enhance endothelial proliferation, to prevent vascular smooth muscle cell 
(VSMC) proliferation, and also as drug reservoirs (Saleh et al. 2017). Polymer nano-
fibers have been recently attracted considerable attention and have turned to a hot-
spot research focus. The properties of this new coating technique include small pore 
size, high porosity, large surface area, superior mechanical properties, and the rela-
tive easy surface functionality compared to other forms of coating (Morie et  al. 
2016). High surface/volume ratio increases drug- loading capability of the polymer 
nanofiber as well as cell attachment and drug diffusion (Hu et al. 2015). A heparin-
ized titanium coating, heparin/poly-l-lysine (Hep/PLL) nanoparticles, were immobi-
lized on a dopamine-coated titanium surface (Liu et al. 2014). The study aimed to 
reach a coated surface with time-ordered (three-phase) biological function. Through 
this study Hep/PLL concentration ratio was optimized to control both the Hep-
immobilized density and release behavior, two deciding factors. The advantages of 
this functionalized surface were its high anticoagulant activity, selective inhibition of 
VSMC, and vascular endothelial cell (VEC) proliferation.

Animal studies have also demonstrated the predicated time-ordered biofunction 
to selectively direct an intravascular biological response using an electrospun com-
posite nanofiber made from poly-l-lactic acid (PLLA), chitosan, and paclitaxel 
(PTX) (Liu et al. 2014). Nanotube-covered stents have, therefore, been suggested as 
a platform for restoring a functional endothelium and impairing VEC proliferation 
(Hemshekhar et al. 2016; Li et al. 2015a, b; Zhou et al. 2014). In the presence of 
nanotube (NT) arrays, it was found that there was an increased proliferation and 
motility of VECs (Hemshekhar et al. 2016; Li et al. 2015a, b; Yang et al. 2015). On 
the other hand, VSMCs showed decreased proliferation and motility in comparison 
to the control (Hemshekhar et al. 2016; Li et al. 2015a, b; Yang et al. 2015).

Mesoporous silica nanoparticles (MSNs) have been regarded as excellent drug 
carrier for polymer-free stents for the following properties: first, tunable pore size; 
second, high specific surface area; third, large pore volume; and finally, their 
 biocompatibility to the tissue (Popat et al. 2011; Vivero-Escoto et al. 2010; Zhang 
et al. 2008). MSNs are a promising and novel drug vehicle due to their unique meso-
porous structure that preserving a level of chemical stability, surface functionality, 
and biocompatibility ensure the controlled release and target drug delivery of a 
variety of drug molecules (Bharti et al. 2015). The unique mesoporous structure of 
silica facilitates effective loading of drugs and their subsequent controlled release of 
the target site. The properties of mesoporous, including pore size, high drug load-
ing, and porosity as well as the surface properties, can be altered depending on 
additives used to prepare MSNs. Active surface enables functionalization to changed 
surface properties and link therapeutic molecules. They are used widely in the field 
of diagnosis, target drug delivery, bio-sensing, cellular uptake, etc. in the biomedi-
cal field. This review aims to present the state of knowledge of silica containing 
mesoporous nanoparticles and specific application in various biomedical fields 
(Bharti et al. 2015).
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10.6  Regulation of Nanodevices (US FDA, EU, Asia 
Regulations and International Standards)

Many if not most all international regulatory bodies have at least some experience 
with products that contain nanomaterials. In regulating medical devices that incor-
porate nanomaterials, it is always important to determine initially whether the prod-
uct is a device or drug-device combination. This determination may be challenging 
without consultation with the regulatory body because differentiation as to whether 
a given product is a drug or device is not always easily determined for some prod-
ucts where the primary mode of action (and metabolism) is more biochemical, bio-
logical, or physiological in nature (as typical for a drug substance) or is the primary 
mode of action physical with essentially no drug substance type action. Combination 
products may include those components that may have been previously approved as 
well as components that have no previous regulatory approval. There are several 
combination possibilities that will define the regulatory path for different types of 
nano-enabled combination products such as:

• Novel device + novel drug.
• Approved device + novel drug.
• Novel device + approved drug.
• Approved device + approved drug.

Some regulatory bodies, such as the US FDA, have established early stage guid-
ance mechanisms to help determine the regulatory path and applicable regulations 
for combination products. The US FDA currently has a procedure and process 
where the sponsor of a new combination product can submit a formal request for 
designation (RFD) to the agency. Submission of a RFD is always a good first step 
for initial contact with the regulatory body and will help to improve the efficiency 
and content of the development plan, most especially for nano-enabled combination 
products.

10.6.1  United States of America

The US FDA has published guidance documents to address risk assessment needs 
for the use of nanomaterials in FDA-regulated drugs, cosmetics, food, dietary sup-
plements, tobacco products, and medical devices. These guidance documents 
address a variety of different types of product that may contain nanomaterials and 
include the following: (1) “Drug Products, Including Biological Products, that 
Contain Nanomaterials,” (2) “Safety of Nanomaterials in Cosmetic Products,” (3) 
“Considering Whether an FDA-Regulated Product Involves the Application of 
Nanotechnology,” (4) “Assessing the Effects of Significant Manufacturing Process 
Changes, Including Emerging Technologies, on the Safety and Regulatory Status of 
Food Ingredients and Food Contact Substances, Including Food Ingredients that are 
Color Additives,” (5) “Use of Nanomaterials in Food for Animals,” and (6) “Use of 
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International Standard ISO 10993-1, “Biological evaluation of medical devices  - 
Part 1: Evaluation and testing within a risk management process” (U.S. Department 
of Health and Human Services Food and Drug Administration 2017; U.S. Food and 
Drug Administration 2014; U.S. FDA 2014a, b, 2015, 2016).

US FDA guidance for the development of medical products (drugs, devices, and 
drug-device combinations) that use nanomaterials consistently emphasizes the 
importance of adequately describing and analyzing nanomaterials and their attri-
butes in the finished product. The guidance suggests manufacturers include a 
description of the nanomaterials in the product, covering size, charge, composition, 
complexation, and morphology, in order to ensure consistent quality. The agency 
suggests that functionality may be included as well. Only nanomaterial properties 
that could affect a product’s performance, safety, or quality must be defined, along-
side potential risks posed from any changes. For example, a nanomaterial of a dif-
ferent size or shape could be seen as a batch consistency issue if it affects the quality, 
efficacy, or safety of the product.

Through years of evaluation of new medical technologies that contain nanoma-
terials, it is evident that the US FDA generally understands and accepts that the 
application of nanotechnology may result in product attributes that differ from those 
of conventionally manufactured products and thus may merit particular examina-
tion. All products that involve the application of nanotechnology are not categori-
cally judged as intrinsically benign or harmful. The agency considers its current 
framework for safety assessment sufficiently robust and flexible to be appropriate 
for a variety of materials, including nanomaterials, and in fact has evaluated and 
cleared many medical products containing nanomaterials with success for about 
two decades. The US FDA maintains a product-focused, science-based regulatory 
policy and expects that technical assessments will be product-specific, taking into 
account the effects of nanomaterials in the particular biological and mechanical 
context of each product and its intended use. It is expected that the particular poli-
cies that are applicable for each product area, both substantive and procedural, will 
vary according to the statutory authorities and relevant regulatory frameworks of the 
agency. This regulatory policy allows for tailored approaches that adhere to appli-
cable legal frameworks and reflect the characteristics of specific products or product 
classes evolving technology and scientific understanding (U.S.  Food and Drug 
Administration 2014).

10.6.2  European Union

On April 5, 2017, the European Parliament (EP) approved a regulation on medical 
devices, as well as a regulation on in vitro diagnostic medical devices (European 
Union 2017). This medical devices regulation is intended to ensure that medical 
devices are traceable and comply with European Union (EU) safety requirements and 
address the use of nanomaterials in medical devices. The critical factor in classifying 
devices incorporating or consisting of nanomaterials is the potential for nanomateri-
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als to be in contact with membranes inside the body. Devices presenting a high or 
medium potential for such contact will be placed in the highest risk class and will be 
subject to the most stringent conformity assessment procedures. This regulation 
included a 3-year transition period for in vivo applied medical devices and a 5-year 
transition period for the regulation on in vitro diagnostic medical devices to allow 
manufacturers and authorities time to implement the regulations.

Current EU general medical device regulations MDD (93/42/EEC), AIMDD 
(90/385/EEC), and IVDD (98/79/EC) have no explicit requirements in relation to 
nanomaterials (European Union 1990, 1993, 1998). Generally, however, all risks 
must be assessed and eliminated/reduced as far as possible; material toxicity, tissue 
compatibility, contaminants, residues, and leachables must be evaluated; and risk of 
injury must be minimized in connection with device physical features and dimensions.

Internationally recognized standards that apply to medical device nanomaterials 
include a series of International Organization for Standardization (ISO) 10,993 
standards for evaluating biocompatibility of medical devices (International 
Organization for Standardization 2018). ISO 10993 includes globally harmonized 
standards for the biological evaluation of medical devices. This includes standards 
that have been issued by ISO and are used throughout Europe and the US FDA ver-
sion of ISO 10993-1 that is used in the United States (International Organization for 
Standardization 2018). Even though ISO 10993 has been formally accepted in 
Japan, the “Japanese Guidelines for Basic Biological Tests of Medical Materials 
and Devices” favors certain test methods to evaluate specific categories of biologi-
cal effects that may or may not include all ISO 10993 standards (International 
Organization for Standardization 2018).

ISO 10993-22 describes considerations for the biological evaluation of medical 
devices that are composed of or contain nanomaterials (ISO/TR 10993-22 2017). In 
addition, this guidance can also be useful for the evaluation of nano-objects gener-
ated as products of degradation, wear, or from mechanical treatment processes (e.g., 
in situ grinding, polishing of medical devices) from (components of) medical devices 
that are manufactured not using nanomaterials and includes considerations on the 
characterization of nanomaterials; sample preparation for testing of nanomaterials; 
release of nano-objects from medical devices; toxicokinetics of nano- objects; bio-
logical evaluation of nanomaterials; presentation of results; risk assessment of nano-
materials in the context of medical device evaluation; biological evaluation report; 
and nanostructures on the surface of a medical device, intentionally generated during 
the engineering, manufacturing, or processing of a medical device.

Specifically excluded from ISO-10993-22 are natural and biological nanomateri-
als, as long as they have not been engineered, manufactured, or processed for use in 
a medical device; intrinsic nanostructures in a bulk material; and nanostructures on 
the surface of a medical device, generated as an unintentional by-product during the 
engineering, manufacturing, or processing of a medical device.

Under its ISO/TC 229 nanotechnologies technical committee, the ISO has 66 
published standards and 42 under development. However none of the standards 
under ISO/TC 229 are specific to medical devices even though they may be generally 
useful and applicable in many cases to resolve terminology, characterization, and 
testing issues in an internationally acceptable manner (ISO 2008, 2010).
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The ISO standards are applied in general by most all countries including the 
USA, EU countries, Japan, China, India, etc. that are ISO members within each 
country’s established framework for regulation of medical device safety.

At the present time, the UK generally follows the EU regulatory model for medi-
cal devices; however, in future the UK may decide to modify the EU or even adopt 
aspects of the US FDA approach. Regardless, it is reasonable to expect that regula-
tion of medical devices that incorporate nanomaterials in their designs in the UK 
would be regulated in a manner harmonized with the EU and USA.

10.6.3  Asia (China, Japan, and India)

As noted above, the use and monitoring of medical device enabling nanomaterials 
in Japan, China, and India essentially follows the same ISO standard approach set 
forth by ISO 10993 standards and those of ISO/TC 229 and is generally harmonized 
with the US and EU requirements. While standards for quality control may differ in 
each country, the overall standard for safety to include devices that incorporate 
nanomaterials is essentially the same for all countries worldwide as proposals to 
improve safety assessment continue to advance and are adopted (JSA – JIS T 14971 
2012; Limaye et al. 2014; Igami and Okazaki 2007).

10.7  Risk from Exposure to Medical Device Nanomaterials

The highest potential for adverse effects of medical device nanomaterials is gener-
ally associated with devices: (1) in which the nanomaterial is intended to be released, 
(2) that are composed of free nanomaterials, (3) which contain nanomaterials that 
are not chemically bound or are loosely bound to the device, (4) where there is 
release/loosening of nanomaterials present within or on the device surfaces during 
normal use, or (5) if there are chemical breakdown or wear-and-tear processes due 
to (bio)degradation of medical devices and (6) with nanomaterials that are released 
or become bioavailable are sequestered within the body and are not significantly 
eliminated or excreted. Devices that are grinded, polished, or shaped during appli-
cation such as dental and prosthetic materials may produce significant amounts of 
free nanoparticles. In general, nanomaterials that are strongly chemically bound to 
the device surfaces are significantly less of a concern for potential adverse effects 
than those that are loosely bound to the device.

For most patients, the potential inhalation (including nasal administration), par-
enteral, dermal (topical, intradermal, and subcutaneous), mucosal, oral, ocular, and 
otic exposure routes for nanomaterials should always be considered. Exposure path-
ways where a nanomaterial may enter systemic circulation and achieve a more 
widespread distribution within the body should always be toxicologically consid-
ered when there is a possibility of exposure to nanomaterials involved.
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10.8  Engineering Safe Nanoparticles for Medical Device 
Applications and Therapeutics

As noted above, nanomaterials are increasingly being incorporated into medical 
devices for a variety of purposes. Some new medical devices (e.g., stents, etc.) are 
drug-device combinations with small molecule or biologic drug substances incorpo-
rated with a device and are being used for the treatment of many diseases. Many of 
these treatments typically require sustained release characteristics or are designed to 
allow for repeated dose administration usually by injection, but other routes such as 
dermal, oral, etc. are also possible.

Nanotechnology is a field of research that has been stressed as a very valuable 
technical tool with which to approach the prevention and treatment of different 
human health disorders (Hobson et  al. 2016; Hobson 2009, 2016; Limaye et  al. 
2014). Significant progress has been made in the development of nanotechnology- 
enabled medical devices in recent years as well as for methods of diagnostic testing 
that involve nanotechnology-enabled medical test devices for an array of patho-
physiological situations (Hobson et al. 2016; Fong and Wood 2006; Park et al. 2018; 
Lee et al. 2013; Besteman et al. 2003; Kumari et al. 2014; Pamornpathomkul et al. 
2017; Borhani et al. 2018; Hobson 2009, 2016; Alexander et al. 2017; Morie et al. 
2016; Limaye et al. 2014; Chen et al. 2012).

The design of new medical devices that incorporate engineered nanoparticles 
(especially in the size range of 1–100 nm) has a broad-spectrum potential for useful 
applications in electronics, chemistry, environmental protection, and medicine. In 
the field of biomedicines, the use of nanoparticles has been growing exponentially, 
and there has been some concern for potential adverse effects (Roy et al. 2014). To 
increase the treatment efficacy and to reduce the side effects, nano-based drug deliv-
ery systems are being applied and include polymeric, solid lipid, hydrogels, gold, 
silver nanosystems, etc. (Riasat et al. 2016; Sengupta et al. 2014; Yang et al. 2014). 
Metal nanoparticles are currently used in the medical and food industry such as 
iron, cobalt, copper, zinc, and silica (Sengupta et al. 2014). These types of nanopar-
ticles are physiologically important due to their different synthesis route and differ-
ent physical and chemical properties. Although there are many advantages of the 
nano-based drug carrier systems, but toxicity parameters cannot be overlooked as 
there are various toxicological routes associated with the exposure of nanoparticles 
in human being and environment, while toxicological effects on human beings are 
still ambiguous (Roy et al. 2014; Riasat et al. 2016; Sengupta et al. 2014; Yang et al. 
2014). Apart from this there are many types of safe nanotechnology applications 
that have been and are being used in the design of medical devices. These nano- 
enabled devices have promising and effectual prospect toward advancing the field 
of nanomedicine.

Various parameters such as shape, size, dose, surface characteristics, and trans-
location are known to play very distinguishing role in the nanoparticles toxicity. 
These parameters are not still fully understood in vivo. Therefore it is important to 
have knowledge of toxicologically significant nanomaterial interactions with the 
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intended biological tissue and/or system prior to final nanomaterial synthesis and 
medical device fabrication. These parameters can influence delivery efficiency and 
distribution of drugs. In designing nanoparticles a few key points should be consid-
ered such as the whether nanoparticle surface charge and any exposed surface 
ligands on the particle are compatible with elements of the blood and with circula-
tory system tissues. Also, nanoparticles can escape from clearance mechanisms and 
antibody opsonization can occur causing drug resistance and impact to other related 
metabolic parameters. Therapeutic applications of nanoparticles are dependent on 
these parameters when interacting with the biological system (Borhani et al. 2018; 
Hobson 2009; Roy et al. 2014; Riasat et al. 2016; Sengupta et al. 2014).

When a nanomaterial meets a biological system, it is being increasingly under-
stood that there are many potential outcomes ranging from no effect to a profound 
biological response depending on the nanomaterial characteristics as well as the 
anatomical contact location (Roy et al. 2014; Frohlich and Roblegg 2012; McGill 
and Smyth 2010; Jachak et al. 2012; Cedervall et al. 2007; Wang et al. 2011; Faunce 
et al. 2008). As an example of the latter, the effects of development of a biofilm on 
or a protein corona around nanosurfaces and nanoparticles, respectively, vary with 
biological systems and locations within these systems. In some cases, cytotoxicity 
is reduced, perhaps by decreasing cellular nanoparticle uptake or by mitigating cell 
membrane damage (Lundqvist et al. 2008; Monopoli et al. 2011; Lynch et al. 2007; 
Jiang et al. 2010; Casals et al. 2011; Safi et al. 2011; Ge et al. 2011). With respect to 
the potential for protein corona surface modifications to synthetic materials, 
Lundqvist et  al. (Lundqvist et  al. 2008) found that the protein corona on 50 nm 
carboxyl-modified polystyrene nanoparticles varied in relation to particle size and 
surface  modification. Highly abundant plasma proteins such as inter-alpha-trypsin 
inhibitors, serum albumin, clusterin, and vitronectin appear to be common to all 
coronas, while less abundant proteins appear to vary with nanoparticle size and 
surface characteristics (Lundqvist et al. 2008). Using polystyrene nanoparticles in 
human plasma, Zhang et al. (Zhang et al. 2011) classified nanoparticles with respect 
to protein coating based on size and surface properties of the parent particles. The 
protein corona was also demonstrated to be at equilibrium within 5  minutes of 
nanoparticle exposure.

The use of nanomaterials in medical device and implant design also may be use-
ful in the prevention of biofilms (Naik et al. 2015; Zhao et al. 2009). Clearly, vari-
able coronal protein and biofilm composition may lead to some of the different 
biological effects (useful as well as potentially unwanted) of nanoparticles and 
nanosurfaces that otherwise seem identical (Lai et al. 2013; Naik et al. 2015; Zhao 
et al. 2009). These studies further emphasize the need for adequate characterization 
of nanoparticles both before and after exposure to culture media or biological fluids 
(Lundqvist et al. 2008; Lai et al. 2013; Naik et al. 2015).

Animals and human studies have shown that after intravenous, inhalation and 
through oral exposure, nanoparticles are primarily distributed to the liver, lungs, 
heart, spleen, and brain. They may be sequestered in the tissues or be excreted via 
the urine or feces depending on whether the nanoparticle has characteristics favor-
able for such elimination (Hagens et al. 2007; Bahadar et al. 2016; Oberdörster et al. 
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2005). Thus it is clear to see why unbound nanomaterials may pose a greater risk of 
systemic toxicity as opposed to nanomaterials that remain tightly bound to a medi-
cal device. Also important is the possibility that during clearance of nanoparticles 
from the body, the components of the immune system are activated and should be a 
consideration in the use of nanomaterials in medical device design (Hagens et al. 
2007; Bahadar et al. 2016; Oberdörster et al. 2005; Garnett and Kallinteri 2006; 
Takenaka et al. 2001; Zolnik et al. 2010; Dobrovolskaia et al. 2016).

10.9  Safety Evaluation of Nano-Enabled Medical Devices

The approach to safety evaluation of nanodevices varies with (1) the intended use of 
the device, (2) design of the device, and (3) the duration of use of the device.

Based on prior research, it is now quite clear that there can be unique properties 
associated with submicron (<1 micron) or nanotechnology components such as 
aggregation, agglomeration, immunogenicity, or toxicity (Kunzmann et al. 2011). 
Therefore, while safety testing of nano-enabled medical devices should proceed as 
much as possible similarly to medical devices without incorporated nanomaterials, 
it is clear that devices with submicron components may require additional, special-
ized techniques for characterization and biocompatibility testing (ASTM 
International 2014, 2018; Rivera et al. 2010). Limitations as well as additional char-
acterization may apply when using chemical leachates-based ISO 10993-12 test 
conditions for the analysis of submicron component biocompatibility assessments. 
It is therefore imperative that the sponsor consults relevant literature and standards 
during the development of test protocols for device-specific submicron or nanotech-
nology component biocompatibility assessments and contacts the respective regula-
tory review division for the country of registration prior to initiation of any tests to 
best assure applicability and acceptability.

When conducting biocompatibility assessment of devices with submicron com-
ponents, the following should be considered: (1) careful and method appropriate 
characterization of the test article; (2) selection of extraction conditions (e.g., sol-
vent type) that avoid testing artifacts or significant destruction of the medical device; 
and (3) assurance that the test article used is representative of the device that is 
intended to be used clinically.

For test selection, the following items are important:

• Consideration of standard biocompatibility tests in the context of contemporary 
literature regarding the validity of individual tests for assessment of devices with 
submicron components.

• Assurance that the submicron components will not interfere with the conduct of 
the chosen test.

• Consideration of any additional toxicity issues that might be relevant to submi-
cron particles, such as absorption, distribution, and accumulation into organs, 
potential metabolism, and elimination, since there are greater concerns associated 
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with submicron particles that cannot be readily detoxified and/or eliminated from 
the body.

As an example, copper oxide nanoparticles are often used in semiconductors, anti-
microbial reagents, heat-transfer fluids, and intrauterine contraceptive devices and are 
generally considered safe if systemic exposure to unbound copper nanoparticles is 
controlled and maintained at a toxicologically negligible level (Aruoja et al. 2009). 
Experimentally, copper nanomaterials have been documented to possess toxic effects 
on the liver and kidney in experimental animal models (Lei et al. 2008; Chen et al. 
2006; Meng et al. 2007). After oral administration and interaction with gastric juice, 
highly reactive ionic copper is formed, which is then accumulated in the kidney of 
exposed animals (Chen et al. 2006; Meng et al. 2007). In one in vitro study, copper 
oxide nanoparticles (50 nm) have been reported as being genotoxic and cytotoxic 
along with disturbing cell membrane integrity and inducing oxidative stress (Ahamed 
et al. 2010). Nevertheless, copper remains a valuable and useful nanomaterial in the 
design and fabrication of medical devices including those in intimate contact with the 
body as a recent publication evaluating the potential safety of copper/low-density 
polyethylene nanocomposite (nano-Cu/LDPE) materials used in intrauterine devices 
(IUD) in rodent exposure models where the nanomaterial was intravenously, acutely, 
and subchronically administered or implanted at levels tenfold higher than the clinical 
exposure for up to 13 weeks (Hu et al. 2018). Overall, the results from these studies 
indicated that the nano-Cu/LDPE IUD did not induce systemic toxicity under experi-
mental conditions of the recommended standard practices, suggesting that the novel 
material IUD is safe and feasible for future contraceptive applications.

As with all medical devices, the testing required to demonstrate safety depends 
on the intended use of the device and should be considered and developed on a case- 
by- case basis. The testing of stents, IUDs, and catheters to demonstrate the safety of 
nano-enabled designs can serve as useful examples upon which to develop a testing 
strategy appropriate to a specific medical device. Other chapters in this work address 
many of these considerations and are useful in determining what tests should be 
included in safety assessments for different, nano-enabled device types.

10.10  Summary and Conclusions

Nanomedicine is an application of nanotechnology in the areas of healthcare and 
disease diagnosis and treatment and prevention of disease that includes pharmaceu-
tical agents and medical devices that incorporated nanomaterials. Nanomedicine 
has been defined as “the monitoring, repair, construction and control of human bio-
logical systems at the molecular level, using engineered nanodevices and nanostruc-
tures” (Freitas 1999; Limaye et  al. 2014). By common definition, the nanoscale 
ranges from 1 nm to 100 nm, however, in practice, nanomaterials may go beyond 
this scale and often go above 100 nm up to 999 nm or occasionally, below 1 nm. 
Biologically, including toxicologically, what is most important with respect to 
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safety assessment is whether or not a given nanomaterial imparts a characteristic 
that is quantal and differentiable from the biological and toxicological properties of 
the molecular composition of the nanomaterial. In other words, the toxicity of a 
nanomaterial is most accurately described with its composition, structure, and size 
in consideration rather than just its chemical composition. This is the essence of the 
emerging subdiscipline of toxicology that is termed “nanotoxicology” that seeks to 
understand why nanoscale materials may be toxicologically differentiable in their 
effects from the individual chemical components used in their fabrication (Monteiro-
Riviere and Tran 2016).

Naturally occurring nanomaterials are generally not as great a concern as engi-
neered nanomaterials which are the products of the rapidly advancing field of nano-
technology that includes nano-enabled products in most every sector of commerce 
including medical devices.

At present, in the regulation of nanomedical products, there is no uniform, inter-
nationally accepted definition of nanotechnology, and this may be an area of contro-
versy for global harmonization of nano-enabled medical device testing. Fortunately, 
there is an ongoing effort to develop harmonized standards by internationally recog-
nized and accepted organizations such as the International Organization for 
Standardization whose international technical committees have been producing an 
increasing number of finalized standards for nanotechnology.

The incorporation of nanomaterials into the design of a medical device must be 
considered carefully as current research demonstrates that:

• Nanomaterials tightly bound to a medical device may pose less of a systemic 
exposure risk than unbound materials.

• When systemically bioavailable, the persistence of some nanoparticles (long- 
term retention in target tissues) is a critical factor in determining whether 
nanoparticles penetrate cells and are retained long enough to provide the con-
tinuing inflammatory and immunological signals as well as other biological 
stimuli which may lead to toxicologically significant pathological changes.

• Nanomaterials incorporated in medical devices can provide beneficial therapeu-
tic effects or induce adverse events such as cellular oxidative stress and the initia-
tion of apoptosis or cellular necrosis or both.

• Nanoengineered modification of the surface activity of otherwise hydrophobic 
nanoparticles (e.g., formation of a protein “corona” and/or biofilm) may provide 
benefit or enhance their toxicity potential.

• There currently is no clear pattern of structure-activity relationships (SAR) 
which would permit predictability of nanomaterial (or nanoparticle) toxicity.

• There is a lack of useful chronic exposure studies with nanomaterials, especially 
those which clearly demonstrate dose-response toxicological effects and provide 
for the determination of well-characterized no-observed-adverse-effect levels 
(NOAELs).

• Engineered nanomaterials that may be incorporated into a medical device are 
rapidly developing, and even seemingly similar nanomaterials may have differ-
ent biological as well as toxicological properties such that both efficacy and 
safety testing must be done on a case-by-case basis.
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• Adequate characterization of nanomaterials used in nano-enabled medical 
devices administered in either in vitro or in vivo experimental toxicological stud-
ies remains critical to the interpretation of the results and comparison of findings 
from these studies.

In summary, there is a rapidly developing body of scientific literature that 
addresses the safety of emerging nanomaterials for use in the fabrication of medical 
devices. This literature shows that the incorporation of nanomaterials into some 
devices can provide significant benefit as well as create toxicological concerns. 
Accepting and understanding these concerns are proven valuable in the process of 
“safety by design” for nano-enabled medical devices, and promises increased suc-
cess as the knowledge base for nanomedicine advances. Toxicological issues are 
being actively investigated for a growing number of engineered nanotechnologies 
that may have been use in the fabrication of nano-enabled medical devices and evi-
dence a clear potential for safety. The incorporation of nanotechnology into medical 
device design is most certain to have major impacts toward advancing both our 
knowledge of the utility of nanotechnology in medicine and toward improving the 
quality of life of those with a wide range of afflictions that need better therapeutics 
as well as hope for a better future.
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Chapter 11
Integrated Safety Assessment of Medical 
Devices

Shayne C. Gad

Abstract All of the preceding chapters examine how we select, perform, and eval-
uate the results of both biologic and chemical tests, as well as (Q)SAR models and 
literature/database sources. This chapter seeks to examine how we can best utilize 
all the available data by performing integrated assessments. The basic concepts of 
the read-across approach are expanded to support the use of data across tests spe-
cies, routes, and related test data sets.

Keywords (Q)SAR methods · Duration of patient exposure · Hierarchical 
approval · Liquid · Model · Read-across · Risk assessment · Routes · Siloing · 
Species · Specifics · Tolerable exposure (TE)

11.1  Introduction

The preceding chapters have been written to provide (with critical review) the arma-
mentarium of tools available to assess the components of biological safety of medi-
cal devices (“biocompatibility”). These tools range from in vitro and in vivo testing 
to computer modeling, chemical analysis, and use of stylized calculation of safe 
(tolerable) levels of exposure (TEs) for identified chemical entities to which patients 
may (in the worst case) be exposed. But as should be clear by now, there is no single 
prescribed approach for putting all these pieces together into an assessment that 
provides guidance to answer the question – “When used as intended, is this going to 
be acceptably safe for patients?”

The more we know, the more difficult it is to answer this question. Figure 11.1 
provides a flow chart for determining safety based on identification, quantification, 
and evaluation of the chemical entities potentially released into patients’ bodies 
from a device, but it does not allow for use of ISO 10993 test data in this assessment. 
This chapter is aimed at designing such an integrated approach.
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11.2  Underpinning Assumptions in Risk Assessment

Risk (or safety) assessments all proceed through an ordered set of safety steps, each 
fairly clearly defined until the end:

 1. Identify potential risks.
 2. Quantify the potential source(s) of risk.
 3. Evaluate the probability of each risk component being relevant, and if possible, 

determine a threshold below which risk is either not present or at an acceptable 
level.

Search 
available 

data

No GTI data GTI data but not sufficient Sufficient GTI aspects non-
mutagenic

ICH M7 Class 1 Carcinogen

QSAR (ICH M7)

Calculate 
compound 

specificity limit via 
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Fig. 11.1 Hierarchical approval to qualification (Q3B)
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 4. Integrate all the risk components to establish the limiting (most conservative) 
risk factor.

The use of the most conservative lower bound of risk is a fundamental assump-
tion of risk assessment, but for therapeutic intervention (such as drugs and medical 
devices), there always must be a consideration of the potential benefit of the treat-
ment. That is, at what point does the benefit outweigh any one risk and when must 
cumulative risk be considered. Notice that this requires, for each risk or risk com-
pound, its own profile. How big/important is the risk to the patient across a range of 
“exposure spectrums”?

This causes us to consider a set of potential complications for evaluating a rela-
tive risk:

 1. What is the route of patient exposure (source of the exposure)?
How relevant is the data we are using (both in terms of route of exposure and the 
model (we have used) to evaluate the risk? How do we translate risk arising from 
one route (where we have available data) to another (where the patient exposure 
occurs)? Chap. 6 has sought to address this question.

 2. What is the duration of patient exposure? That is, what is the “chronicity” of the 
risk?
The most important unstated principle of both toxicity testing and risk assess-
ment is that “good data” is rewarded. Greater precision, relevance, and reproduc-
ibility of data result in smaller uncertainty factors (or, as they used to be called, 
“safety factors”). The determinants of quality (and relevance to our objective) 
lead to a set of numerical (scalar) factors which further reinforce our results 
being conservative. That is, these factors support that in all cases we prefer a 
false positive result to a false negative.

So, better data should be preferred to otherwise, except that science, particu-
larly regulatory science, is conservative. Reliability is a major consideration. 
Though we are continuously presented with new techniques and methods, we 
default to sticking with old ones until there is adequate validation and comfort 
with understanding the new methods (Gad and Schuh 2018).

 3. What is the model (animal species) that the data originally from (Thiel et  al. 
2016)?
As devices become more complex and (especially as there are an increasing 
number and variety of resorbable devices either as therapeutic delivery systems 
or as transitory/organ/tissue support system) it is more difficult to characterize 
exposure in terms of what (substance), for how long, and at what concentration 
gradient becomes more problematic (Ronssselle et al. 2019).

A major part of the problem is “siloing” with each of the main disciplines look-
ing at just their portion local tolerance, innate and adaptive immune responses, 
histopathology, and analytical chemistry-based risk assessment, rather than seeking 
to understand and utilize the integration of the individual parts. We talk of “read 
across” (RAAF, read-across assessment framework as per the ECHA 2017, but even 
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at this basic level, we rarely actually try to put the pieces together – even within each 
of the above-listed “fields.” Indeed, for some, RAAF consists of grouping data sets 
to simplify the task rather than seek to use all the data present to improve the results. 
In this case, it is rather aimed at gap filling.

For many current regulatory applications of read-across approaches, the intent is 
to provide a means to “fill in the gaps” testing for the assessment of compounds 
(Patlewicz et al. 2019). In this chapter, however, the intent is rather to utilize all of 
the available data to understand the relevance of existing data to patient risks and be 
able to truly assess such risks.

Furthermore, true integrated assessment of all available data should allow for 
better understanding and use of compounding factors, in the available preclinical 
data (Marton et al. 2019).

So the question starts with a series of (1) is there an effect, then, if no, (2) is it 
adverse, then, if no, (3) what dose/exposure is it associated with, then (4) is it revers-
ible, and (5) is it associated with other effects?

Do we see the effect in other studies? Other species? Is there a NOAEL for each 
species? Is there a NOAEL that would apply to all species?

Could exposure be modified to make it NOAEL? What human aspects would 
not be seen? What aspects could/would be seen in animal models, but not 
in humans?

Are there relevant (Q)SAR models? Are there relevant biomarkers that could 
help clarify uncertainty?

11.3  Integration Across Routes

The assessment of patient safety (and potential risks) for medical devices arises 
from a different prospective and history than that of drugs. ISO 10993-1 calls for 
three initial “endpoints” to be determined for all devices – cytotoxicity, sensitiza-
tion, and irritation. All three of these recognize that the shared greatest concern for 
devices arises from interaction with the immediate surface of the device and the 
surrounding tissue of a patient (and such systemic interaction that follows). These 
three tests are not specific for mechanism and do not require any identification of 
what actual chemical entities may be released by the device at its surface and into 
the patient thereafter. Recognizing this limitation, the test systems are simple bioas-
says and are designed to be conservative (particularly the case for cytotoxicity) – 
that is, they “overpredict” potential risks. But these results provide little illumination 
as to mechanism or no means of evaluating the relevance of finding to potential 
patient risks. Further required tests (as per guidelines) tend to be both more specific 
as to potential mechanisms of identified toxicities and more focused on specific 
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patient exposure. Emphasis on identifying and quantitating specific chemical enti-
ties that are (at least) potentially released from a device into the body has grown, 
with the expectation that potential risks can then be assessed using the available data 
on such chemical entities.

Several difficulties limit this approach. First, no data may be available on the 
subject chemical entity. The use of (Q)SAR methods, presented in an earlier 
chapter in this book, seeks to address this issue. Less obvious in the (Q)SAR 
approach is that it can also serve to identify structurally similar compounds for 
which there may be data (such compounds may also be called “surrogate com-
pounds”). Such surrogate compound information should be integrated into a 
read-across assessment. Second, the information available on identified chemi-
cal structures quite frequently is for routes (and durations) of exposure that are 
markedly different than those that occur with the device. Such differences can 
lead to both quantitative (difference in levels of systemic exposure) and qualita-
tive differences in biological responses. These are discussed both in an earlier 
chapter in this volume and in Gad and Spainhour (2017). Using the methodolo-
gies discussed in these, the relevance of data assessing potential patient risks in 
a read across can be significantly increased and potential false conclusion 
avoided.

11.4  Integration Across Species

Which species are not (or most) relevant for humans? The best data for use in 
assessing the relevance of reported risk to patient is, of course, human data. 
Such is also one of the least available data sets. Rather we are much more likely 
to have data from other species, most commonly rodents (rats and mice) and 
then other common laboratory animal species. Here, assessment of the rele-
vance of data requires an in- depth understanding of the specifics and particu-
larly of the animal models in question. The uncertainty factors used in deriving 
PDE and TE values reflect the broad guidance for this (expressed as smaller 
uncertainty factors for larger non-rodent species – dogs, pigs, and primates – 
and larger factions for rabbits, rats, and mice). Table 11.1 below presents the 
HED approach to scaling the potential differences in species sensitivity based 
on metabolic rates.

11.4 Integration Across Species
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11.6  Failure Modes

While for the actual biocompatibility test, the most common results which lead to 
regulatory questions or rejection are (1) not passing the cytotoxicity tests, (2) not 
having adequately designed (or any) subchronic toxicity studies, and (3) improper 
preparation of extract solutions.

11.7  Endnote

The CDRH has prepared for some years that “liquid” devices (joint lubricants, der-
mal fillers, and metabolites) should be treated as drugs and therefore that regulatory 
oversight should be transferred to CDER. This issue has lain dormant for a number 

Table 11.1 Conversion of animal doses to human equivalent doses based on body surface area

Species
To convert animal dose in mg/kg to 
dose in mg/m2, multiply by km

To convert animal dose in mg/kg to 
HEDa in mg/kg, either:
Divide animal dose 
by

Multiply animal 
dose by

Human 37 – –
  Child 

(20 kg)b

25 – –

Mouse 3 12.3 0.08
Hamster 5 7.4 0.13
Rat 6 6.2 0.16
Ferret 7 5.3 0.19
Guinea pig 8 4.6 0.22
Rabbit 12 3.1 0.32
Dog 20 1.8 0.54
Primates:
  Monkeysc 12 3.1 0.32
  Marmoset 6 6.2 0.16
  Squirrel 

monkey
7 5.3 0.19

  Baboon 20 1.8 0.54
Micro-pig 27 1.4 0.73
Mini-pig 35 1.1 0.95

aAssumes 60 kg human. For species not listed or for weights outside the standards ranges, HED 
can be calculated from the following formula: HED = animal dose in mg/kg × (animal weight in 
kg/human weight in kg)0.33

bThis km value is provided for reference only since healthy children will rarely be volunteers for 
phase 1 trials
cFor example, cynomolgus, rhesus, and stump-tail

11.5  Integration Across What We Know (Table 11.2)
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Table 11.2 Annotated read-across table for medical devices

Specifics of potential patient exposure (route and duration) must be considered as starting place

Cytotoxicity Meant as a general nonspecific screen for local tissue effects of 
extractables from a device. Proponent/residuals in cytotoxicity with 
serial dilution serve to confirm local effect. In the absence of effects 
in vivo. Studies’ relevance to potential patient risk is unlikely
First principles:

  (i)  Data trumps modeling. In vivo data trumps in vitro data. Human 
data always trumps data from other species

  (ii)  Absence of dose or concentration response correlation should 
always be considered an indication of incomplete or faulty data

(iii)  In the case of medical devices, dose response should usually be 
expressed in terms of severity of effects decreasing with increased 
distance from the surface of a device and increasing with duration 
of patient device contact

Irritation Is the concentration-dependent local tissue response and thus (at least as 
an acute response) should not be considered in the interpretation of 
systemic responses

Sensitization As measured here is a Coombs and Gell Class 4 delayed contact 
hypersensitivity response: as such it will have both local and systemic 
aspects, though primarily the former

Acute systemic 
toxicity

As performed in accordance with ISO-10993 (or USP) guidelines is, 
while indicative of a prompt and severe systemic response, otherwise 
different to relate to other systemic toxicity responses

Pyrogenicity Is a systemic innate acute response which can have severe adverse 
influences on organ systems throughout the body as is the case with 
irritation and sensitization; these results are not limited by species or route

Genotoxicity Is a specific endpoint effect without direct relevance to specific systemic 
or target organ effects

Subacute/subchronic 
toxicity

Is intended to be broad-scope evaluation of potential adverse effects on 
the model species. Within any one study, it is critical not just to evaluate 
individual parameters as indications of an adverse effect but rather to 
remember that there are constant interactions between the organ/
physiologic systems
Read-across principles apply here first to individual studies – one must 
evaluate all of the individual data sets (organ weights, clinical chemistry, 
hematology, and histopathology) together for both individual organs but 
also across organ sets (e.g., liver and kidneys)
This same concept of evaluating all the results identified in a study 
applies also to considering, if performed, separate studies of different 
durations, as a continuum, with longer duration serving to evaluate the 
same biologic response processes but with different duration of 
interaction (exposure)
If multiple species are utilized to evaluate the prolonged (more than 
acute) exposure (i.e., subacute and subchronic – and potentially chronic) 
toxicity of exposure to a device, then one should also consider the 
indications of systemic toxicity across species
A limitation with the interpretation of acute and subchronic device 
studies is that we rarely know the acute duration or kinetics of exposure 
of the test animals (or of patients) to the substances eluted from a 
device. This limitation will appear again when leachable/extractable 
studies and risk assessments are considered

(continued)
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Table 11.2 (continued)

Specifics of potential patient exposure (route and duration) must be considered as starting place

Implantation Studies serve several purposes. The traditional ISO study (derived from 
the original USP guideline studies) assesses the direct immunological 
interactions between the device and test animal (host) immediate local 
tissue. The short-term implant studies (Ratner 2015) – that is, 7 days or 
so – reflect innate immune response; studies of 14–28 days will reflect 
adaptive immune responses. Longer implantation periods come to reflect 
the development and resorption of foreign body responses. Such local 
tissue responses are not influenced by species differences (except the 
model species must be large enough to provide an adequate tissue bed to 
physically accommodate the implant. However, which tissue that a 
device is implanted in does make a difference – the immediate 
subdermal/subcutaneous tissue is more prone to yield a robust immune 
response than deeper body tissues such as muscular. Accordingly, 
understanding the relevance of multiple implantation studies requires 
attention to both the duration of implantation and the tissue that devices 
were implanted in (Bradylak 2015)
Implantation of complete devices may also serve to achieve a clinically 
relevant exposure route for evaluating longer-term systemic toxicology 
evaluations, particularly chronic (26 weeks or longer – 2 years in larger 
non-rodents) and carcinogenicity studies. Here species differences are 
important to consider

Hematocompatibility A complete ISO-compliant evaluation of hematocompatibility requires 
three separate assessments:

 (i)  Hemolysis, an evaluation of a local tissue tolerance effect – the 
interaction of a device and/or its eluates with red blood cells. As 
such it is a relevant finding across species including humans

   (ii)  Thrombogenicity, the formation and distribution of clots through the 
circulatory system. The actual causation is usually a local tissue 
effect – at the surface of the device. But the potential adverse effects 
are generally systemic and applicable to all host species (including 
humans)

(iii)  Immunological, may also be the most serious complement 
activation

The complement system is a part of the immune system that helps, or 
complements, the ability of antibodies and phagocytic cells to clear 
pathogens from an organism. It is part of the innate immune system but 
can be recruited and brought into action by the adaptive immune system 
as shown in Fig. 11.2 (Beutler et al. 2011a, b)
The complement system consists of 50+ fluid phase and membrane- 
bound proteins found in the blood and mainly synthesized by the liver 
(though other organs/tissues contribute) and is organized into three 
pathways:

•  The classical pathway
•  The alternative pathway
•  The lectin pathway

This is not species-dependent but is more commonly seen in non-rodents 
(dogs, rabbits, pigs, primates, and humans)

(continued)
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Table 11.2 (continued)

Specifics of potential patient exposure (route and duration) must be considered as starting place

Chemical 
characterization

Should be considered particularly in conjunction with the results of any 
repeat-dose exposure studies. Here the intent is to identify and quantify 
the chemical moieties that are potentially released from a device and 
potentially subsequently distributed throughout the body.
The second step in such assessments is to perform a formal risk 
assessment of each identified chemical entity (or, in some cases, of 
groups of structurally related chemical entities). This is intended to be a 
conservative, for it is based on the worst case of quantitatively all of the 
potentially toxic molecule that may be eluted and systemically 
distributed. Assessment of potential toxicity and more sensitive than any 
of the bioassay-based methods (i.e., everything mentioned to this point). 
Its limitations are:

 (i)  Many of the identified structures have no available (literature) data. 
(Q)SAR bridges the gap here for potential genotoxicity but not 
adherence

  (ii)  There are no associated chronological kinetics or for exposure or 
information as to what organ systems are exposed

(iii)  The levels detected are frequently so low as to (unless genotoxic) 
automatically be discounted as to be a relevant indicator of 
potential risk. And yet, this information when properly integrated 
with systemic toxicity and implantation study results to provide 
much better understanding of what are relevant risks for patient 
exposure to devices and what aren’t

Resorbable devices Relatively new (and more frequent) medical devices are those that are 
resorbable – that is, that after implantation the physical device degrades/
disappears at a planned rate. The purpose here may be either to be 
removed from the body/organ region (such as in the case with dermal 
fillers, joint lubricants, and resorbable cardiovascular stents), to deliver 
over time a therapeutic entity (drug) to a specific target tissue or organ 
(or, in some cases, systemically), or to provide longer-term exposure at a 
lower (less toxic) level
There are difficulties with evaluating and establishing biocompatibility 
adequately for regulatory agencies. A significant issue (especially for 
longer-term resorbables) is where accurately predicting resorption rates 
may be problematic and therefore assessing local tissue effects (which 
requires termination of animal cohorts to be able to examine tissue 
responses) a long time-to-completion issue (potentially extending years 
if the device takes that long to be resorbed-FDA currently wants at least 
60% resorption of the device prior to study termination), difficult to plan 
and such as to requiring a lot of animals in the study
As resorbable device decreases in size, its mass relative to surface area 
and therefore the concentration of potential active substances at the 
device/tissue interface increase. FDA also believes that for long-term 
resorbables, this can lead to a late phase 1 exposure of more severe 
toxicity made from a resorbable device

11.7  Endnote
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of years, but in December of 2018 published a notice preparing consideration of this 
change for hyaluronic acid intra-articular products (Federal Register 2018). As such 
devices fit the statutory definition of devices (they do not act on or alter the body’s 
function by chemical or metabolic means), the purpose of the change is clearly not 
due to misclassification. Rather it would seem that the standards for establishing 
safety and efficacy are to be made much more strict – and the process of approval to 
be made much longer. It should be remembered that imaging and contrast agents 
likewise do not act by chemical or metabolic means but also regulate as drugs.
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Chapter 12
Toxicity of Common Extractables 
and Leachables of Medical Devices

Kandice M. Nappier and Sherrie Smith

Abstract The most commonly used materials in medical devices are polymers, 
glass, ceramics, and metals. These materials can be used in topical or internal appli-
cations, as well as in short- or long-term treatment regimens. Polymeric materials 
can be found in devices such as syringes, catheters, plastic bottles, molds for dental 
materials, membranes used in dialysis or filtrations, tubing, pumps, adhesives, bal-
loons, gaskets, and valves. Glass is often used for storage of drug product in bottles, 
syringes, and vials. Ceramics are primarily used for bone and tooth replacement 
implants and repairs in the form of cements. Metals can be used as high-pressure 
containers, syringe needles, components of implantable devices such as screws and 
springs, and tearable aluminum foil packaging. These materials may contain chemi-
cals that can leach out and potentially cause biological interactions in the body. For 
this reason, the FDA has created standards for testing these materials to address this 
potential toxicity. This testing includes assessment of extractables and leachables. 
This chapter will be a beginner’s guide to the types of compounds that can be 
expected from extractables and leachables testing as well as the most serious toxici-
ties associated with these compounds.

Keywords Polymers · Elastomers · Glass · Ceramic · Metals · Leachables · 
Extractables

12.1  Background

Medical devices are composed of different types of materials, most commonly 
polymers, glass, ceramics, or metals. Each of these materials can be used for topical 
or internal applications in short- or long-term treatment regimens. Medical devices 
have been sold since the 1700s, often with exaggerated or false claims of their health 
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benefits. It wasn’t until the 1900s that regulations to prevent fraud and misbranding 
as well as control contamination began to appear in the United States (Hutt 1989). 
After many additions and changes to the Federal Food, Drug, and Cosmetic Act 
throughout the 1900s, the Medical Devices Amendment of 1976 was enacted, which 
allowed for a specialized regulatory approach to oversee medical devices (Hutt 
1989). The FDA has since approved additional standards and has made significant 
strides toward establishing international standardization of medical devices through 
the International Conference on Harmonization (ICH) (Gad and Gad-McDonald 
2016). These standards include a group of tests that must be conducted to prove the 
safety of these devices. Extractables and leachables testing are included in this 
group. Extractables are recognized by the FDA as compounds that can be extracted 
from the surfaces of manufacturing or storage components of pharmaceutical prod-
ucts in the presence of an extraction solvent or under other laboratory conditions 
(higher temperature and humidity conditions). Leachables are compounds that 
migrate from the surfaces of manufacturing or storage components of pharmaceuti-
cal products into the drug product under normal conditions. Leachables and extract-
ables can be organic or inorganic (Lewis 2011). Depending on the extraction 
conditions, the solvents used, and the materials being tested, there could be numer-
ous extractables detected (Feilden 2011). Ideally, the extractables testing is a good 
estimate of potential leachables. If the assessment of the extractables reveals no 
concerning chemicals, leachables testing may not be necessary at all (ISO 2018). 
Or, if leachables testing is conducted, only a small subset of the compounds detected 
during the extractables testing are detected (Feilden 2011; ISO 2018). Therefore, 
the rest of this chapter will assume one of these is the case and discuss possible 
results from extractables testing, assuming leachables would either be a smaller 
subset or not happen at all.

In the previous chapters, a guide to medical device testing strategies is provided 
followed by a systematic approach to evaluating the risk of the compounds detected. 
For medical devices, it is important to not only establish the most conservative lim-
iting factor for the extractable in question; it is also important to consider other 
factors that can either change cumulative risk or change the importance of that risk. 
Those factors can include route of administration, duration of treatment, and what 
animal model data is being used to determine an exposure limit. A challenge in 
adequately covering all end points of toxicological concern when assessing a com-
pound is identifying relevant data. The previous chapter offers an approach that 
utilizes all available data to most accurately assess risks to patients.

This chapter will be a beginner’s guide to what to expect from extractables test-
ing of the most commonly used materials in medical devices: polymers, metals, 
glass, and ceramic materials. This chapter will point out some classes of compounds 
that should be expected and identifies any serious toxicities associated with these 
classes. This is not intended to be an in-depth guide, but rather a starting point for 
those that may be new to this type of testing. The information in this chapter will 
introduce the reader to the types of results that could be expected from extractables 
testing, which in turn can be used in combination with the information provided in 
previous chapters to select appropriate materials to use for a device and/or assess the 
toxicity of the chosen materials.

12 Toxicity of Common Extractables and Leachables of Medical Devices
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12.2  L&E Profile by Material

This following chapter will be broken down into the most common materials (poly-
mers, metals, glass, and ceramics). For each material, the common extractable pro-
file will be discussed along with any serious toxicities associated.

12.2.1  Polymers

The term polymer covers a broad range of materials than can take on varying physi-
cal properties. Polymers (sometimes called macromolecules) are large molecules 
that are composed of several smaller molecules (monomers) bonded together. 
Polymers used in medical devices can be obtained from natural sources, such as 
plants and animals or synthesized through a manufacturing process. Natural poly-
mers can be in the form of starches, cellulose, pectins, seaweed and vegetable gums, 
casein, albumin, keratin, and rubber (Gad and Gad-McDonald 2016). Synthetic 
polymers are created via a process called polymerization. There are several types of 
polymerization mechanisms. The most common are addition (or chain) polymeriza-
tion, condensation (or step-growth) polymerization, and ring-opening polymeriza-
tion (Shrivastava 2018). Examples of synthetic polymers include nylon, polyvinyl 
chloride, polystyrene, polypropylene, fluorocarbon resins, polyethylene phenolics, 
and polyesters (Gad and Gad-McDonald 2016). Polymers may also be semisyn-
thetic or regenerated. Polymers of this type are derived from natural materials and 
chemically modified. Examples include vulcanized rubber, cellulose acetate, and 
rayon. Polymers can be made from a single repeated monomer, termed a homopoly-
mer, or multiple monomers, termed a copolymer. Copolymers are often designed to 
mix the properties of various monomers (Shrivastava 2018). When full polymers are 
physically melted together, they are called polymer blends. This method saves time 
compared to creating a copolymer, and polymer blends can have properties that are 
superior to those of the individual polymers (McKeen 2014). Polymers can also 
generally be classified as either fibers, elastomers, or plastics. Fibers are typically 
plastics that can be softened by heating and spun into materials similar to natural 
fibers (Ouellette and Rawn 2015). Elastomers are polymeric materials that have 
rubberlike qualities and can regain their original shape after being put under stress 
(e.g., stretching). Plastics are polymers that harden after cooling and can be further 
classified as thermoplastics or thermoset plastics (Gad and Gad-McDonald 2016; 
Ouellette and Rawn 2015). Thermoplastics are those that can be heated and remolded 
into various shapes and forms while warm, over and over again. Thermoset plastics 
cannot. These plastics are created by chemical reactions forming highly cross- 
linked networks, rendering rigid materials (Gad and Gad-McDonald 2016; Ouellette 
and Rawn 2015; Sastri 2013). Elastomers can also be either thermoplastic or ther-
moset (Gad and Gad-McDonald 2016; McKeen 2014). Materials made from poly-
mers are very often used in medical devices as well as packaging and components 
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integrated in the manufacturing process (Stults et al. 2015). Polymeric materials can 
be found in devices such as syringes, catheters, plastic bottles, molds for dental 
materials, membranes used in dialysis or filtrations, tubing, pumps, adhesives, bal-
loons, gaskets, and valves (Jenke 2009).

Out of the hundreds of possible polymers that could be synthesized for use in 
medical devices, around 10–20 are the most commonly used (Lee et al. 2007). The 
most common are polyethylene, polypropylene, polyvinylchloride, and polystyrene 
(Czuba 2014). Polymers are chosen over other materials due to their availability, 
low cost, flexibility, light weight, ease of processing, and manufacturability (Lee 
et al. 2007; Sastri 2013). Table 12.1 below lists some of the common polymers used 
in medical devices along with some of their applications.

In general, polymers are considered to be of low toxicity, mainly due to their 
high molecular weight which does not allow for absorption into the body. Most 
polymers are also not typically irritating or skin sensitizers (Gad and Gad-McDonald 
2016). However, in many cases polymers are not used as they are synthesized (or as 
they are naturally if that is the case). In order to improve the usability, performance, 
and quality of the polymer, additives are often employed (McKeen 2014; Shrivastava 
2018). In general, additives can be classified into three categories: fillers and rein-
forcements, property modifiers, and processing aids (Shrivastava 2018). Fillers and 
reinforcements can be used in large amounts, but property modifiers and processing 
aids are typically used in very small quantities. Materials such as metals, glass fibers 
or spheres, carbon fiber, carbon black, graphite, mineral powders, and other natural 

Table 12.1 Commonly used polymers and their applications

Polymer Common applications

Polyethylene (PE) Flexible containers, packaging, pouches, orthopedic 
implants, tubing, bottles

Polypropylene (PP) Hypothermic syringes, packaging, sutures, nonwoven fabrics, 
bottles, containers, connectors, membranes

Polyvinylchloride (PVC) Packaging, solution and blood bags, blister packs, 
connectors, tubing, containers

Polystyrene (PS) Roller bottles, laboratory ware, vacuum canisters, containers, 
packaging

Polyethersulfone (PES) Fluid handling couplings/fittings
Polysulfone (PF) MPU connectors, membranes for dialysis, or ultrafiltration
Polymethylmethacrylate 
(PMMA)

IV adaptors, blood pumps and reservoir, catheter accessories, 
dental materials, membranes for dialysis or ultrafiltration

Polyethylene terephthalate (PET) Containers, bottles, artificial vascular graft, sutures, meshes
Polytetrafluoroethylene (PTFE) Medical implants
Silicone rubber Prostheses, artificial organs, contact lenses, catheters
Polycarbonate (PC) High-pressure syringes, glucose meters, pumps, insulin pens
Polybutylene terephthalate (PBT) Packaging, dental instruments, high-temperature caps
Polylactic acid (PLA) Sutures, dental implants, drug-delivery devices
Polyamide (nylon) Containers, packaging, drug release systems

Sources: Jenke 2009; Lee et al. 2007; McKeen 2014
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fibers may be used as fillers or reinforcements to enhance the physical or mechani-
cal properties of the polymer (McKeen 2014; Shrivastava 2018). Most of these 
materials are generally considered to be of low toxicity. The metals that could pres-
ent a toxicological concern are aluminum, lead, nickel, silver, and cadmium (Gad 
and Gad-McDonald 2016; Shrivastava 2018). Except for lead, these metals will be 
discussed later in this chapter along with the metals. A list of common property 
modifier and processing aid additives are presented in Table 12.2.

Besides additives there are also residual monomers and contaminants that may 
be present in the final polymer. All three of these entities may leach into the body 
and cause significant toxicity (Gad and Gad-McDonald 2016). The mechanism of 
polymerization can also affect how the polymer degrades. Therefore, when con-
ducting an extractables study, it is important to understand how the polymer was 
created and what other chemicals may be present, in order to understand the extract-
able profile. The rest of this section will go over some common compounds detected 
in extractables testing of polymeric materials and the toxicity associated with them. 
These common extractable compounds will be grouped by their origin (e.g., anti-
oxidant vs plasticizer).

As mentioned above, polymers are generally considered to be of low toxicity. 
However, there are monomers and other starting materials that are associated with 
serious toxicity. These toxic chemicals include vinyl chloride, acrylonitrile, formal-
dehyde, ethylene oxide, styrene, benzene, and bisphenol A (BPA). Chronic expo-
sure to vinyl chloride in humans is associated with hepatic angiosarcoma (a rare 
liver cancer), narcotic effects, Reynaud’s phenomenon, acroosteolysis, skin changes, 
and hepatocellular alterations. Vinyl chloride has been classified as a human car-
cinogen by the Department of Health and Human Services, International Agency for 
Research on Cancer (IARC), and Environmental Protection Agency (EPA) (ATSDR 
2006). Acrylonitrile is considered a probable human carcinogen by EPA and 
IARC. Increases in tumors of the central nervous system, ear canal, mammary 
glands, and gastrointestinal tract have been consistently observed in rat studies. 
Increases in tumor incidence have also been observed in epidemiological studies, 
although inconsistently. In addition, acrylonitrile is a skin, eye, and respiratory tract 

Table 12.2 Most common additives used in polymers for medical devices

Common additives used in polymeric materials

Plasticizers Blowing agents
Lubricants Antistatic agents
Slip agents Antimicrobials
Acid scavengers Colorants
Antiblocking agents UV stabilizers
Coupling agents Antioxidants
Release agents Curing and cross-linking agents
Flame retardants Catalysts
Heat stabilizers Impact modifiers

Sources: McKeen 2014; Shrivastava 2018
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irritant (WHO 2002). The International Council for Harmonization (ICH) has cal-
culated a lifetime acceptable intake of 6  μg/day for acrylonitrile (ICH 2017). 
Formaldehyde is also considered a probable human carcinogen by EPA and IARC 
(ATSDR 1999). Increases in nasal tumors have been observed in animal studies. 
Occupational exposure to formaldehyde has also been associated with increased 
incidences of lung and nasopharyngeal cancer (ATSDR 1999; EPA 2000). Ethylene 
oxide is classified as a human carcinogen by EPA and IARC (EPA 2018; WHO 
2003). In animal studies ethylene oxide has caused lymphoid cancer and other 
tumors in the brain, lungs, connective tissues, uterus, and mammary gland (EPA 
2018; WHO 2003). In occupational studies, there have been increased incidences of 
lymphoid cancer and breast cancers in females after exposure to ethylene oxide 
(EPA 2018). IARC has labeled styrene as a possible human carcinogen. There are 
several epidemiologic studies where workers showed an increased incidence of 
lymphatic and hematopoietic cancers; however, the data is inconclusive. Styrene is 
a known neurotoxin. Other effects that have been observed in animals include dam-
age to the nasal olfactory epithelium, liver necrosis, testicular injury, and develop-
mental effects (ATSDR 2010b). Benzene is a known human carcinogen. 
Occupational exposure and epidemiological studies have demonstrated an associa-
tion between benzene exposure and acute myelogenous leukemia (AML). Benzene 
also causes aplastic anemia (ATSDR 2007b). ICH lists a concentration limit of 
2  ppm as a residual solvent (ICH 2018). The biggest concerns for BPA are the 
effects on the brain, behavior, prostate gland, mammary gland, and changes in the 
onset of puberty in fetuses, infants, and children. BPA is an endocrine disruptor, a 
chemical that may interfere with the production or activity of hormones in the 
human endocrine system. Some studies have demonstrated that prenatal exposure to 
BPA can increase the risk of mammary cancer (HSDB 2019; NTP 2008).

Antioxidants are used to prevent thermal and thermooxidative degradation dur-
ing processing. The most common antioxidants are hindered phenols, phosphites, 
and thioesters (Keck-Antoine et al. 2016; Shrivastava 2018). Some common anti-
oxidants are butylated hydroxytoluene (BHT), as well as chemicals under the trade 
names include Irganox and Irgafos (Keck-Antoine et al. 2016). These compounds 
can also be used as UV stabilizers (Hahladakis et al. 2018; McKeen 2014). In ani-
mal studies, BHT caused reduced body weight as well as hepatotoxicity (Lanigan 
and Yamarik 2002). Some Irganox compounds have been observed to cause effects 
on body weight gain, organ weights, as well as reproductive and developmental 
toxicity (Johnson Jr. et al. 2018; Neal-Kluever et al. 2015). Reproductive and devel-
opmental toxicity has been noted in some studies with Irgafos 168 (OECD 2009). 
Mercaptobenzothiazole (MBT) has also been used as an antioxidant and stabilizer 
in polymers as well as a vulcanization accelerator in rubber products. IARC has 
classified MBT as probably carcinogenic to humans. Occupational exposure to 
MBT has been associated with an increased incidence of urinary bladder tumors. In 
animal studies, pituitary, adrenal gland, and hepatocellular tumors have been 
observed. MBT has also been reported to cause skin sensitization reactions in 
humans (IARC 2018).
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Plasticizers are added to polymers to maintain and enhance the material’s flexi-
bility (McKeen 2014; Shrivastava 2018). They may also be added to control viscos-
ity, particulate dispersion in a polymer matrix, lubrication, and mold release 
(Shrivastava 2018). Historically, the most commonly used plasticizers were ortho- 
phthalates including di-2-ethylhexyl phthalate (DEHP), diisodecyl phthalate 
(DIDP), and dibutyl phthalate (DBP) (SCENIHR 2008). Some other plasticizers 
include tricresyl phosphate and triphenyl phosphate, both of which are also used as 
flame retardants (IPCS 1990). Ortho-phthalates commonly demonstrate reproduc-
tive and developmental effects as well as liver and/or kidney toxicity in animal stud-
ies (CPSC 2010). Neurotoxicity and reproductive toxicity are the major concerns 
with tricresyl phosphate (IPCS 1990). Neurotoxicity may also be a problem with 
triphenyl phosphate (IPCS 1991).

UV stabilizers are added to polymers to combat photooxidative degradation that 
may occur upon exposure to UV radiation. Common UV stabilizers are phenolics, 
sterically hindered amines, and phosphates (McKeen 2014). Sterically hindered 
amines are available under the trade names Tinuvin, Chimassorb, and Cyasorb 
(Hahladakis et al. 2018; Keck-Antoine et al. 2016). Mixed results on skin sensitiza-
tion have been reported on some of these materials. Other reported toxicities in 
animal studies include decreases in body weight gain and kidney effects (EC 2017; 
EPA 2006).

Slip agents and lubricants are used to reduce friction and/or adherence between 
the polymer molecular chains and between the polymer and metal surfaces or fillers. 
The most common lubricants are fatty acids, especially stearic acid compounds 
(Hahladakis et al. 2018; Keck-Antoine et al. 2016; Shrivastava 2018). Stearic acid 
compounds are also used as acid scavengers (Teasdale et al. 2015). Fatty acids are 
normal components of the body and food and are commonly used in foods and phar-
maceuticals. At high doses, the concerns with these compounds are similar to that of 
excess fat in the diet. Parenteral administration may also be a source of additional 
concern (CIR 1987). The most common slip agents are erucamide and oleamide, 
both of which are primary fatty acid amides (PFAMs) (Keck-Antoine et al. 2016). 
PFAMs are an endogenous class of molecule that are important in various signaling 
pathways, including sleep, locomotion, and angiogenesis (Farrell et al. 2012). Both 
erucamide and oleamide are considered to be of low toxicity (Health Canada 2018). 
Paraffin waxes may also be used as slip agents (Hahladakis et al. 2018; Shrivastava 
2018). These materials are also generally considered to be of low toxicity (ECHA 
Registration Dossier for Paraffin Waxes and hydrocarbon waxes 2019c).

Heat stabilizers are used to improve the thermal stability of the polymer. High 
temperatures may be encountered during processing, storage, or product use. 
Common heat stabilizers are metal salt blends, organometallic compounds, and 
epoxy stabilizers, such as epoxidized soybean oil (ESBO). ESBO may also be used 
as a plasticizer and acid scavenger (Teasdale et al. 2015). Common salt blends used 
as heat stabilizers in medical device polymers include those of barium, zinc, and 
calcium (Hahladakis et al. 2018; McKeen 2014). Zinc and calcium are essential nutri-
ents, while barium is not. The most significant toxicity from barium is kidney toxicity 
(ICH 2018). Cadmium, tin, and lead organic compounds are the most common 
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organometallic heat stabilizer compounds (Hahladakis et  al.; Keck-Antoine et  al. 
2016). Metal compounds and zinc and calcium stearates may also be used as acid 
scavengers (Shrivastava 2018). Human exposure to dibutyl and tributyl tin com-
pounds has most commonly resulted in loss of memory, insomnia, irritation, and skin 
lesions. Neurotoxicity and hepatotoxicity have been reported following exposure to 
other organotin compounds (Magos 1986). Lead exposure can lead to adverse neuro-
logical, reproductive, developmental, immune, cardiovascular, and renal effects. 
These effects are more severe in utero and in children (ATSDR 2007c). ESBO toxic-
ity can vary by the product. Some have been found to affect the liver, kidney, testis, 
and uterus in rat studies (Fankhauser-Noti et al. 2006). Others have caused a decrease 
in body weight (Larson et al. 1960). Cadmium is discussed below, along with some 
other metals that may present a toxicological threat.

Coupling agents are used to improve the adhesion of polymers with fillers and/or 
metals (McKeen 2014; Shrivastava 2018). The most common coupling agents are 
silanes (Shrivastava 2018). Silanes used as coupling agents have four substituents 
attached to a silicon atom. The most common agents have three alkoxy groups and 
one other functional group (e.g., amine, epoxy, methacrylate, alkane, halogen, 
vinyl), although there are some with fewer alkoxy groups (Pape 2011). The toxicity 
of these compounds will vary depending on the associated functional group(s). 
However, there is some information on the toxicity of siloxanes, which may also be 
extracted. Siloxanes are compounds with a backbone consisting of silicon atoms 
linked via oxygen. Each silicon atom also has other functional groups bonded to it. 
Several siloxane materials have been observed to cause liver toxicity in animal tests. 
Some have also caused reproductive effects (DMEEPA 2014).

Curing or cross-linking agents are added to polymers to improve the cohesion, 
adhesion, and durability (Shrivastava 2018). Common curing/cross-linking agents 
include 4,4′-methylenedianiline (MDA) and 2,2′-dichloro-4,4′-methylenedianiline 
(MOCA or MBOCA) (Hahladakis et al. 2018). MDA is classified as possible human 
carcinogen by IARC. In rat studies, increases in liver and thyroid tumors have been 
observed. Humans exposed to contaminated food containing this chemical also 
experienced liver damage. MDA is also irritating to the skin and eyes (ATSDR 
1998). MBOCA is classified as a human carcinogen by IARC.  In animals, liver, 
blood, and mammary gland tumors have been observed. In occupational studies 
renal toxicity and carcinogenicity have also been observed (ATSDR 2017).

Colorants are added to give color to a polymer (McKeen 2014). However, these 
additives may also exhibit other functions, such as UV stabilization (Keck-Antoine 
et al. 2016; McKeen 2014). Metals, metal oxides, and azocolorants are commonly 
used as colorants in polymers (Hahladakis et  al. 2018; Shrivastava 2018). Some 
toxic metals are discussed in Sect. 12.2.4 below.

Antimicrobials are added to polymers to prevent mold, mildew, algae, and yeast 
from damaging untreated polymers (Shrivastava 2018). Silver salts, ions, and com-
plexes are commonly used as antimicrobials in polymers (Gad and Gad-McDonald 
2016; Polivkova et al. 2017; Shrivastava 2018). The use of silver nanoparticles is 
also picking up (Polivkova et al. 2017). The toxicity of silver will be discussed later 
in this chapter in the metals section.
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Along with all of the chemicals listed above, their impurities and degradation 
products may also be observed as extractables. These products may be of similar 
toxicity as the parent compound or could display increased or decreased toxicity. 
Branched and linear hydrocarbons are common extractables that may originate 
from the polymer itself (Stults et al. 2015). Other examples include 2-ethylhexanol 
and benzoic acid monoethylhexanoate ester, both of which come from DEHP (as 
either impurities or degradation products) (Teasdale et al. 2015). Epoxidized fatty 
acids, resulting from ESBO and fatty acids used as additives are also common 
(Stults et al. 2015; Teasdale et al. 2015). In addition, there may be compounds that 
are detected due to the extraction process. For example, if isopropanol is used as a 
solvent, it may form isopropyl ester compounds with some of the entities during 
extraction. Different extraction processes may also affect the nature of the results, 
as some processes may cause more degradation than others (Teasdale et al. 2015). 
Therefore, it is important to keep these things in mind when it comes time to assess 
the risks of extractables test results.

12.2.2  Glass

Glass is manufactured from silica, the main component of sand, through a heating 
and cooling process that results in a network of silicon atoms surrounded by four 
oxygen atoms that are also covalently bonded to neighboring silicon atoms. This 
matrix of tetrahedrally surrounded silicon atoms is glassy in appearance and can 
undergo various processes to possess a wide range of properties (Shand 1958). 
Glass can be heated, cooled, shaped, and manipulated to be used for many applica-
tions. For pharmaceutical applications, several types of glass are designed based on 
the chemical durability required to meet specifications (Ball et al. 2012). Typical 
uses for glass are for bottles, tanks, vials, and syringes for storage of drug products 
(Jenke 2009).

Glass bottles and containers used for storage (such as prefilled syringes) of phar-
maceuticals presents the greatest risk of exposure as the components of glass can 
leach out and migrate into the drug product. Extractable compounds can also come 
into contact with drug product through ion exchange, precipitation, glass dissolu-
tion, surface layer exfoliation, and corrosion (Borchert et al. 1989). The extracted 
elements from glass are typically aluminum, boron, barium, calcium, cadmium, 
cobalt, iron, potassium, silicon, sodium, and magnesium (Jenke 2009; Sumitra et al. 
2016). Elemental silicon exposure has been known to cause irritation of the eyes, 
skin, and upper respiratory system (Pohanish 2012). A study in patients with idio-
pathic pulmonary fibrosis revealed an association between the occurrence of the 
disease and elevated levels of silicon and aluminum in pulmonary hilar lymph nodes 
(Kitamura et al. 2007).

Through the oral route of administration, barium can exhibit toxicities in the 
liver, while inhalation of barium oxide can elicit adverse respiratory effects in the 
form of bronchitis, cough, shortness of breath, and phlegm (CICAD 2001; NTP 
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1994). Boron can cause some irritation of the nose and throat, dryness of the mouth, 
nose, and throat, and potentially reduced sperm count and sperm motility upon 
inhalation in animals and humans. Irritation of the eyes after acute exposure to 
sodium borate dust in an occupational setting has been reported (ATSDR 2010a). 
Toxicities of boron species such as boric acid and borax can cause hepatic, renal, 
dermal, gastrointestinal and neurological effects in humans after oral exposure 
(ATSDR 2010a; Wong et al. 1964). Reproductive and developmental effects after 
oral exposure were reported in rats, mice, and dogs; however, no effects were 
reported in several epidemiological studies within subpopulations exposed to higher 
levels of boron (ATSDR 2010a; Chang et al. 2006; Liu et al. 2006a, b; Sayli 2003).

Arsenic is another compound used in the processing of glass materials. Inorganic 
arsenic trioxide and arsenic acid are used to remove color and clarify components 
used to make glass (Carapella 1992). Epidemiological studies conducted on sub-
populations exposed to inorganic arsenic revealed cardiological (increased inci-
dence of vasospasticity), dermal (excessive pigmentation, keratinization, and wart 
formation), neurological (decreased nerve conduction velocity), and respiratory 
(lung cancer) toxicities (ATSDR 2007a; Lagerkvist et  al. 1986; Enterline and 
Marsh 1982).

Calcium, potassium, sodium, and magnesium are all essential elements needed 
for growth, development, and maintenance of various tissues in living organisms. 
There is little concern of toxicity of the body upon exposure to these elements if 
leached from glass into a drug product. Calcium rapidly reacts in the presence of 
water and air (forming calcium oxide and calcium dihydroxide) and can cause 
severe burns of the skin, throat, gastrointestinal tract, and eyes (TOXNET/HSDB 
2019). Potassium and sodium rapidly reacts, spontaneously combusts and decom-
poses in the presence of water, and is highly corrosive to the skin (ECHA Registration 
Dossier for Potassium 2019a; ICSC: 0717 2006). Magnesium is not expected to be 
irritating to the eyes or a sensitizer of the skin (ECHA, Registration Dossier for 
Magnesium 2019b).

Aluminum, cadmium, cobalt, and iron can also be extracted from other medical 
device materials and will be discussed in Sect. 12.2.4 below.

12.2.3  Ceramics

Ceramic materials are made through milling of nonmetallic and nonorganic raw 
materials such as silicon, silicon oxides, aluminum oxides, and silicates to a very fine 
powder which are then strategically packed together and heated in a process call 
sintering to form structured devices and device components. The density, strength, 
and ductility of ceramics are dependent on the particle size of the milled materials, 
the pore size formed between the packed particles, and the heating and cooling regi-
men applied in the processing (Turner 2009). The various physical structures that 
ceramics can take on include polycrystalline, glass, a combination of glass and mul-
ticrystals and single crystals. Ceramics are selected as components of medical devices 
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for their hard, heat-resistant, and corrosion- and chemical-resistant properties (Gad 
and Gad-McDonald 2016). The largest use of ceramics is in bone and tooth replace-
ment implants and repairs composed of hydroxyapatite synthetic Ca10(PO4)6OH2 but 
may also be used in hip joints composed of alumina (Griss and Heimke 1981) for the 
purpose of storage in vials, or drug delivery in tubing (Sastri 2013).

Alumina (Al2O3) and zirconia (ZrO2) (the two most widely used materials in 
solid ceramic implants) are components of the ball and socket portion hip replace-
ment implants as well as components of dental implants. Hydroxylapatite and bio-
resorbable calcium phosphate materials are used as metallic implant coatings and as 
fillers for defects in bone and alveolar ridges (Helmus et al. 2008). Compared to 
metals and polymers, ceramic materials have consistently demonstrated high wear 
resistance over time under as well as excellent biocompatibility (Turner 2009). 
However, in vivo studies in rabbits have shown that calcium phosphate (Ca-P) bio-
materials can release degradation products postimplantation. This “breakdown” of 
material can occur through dissolution and removal of soluble in interstitial fluids or 
disintegration into fine particles or fragments that can migrate to other tissues (Lu 
et al. 2002).

Cytotoxicity studies have demonstrated some correlation between the particle 
size and concentration of bioresorbable calcium phosphate, alumina, and zirconia 
and cell mortality. Particles larger than 2 μm in diameter, and higher concentrations 
of particles tended to cause more macrophage mortality (Lu et al. 2002). The degra-
dation products of akermanite (Ca2MgSi2O7), a silicate-based bioceramic material 
used in bone regeneration, have been evaluated in rats and shown to not cause any 
adverse systemic affects (Ma et al. 2019). The local toxicities associated with ceramic 
materials such as opaque porcelain, mineral-based porcelain, lithium- containing 
ceramic, silicon oxide ceramic, and aluminum oxide have been found to be minimal 
in many in vitro biocompatibility tests. Limited testing to understand the mutagenic 
and carcinogenic potential of ceramics has been studied as few Salmonella 
typhimurium strains have been exposed to ceramic materials and observed. Crystalline 
silica and alumina (major components of ceramics), however, have induced some 
DNA damage in mammalian cells. Systemic toxicity of ceramic materials used in 
therapeutic applications has been deemed extremely low (Elshahawy 2011).

The primary concern of ceramic materials in medical devices is not necessarily 
extractable compounds. The focus is more so on dissolution, disintegration, and 
migration of particles and ions into the tissues which are identified and quantitated 
under ISO 10993-14 guidance (ISO 2001).

12.2.4  Metals

Metals are processed by various methods, mixed with different elements to make 
alloys that exhibit varying properties. Many metal materials used in pharmaceutical 
applications are coated with organic or inorganic substances to prevent corrosion 
(Ball et al. 2012). The most widely used metals are tinplate, aluminum, and stainless 
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steel (Ball et al. 2012). Metals are often used in the manufacture (vessels used for 
mixing of raw materials and drug products that can withstand extreme temperatures 
and pressures), storage (gas tanks, closures of vials, foil packages), and administra-
tion (syringe needles) of pharmaceuticals as well as components of medical devices 
(screws, springs, metal implants, and surgical tools) (Ball et al. 2012; Jenke 2009).

Orthopedic implants such as fracture plates, rods, wires, stents, catheters, and 
joint replacement prostheses are made of either stainless steel, cobalt-chromium 
alloys, titanium, nitinol, or titanium alloys (Hansen 2008). Implantable devices 
present the greatest risk of exposure to degradation and corrosion products to 
patients and must be evaluated under ISO 10993 guidance (Brown et  al. 2015; 
Hansen 2008). Compounds do not leach from metals over time as observed in mate-
rials made of polymers, and they are often used in medical devices because of their 
inertness, strength, biocompatibility, longevity, and malleability (Khan et al. 2014). 
However, through corrosion, metal ions and fragments can be released from the 
devices. The Table 12.3 below briefly summarizes the most common mechanisms of 
corrosion that can occur in metal implants and lead to the release of metal ions 
and debris.

Compromised metallic implanted devices can release metal ions and particles 
that may cause local and systemic adverse effects. The Table 12.4 below lists the 
three main metal materials used in medical device along with their respective com-
ponents. In the rare instance that corrosion occurs, these elements can be released 
from the device and migrate throughout the body. The potential and known toxici-
ties of the components listed in the table will be discussed below.

The major component of stainless steel is iron. Iron can cause irritation to the 
respiratory and gastrointestinal tract upon inhalation which would occur in an occu-
pational setting (TOXNET/HSDB 2019). Iron is an essential element that is needed 
for hemoglobin synthesis. Long-term studies of population in which iron is con-
sumed in excess have not revealed significant adverse effects (JECFA 1986).

Table 12.3 Mechanisms of corrosion

Corrosion 
mechanism Cause/definition

Intergranular Nonuniform composition of alloy castings → grain boundary precipitation → 
depletion of alloy element → susceptibility to corrosion and crack 
perpetuation

Pitting Breakdown of the protective, passivating oxide film on the surface → forms 
cavities

Fretting Friction between two materials as a result of motion or vibration → abrasion 
of fine particle fragments → oxidation of fragments → destruction of metal 
surface

Crevice Depletion of oxygen in interface between two surfaces → shift in 
pH → formation of chloride ion species → corrosion

Galvanic Dissimilar metals and alloys (typically at the joint) in electrical contact in a 
corrosive electrolyte → less noble metal corrodes at a faster than normal rate

Stress Presence of tensile force or pressure → cracking of material

Sources: Hansen 2008; Manivasagam et al. 2010

12 Toxicity of Common Extractables and Leachables of Medical Devices



453

The most common metals released from implantable devices are aluminum (Al), 
nickel (Ni), cobalt (Co), and chromium (Cr) (Brown et al. 2015). Fine particles (or 
nanoparticles) released from defective or damaged devices may be engulfed by 
macrophages and phagocytized or carried to other tissues through the lymphatic 
system to reside in the lymph nodes, liver, bone marrow, or spleen (Sansone et al. 
2013). Recipients of metal orthopedic implants (especially metal-on-metal implants) 
have demonstrated elevated lymphocyte reactivity to serum cobalt and nickel. The 
potential local toxicities associated with released ions as a result of corrosion or 
physical damage of metal implants include inflammation, deterioration of bone tis-
sue, and pseudotumors, a complication typically seen in recipients of total hip 
arthroplasty (Brown et al. 2015).

The potential systemic effects of metal ions have been demonstrated in in vitro 
and in vivo studies. Cobalt has been found to cause adverse neurological, cardio-
logical, hematological, and endocrine effects, leading to the development of tinni-
tus, vertigo, deafness, blindness (Hallab et al. 2001; Rizzetti et al. 2009), convulsions, 
heart disease, elevated hemoglobin in the blood, anemia, and hypothyroidism. 
Exposure to chromium can lead to toxicities of the kidney, liver, and reproductive 
organs of both male and females. Titanium dioxide caused adverse effects in the 
lungs of rats after intra-articular injection. Patients that experience osteolysis at the 
implantation site tend to develop skin hypersensitivity to metals, shortening the life- 
span to the implant. (Manivasagam et al. 2010; Sansone et al. 2013). Aluminum 
exposure and accumulation has demonstrated toxicities within the neurological sys-
tem causing memory loss and proximal muscle weakness, as well as inhibition of 
bone remodeling, dialysis osteodystrophy, and osteomalacia (Jeffery, E. H. et  al. 
1996; Sansone et al. 2013). Aluminum has also been linked to neurological disor-
ders such as Parkinson’s disease, Alzheimer’s disease, and amyotrophic lateral scle-
rosis (ALS) as well as other adverse effects such as dialysis encephalopathy and 
involuntary movement (Manivasagam et al. 2010; Sansone et al. 2013). Molybdenum 
(Mo) is considered to display low toxicity, high resistance to corrosion, and good 
biocompatibility and is non-genotoxic (RIVM 2001), hence why it is often used in 
hip resurfacing surgery (Ribeiro et al. 2016). Niobium oxide (Nb) exhibited mild 
cell degeneration in the livers of Swiss mice after a single intraperitoneal dose. 

Table 12.4 Main metals used in medical devices, their uses, and composition

Material Medical devices (types and uses) Composition

Titanium alloys (nitinol, 
Ti-6Al-4 V, Ti-5AL-2.5 Fe, 
Ti-6Al-7Nb)

Cardiovascular and gastrointestinal stents, 
dental implants and wires, stents, ablation 
catheters

Nickel, titanium, 
aluminum, vanadium, 
niobium

Cobalt-chromium- 
molybdenum alloys

Dental castings, joint replacement parts, 
spinal rods, fracture plates

Chromium, cobalt, 
molybdenum, nickel

Stainless steel Surgical tools, wire sutures, needles, 
screws, joint replacement parts, cranial 
and fracture plates, stents, catheters

Iron, chromium, 
nickel, molybdenum

Sources: Hansen 2008; Khan et al. 2014
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Niobium is a nontoxic element often used as a component of titanium alloys (Dsouki 
et al. 2014).

Chromium, cobalt, nickel, vanadium, aluminum, and titanium ions have all dis-
played genotoxic and cytotoxic effects in tissue culture cells. Oxidative stress and 
chromosomal damage can be caused by the oxygen species of these ions which are 
reactive in the nucleus, proteins, and lipids of cells leading to apoptosis and necrosis 
(Sansone et al. 2013). Intramuscularly implanted nickel alloys have prompted sar-
coma growth in rats while other metal alloys such as cobalt-molybdenum and a 
titanium alloy did not promote an increase in tumor growth after 24 months (Brown 
et al. 2015; Lewis et al. 1995). However, IARC has classified implanted films con-
sisting of cobalt, nickel, and nickel/chromium/iron alloy as Group 2B potentially 
carcinogenic to humans. Vanadium has also been classified as a possible human 
carcinogen (IARC 2012). However, it has not been concluded if these materials are 
carcinogenic when used in implanted metallic devices (Brown et al. 2015; IARC 
1999). IARC has also determined that some nickel compounds and some soluble 
cobalt compounds may be carcinogenic to humans. After prolonged dermal contact 
with nickel, many humans become sensitized to it (ICH 2019). Dermal contact with 
cobalt or chromium may also lead to skin sensitization (ATSDR 2012b; ICH 2019). 
Nickel ingestion may cause stomach pain, depression of body weight, and effects on 
the blood and kidneys, while long-term inhalation may result in inflammation in the 
lungs and nasal cavity (ICH 2019).

Silver (Ag) is commonly used as an antibacterial in implantable devices, wound 
dressings, catheters, bone cements, dental devices, and cardiovascular devices and 
as a coating on polymeric devices. It has been used in compounds such as silver 
nitrate, but silver nanoparticles are picking up in use (Lansdown 2010; Maillard and 
Hartemann 2013). Silver was found to be highly toxic when implanted in rabbit 
brains causing necrosis and damage of cells (Stensaas and Stensaas 1978). It is not 
mutagenic and is not expected to be carcinogenic. A well-known toxicity of silver 
exposure through the oral, respiratory, and intravenous route is argyria and argyro-
sis, a blue/gray discoloration of the dermis and eye, respectively (Lansdown 2010; 
ICH 2019). Exposure to silver nanoparticles can lead to oxidative stress which 
causes red blood cell damage and hemolysis (Chen et al. 2015).

Other metals that may be detected in extractables include arsenic and cadmium. 
Arsenic as mentioned above may cause lung cancer or other effects such as cardio-
logical, dermal, and neurological toxicities (ATSDR 2007a; Lagerkvist et al. 1986; 
Enterline and Marsh 1982). Cadmium has been found to be genotoxic and a car-
cinogen in humans (based on epidemiologic studies) but not mutagenic. It has 
exhibited renal and skeletal toxicities upon inhalation and oral ingestion (ATSDR 
2012a; IARC 2012).

To mitigate the risk of exposure to released ions and fragments, the surfaces of 
metal and metal components are coated with other materials that (1) are more bio-
compatible with the tissues surrounding the implants and (2) protect the implants 
from corrosion and release of ions (Hansen 2008).

Several metals are common extractables in multiple medical device materials. 
These metals are shown in the Table 12.5 below.
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12.3  Summary

Extractables testing is an important step in the development of medical devices. 
Depending on the type of device and its construction, different types of results 
should be expected. The most common materials used in medical devices are poly-
mers, metals, glass, and ceramics. This chapter provided a brief introduction to the 
types of results one could expect from the testing of these materials. Polymers are 
not typically considered to be toxic; however, finished polymers have several addi-
tives that could potentially cause toxicity. Residual monomers, contaminants, and 
degradants may also present a potential source of toxicity. These types of com-
pounds are what are typically detected in extractables testing. Unlike polymers, 
compounds do not usually leach from metals over time; however, corrosion can 
cause metal ions and fragments to be released from the devices. As for glass materi-
als, the most common extractables are elemental ions. Ceramics do not typically 
raise a concern for extractable compounds. Dissolution, disintegration, and migra-
tion of particles and ions into the tissues are typically the focus for these materials.

This chapter also provided a brief introduction to the toxicities that may be asso-
ciated with extracted compounds. As for polymers, there are some very toxic chemi-
cals that could potentially be observed upon extractables testing. These include 
vinyl chloride, acrylonitrile, and formaldehyde all of which present risks for carci-
nogenicity. Potential toxic compounds from glass and metal devices include arse-
nic, cobalt, and cadmium, which may also present risks for carcinogenicity. Some 
of the most concerning compounds that could be detected along with the concerning 
toxicities are listed in the Table 12.6 below. Especially in the case of polymers, it is 
important to consider how the testing itself may affect the results when designing 
the tests (such as picking solvents that won’t cause too much degradation of the 
material).

This chapter is not intended to be an all-inclusive guide to the potential profile or 
toxicity associated with extractables testing of medical devices. Instead, the reader 
should use this knowledge as a starting point for what may come out of testing. 
Upon determining the results of testing, this information along, with the informa-
tion provided in previous chapters should be used to conduct full assessments to 
determine the potential risks associated with a new medical device.

Table 12.5 Leachables and 
extractables from multiple 
materials

Leachable/extractable Medical device material

Silver Polymers, metals
Aluminum Polymers, glass, metals
Cobalt Glass, metals
Nickel Polymers, metals
Iron Glass, metals
Cadmium Polymers, glass, metals
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 Appendix A: Biocompatibility CROs 
for Medical Devices

The number of contract laboratories serving device “land” is different from that 
primarily serving the pharmaceutical industry, while there are approximately 200 
organizations performing testing for pharmaceuticals (see Gad, S.C, Spainhour, C.R 
and Serata, D.  Contract Research Organizations: Their History, Selection, and 
Utilization).

Laboratories supporting device development fall into three broad categories:

 1. Conduct GLP compliant baseline ISO-10993 studies. “Traditional” CROs do not 
operate in this range as their operations do not allow them to economically compete.

 2. Conduct of extraction and analytics studies to provide quantitative and quantita-
tive data for leachable and extractable (L&E) assessments. There is actually a 
small subset here that focuses on the analytical aspects for respiratory devices.

 3. Conduct of long-term toxicity studies or studies requiring surgical implantation 
or replacement of devices.

Group 1: ISO 10993 studies

Lab name (affiliated labs/
past names) Location(s) Phone #(s) Website

American Preclinical and 
Devices

Minneapolis, MN (763) 717-7990 www.
americanpreclinical.com

BD Biosciences San Jose, CA (408) 432-9475 www.bdbiosciences.com
BioSafety Research 
Center (BSRC)

Shizuoka, Japan +81 538 58 3572 www.anpyo.or.jp

BTS 10665 Sacramento 
Valley Rd.
San Diego, CA

(858) 605-5882 www.btsresearch.com

CBSET 500 Shire Way
Lexington, MA

(781) 541-5555 www.cbset.org

Shayne C. Gad

S. C. Gad, PhD, DABT
Gad Consulting Services, Raleigh, NC, USA

https://doi.org/10.1007/978-3-030-35241-7
http://www.americanpreclinical.com
http://www.americanpreclinical.com
http://www.bdbiosciences.com
http://www.anpyo.or.jp
http://www.btsresearch.com
http://www.cbset.org
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Lab name (affiliated labs/
past names) Location(s) Phone #(s) Website

Covance (formerly 
Harlan, then Envigo)

Israel (888) Covance www.covance.com

CXR Biosciences Dundee, UK +44 
(0)-1382-432163

www.cxrbiosciences.
comScotland, UK

Eurofins Multiple sites www.eurofins.com
Geneva Laboratories Elkhorn, WI (262) 753-9955 www.genevalabs.com
ICP Firefly P.O. Box 6198 

Alexandria NSW
Sydney, Australia

91-2-9310-3899 www.icpfirefly.com

In Vitro Technologies Baltimore, MD (410) 455-1245 www.invitrotech.com
NAMSA Toledo, OH (419) 666-9455 www.namsa.com

Northwood, OH (866) 666-9455
France 33-4-78-07-92-34
Irvine, CA (949) 951-3110
Kennesaw, GA (770) 427-3101

Nelson Labs Salt Lake City, UT (800) 826-2088 www.nelsonlabs.com
Pacific Biolabs Hercules, CA (510) 565-9000 www.pacificbiolabs.com
Product Safety Lab (PSL) Dayton, NJ (732) 438-5100 www.productsafetylabs.

com
STS duo TEK, Inc. Rush, NY (800) 836-4850 www.stsduotek.com
Toxikon Corp. 15 Wiggins Ave.

Bedford, MA 01730
(781) 275-3330 (p)
(781) 271-1136 (f)

www.toxikon.com

WuXi App Tec Oakville, ON (866) 337-4500 www.wellspringpharma.
com

Group 2: Analytical support

Lab name 
(affiliated labs/past 
names) Location(s) Phone #(s) Website

American 
Preclinical and 
Devices

Minneapolis, MN (763) 
717-7990

www.
americanpreclinical.
com

Avomeen 
Analytical Services

4840 Venture Dr. Ann Arbor, MI 
48108

(734) 
222-1090

www.avomeen.com

BASI West Lafayette, IN
Europe

(800) 
845-4246
(765) 
463-4527
44(0) 247 663 
9574 (EU)

www.basinc.com

Chemic Labs Canton, MA (781) 
821-5600

www.chemiclabs.com

EAG Laboratories 
(Eurofins)

Columbia, MD (573) 
474-8579

www.abclabs.com
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Lab name 
(affiliated labs/past 
names) Location(s) Phone #(s) Website

EKG Labsa 4633 World Parkway Circle Saint 
Louis, MO

(810) 
EKG-LABZ

www.ekglabs.com

Hall Analytical 
Labs

Millbrook Business Centre, 
Floats Rd, Wythenshawe 
Manchester M23 9YJ, UK

+44-161-286-
7889

www.hallanalytical.
co.uk

Impact Analyticala 1940 North Stark Road Midland, 
MI 48642

(855) 
207-5894

www.impactanalytical.
com

Intertek Labs London, UK (800) 
967-5352

www.intertek.com

Jordi Labsa Mansfield, MA (508) 
966-1301

www.jordilabs.com

Mass Spec Labs 18226 McDurmott West, Suite F 
Irvine, Ca 92614

(949) 
872-2724

www.massspeclab.com

NAMSA Toledo, OH (419)666-
9455

www.namsa.com

Northwood, OH (866)666-
9455

France 33-4-78-07-
92-34

Irvine, CA (949)951-
3110

Kennesaw, GA (770)427-
3101

Nelson Labs Salt Lake City, UT (800)826-
2088

www.nelsonlabs.com

Pacific Biolabs Hercules, CA (510) 
565-9000

www.pacificbiolabs.
com

Piper Medicala 1053 Village Ln Chico, BA 
95926

(530) 
588-6119

www.pipermedical.
com

Smithers Labs 425 West Market Street Akron, 
Ohio 44303

+1 
330-762-7441

www.smithersrapra.
com

STS duo TEK, Inc. Rush, NY (800) 
836-4850

www.stsduotek.com

Toxikon Corp. 15 Wiggins Ave.
Bedford, MA 01730

(781)275-
3330 (p)
(781)271-
1136 (f)

www.toxikon.com

VR Analytical 63020 Lower Meadow Dr. Bend, 
OR 97701

(541) 
388-1253

www.vranalytical.com

WuXii App Tec Oakville, ON (866) 
337-4500

www.
wellspringpharma.com

aRespiratory devices
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Group 3: Chronic and surgical

Lab name (affiliated 
labs/past names) Location(s) Phone #(s) Website

American Preclinical 
and Devices

Minneapolis, MN (763) 717-7990 www.americanpreclinical.
com

CBSET 500 Shire Way
Lexington, MA

(781) 541-5555 www.cbset.org

Charles River Labs 54943 N. Main Street
Mattawan, MI

(269) 668-3336 www.criver.com

Covance Princeton, NJ (888) Covance www.covance.com
Frontage Concord, OH (888) 763-4797 www.ricerca.com
Geneva Laboratories Elkhorn, WI (262) 753-9955 www.genevalabs.com
ICP Firefly P.O. Box 6198 

Alexandria NSW
Sydney, Australia

91-2-9310-3899 www.icpfirefly.com

NAMSA Toledo, OH (419)666-9455 www.namsa.com
Northwood, OH (866)666-9455
France 33-4-78-07-92-34
Irvine, CA (949)951-3110
Kennesaw, GA (770)427-3101

Pacific Biolabs Hercules, CA (510) 565-9000 www.pacificbiolabs.com
Sinclair 562 State Road DD, 

Auxvasse, MO
(573) 387-4400 www.sinclairreserach.com

Southern Research 
Institute

Birmingham, AL (888)322-1166
(205) 211-7472

www.southernreasearch.com

SRI International Menlo Park, CA (650)859-2000
(866)451-5998

www.sri.com

Toxikon Corp. 15 Wiggins Ave.
Bedford, MA 01730

(781)275-3330 (p)
(781)271-1136 (f)

www.toxikon.com

WuXi App Tec Oakville, ON (866) 337-4500 www.wellspringpharma.com
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 Appendix B

Table 1 Global regulatory agencies and their major regulatory documents (Adapted from Schuh 
and Funk, 2019)

Regulatory agencies
Major biocompatibility, safety, 
and efficacy documents Website URL

European Union—
European Commission

ISO, IMDRF, OECD, GLP, 
Country-Specific Authority 
Documents and Pharmacopeia

http://ec.europa.eu/growth/sectors/
medical-devices/guidance_en

United Kingdom—
Medicines and 
Healthcare Products 
Regulatory Agency

ISO, IMDRF, OECD, GLP, 
British Pharmacopeia

https://www.gov.uk/topic/
medicines-medical-devices-blood/
medical-devices-regulation-safety

Guidance on Legislation: 
Clinical Investigations of 
Medical Devices—Biological 
Safety Assessment, November 
2013

https://www.gov.uk/government/
uploads/system/uploads/
attachment_data/file/376937/
Biological_safety_assessment.pdf

United States of 
America—Center for 
Devices and Radiologic 
Health

ISO, IMDRF, GLP, CFR Title 21 
Subchapter H, USP-NF, ASTM 
International 10993-1 Usage 
Guidance (Replaces Blue Book 
Memorandum G95-1)

http://www.fda.gov/
MedicalDevices/default.htm
https://www.fda.gov/downloads/
medicaldevices/
deviceregulationandguidance/
guidancedocuments/ucm348890.pdf

Canada—Health Canada 
Drugs and Health 
Products—Medical 
Devices Bureau

ISO, IMDRF, GLP, CSA Group http://www.hc-sc.gc.ca/dhp-mps/
md-im/index-eng.php

Japan—Pharmaceutical 
and Medical Devices 
Agency

ISO, IMDRF, GLP, JSA http://www.pmda.go.jp/english/
index.html
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(continued)

Regulatory agencies
Major biocompatibility, safety, 
and efficacy documents Website URL

Australia—Therapeutic 
Goods Administration

ISO, IMDRF, OECD, GLP http://www.tga.gov.au/
medical-devices-ivds

New Zealand—New 
Zealand Medicines and 
Medical Devices Safety 
Authority (MedSafe)

ISO, IMDRF, OECD, GLP www.medsafe.govt.nz

Mexico—The Federal 
Commission for the 
Protection against 
Sanitary Risk (Comisió n 
Federal para la Protecció 
n contra Riesgos 
Sanitarios)

ISO http://www.cofepris.gob.mx/AS/
Paginas/Registro%20de%20
Dispositivos%20Medicos%20
por%20Equivalencia/Registros-
de-Dispositivos.aspx (Online 
translation to English available at 
the top of the linked page)

Brazil—The Brazilian 
Health Regulatory 
Agency (Ageˆ ncia 
Nacional de Vigilaˆncia 
Sanitária)

ISO, ABNT
MERCOSUR/GMC/Res. No 
40/00

http://portal.anvisa.gov.br/ 
(Limited English)

Argentina—The National 
Administration of Drugs, 
Foodstuffs and Medical 
Technology (La 
Administració n 
Nacional de 
Medicamentos, 
Alimentos y Tecnoloǵıa 
Mé dica)

ISO http://www.anmat.gov.ar/ (Limited 
English)

China—China Drug 
Administration (CDA)

ISO, AHWP, APEC http://eng.sfda.gov.cn/WS03/
CL0770/

Hong Kong—The 
Department of Health 
Medical Device 
Administrative Control 
System

ISO, IMDRF, AHWP, APEC
[GN-01] Overview of the 
Medical Device Administrative 
Control System

http://www.mdco.gov.hk/eindex.
html
http://www.mdco.gov.hk/tc_chi/
mdacs/mdacs_gn/files/gn_01.pdf

India—Central Drug 
Standards Control 
Organization

ISO
Medical Devices Rules 2017
Implemented January 1, 2018; 
some devices previously 
regulated as drugs

https://cdscomdonline.gov.in/
NewMedDev/Homepage

Singapore—Health 
Sciences Authority 
(HSA)

ISO, AHWP, Standards, 
Productivity, and Innovation 
(SPRING) Board
GN-16-R2 Guidance on 
Essential Principles for Safety 
and Performance of Medical 
Devices (HSA Regulatory 
Guidance)

http://www.hsa.gov.sg/content/
hsa/en/Health_Products_
Regulation/Medical_Devices/ 
Overview.html
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Table 2 International Organization for Standardization (ISO) documents applicable to biological 
testing of biomaterials and medical devices (Paid Access at https://www.iso.org)

ISO 
seriesb Part

Year 
published/
revision or 
update Title of standard

Current status  
(as of March 2018)

Technical Committee ISO/TC 194 Biological and Clinical Evaluation of Medical Devices
10993 1 2018 Biological Evaluation of Medical 

Devices—Part 1: Evaluation and Testing 
within a Risk Management Process

Revision to 2009/Corc 
published August 
2018

10993 2 2006 Biological Evaluation of Medical 
Devices—Part 2: Animal Welfare 
Requirements

Reviewed and 
confirmed in 2015

10993 3 2014 Biological Evaluation of Medical 
Devices—Part 3: Tests for Genotoxicity, 
Carcinogenicity and Reproductive 
Toxicityd

Published. See TR 
10993-33:2015 
genotoxicity 
supplement

10993 4 2017 Biological Evaluation of Medical 
Devices—Part 4: Selection of Tests for 
Interactions with Blood

Published

10993 5 2009 Biological Evaluation of Medical 
Devices—Part 5: Tests for In Vitro 
Cytotoxicity

Reviewed and 
confirmed in 2017

10993 6 2016 Biological Evaluation of Medical 
Devices–Part 6: Tests for Local Effects 
After Implantation

Published

(continued)

Regulatory agencies
Major biocompatibility, safety, 
and efficacy documents Website URL

Russia—The Federal 
Service for Control over 
Healthcare and Social 
Development 
(Roszdravnadzor)

IMDRF, Gosudarstvennyy 
standart (GOST) Standards 
Procedure for Medical Device 
Conformity Assessment in the 
Form of Technical Trials 
Toxicological Studies and 
Clinical Trials for Medical 
Device State Registration 
Purposes (2014)

http://www.roszdravnadzor.ru/en
http://en.imeda.ru/netcat_
files/105/103/order_no_2n_
from_09_01_2014.pdf

Note: (EU) European Union; (UK) United Kingdom; (ISO) International Organization for 
Standardization; (IMDRF) International Medical Device Regulators Forum; (OECD) Organization 
for Economic Co-operation and Development; (GLP) Good Laboratory Practices; (CFR) Code of 
Federal Regulations; (USP-NF) US Pharmacopeia and National Formulary; (CSA) Group  
Canadian Standards Association Group; (JSA) Japanese Standards Association; (ABNT) Brazilian 
Association of Technical Standards; (AHWP) Asian Harmonization Working Party; (APEC) Asia-
Pacific Economic Cooperation; (GOST) Gosudarstvennyy standart

Table 1 (continued)
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ISO 
seriesb Part

Year 
published/
revision or 
update Title of standard

Current status  
(as of March 2018)

10993 7 2008/Cor 
1:2009

Biological Evaluation of Medical 
Devices—Part 7: Ethylene Oxide 
Sterilization Residuals

Reviewed and 
confirmed 2016. ISO 
10993-7:2008/ DAmdc 
1 under development

10993 8 Withdrawn—Selection of Reference 
Materials

Not applicable

10993 9 2009 Biological Evaluation of Medical 
Devices—Part 9: Framework for 
Identification and Quantification of 
Potential Degradation Products

Replacement ISO/
DISb,c 10993-9 under 
development

10993 10 2010 Biological Evaluation of Medical 
Devices—Part 10: Tests for Irritation and 
Skin Sensitization

Reviewed and 
confirmed in 2016. 
Replacement ISO/
AWIc 10993-10 under 
development

10993 11 2017 Biological Evaluation of Medical 
Devices—Part 11: Tests for Systemic 
Toxicityd

Published

10993 12 2012 Biological Evaluation of Medical 
Devices—Part 12: Sample Preparation 
and Reference Materials

Replacement ISO/
AWIc 10993-12 under 
development

10993 13 2010 Biological Evaluation of Medical 
Devices—Part 13: Identification and 
Quantification of Degradation Products 
from Polymeric Medical Devices

Reviewed and 
confirmed in 2013

10993 14 2001 Biological Evaluation of Medical 
Devices—Part 14: Identification and 
Quantification of Degradation Products 
from Ceramics

Reviewed and 
confirmed in 2013

10993 15 2000 Biological Evaluation of Medical 
Devices—Part 15: Identification and 
Quantification of Degradation Products 
from Metals and Alloys

Reviewed and 
confirmed in 2013
Replacement ISO/DIS 
10993-15 under 
development

10993 16 2017 Biological Evaluation of Medical 
Devices—Part 16: Toxicokinetic Study 
Design for Degradation Products and 
Leachables

Published

10993 17 2002 Biological Evaluation of Medical 
Devices—Part 17: Establishment of 
Allowable Limits for Leachable 
Substances

Reviewed and 
confirmed in 2016
Replacement ISO/
AWI 10993-17 under 
development

Table 2 (continued)
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ISO 
seriesb Part

Year 
published/
revision or 
update Title of standard

Current status  
(as of March 2018)

10993 18 2005 Biological Evaluation of Medical 
Devices—Part 18: Chemical 
Characterization of Materials—Check 
New Version under Development

Reviewed and 
confirmed in 2013
Replacement ISO/DIS 
10993-18 under 
development

TSe 
10993

19 2006 Biological Evaluation of Medical 
Devices—Part 19: Physicochemical, 
Morphological and Topographical 
Characterization of Materials

Replacement ISO/
DTRb,c 10993-19-8 
under development

TS 
10993

20 2006 Biological Evaluation of Medical 
Devices—Part 20: Principles and 
Methods for Immunotoxicology Testing 
of Medical Devices

Replacement ISO/
NPb,c TS 10993-20 
under development

TRe 
10993

22 2017 Biological Evaluation of Medical 
Devices—Part 22: Guidance on 
Nanomaterials

Published

WDb,c 
10993

23 Biological Evaluation of Medical 
Devices—Part 23: Determination of 
Skin Irritation of Medical Device 
Extracts Using Reconstructed Human 
Epidermis (RhE)

Under development

TR 
10993

33 2015 Biological Evaluation of Medical 
Devices—Part 33: Guidance on Tests to 
Evaluate Genotoxicity—Supplement to 
ISO 10993-3

Published

NP TR 
10993

55 Round Robin on Cytotoxicity—Part 55: 
(No Title)

Under development

TR 
37137

2014 Cardiovascular Biological Evaluation of 
Medical Devices—Guidance for 
Absorbable Implants

Replacement ISO/
DTR 37137-2 under 
development

NP TS 
37137

1 2014 Biological Evaluation of Medical 
Devices—Part 1: Guidance for 
Absorbable Implants

Under development

TR 
37137

2 2014 Cardiovascular Biological Evaluation of 
Medical Devices—Guidance for 
Absorbable Implants. Part 2: Standard 
Guide for Absorbable Metals

Under development

DTSb,c 
21726

Biological Evaluation of Medical 
Devices—Application of the Threshold of 
Toxicological Concern (TTC) for 
Assessing Biocompatibility of Extractable 
Substances from Medical Devices

Under development

Table 2 (continued)

(continued)

Appendix B



472

Table 2 (continued)

ISO 
seriesb Part

Year 
published/
revision or 
update Title of standard

Current status  
(as of March 2018)

TR 
15499

2016 Biological Evaluation of Medical 
Devices—Guidance on the Conduct of 
Biological Evaluation Within a Risk 
Management Process

Published

CD 
22442

1 Medical Devices Utilizing Animal 
Tissues and Their Derivatives—Part 1: 
Application of Risk Management

Under development; 
previously 
22442-1:2015

NP 
22442

2 Medical Devices Utilizing Animal 
Tissues and Their Derivatives—Part 2: 
Controls on Sourcing, Collection and 
Handling

Under development; 
previously 
22442-2:2015

Technical Committee ISO/TC 150 Implants for Surgery
5840 1 2015 Cardiovascular Implants—Cardiac Valve 

Prostheses—Part 1: General 
Requirements

Published

5840 2 2015 Cardiovascular Implants—Cardiac Valve 
Prostheses—Part 2: Surgically Implanted 
Heart Valve Substitutes

Published

5840 3 2015 Cardiovascular Implants—Cardiac Valve 
Prostheses—Part 3: Heart Valve 
Substitutes Implanted by Transcatheter 
Techniques

Under development

TS 
17137

2014 Cardiovascular Implants and 
Extracorporeal Systems—Cardiovascular 
Absorbable Implants

Replacement ISO/NP 
TS 17137 under 
development

25539 1 2017 Cardiovascular Implants—Endovascular 
Devices—Part 1: Endovascular 
Prostheses

Published

NP 
25539

2 2012 Cardiovascular Implants—Endovascular 
Devices—Part 2: Vascular Stents

Under development

25539 3 2011 Cardiovascular Implants—Endovascular 
Devices—Part 3: Vena Cava Filters

Published

14708 5 2010 Implants for Surgery—Active 
Implantable Medical Devices—Part 5: 
Circulatory Support Devices

Replacement ISO/CD 
14708-5 under 
development

7197 2006/Cor 
1:2007

Neurosurgical Implants—Sterile, 
Single-Use Hydrocephalus Shunts and 
Components

Published

17853 2011 Wear of Implant Materials—Polymer 
and Metal Wear Particles—Isolation and 
Characterization

Reviewed and 
confirmed in 2016
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Table 2 (continued)

ISO 
seriesb Part

Year 
published/
revision or 
update Title of standard

Current status  
(as of March 2018)

21534 2007 Nonactive Surgical Implants—Joint 
Replacement Implants—Particular 
Requirements

Reviewed and 
confirmed in 2016

Technical Committee ISO/TC 172 Ophthalmic Optics and Instruments
11979 5 2006 Ophthalmic implants—Intraocular 

Lenses—Part 5: Biocompatibility
Replacement ISO/WD 
11979 under 
development

11979 8 2017 Ophthalmic Implants—Intraocular 
Lenses—Part 8: Fundamental 
Requirements

Published

9394 2012 Ophthalmic Optics—Contact Lenses and 
Contact Lens Care Products—
Determination of Biocompatibility by 
Ocular Study with Rabbit Eyes

Reviewed and 
confirmed 2017

16671 2015/Amd 
1:2017

Ophthalmic Implants—Irrigating 
Solutions for Ophthalmic Surgery

Published

16672 2015 Ophthalmic Implants—Ocular 
Endotamponades

Replacement DIS 
16672 under 
development

15798 2013/Amd 
1:2017

Ophthalmic Implants—Ophthalmic 
Viscosurgical Devices

Published

Technical Committee ISO/TC 106 Dentistry
TS 
22911

2016 Dentistry—Preclinical Evaluation of 
Dental Implant Systems—Animal Test 
Methods

Published

7405 2008/Amd 
1:2013

Dentistry—Evaluation of 
Biocompatibility of Medical Devices 
Used in Dentistry

Replacement ISO/
FDIS 7405 under 
development

22803 2004 Dentistry—Membrane Materials for 
Guided Tissue Regeneration in Oral and 
Maxillofacial Surgery— Contents of a 
Technical File

Published

Technical Committee ISO/TC 84 Devices for Administration of Medicinal Products and 
Catheters
10555 6 2015 Intravascular Catheters—Sterile and 

Single-use Catheters—Part 6: 
Subcutaneous Implanted Ports

Published

Technical Committee ISO/TC 121 Lung Ventilators and Related Equipment
18562 1 2017 Biocompatibility Evaluation of 

Breathing Gas Pathways in Healthcare 
Applications—Part 1: Evaluation and 
Testing Within a Risk Management 
Process

Published
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ISO 
seriesb Part

Year 
published/
revision or 
update Title of standard

Current status  
(as of March 2018)

Technical Committee ISO/TC 210 Quality Management and Corresponding General Aspects for 
Medical Devices
14971 2007 Medical Devices—Application of Risk 

Management to Medical Devices
Replacement ISO 
14971 and DTR 
24971 under 
development

DTR 
24971

Medical Devices—Guidance on the 
Application of ISO 14971

TR 
13121

2011 Nanotechnologies—Nanomaterial Risk 
Evaluation

Published

TR 
16197

2014 Nanotechnologies—Compilation and 
Description of Toxicological Screening 
Methods for Manufactured 
Nanomaterials

Published

TS 
80004

5 2011 Nanotechnologies—Vocabulary—Part 5: 
Nano/Bio Interface

Under development

aDocuments are available in paper and PDF form, with some documents becoming available in 
ePUb and e-book formats and available for Kindle and Apple devices
bStandardized notation for referencing the ISO standards numerically should include the specifics 
of the document series, number, and year, for example, ISO 10993-6:2016 or ISO/TR 10993-
33:2015. These standards are generally reviewed every 5 years
cISO Abbreviations: (Amd) amendment; (AWI) approved work item; (CD) committee draft; (Cor) 
corrigenda; (DAmd) draft amendment; (DIS) draft international standard; (DTR) draft technical 
report; (DTS) draft technical specification; (FDIS) final draft international standard; (NP) new 
project; (WD) working draft
dICH guidelines are also frequently consulted for these assays
eISO Technical Subject (TS) and Technical Reports (TR) provide technical information with no 
conformance required
Extracted from Schuh, J. C. L., & Funk, K. A. (2019). Compilation of international standards and 
regulatory guidance documents for evaluation of biomaterials, medical devices, and 3-D printed 
and regenerative medicine products. Toxicol Pathol, 47(3), 344–357.
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 Appendix C: Selected Regulatory 
and Toxicological Acronyms

510(k) Premarket notification for change in a device
AALAS American Association for Laboratory Animal Science
AAMI Association for the Advancement of Medical Instrumentation
ABT American Board of Toxicology
ACGIH American Conference of Governmental Industrial Hygienists
ACT American College of Toxicology
ADE Acceptable Daily Exposure
ADI Allowable Daily Intake
AIDS Acquired Immune Deficiency Syndrome
AIMD Active Implantable Medical Device
ANSI American National Standards Institute
APHIS Animal and Plant Health Inspection Service
ASTM American Society for Testing and Materials
CAS Chemical Abstract Service
CBER Center for Biologic Evaluation and Research (FDA)
CDER Center for Drug Evaluation and Research (FDA)
CDRH Center for Devices and Radiological Health (FDA)
CFR Code of Federal Regulations
CFAN Center for Food and Distribution (FDA)
CIIT Chemical Industries Institute of Toxicology
CPMP Committee on Proprietary Medicinal Products (United Kingdom)
CPSC Consumer Product Safety Commission
CSE Control Standard Endotoxin
CSM Committee on Safety of Medicines (United Kingdom)
CTC Clinical Trial Certificate (United Kingdom)
CTX Clinical Trial Certificate Exemption (United Kingdom)
CVM Center for Veterinary Medicine (US Food and Drug Administration)
DART Development and Reproduction Toxicology
DHHS Department of Health and Human Services
DIA Drug Information Associates

https://doi.org/10.1007/978-3-030-35241-7


476

DIC Disseminated Intramuscular Coagulation
DMF Device (or Drug) Master File
DOE Department of Energy
DOT Department of Transportation
DSHEA Dietary Supplement Health and Education Act
EEC European Economic Community
EM Electron Microscopy
EMA European Medical Administration
EPA US Environmental Protection Agency
EU European Union
FCA Freund Complete Adjuvant
FDA US Food and Drug Administration
FDCA Food, Drug, and Cosmetic Act
FDLI Food and Drug Law Institute
FHSA Federal Hazardous Substances Act
FIFRA Federal Insecticides, Fungicides, and Rodenticides Act
GCP Good Clinical Practices
GMP Good Manufacturing Practices
GLP Good Laboratory Practices
GPM Guinea Pig Maximization Test
HEW Department of Health, Education, and Welfare (no longer in existence)
HIMA Health Industry Manufacturer’s Association
HSDB Hazardous Substances Data Bank
IARC International Agency for Research on Cancer
ICH International Conference on Harmonization
id  Intradermal
IDE Investigational Device Exemption
IND(A) Investigational New Drug Application
ip  Intraperitoneal
IRAG Interagency Regulatory Alternatives Group
IRB Institutional Review Board
IRLG Interagency Regulatory Liaison Group
ISO International Organization for Standardization
IUD Intrauterine Device
iv  Intravenous
JECFA Joint Expert Committee for Food Additives
JMAFF Japanese Ministry of Agriculture, Forestry, and Fishery
LA Licensing Authority (United Kingdom)
LAL Limulus Amebocyte Lysate
LD50  Lethal dose 50: The dose calculated to kill 50% of a subject population, 

median lethal dose
LOEL Lowest Observed Effect Level
MAA Marketing Authorization Application (EEC)
MD Medical Device
MHW Ministry of Health and Welfare (Japan)
MID Maximum Implantable Dose

Appendix C: Selected Regulatory and Toxicological Acronyms



477

MOE Margin of Exposure
MOU Memorandum of Understanding
MRL Maximum Residue Limits
MSDS Material Safety Data Sheet
MTD Maximum Tolerated Dose
NAS National Academy of Science
NCTR National Center for Toxicological Research
NDA New Drug Application
NIH National Institutes of Health
NIOSH National Institute for Occupational Safety and Health
NK Natural Killer
NLM National Library of Medicine
NOEL No-Observable-Effect Level
NTP National Toxicology Program
ODE Office of Device Evaluation
OECD Organisation for Economic Co-operation and Development
PDI Primary Dermal Irritancy
PDN Product Development Notification
PEL Permissible Exposure Limit
PhRMA Pharmaceutical Research and Manufacturers Association
PL  Produce License (United Kingdom)
PLA Produce License Application
PMA Premarket Approval Application
PMOA Principal Mode of Action
PMN Premanufacturing Notice
po  Per os (orally)
PTC Points to Consider
QAU Quality Assurance Unit
RAC Recombinant DNA Advisory Committee
RCRA Resources Conservation and Recovery Act
RTECS Registry of Toxic Effects of Chemical Substances
SARA Superfund/Amendments and Reauthorization Act
sc  Subcutaneous
SCE Sister chromatic exchange
SNUR Significant New Use Regulations
SOP Standard Operating Procedure
SOT Society of Toxicology
SRM Standard Reference Materials (Japan)
STEL Short-Term Exposure Limit
TLV Threshold Limit Value
TSCA Toxic Substances Control Act
USAN US Adopted Name Council
USDA US Department of Agriculture
USEPA U.S. Environmental Protection Agency
USP United States Pharmacopoeia
WHO World Health Organization
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A
Acceptable daily intake (ADI), 266
Acute toxicity testing

characterization, 117–119
medical devices, 117
pharmaceutical industry, 117
protocol, 119
signs and symptoms, 116
types, 116

Adequate test methods, 37
Agar diffusion test

interpretation of results, 70
procedure, 70
sample preparation, 70

Agency for Toxic Substances and Disease 
Registry (ATSDR), 266

Alkylating agents, 331
Ames Salmonella/microsome test, 140
Analytical support, 464–465
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infections, 386

Biological Exposure Indices (BEIs), 50, 309
Biological tests, 31–36
Biomaterials

biologic response determinations, 341
biologic responses (see Tissue responses)
imaging techniques (see Imaging 

techniques)
pathology and histopathology, 341–344
risk assessment plan, 340

Biomaterials safety evaluation
biological tests, 31, 34–36
CE marking, 40, 44–46
classification of devices

Class I, 21, 23, 24, 27, 41, 44–46
Class II, 21, 23, 24
Class III, 21–24, 26, 40

data source, 50, 51
de novo 510(k) route, 22
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