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Introduction: What Is a Standard?

The word standard is used to describe a broad set of activi-
ties and entities. There are many types of standards developed 
through many different organizations using a variety of pro-
cesses, but “there is nothing standard about standards” (Alocca, 
2019). The Office of Management and Budget (OMB) Cir-
cular A-119 states that a “standard,” or “technical standard” 
(hereinafter “standard”), includes all of the following:
	(1)	� common and repeated use of rules, conditions, guide-

lines, or characteristics for products or related processes 
and production methods, and related management sys-
tems practices;

	(2)	� the definition of terms; classification of components; 
delineation of procedures; specification of dimensions, 
materials, performance, designs, or operations; mea-
surement of quality and quantity in describing materi-
als, processes, products, systems, services, or practices; 
test methods and sampling procedures; formats for 
information and communication exchange; or descrip-
tions of fit and measurements of size or strength; and

	(3)	� terminology, symbols, packaging, marking, or labeling 
requirements as they apply to a product, process, or 
production method.

Standards can take the form of a material, data set, or docu-
ment. 

Reference Materials

Reference materials are physical objects or things that have 
stable homogeneous properties which are used to calibrate an 

instrument or as a test to confirm that a measurement system is 
operating correctly (Box 3.1.8.1). Reference materials are care-
fully prepared and tested and the reported values for reference 
material properties come with an estimate of the uncertainty. 
The uncertainty is the doubt about the measured value with 
regard to the true value and is described by a probability distri-
bution (Possolo, 2015). Providing the uncertainty of the mea-
sured value is key for using the data to support decision making.

The National Institute of Standards & Technology offers a 
“Standard Reference Material (SRM) 2910b Hydroxyapatite” 
which is a 2-gram sample of well-characterized hydroxyapatite 
that comes with a Certificate of Analysis (www.nist.gov/srm). 
SRM 2910b was carefully prepared and tested to assure its 
composition. SRM 2910b can be tested alongside other 
preparations of hydroxyapatite and used to assess purity and 
composition. Hydroxyapatite is a biomaterial for which all 
three types of standards exist: reference material, reference 
data, and documentary standards. Hydroxyapatite reference 
data and documentary standards are discussed below.

The United States Pharmacopeia (USP; www.usp.org) 
also provides reference materials for biologics (http://www. 
usp.org/biologics/cell-tissue-standards). The “CD34+ Cell 
Enumeration System Suitability” contains human leuko-
cytes, erythrocytes, and CD34+ cells that have been fixed 
and lyophilized (Catalog Number 1084292). It can be 
reconstituted in water and comes with a certificate stating 
the number of CD34+ cells per unit volume. It can be used 
to assess the flow cytometric enumeration of CD34+ cells.

The National Institute for Biological Standards and Con-
trol (NIBSC) makes a vascular endothelial growth factor 
reference material (VEGF 165, Product Number 02/286). 

http://www.nist.gov/srm
http://www.usp.org
http://www.usp.org/biologics/cell-tissue-standards
http://www.usp.org/biologics/cell-tissue-standards
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The VEGF reference material was made by recombinant 
DNA technology and the assignment of the activity in the 
ampule was determined by an international interlaboratory 
study (Robinson et  al., 2006). It is intended to “facilitate 
the measurement of the potency and stability of therapeutic 
preparations of VEGF and inhibitors, and measurement of 
VEGF levels for diagnosis.” 

Reference Data

Reference data are carefully collected measurement data that 
can be used for comparison with experimental data to confirm 
that a measurement system is operating correctly, or to iden-
tify unknowns in a test sample. Reference data are often spec-
tra or measurement values of material properties. An example 
is the X-ray powder diffraction file for “Calcium Phosphate 
Hydroxide, Ca5(PO4)3(OH), Ca5HO13P3, Hydroxyapatite, 
synthetic” which can be obtained from the International Cen-
ter for Diffraction Data (ICDD; www.icdd.com). Hydroxy-
apatite is an important medical material which is the focus 
of many standards. ICDD maintains a central collection 
of X-ray powder diffraction patterns. All data are critically 
reviewed and evaluated by the ICDD editorial staff using a 
multitiered process before being added to the collection. As 
technology improves, the quality requirements for reference 
data evolve and the reference data must be “continuously 
reviewed and upgraded for accuracy and quality.” The data 
file for hydroxyapatite can be used to assess spectra from test 
samples to assess composition.

USP also provides examples of reference data. “Bovine 
Acellular Dermal Matrix Reference Photomicrographs” 
(Catalog Number 1535824) and “Scaffold Human Dermis 
Reference Photomicrographs” (Catalog Number 1535813) 
are images provided in a digital format. These reference 
micrographs can be used for comparison with images of test 
specimens of decellularized extracellular matrix intended for 
use as scaffolds for tissue-engineering applications. 

Documentary Standards

Documentary standards are written documents that “pro-
vide requirements, specifications, guidelines or characteris-
tics that can be used consistently to ensure that materials, 
products, processes and services are fit for their purpose” 
(www.iso.org). Several documentary standards for hydroxy-
apatite have been written by two of the major standards 
development organizations in the medical materials field: 
ASTM International (ASTMi; www.astm.org) and the 
International Organization for Standardization (ISO; 
www.iso.org), such as
	•	� ASTM F1185 Standard Specification for Composition of 

Hydroxyapatite for Surgical Implants
	•	� ASTM F2024 Standard Practice for X-ray Diffraction 

Determination of Phase Content of Plasma-Sprayed 
Hydroxyapatite Coatings

	•	� ISO 13175-3:2012 Implants for surgery—Calcium 
phosphates—Part 3: Hydroxyapatite and beta-tricalcium 
phosphate bone substitutes

	•	� ISO 13779-2:2018 Implants for surgery—
Hydroxyapatite—Part 2: Thermally sprayed coatings of 
hydroxyapatite

	•	� ISO 13779-3:2018 Implants for surgery—
Hydroxyapatite—Part 3: Chemical analysis and charac-
terization of crystallinity ratio and phase purity

	•	� ISO 13779-4 Implants for surgery—Hydroxyapatite—
Part 4: Determination of coating adhesion strength
ASTM F1185 provides an explicit set of chemical and 

crystallographic requirements for hydroxyapatite intended 
for surgical implants. ASTM F2024 describes how samples 
should be analyzed using X-ray diffraction in order to deter-
mine their hydroxyapatite composition. This assortment of 
documentary standards, reference materials, and reference 
data helps ensure that high-quality hydroxyapatite biomate-
rials are available for use in therapeutic devices.

Documentary Standards: Voluntary, 
Consensus

Documentary standards can be written by open, consen-
sus processes and their use is often voluntary. Documentary 
standards from ASTM and ISO are generally considered 
voluntary, consensus standards. The American National 
Standards Institute (ANSI) accredits standards development 
organizations (SDOs) who use fair and open processes. The 
www.ansi.org website reports 240 accredited SDOs in the 
United States as of 2019. Accreditation signifies that the 

Measurand: “quantity intended to be measured” (International 
Vocabulary of Metrology, 2012)

Note: Measurements are conducted to collect information that 
will be used in decision making. For tissue-engineered medical 
products, these decisions are often related to safety, efficacy, and 
batch release. A measurand is the quantity that one intends to 
measure. The use of the word “intended” is important since the 
measurement may not be measuring what one intends to mea-
sure. Thus the word measurand is used to emphasize what one 
intends to measure even though it might be different from what is 
being measured.

Measurement: “Measurement is an experimental or compu-
tational process that, by comparison with a standard, produces 
an estimate of the true value of a property of a material or virtual 
object or collection of objects, or of a process, event, or series of 
events, together with an evaluation of the uncertainty associated 
with that estimate, and intended for use in support of decision-
making” (Possolo, 2015)

Reference Material: “material, sufficiently homogeneous and 
stable with reference to specified properties, which has been 
established to be fit for its intended use in measurement or in 
examination of nominal properties” (International Vocabulary of 
Metrology, 2012)

Note: Reference materials are typically well-characterized 
materials that are used to calibrate a measurement system, or 
to assess the performance of a measurement system (quality 
assurance).

	 • BOX 3.1.8.1		� Standards and Measurement 
Terminology

http://www.icdd.com
http://www.iso.org
http://www.astm.org/
http://www.iso.org/
http://www.ansi.org
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SDO meets ANSI’s requirements for (1) openness, (2) bal-
ance, (3) due process, (4) an appeals process, and (5) consen-
sus. Standards that are created following these requirements 
are referred to as “voluntary consensus standards” (OMB 
Circular A-119, 2016).
	•	� Openness: all interested parties are provided a meaning-

ful opportunity to participate in standards development
	•	� Balance: a broad range of stakeholders are involved with 

no single interest dominating the process
	•	� Due process: documented policies and procedures, ade-

quate notice of meetings, sufficient time to review docu-
ments, access to views of other participants, a fair process 
for resolving conflicts

	•	� Appeals process: an impartial process is available for 
appeals

	•	� Consensus: general agreement, but not unanimity; objec-
tions are considered by a transparent and open process
In some cases, use of standards is not voluntary and 

their development is not consensus. For example, regula-
tory agencies mandate the use of certain ASTM and ISO 
documentary standards in their regulations. Also, the gov-
ernments of some countries have mandated the use of ISO 
documentary standards during product development. Some 
types of USP documentary standards are mandatory; for 
example, those that describe manufacturing requirements 
for well-established small-molecule drugs. In some cases, 
membership in the working groups that write standards is 
by appointment only and is not open to the public. This is 
the case for some committees that write documentary stan-
dards for USP. 

Who Writes Documentary Standards?

There are many SDOs that have a stake in the medical 
device and regenerative medicine industries that use bio-
materials (Standards Coordinating Body, 2019). The larg-
est organizations in the world that publish medical product 
documentary standards include IEEE (Institute of Electri-
cal and Electronics Engineers) with 423,000 members and 
ASME (American Society of Mechanical Engineers) with 
more than 130,000 members. Other major SDOs active in 
medical products standards, including those in the tissue 
engineering and regenerative medicine (TERM) industry, 
are listed in Table 3.1.8.1.

There are many benefits to standards, as listed in Box 
3.1.8.2. A standard test method for a measurement process 
can enable comparability over space and time. This is espe-
cially important for measurements of the critical quality attri-
butes of a medical product. When thousands of units must 
be reliably manufactured in different locations, on different 
equipment, and by different operators, a standard test method 
for assessing product quality is essential. Standards can stream-
line the regulatory process by providing well-characterized test 
methods for demonstrating safety and efficacy (Arcidiacono 
et al., 2018). When a product attribute is measured in accor-
dance with a standard test method, then regulatory agencies 
have greater confidence in the reliability of the data. Standard 

  � Examples of Documentary Standards 
Development Organizations (SDOs) in 
the Tissue Engineering and Regenerative 
Medicine Industry (TERM)

ASTMi ASTM International (Formerly Known as the 
American Society of Testing and Materials)

ISO International Organization of Standardization

USP United States Pharmacopeia

AAMI Association for the Advancement of Medical 
Instrumentation

HESI Health and Environmental Sciences Institute

AABB American Association of Blood Banks

FACT Foundation for the Accreditation of Cellular 
Therapy

ATCC American Type Culture Collection

ASME American Society of Mechanical Engineers

PDA Parenteral Drug Association

TABLE 
3.1.8.1 

Benefits of High-Quality Standards
	•	� Improve consistency of manufacturing
	•	� Streamline the regulatory process
	•	� Provide high-quality, proven test methods, avoiding costly 

trial-and-error approaches
	•	� Reduce manufacturing and testing costs
	•	� Improve confidence in a product
	•	� Enhance commerce and facilitate trade
	•	� Improve product quality, safety, and effectiveness
	•	� Help small enterprises compete with big companies
	•	� Inform decision making
	•	� Improve comparability and reproducibility of research 

conducted by academics and their students 

Risks of Not Developing Standards
	•	� Without standard test methods, each firm must bear the 

costly development of their own test methods
	•	� Regulatory review is slowed since developers cannot follow 

accepted standards in their regulatory filings
	•	� A source of best practices that has been vetted by many 

stakeholders and experts will be not available to product 
developers

	•	� Consumer confidence may falter if performance standards 
are not available to assure quality of new products 

Risks of Publishing Low-Quality Standards
	•	� Impose overly burdensome requirements on manufacturers
	•	� Requirements for inappropriate testing could stymie 

product development
	•	� Costs of meeting unnecessary requirements passed on to 

the consumer
	•	� Poor practices promulgated throughout the community
	•	� Manufactured products may be less reliable

	 • BOX 3.1.8.2		� Risks and Benefits of Standards
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test methods can facilitate commerce by establishing con-
sistent guidelines for assessing product quality (Sarkar et al., 
2019). Ideally, when the properties of a product are assessed 
by a standard test method, then the quality of products from 
different manufacturers can be compared. Academic teams, 
including students, that employ standard test methods can 
improve the reproducibility of their research, the compara-
bility of their results with results from other labs, and their 
posture in regard to translation and commercialization.

ASTM International (ASTMi, www.astm.org) is an SDO 
that was formed in 1898 by members in the railroad indus-
try and now has more than 30,000 members. It is divided 
into 143 different topic-specific Technical Committees, with 
Committee F04 Medical and Surgical Materials and Devices 
being the home for many biomaterials standards. There are 
approximately 12,000 ASTM standards, with more than 300 
of them from Committee F04. New committees are formed 
as technology is developed, with F42 on Additive Manufac-
turing being one of the newer ones, formed in 2009. The 
technical committees are divided into subcommittees with 
task groups formed to develop particular standards. ASTM 
has defined six types of standards as given in Table 3.1.8.2.

Another major SDO is the International Organization for 
Standardization (ISO; www.iso.org). ISO is an independent, 
nongovernmental, international organization with members 
from the national standards bodies of 163 countries with one 
member per country. Each member country has a Technical 
Advisory Group (TAG) which individuals from that country 
may join. Each country has one vote which is managed by 
the TAG. Technical committees lead standards development 
within ISO and there are 22,480 ISO standards to date. The 
first ISO technical committee was ISO/TC1 on screw threads 
and was created in 1947. ISO/TC150 on Implants for Sur-
gery was formed in 1971 and has 158 documentary stan-
dards. There are several subcommittees (SC) of ISO/TC150 
which include SC1 Materials, SC2 Cardiovascular Implants 
and Extracorporeal Systems, and SC7 Tissue Engineered 
Medical Products. The ASTM motto is “helping our world 
work better” while ISO’s is “when the world agrees.” 

How Are Documentary Standards Developed?

The documentary standards development process involves a 
wide range of people within a scientific or technical com-
munity as shown in Fig. 3.1.8.1. Typically, researchers from 
industry, academia, or government identify an issue that is 
impacting product reliability and performance and convene 
for discussion. Discussion can occur through informal work-
ing groups, at regular meetings of SDOs, or at special work-
shops. Due to the substantial number of people interested in 
or impacted by standards and the many SDOs active in the 
field of biomaterials and TERM, a Standards Coordinating 
Body (SCB) has been established to help coordinate efforts in 
these areas (www.standardscoordinatingbody.org). The first 
step of identifying a need, an issue worthy of standardization, 
and figuring out how to address it, is the most important. 
Issues identified for standards development must be based on 

repeatedly observed, known results, and not on a new area 
of basic research that is still highly variable and undefined. 
Sometimes, there is no clear, standardizable way of perform-
ing the task and the best option is to wait until more research 
has been conducted and information obtained. Robust docu-
mentary standards are underpinned by measurement science 
(metrology) (Fig. 3.1.8.2). There can be a substantial lag time 
from when a new material is discovered, or a new technol-
ogy is developed, to when a definitive standard can be writ-
ten. For example, development of nanoparticle standards was 
deferred until specialized equipment to measure their proper-
ties became available. Standards can only be developed about 
a topic for which there is already a large body of knowledge.

The next step is to identify people with the appropriate 
expertise and willingness to develop the standard. Documen-
tary standards are developed by volunteers who are not typi-
cally compensated for their time, travel costs, or laboratory 
expenses and who do not work for the SDOs. The timelines 
for developing standards are lengthy, typically 3–5 years. 
Standards do not provide authorship or citations to those that 
develop them. On the other hand, writing standards leads 

  � The Six Types of ASTM Documentary 
Standards

Guide An organized collection of information 
or series of options that does not 
recommend a specific course of 
action; typically provides a list of 
issues to consider when making a 
particular measurement, or a list of 
complementary measurements to 
consider when characterizing device 
properties.

Test Method A definitive procedure that produces a test 
result; provides a detailed procedure for 
conducting a measurement including 
controls and how to analyze the data; 
may include acceptance criteria and 
tolerances.

Practice A set of instructions for performing one or 
more specific operations that does not 
produce a test result, such as how to 
sterilize a device.

Specification An explicit set of requirements for 
chemical, mechanical, physical, 
biological, and/or electrical properties 
to be satisfied by a material, product, 
system, or service.

Terminology A document composed of terms, 
definitions of terms, descriptions of 
terms, nomenclature, and explanations 
of abbreviations, acronyms, and 
symbols.

Classification Systematic arrangement or division 
of materials, products, systems, 
or services into groups based on 
similar characteristics such as origin, 
composition, properties, or use.

TABLE 
3.1.8.2 

http://www.astm.org
http://www.iso.org
http://www.standardscoordinatingbody.org
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to a direct, positive impact on health care and new product 
commercialization and is nevertheless rewarding work. The 
highly interactive process builds a strong sense of camaraderie 
and lasting friendships are developed. The participants learn 
the best practices, caveats, and shortcomings of the technolo-
gies or measurements that are the focus of the standards.

After finding the right people, a working group or task 
force is formed that develops the draft documentary standard. 
This may involve teleconferences, face-to-face discussions at 
regular SDO meetings, literature reviews, writing assign-
ments, or laboratory research. It is important to identify and 
include all stakeholders at an early stage to avoid having the 
standard disputed later in the process. Stakeholders are those 
that are interested in the standard or potentially impacted by 
the standard. Staff from regulatory agencies, such as the Food 
and Drug Administration (FDA), attend SDO meetings since 
they have a great interest in standards development due to the 
value of standards in streamlining the regulatory process. Aca-
demics participate in SDO meetings to learn what is impor-
tant for the commercialization of new technologies and for 
the opportunity to share technological advances. SDOs pro-
vide a neutral forum for all stakeholders to meet and discuss 

the best path forward. SDO meetings involve teamwork and 
not competition. They are interactive and provide the oppor-
tunity for candid, open scientific discussion with key points 
becoming incorporated in the standards (see Case Study I). 
This may contrast with scientific conferences where the short-
comings of research results may receive less attention.

After the task group is in consensus that a draft documen-
tary standard is complete, it goes to ballot where the mem-
bership of the SDO will vote. In ASTM, there is a tiered 
balloting process with a subcommittee vote first, followed 
by a vote at the highest technical committee level. Negative 
votes are rigorously discussed and often require a revision 
of the standard draft. The requirement for consensus from 
a majority of stakeholders during standards development 
reduces bias, leading to technically sound standards. If the 
draft successfully passes through the balloting process, then 
the draft becomes a standard and is published.

Within each SDO, efforts are taken to ensure balance 
among the voters. For instance, ASTM requires that the 
number of votes by “producers” (companies, manufactur-
ers) must not exceed the sum of “users” (surgeons, den-
tists) plus “consumers” plus “general interest” (government, 

• Figure 3.1.8.1  Overview of the standards development process. People working in the field, such as 
tissue engineering or regenerative medicine, must work together to identify clear needs for standards. 
People who are interested in the standard or may be impacted by the proposed standard are known as 
stakeholders and must be recruited to develop the standards. Standards are developed within standards 
development organizations (SDOs), such as ASTM and ISO. SDOs provide training on the standards 
development process, hold meetings to convene stakeholders to work on the standards, provide the 
infrastructure for developing standards, and disseminate the standards. The Standards Coordinating Body 
(SCB) was formed in 2017 to help coordinate standards development among the many SDOs and regen-
erative medicine stakeholders, with tissue engineering being an important focus. (Courtesy of SCB, https
://www.standardscoordinatingbody.org/.)

• Figure 3.1.8.2  Standards and technology development are underpinned by measurement science 
(metrology). (Courtesy of Sheng Lin-Gibson.)

https://www.standardscoordinatingbody.org/
https://www.standardscoordinatingbody.org/
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academic). Further, in ASTM, each organization, company, 
or agency is only granted one vote. In ISO, each country is 
given one vote. In this way, one group of stakeholders can-
not unfairly influence the voting outcome.

Documentary standards are “living” documents that can 
be revised or revoked by the balloting process. Often, new 
information relevant to the standard becomes available and 
triggers revision. All standards must be periodically updated 
and reballoted (every 5 years for ASTM) to assure their 
relevance continues. Documentary standards have a useful 
lifetime and are revoked when they become irrelevant. 

Applications of Documentary Standards
Accelerating the Regulatory Process
Documentary standards can be a vital part of securing regu-
latory approval. When a standard test method can be used 
to assess a quality attribute of a product, then the review of 
these data is more efficient since the regulators will be famil-
iar with the methods. The Center for Devices and Radio-
logical Health at US FDA has a database of standards that 
it recognizes: https://www.accessdata.fda.gov/scripts/cdrh/c
fdocs/cfStandards/results.cfm.

Furthermore, in 2016, the US Congress passed the 
21st Century Cures Act (US Public Law 114-255) which 

requires the US FDA to facilitate the development of stan-
dards to enable “the development, evaluation, and review of 
regenerative medicine therapies and regenerative advanced 
therapies, including the manufacturing processes and con-
trols of such products.” An example of the essential role of 
standards in bringing a medical product from bench to bed-
side is described in Case Study II.

As mentioned above, the use of documentary standards 
is mandatory in some cases. Thus, it is important that docu-
mentary standards be carefully written to avoid inhibiting 
innovation and enabling their appropriate application to 

CASE STUDY I: DOCUMENTARY STANDARDS 
ARE LIVING DOCUMENTS THAT MUST BE 
CONTINUOUSLY REVIEWED FOR QUALITY 
AND ACCURACY

When it was originally developed, ASTM standard F1581 
Standard Specification for Composition of Anorganic Bone for 
Surgical Implants indicated that bone mineral was hydroxyapatite 
with characteristics that resembled the geologically formed 
mineral. The specification reflected current practice at the time 
which was the use of high temperature, aqueous processing 
conditions to produce anorganic bone that actually altered the 
native state of bone mineral to hydroxyapatite with reduced 
carbonate content. Some, but not all, companies used 
processing conditions that altered the native state of bone 
mineral, leading to high variability of anorganic bone products. 
Variable clinical outcomes were observed and equivalent 
product replacements were hard to make. Professor Melvin 
Glimcher, MD, an orthopedic surgeon and research director at 
the Children’s Hospital/Harvard Medical School, was motivated 
to revise the ASTM standard based on his expertise in the 
physical and chemical structure of bone mineral. Dr. Glimcher 
had discovered the true structure of bone mineral by developing 
a low temperature, non-aqueous method to isolate bone mineral 
from the organic matrix. By using a variety of characterization 
methods, he and his team showed that bone mineral is a 
nanocrystalline, carbonated apatite with a unique crystalline array 
of atoms that is different than hydroxyapatite.  Atomic vacancies 
and atomic substitutions of carbonate for phosphate make the 
native bone crystals more readily resorbed than highly crystalline 
hydroxyapatite. A consensus was reached to revise the standard. 
The F1581 specification now includes a description of anorganic 
bone as a bone-derived apatite and explains the importance 
of carbonate content and structure relative to dissolution and 
biological performance. This is an example of how standards 
must be continuously reviewed to reflect current knowledge 
and serves as a testament to the importance of clinician and 
academic input to the generation of robust standards.

  

CASE STUDY II: DOCUMENTARY STANDARDS 
USED IN A SUBMISSION TO FDA—A LIVING 
EXAMPLE

The documentary standards cited below were critical in the 
development and approval of X-Repair.

Product: X-Repair (Synthasome)
	•	� Woven, degradable mesh (poly-l-lactic acid)
	•	� Augments surgical repair of tendons and soft tissues
	•	� Received 510(k) clearance in 2009 

Standards that Were Used in the X-Repair 510(k) 
Application to FDA
	•	� ASTM D3786 Standard Test Method for Bursting 

Strength of Textile Fabrics—Diaphragm Bursting 
Strength Tester Method

	•	� ASTM D5035 Standard Test Method for Breaking Force 
and Elongation of Textile Fabrics (Strip Method)

	•	� ASTM D5587 Standard Test Method for Tearing 
Strength of Fabrics by Trapezoid Procedure

	•	� ASTM F1635 Standard Test Method for in vitro 
Degradation Testing of Hydrolytically Degradable 
Polymer Resins and Fabricated Forms for Surgical 
Implants

	•	� ASTM F2211 Standard Classification for Tissue 
Engineered Medical Products (TEMPs)

	•	� ASTM F2312 Standard Terminology Relating to TEMPs
	•	� ASTM F2027 Standard Guide for Characterization and 

Testing of Raw or Starting Biomaterials for Tissue-
Engineered Medical Products

	•	� ASTM F2150 Standard Guide for Characterization of 
Biomaterial Scaffolds Used in TEMPs

	•	� ISO 10993 Biological Evaluation of Medical Devices
	•	� ISO 11135 Sterilization of Health-Care Products

Acknowledgement: Information courtesy of Anthony Ratcliffe, 
Synthasome.

  

https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfStandards/results.cfm
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfStandards/results.cfm
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multiple use cases, especially those that may be unforeseen. 
Verbs such as “shall,” “will,” and “must” should be used cau-
tiously in standards, while words such as “may” and “can” are 
less restrictive and more compatible with innovation. It is dif-
ficult to set a specification in a standard that will apply to 
every product that may be developed. Specifications should 
be described with language that is conducive to innovation.

For these reasons, risk management approaches are being 
applied for tissue-engineered medical products: ISO 10993-1: 
Biological Evaluation of Medical Devices – Part 1: Evaluation 
and Testing Within a Risk Management Process. Risk man-
agement is a systematic approach to evaluating, controlling, 
and monitoring risk. Risks assessment includes “risk analysis in 
which risks are identified and estimated and risk evaluation in 
which risks are evaluated to identify those which require miti-
gation” (ISO 10993-1). It is not realistic to view documentary 
standards as a one-size-fits-all solution and the decision to use 
them should be based on the application and its risks. Risk 
management approaches enable the most important tests to be 
identified and performed for each product while avoiding the 
performance of unnecessary or irrelevant testing.

Specificity versus Universality
“Specificity versus universality” is a common debate during 
standards development. If a standard is written very broadly 
then it may not be useful, whereas as if it is written very nar-
rowly, then it may only be useful to a small group of stake-
holders. Finding the proper balance of being broad enough 
to have wide application, but being specific enough to still 
be useful, is a challenge. For this reason, the scope statement 
may be the most important section of a standard. The scope is 
the first section of both ASTM and ISO standards. The scope 
statement should clearly define the intent of the standard and 
what types of products or measurements are to be addressed. 
Defining the scope of a standard is a major task of any work-
ing group and may require extensive discussion to compose. 

A Standard Test Method Does Not Necessarily Define the 
Best Measurement
It is important to realize that a standard test method does 
not necessarily describe the best way to measure a property 
of interest (Simon et  al., 2015). Instead, a standard test 
method provides a reliable way to make a measurement, 
a way that has been vetted by experts and voted upon. 
Although there may be better or newer test methods, the 
value of a standard test methods lies in its reliability, since 
many experts have reviewed it and provided input. New 
approaches, or experimental test methods that are not well 
established, are not typically covered by a standard. 

Clinical Relevance
Another common, and very challenging, topic for discussion 
when developing documentary standards is that of “clinical 
relevance” (also referred to as “biological relevance”). This is 
important when deciding what to measure and how to mea-
sure it. Although the desire is to measure the most impor-
tant properties of a product (the properties that will influence 
its clinical performance), this is often difficult to achieve, 

particularly for tissue-engineered medical products. Very care-
ful thinking is required to determine which properties are the 
most clinically relevant and should be characterized. These 
decisions are easier when the product has been rationally 
designed with a hypothesized mechanism of action (Bravery 
et al., 2013). In this way, measurements can be selected based 
on their ability to provide information about the product’s 
ability to achieve the intended mechanism of action.

Some documentary standards focus on raw materi-
als that are used in a range of other products or devices. 
Examples of materials-focused standards include “ASTM 
F75 Standard Specification for Cobalt-28 Chromium-6 
Molybdenum Alloy Castings and Casting Alloy for Surgi-
cal Implants,” “ASTM F451 Standard Specification for 
Acrylic Bone Cement” and “ISO Technical Specification 
20,399-1 - Biotechnology — Ancillary Materials Present 
During the Production of Cellular Therapeutic Products — 
Part 1: General Requirements.” Other standards may focus 
on devices, including design aspects, dimensions, materials 
used in the device, and laboratory-based tests of device per-
formance. Performance testing evaluates the quality or capa-
bility of a product and aims to be a step closer to predicting 
clinical performance. Examples of documentary standards 
that describe device characteristics include F703 Standard 
Specification for Implantable Breast Prostheses and F623 
Standard Performance Specification for Foley Catheter. 
ASTM F1926 Standard Test Method for Dissolution Test-
ing of Calcium Phosphate Granules, Fabricated Forms and 
Coatings is a test method for a performance-related param-
eter. Many types of documentary standards are important 
for improving the quality and reliability of medical devices. 

Measurement Assurance

Measurement assurance is the process of evaluating and 
reducing variability in a measurement to improve confidence 
in results for use in decision making (Simon et  al., 2016). 
There are many strategies that can be used to achieve mea-
surement assurance, as shown in Fig. 3.1.8.3. Test methods 
that have been improved by the application of these strategies 
may serve as the basis for writing a documentary standard.

Several strategies for measurement assurance are described 
below and in Fig. 3.1.8.3:
	•	� Reference materials: Materials that are homogeneous and 

stable in regard to specified properties for use in calibra-
tion, to serve as a control or to serve as a reference point 
for comparability (described in more detail above).

	•	� Measurement process flow diagram: A tool to formally map 
a measurement process so that each step can be consid-
ered for its contribution to measurement uncertainty.

	•	� Increase “n”: Increasing the number of replicate measure-
ments (n) that are conducted enables more reliable sta-
tistical analysis and better modeling of the probability 
distribution function (histogram).

	•	� Automation: When automation can replace human man-
ual labor, the number of measurements can be increased, 
the variability in the process can be reduced, and human 
bias can be reduced.
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	•	� Process controls: Procedures to monitor critical points in a 
measurement process to check that steps are performing 
according to specifications.

	•	� Performance specifications: Specifications that must be met 
in order for the test results to be used in decision making; 
they are established by sensitivity testing and by tracking 
process control data over many runs.

	•	� Interlaboratory comparison studies (ILCSs): When differ-
ent labs conduct the same test and compare the results 
to assess measurement reproducibility; assesses measure-
ment variability introduced by different operators in dif-
ferent labs using different equipment (discussed in more 
detail below).

	•	� Orthogonal measurements: Confidence in a measurement 
result is enhanced when different measurement methods 
give a similar value of a material property; this is more 
convincing when the different measurements are based 
on different underlying principles.

	•	� Operator training: Provision of suitable training to opera-
tors improves measurement precision and comparability 
between different operators and labs.

	•	� Ishikawa diagram (cause and effect): A graphical tool 
to map sources of variability in a measurement and to 
attribute them to different steps or aspects of the mea-
surement process; also called a “cause and effect” or “fish-
bone” diagram.

	•	� Sensitivity testing: Identification of key measurement 
parameters that should be controlled in order to improve 
the reliability of the test results; may involve “design of 
experiment; ” also called “ruggedness testing.”

	•	� Design of experiment (DOE): A systematic approach for 
assessing the effect of multiple experimental variables 
on the test results; uses a mathematical approach to 

determine the most efficient and statistically powerful 
approach for varying and combining the parameters.

Interlaboratory Comparison Studies

Interlaboratory comparison studies (ILCSs) are an especially 
important tool for improving the reproducibility and com-
parability of research (Horwitz, 1994). ISO defines an “inter-
laboratory comparison” as the “organization, performance and 
evaluation of measurements or tests on the same or similar 
items by two or more laboratories in accordance with prede-
termined conditions.” ASTM requires that an ILCS be com-
pleted for all standard test methods that they publish. The first 
step in an ILCS is the formation of a working group of par-
ticipants that work collaboratively to design the test method. 
A well-documented, carefully written protocol must be devel-
oped that precisely describes how the test will be conducted. A 
set of stable, homogeneous specimens is distributed to the par-
ticipants who then conduct the test method on the specimens 
in their labs. The participating labs report their results to the 
organizing lab, and the data are analyzed to assess the repro-
ducibility (intralab variability) of the method when conducted 
in different labs. This process reduces variability as the proto-
col is refined through successive testing iterations and yields 
a more reliable test method. New labs benefit since they can 
use this reliable protocol to conduct testing in their own labs 
and may reasonably expect their results to fall within the range 
observed during the ILCS. The use of standard test methods 
which have been refined through an ILCS enhances the com-
parability of data collected in different labs. Comparable test 
data are especially important when a company needs to assess 
the quality of products manufactured at different locations, by 
different operators, and/or on different equipment. 

• Figure 3.1.8.3  “Measurement assurance is a structured process designed to ensure that measurements 
are adequate for their intended use” (Carey, 1993). This encompasses the strategies that one can use to 
improve confidence in a measurement. Identifying, monitoring, and mitigating the sources of variability in 
the measurement process lie at its core. Application of these strategies to a measurement process yields a 
protocol which can be validated for a particular application and which may serve as the basis for develop-
ing a documentary standard.
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Looking Ahead

There are many interesting and challenging opportunities 
for future standards development. One example is data 
standards. Cell characterization data sets are getting larger, 
especially omics data sets (genomic, transcriptomic, metab-
olomic, proteomic, etc.), and standards for formatting, 
annotating, analyzing, and summarizing these data will be 
required as they are used to support regulatory filings.

Another useful advance may be the application of the 
principles of “engineering biology” to the development of 
biological reference materials. For example, precise genetic 
manipulations could be used to generate cells with precise 
characteristics that could be used as reference materials to 
calibrate cell measurements. For instance, cells with a tightly 
regulated and reproducible rate of division could be useful for 
calibrating cell-counting measurements. Cells that express a 
precise number of a particular cell surface marker on their sur-
face could be used to calibrate flow cytometry measurements.

The ability of different systems, devices, or applications 
to connect, or interoperability, will be key for driving down 
development and manufacturing costs. However, this con-
cept is relatively new for TERM since the common themes 
for successful TERM products are not yet clear. As the 
field matures, multiple products may come to market that 
use overlapping materials and processes, and standards to 
enable interoperability of these materials and processes will 
be needed.

Another area for potential standardization will be multi-
variate analytical methods and artificial intelligence. Regu-
latory filings contain many types of measurement data and 
relating these data to clinical outcomes is challenging. Stan-
dards for using multivariate methods and artificial intel-
ligence for determining product quality from large and 
complex data sets will be required.

Standard approaches for weighing risks versus ben-
efits of TERM products will be needed. Decision mak-
ing must weigh potential benefits of the product against 
the likelihood and severity of adverse events. It may be 
appropriate for a terminally ill patient with a prognosis 
of months to live to take on greater treatment risks than a 
relatively healthy patient being treated for a nonlife-threat-
ening musculoskeletal ailment. The ethical, cultural, and 
personal nature of these decisions could benefit from the 
open discussions of experts in a specialized working group 
which are part of the documentary standards development 
process. Institutional review boards (IRBs) could benefit 
from having documentary standards to assist in their deci-
sion-making process. 

Conclusion

Despite the many standards that are already available, the 
translation of biomaterials and tissue-engineered medi-
cal products to clinical use is creating many needs and 
opportunities for standards development. There are many 
benefits to standards that make participation in their 

development a valuable and rewarding experience. Stan-
dards development remains an active and ongoing process 
that will likely influence your research in the future, if it 
has not already.
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