DESIGN CONTROL »»

Identifying constraints explicitly in the design-input document facilitates project
management and reduces risk.
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. "DA now requires design controls
i~ as part of the development pro-
L cessfor regulated medical devices
and diagnostics. Understanding how
to apply such a system can be difficult,
however, because implementation de-
tails are largely unspecified in the reg-
ulation and because the available guid-
ance documents are inconsistent.
Further, little is known about how
companies are actually meeting these
obligations, since the information con-
tained in most design history files con-
stitutes highly confidential, often
strategic, corporate planning. The de-
sign process for truly novel products
includes substantial R&D that may be
buried in concept development, which
is exempt from regulation. Thus, the
formulation of design input is relegat-
ed to a set of specifications whose basis
may be a mystery to many of those
involved in creating the design output.
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[PRE——

Perhaps the most important phase
of the design process is reconciling the
needs and desires of patients and clin-
icians with various constraints imposed
by science, technology, business, and
other factors. Documenting these con-
straints explicitly in the design input
can improve both the results and vali-
dation of the design process in a man-

ner that is consistent with the original
intent of design controls.

Background

Design controls were first proposed
for inclusion in FDA’s GMP regulation
in November 1993. At that time, re-
searchers expressed concern that such
controls might be an unwarranted
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intrusion on and an obstacle to the cre-
ative process of new product develop-
ment. The design control regulation
was not finalized until October 1996,
and did not become effective until June
1, 1998. This lengthy promulgation
phase consisted of a design control
guidance released on March 11, 1997,
followed by a designated “learning
year” leading up to the effective date.
Since then, FDA has released only a
“Guide to Inspections” (August 1999),
leaving the details of design control
implementation largely to individual
organizations.

The Global Harmonization Task
Force (GHTF), on the other hand, pub-
lished a design control guidance dated
June 29, 1999, that is substantially dif-
ferent from FDA’s, but is actually con-
siderably closer to the apparent intent
of the design control regulation as stat-
ed in Subpart C (21 CFR 820.30).

As mentioned earlier, little informa-
tion is available about how design con-
trols have been implemented by com-
panies, since design history files are
highly confidential. In at least some or-
ganizations, research leading to new
product development remains separate
from the controlled process, which is
performed as a regulatory exercise
rather than an integral part of the cre-
ative process. The available guidance
documents and trade journal articles
describe how to compile design histo-
ry files that comply with the regula-
tions, but they do not provide scien-
tists and engineers with any other
incentive for doing so—thus perpetu-
ating a generally hostile attitude to-
ward the process. We argue here that
the design and documentation prac-
tices of researchers are naturally
aligned philosophically with the design
control regulation. The elements of the
process required by the regulation,
however, need to be defined in terms
that reflect the thought processes of
scientists and engineers, rather than
regulators.

Defining Design inputs

The purpose of design controls is to
ensure that products meet the needs of
their users. This is a goal that is readi-
ly accepted by applied researchers, who
often contribute to both the design of
the product and its validation. Section
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(c) of the regulation defines design
input as a statement of product re-
quirements that will meet the needs of
patients and clinicians for the intended
use. Thus, it is surprising to find that
the design input examples provided in
FDA’s design control guidance consist
largely of detailed specifications for a
product whose basic form and func-
tion seem to be taken for granted. A
basis for excluding the analysis of form
and function can be found in section
{b), which provides for a “concept
phase” that lies outside the controlled
design process mandated by the regu-
lation. Such a narrow approach may
work for a derivative product that
incorporates a simple improvement
suggested by users, but it begs the ques-
tion of how to validate specifications
that are not so evident.

For truly novel products, a major
part of the design process consists of
specifying a product whose form and
function are not so obviously based on
the requirements of the users. This pro-
cess may involve substantial research
into alternative approaches and designs
that are never incorporated into prod-
ucts. Some of the research may be done
by parties other than the regulated en-
tity, including academic scientists and
engineers who may not even be aware
of the application of their findings to
product design.

In the process of designing a novel
product, the engineering team fre-
quently must grapple with the need to
make trade-offs among conflicting
needs, according to the constraints of
available scientific knowledge and tech-
nology. Engineers may make trade-offs
and changes among specifications well
into the product development stage. If
fairly advanced sets of engineering spec-
ifications are considered design input
(the first stage in the process), then sub-
sequent deviations from them will be
difficult to justify. Changes will have to
be revalidated by going back to a pos-
sibly disorganized or unsystematic ac-
cumulation of user-related materials to
see if the new specifications remain re-
sponsive to identified user needs. In
fact, the users themselves may not un-
derstand how these specifications re-
late to their needs.

For innovative products, the first
step, or input, of the process might bet-

ter take the form of a set of absolute
and relative interests that might be met
in many different ways. Ideally, these
requirements should be no more spe-
cific than necessary; otherwise, they
risk handicapping the design team.
This more-general approach would
place both the product concept and the
detailed specifications intended to meet
the requirements as a later step, more
closely aligned with the design output
rather than the design input. Section
(d) of the regulation defines design out-
put in terms of a process for defining,
documenting, and accepting an output;
it makes no mention of specific con-
tent requirements.

One reason for excluding the con-
cept phase from the controlled design
process is that it is more difficult to
verify that a given design concept meets
user requirements than it is to verify
that a given product meets specifica-
tions. In order to evaluate the design
concept before it is actually validated
by field experience, the reviewers must
consider the background information
and thought processes that led to se-
lecting (and rejecting} various strate-
gies and technologies. These are the
types of information that researchers
normally incorporate into their schol-
arly publications as “review of the
literature” and “discussion,” but they
have no obvious place in the design
history file. These elements can and
should be incorporated into the design
input along with the requirements, be-
cause both constrain the set of valid
design outputs.

Constraints differ from the require-
ments, however, because they cannot
be derived from (nor validated against)
the needs of users; rather they stand
alone as independent facts, subject to
change over time as science and tech-
nology advance. Defining the con-
straints explicitly is a powerful tool for
unifying the design team and identify-
ing risk factors in product development.

A Complete Design and
Development Process

The process described herein (and
illustrated in Figure 1) is derived from
the final draft of “Design Control
Guidance for Medical Device Manu-
facturers,” released June 29, 1999, by
the Global Harmonization Task Force
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(GHTF.SGS‘N99-9). In particular, it
employs a specific version of the wa-
terfall design process as described orig-
inally by the Medical Devices Bureau
of Health Canada and now widely ac-
cepted by industry.

The design process starts with the
needs of users (patients, clinicians,
caregivers, customers) and ends in a
medical device system (hardware, soft-
ware, manufacturing documentation,
instructional material, labeling, etc.)
that meets those needs. The process
can be divided into a set of orderly
steps, each of which can be examined
to see if it is actually consistent with the
results of the previous step (this is the
verification process).

The overall design process must also
be responsive to various external con-
straints, such as the scientific under-
standing of bodily functions, the limits
of currently available technology, and
the commercial reality in which busi-
nesses operate. In the end, the experi-
ences of real users with the product it-
self must be analyzed ro determine if
their needs have been met, thereby val-
idating the design process.

The top and bottom items in the pro-
cess are outside of the control of the
project team and can only be observed,
influenced, and documented indirectly.
The middle three levels constitute the
actual design process. The first of these
Steps is to convert user needs into a
statement of requirements for the prod-
uct. The second is to develop quanti-
tative specifications for a product that
would meet the requirements. The
third is to construct the actual prod-
uct, i.e., an implementation that meets
the specifications. It is then possible to
observe users’ experience with the
product in the field.

One common problem in imple-
menting such a stepwise design process
is the temptation to incorporate detajls
early on that are more properly rele-
gated to a later step of the process. This
usually occurs because the designer
knows (or thinks he or she knows) the
implications of a constraint that will
eventually force such a detail to be in-
corporated into the product,

For example, consider the function-
al requirements for a neural stimula-
tor (see Table I). Typically, an engineer
specifies a range of stimulus pulse

Design Input:

clinicians, or patient focus groups)

of cutaneous nerves.

recharging.

spaced levels.

¢ Clinicians desire graphical selection of

relative to threshold without need to

literature)

and innervation

¢ Influence of implantation technique
on electrode design

and duration 1o effective intensity

e Effects of motor unit firing rates on
contractile force

on power dissipation
and battery life

Table I. Design input must include project requirements and constraints,

widths and currents that will be re-
quired when, in fact, the requirement is
simply that a particular class of ney-
rons be adequately stimulated. Stimy-
lus strength tends to depend on the
product of these two parameters, so
the range and resolution of each need
to be considered together in the context
of the application at hand.

Meeting more-detailed specifications
may overly complicate the design. In
this situation, the information that con-
strains the eventual selection of stimulus
parameters comes from well under-
stood principles of biophysics. These
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Requirements (cach of the following iteins
could reference a source, such as marker
analysis of competing products, consulting

© Patients require electrical activation of
various limb muscles without stimulation

® Patients need a portable system that is easily
worn on the body and that will operate
continuously for at least 4 hours without

¢ Muscle activation needs to span range from
threshold to maximal contraction with at
least 10 approximately logarithmically

stimulus paramerers based on intensiry

consider individual stimulus parameters.

Constraints (each of the following iterns could
be a separate, brief review of the most relevant

e Patterns of neuromuscular architecture

¢ Contributions of stimulus pulse current

e Effects of electrode geometry and impedance

Design Output:

Specifications

Electrode

¢ Configuration

© Materials

e Contact size

¢ Impedance

Stimulus pulse

© Waveform

¢ Current
(min, max, step size)

e Duration
(min, max, step size)

¢ Repetition Rate
(min, max, step size)

Implemeniation

Electrode

e Bill of marterials

e Component drawings and
suppliers

¢ Assembly procedures

e Testing procedures

e ligs and fixrures

Stimulator

e (Similar to above)

as in this
sample. Design output consists of both specifications and implementation.

principles are likely to play out differ-
ently for different configurations and
placements of electrodes, which are like-
ly to be constrained, in turn, by other re-
quirements, such as the desired clinjcal
procedure for placing the electrodes.
By including this constraint infor-
mation explicitly in the statement of
requirements, the designers charged
with generating the next level of the
process—the specifications—will be
free to consider all valid strategies in
the context of the information that
constrains their choices. This is pref-
erable to foreclosing certain strategies
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Design Process and Documentation

Contraints and guidance

User needs

Clinical

inpu

Scientific .
Business

Verification

Validation

Specifications

! V

Output

~4 Implementation

v

Experience

Figure 1. The design process starts and ends with elements that are outside the control
of the project: the needs of users for whom the product is intended and the experiences
of those users with the finished product. The FDA design history file requires two princi-
pal components: design input and design output. As proposed here, the design input con-
sists of the users’ needs—requirements—plus constraints on the ultimate design of the
product. The design output consists of a set of specifications that will meet the require-
ments plus the device master file and related implementation documents that describe the

product and its methods of manufacture.

by assigning specifications based on
unstated and perhaps erroneous as-
samptions. The sample outline in Fig-
ure 1 provides an overview of the main
elements of the structure recommend-
ed herein; the actual design history file
will contain many additional elements.

It is a general goal of the design pro-
cess to minimize the need to go back
and make changes at a higher level in
order to deal with unanticipated prob-
lems or trade-offs that emerge later in
the development process. Such itera-
tive changes generally reflect a waste-
ful dead-end. Designers cannot make
them without reconsidering the im-
plications for all other elements at the
higher levels. Consequently, the lower-
level output must be reverified for
consistency with the goals of the re-
vised input from the next higher level.
Integrating the concept phase with the
controlled design process reduces the
temptation to over-specify the design
input and decreases the likelihood
that it will need modification later in
the project.

The Value of Constraints
From the discussion above, it is ob-
vious that constraints can (and proba-
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bly should) be expanded beyond those
that are normally considered in schol-
arly analyses of biomedical engineering
problems. As depicted in Figure 1, con-
straints tend to cross the various levels
of the product development waterfall.

Clinical constraints tend to include
important facts about the patients that
the engineering team may tend to over-
look—for instance, the incidence of
cognitive impairment in stroke patients
who will be using a neuromuscular
stimulator.

Scientific constraints can provide the
information required to anticipate
competing treatment modalities and
to design clinical outcome measures
that will identify the relative merits of
the proposed product.

Engineering constraints describe the
candidate technologies that might be
employed in the product. They provide
the information required to perform
trade-offs among such specifications
as size, weight, durability, and cost.
They may also interact with nonmedi-
cal regulations, such as limits on elec-
tromagnetic emissions or radioactivity.

Regulatory constraints arise from the
feasibility of various clinical study de-
signs that might be used during the pre-

market investigational phase. The busi-
ness rationale for developing a new
product tends to relate closely to the
claims that will be used to market that
product. The ability to support those
claims depends on the design of both
the product and the clinical trials.

Business constraints affect every level
of the design process. Among these con-
straints are sales presence in specific
clinical markets, plans to develop core
competencies in particular areas of sci-
ence and technology, economies of scale
in procuring and supporting compo-
nents and technologies common to
many products, the ability to provide
clinical training and field support for
complex products, and others.

Because constraints are not derivable
from user needs, the usual processes
for verification do not apply. Instead,
constraints should almost always be
supported by reference to external
documents, such as textbooks, journal
articles, existing product literature,
and strategic directives from corporate
management. Compiling such refer-
ences formally is particularly useful in
building teams of individuals whose
areas of expertise and depth of expe-
rience vary greatly. The design team
tends to expand during the implemen-
tation phase of the project, and such
well-documented design input can be
used to bring new members up to speed
efficiently.

A formal statement of constraints
exposes areas where information is
contradictory or rapidly changing—
such areas are likely to coincide with
product development risks. For exam-
ple, if neural stimulation at several
different sites in the body has been
reported to treat successfully a given
clinical disorder, then the designers
will have to make a difficult choice
among a general-purpose device that is
cumbersome, a dedicated device that
may become obsolete, or a compro-
mise that combines the best of both
approaches but may take longer to de-
sign. Such a decision requires parallel
consideration of all types of con-
straints. That, in turn, will require
input from clinicians, scientists, engi-
neers, and markering and regulatory
specialists, each of whom is likely to be
knowledgeable about only one or two
types of constraints.
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The drafting of the design input pro-
vides the opportunity to identify con-
straints, evaluate their reliability, and
explain them to project management
and to diverse members of the design
team. Including this step in the con-
trolled process and documenting it in
the design history file can transform
design controls from a sterile exercise
in regulatory compliance to a powerful
tool for managing the team and in-
venting better products.

The incorporation of constraints
can also help identify and delimit risks
and hazards to product users. Much
of the scientific and engineering in-
formation required to understand the
nature and magnitude of failure
modes is likely to be included in these
constraints. In the example of the neu-
ral stimulator, the selection of elec-
trode dimensions interacts with the
range of available stimulus parame-
ters because of the well-recognized
safe charge-density limits for various
electrode materials. It may be possible
to show that the specifications, as de-
veloped through this analysis, effec-
tively limit the device to an intrinsi-
cally safe operating range regardless
of how it is used by clinicians. Such
specifications are obviously the result
of the design process, not an input to
it.

Currently, risk management activi-
ties are often conducted as a separate
activity that is part of the planning
phase for the design input. However,
risk analysis extends directly from a
consideration of requirements and
constraints. By drawing up a formal
statement of these elements, it will be
easier to tie the risk management ex-
ercise directly into the design control
process and perhaps even to develop
novel approaches to minimizing risk
through better design.

Conclusion

The development of novel medical
products requires the needs of users
to be integrated with the many con-
straints imposed by science, technolo-
gy, regulation, and business. Identify-
mng those constraints explicitly in the
design input facilitates project man-
agement and reduces risk. Shifting de-
tailed product specifications into de-
sign output can motivate innovation

within the framework of the product
requirements and constraints. Such a
design process will be more attractive
to research-oriented scientists and en-
gineers, while still complying with the
regulatory requirements.
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DEFINITION OF TERMS

User Needs: The subjective needs of potential users of
the product in terms of their clinical conditions, living cir-
cumstances, context of product use, economic considera-
tions, etc.

Reguirements: The formalized and complete statement of
the needs of all potential users of the product, as interpreted
by the designers and verified by reviewing with a sampling
of prospective users.

Specifications: A quantitative description of all of the
features of a prospective producr that would be necessary
to meet the requirements.

Implementation: The product itself plus all documentation
describing the details of its components, methods of manu-
facrure, instructions to users, etc. (essentially the items that
comprise the device master record as required by the U.S.
FDA).

Field Experience: All feedback from users that can be used
to identify the successes and limitations of the product in
meeting the users’ needs, including items such as clinical
reports, adverse.events, returned goods, complaints, sugges-
tions, etc.

Design Input: The starting point for the design, described
in sufficient detail so as to permit a regulatory agency to
evaluate the design ourput in terms of its responsiveness to
the design input. We have defined the requirements plus
guidance and constraints to constirute the input to our de-
sign process.

Design Output: The results of the design process. These are
the product itself and all documents describing the design
process, including specifications and implementation.

Verification: The process of comparing the ourput of each
step of the design process with the input to that step in order

to demonstrate thar the results are consistent with the goals
for that step. Thus, the specifications are compared against
the requirements and the implementarion output is compared
with the specifications.

Validation: The process of demonstrating that the design
process itself has met its goal of producing products that
users are ready, willing, and able to use.

Constraints and Guidance: The “facts of life” that must
be considered in the design process:

e Clinical—Information about the disease process, its like-
ly extent and progress in the patient population, and
the lifestyles, capabilities, and limitations of patients
and other users that might influence device use.
Scientific—Information about the underlying physio-
logical principles that govern the response of the body
to a disease and potential therapeuric interventions,
including limirations in the current state of knowledge
that may need to be resolved in the process of devel-
oping and/or testing the product.
Engineering—Information about the alternarive tech-
nologies that might be employed, their features and lim-
itations, and risk factors in their deployment,
Regulatory—Information about the circumstances under
which the device is likely ro be field tested and the nature
of the information that can be gathered.
Business—Information about compering technologies,
their clinical advantages and disadvantages; the “look
and feel” of complementary product lines; the price-
sensitivity of customers; and the sales, markering, and
training environment in which the product must gain
clinical acceprance.
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