Product Quality Lifecycle Implementation (PQLI)
Application of Quality by Design throughout the Product Lifecycle

 Quality by Design Roadmap (Draft 3)
Summary
The purpose of this paper is to provide clarification and explanation of approaches companies could take implementing quality by design (QbD) in development, manufacture and continual improvement of a pharmaceutical product and manufacturing process. In combination with separate technical documents and illustrative examples some ‘how to’ considerations for companies are suggested when implementing ICH guidelines, Q8 (R1), Q9 and Q10. This QbD approach should lead to enhanced understanding and this could be used to the benefit of the product and company throughout the lifecycle of the product by improving manufacturing efficiency and reducing costs. This paper initially has 4 other associated topics on ‘Critical Quality Attributes and Critical Process Parameters’, ‘Design Space’, ‘Control Strategy’ and ‘Application of Science- and Risk-based Approaches (ICH Q8, Q9 and Q10) to Existing Products’ to which it refers. Illustrative examples are also being developed in order to provide more detailed explanation and demonstration on how the concepts discussed in this overview are linked to each other, and the concepts in the associated topics are implemented. Other topics will be added as needs are identified. The concepts and examples produced by PQLI are some alternative approaches to implement QbD and must not be considered the only approaches, there being many other options. Additionally, PQLI uses, where appropriate, output from discussions and interactions in many fora, meetings and presentations, for example from regulators’ presentations, ISPE and other similar organisations’ meetings and workshops, and  EFPIA, PhRMA, Japan PMDA work. 
Introduction
This document is intended to assist industry in the development of pragmatic and practical implementation of ICH guidelines using quality by design (QbD) principles based on sound scientific, engineering, and business principles. It uses as a basis ICH guidelines Q8 (R1), Pharmaceutical Development [1], Q9, Quality Risk Management [2] and Q10, Pharmaceutical Quality System [3] as well as other relevant ICH guidelines. The ICH Q8 (R1) parent guideline describes suggested content of the 3.2.P.2 (Pharmaceutical Development) section of a regulatory submission in Common Technical Document format, and the Annex provides further clarification of key concepts outlined in the core guideline.
Implementation of QbD principles may occur at any phase during the pharmaceutical product lifecycle (definition of ‘lifecycle’ is given in ICHQ8 (R1)) and may apply to drug substance and/or drug products of small molecules or biotechnological/biological products within the scope of ICH guidelines Q6A [4] and Q6B [5], Specifications. ICH has commenced a topic, Q11, Development and Manufacture of Drug Substances (chemical entities and biotechnological/biological entities) which should include QbD approaches to development of both large and small molecule drug substance manufacturing processes. It is also considered that the concepts in this document could apply to both new products and existing marketed products. 
The ICH glossary will be used as far as possible. Some phrases and concepts used in ICH guidelines such as ‘critical’ as applied, for example, to critical quality attributes and critical process parameters, and ‘design space’ as defined in Q8 (R1) [1], and ‘control strategy’ defined in Q10 [3] are judged to require further discussion and explanation to assist practitioners in their routine application and use. Consequently the topic initially called ‘criticality’ as applied to Critical Quality Attributes and Critical Process Parameters, and Design Space and Control Strategy have been selected by the PQLI program as the first to be given further attention and explanation. Initial thoughts related to these concepts have been published for comment [6, 7 and 8]. An additional PQLI topic describing Application of Science- and Risk-based Approaches (ICH Q8, Q9 and Q10) to Existing Products has also produced a paper [9] for comment. This paper discusses the opportunities, and the required business and technical criteria to justify and deliver a QbD project for an existing marketed product, as an example of application of QbD to continual improvement. 
Universally, feedback on the first three papers suggested that description of concepts of ‘criticality’, design space and control strategy needed to be presented in an integrated fashion to show clearly how these concepts fit together to demonstrate effectively the application of QbD principles described in ICH Q8(R1), Q9 and Q10.  The purpose of this overview or ‘bridging’ document is to address feedback. Revised versions of the papers on Critical Quality Attributes and Critical Process Parameters (previously named ‘Criticality’), Design Space and Control Strategy will be written based on this feedback and will complement this overview. In addition and in parallel, illustrative examples giving information in a different presentation to a paper will be developed to exemplify in a more practical manner how these concepts could be implemented 
This overview document in conjunction with the other current 4 PQLI topic papers and other topics yet to be identified with illustrative examples seek to provide considerations for companies to achieve product realization, establish and maintain a state of control and facilitate continual improvement as discussed in Q10 and using a QbD approach. This document will stimulate some of the internal discussions needed within a company when establishing a QbD project such as 
· how to organize a QbD project 

· how to translate QbD principles and concepts described in ICH Q8(R1) to prospective and systematic development of products and manufacturing processes
· how quality risk management could be used during development of products and process, technology transfer and routine manufacture
· how to identify opportunities for proposing flexible regulatory approaches
· what to include in regulatory applications  

· how to establish or amend a pharmaceutical quality system
· how to demonstrate the  links between the topics of Critical Quality Attributes (CQAs), derivation of important process parameters and material attributes impacting on CQAs, Design Space and Control Strategy
· how to identify CQAs and CPPs

· how to describe Design Space and Control Strategy 

· how to approach continual improvement using QbD 
· how to leverage an existing control strategy to an enhanced control strategy for an existing product 
· development of initial ideas on knowledge management
Currently companies have the choice relating to whether or how much of the Q8 (R1), Q9 and Q10 guidelines to apply given that these guidelines are optional. Additionally companies have the choice of whether or not they apply QbD to development of products and/or processes. 

Appendix 1 in Q8 (R1) illustrates some of the potential contrasts between a minimal approach and an enhanced QbD approach to pharmaceutical development and the respective impacts on the manufacturing process, process controls, product specification, control strategy and lifecycle management (continual improvement).

Using an enhanced, QbD approach should lead to deeper understanding of a product and its associated process or processes, which should lead to a more robust manufacture and a more efficient supply chain. In addition, this enhanced understanding should also reveal scientifically justifiable opportunities to propose flexible regulatory approaches and to obtain other business benefits. Potential benefits are discussed in the Benefits section below. 

In summary, this document is a ‘bridge’ between ICH guidelines and the more detailed discussion in illustrative examples and topic technical documents.
Application of QbD through a Product’s Lifecycle 
This section discusses the concepts regarding how to develop enhanced product and process understanding and how to use this enhanced understanding to the benefit of the product and company throughout the lifecycle of the product. 

The lifecycle of a pharmaceutical product is defined in Q8 (R1) as:
All phases in the life of a product from the initial development through marketing until the product’s discontinuation.

A benefit of quality by design is the development of enhanced product knowledge and process understanding which leads to more efficient manufacturing processes. A schematic of how this could be achieved using QbD through the life of a product is given in Figure 1
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Q8 (R1) gives guidance on the flow from developing and defining Quality Target Product Profile to Continual Improvement. Figure 1 gives the impression that product/process development and continual improvement are linear processes, however, in practice the development and continual improvement processes are iterative and the iterative nature is represented in Figure 2. In addition, Figure 2 shows the relationship between in this case formulation and process development and quality risk management steps from Q9. More detailed explanation of the iterative nature of formulation and process development is discussed later in this paper and further explanation will be given in the illustrative example and associated technical documents.
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In summary from Figure 1, a Quality Target Product Profile (QTPP) is proposed, which for development of a new product evolves and could be refined as the project development process progresses. For example, when developing a simple tablet, the strength(s) to be submitted and included in a QTPP may not be finalised until after completion of phase 3 clinical studies. A QTPP could be considered a qualitative description of the design goal. Critical Quality Attributes (CQAs) could be considered a more quantitative representation of the QTPP and an initial list of potential CQAs could be modified as development progresses. For example, at the start of development of a controlled release product quantitative in vitro acceptance criteria and selection of medium to use are not known - they evolve from development studies. Prior knowledge and initial experimental data should be summarised and an appropriate risk assessment process applied to identify and rank potential critical process parameters (potential CPPs) and material attributes with potential to impact on product quality (potential CQAs). The risk assessment assists to select factors to study, usually in statistically-designed experiments. Output from these studies can optionally be summarised in a design space, and should be used to propose using an appropriate risk assessment step critical process parameters and material attributes.  Again risk management could be used to assist with establishing a control strategy or control strategy options. Following scale-up of manufacture to production scale and commercialization of the product opportunities for appropriate improvements could be identified and changes made using the company change management system. This QbD approach and process is iterative throughout the lifecycle of the product. 

Continual Improvement is described in section 3 in Q10 alongside other important elements such as Management Responsibility and Continual Improvement of the Pharmaceutical Quality System. Continual Improvement is split into 2 parts, Lifecycle Stage Goals, which is a summary of the product lifecycle stages and Pharmaceutical Quality System Elements (PQSE), which has more detail for manufacturing operations. There are 4 sub parts to the PQSE and they are 


Process Performance and Product Quality Monitoring System


Corrective Action and Preventive Actions (CAPA) System


Change Management System


Management Review of Process Performance and Product Quality

Control strategy is discussed as part of the Process Performance and Product Quality Monitoring System section.
It is anticipated that opportunities for continual improvement based on performance of a specific product will diminish greatly, potentially to zero, as it demonstrated that the state of control of process performance and product quality is considered acceptable within an efficient supply chain.
The following sections provide more considerations for practitioners developing products and processes, performing scale-up and manufacturing routinely regarding ‘how to’ implement Q8 (R1), Q9 and Q10 using QbD. These considerations must not be considered the only way to apply QbD, nor should they be considered as regulatory guidance. As an example, companies have options to develop product and process understanding in many different manners and use this understanding to propose control strategies without describing a design space, as indicated in Appendix 1 of Q8 (R1)  
Quality Target Product Profile
The quality target product profile (QTPP) for a new product at the start of its development would likely be qualitative or semi-quantitative. A QTPP for an immediate release solid dosage form being designed to have defined clinical safety and efficacy objectives e.g. relating to patient population, indication, dose regimen etc. could be


Description 


Round, coated, convex tablet with size being





patient acceptable

Identity


Positive for active ingredient


Assay



 +/- 5% x mg and/or y mg, the doses in a Phase 




3 study


In vivo availability

Immediate release determined by in vitro 





dissolution test


Degradation Products

Meets criteria of Q3B 


Uniformity of dose

Meets pharmacopoeial criteria

Microbiological limits

Meet pharmacopoeial criteria

Container


Stable in multiple dose and unit dose packs. 





Packaging materials to be determined

For a once-a-day oral dosage form the QTPP could be similar to above with the following differences


In vivo availability

Assured by in vitro test 

Taking dissolution as an example, in both the above cases it is not always possible to define either the dissolution method or the release acceptance criteria at the start of development, these being determined as part of the development

For a humanised monoclonal antibody biotechnological active ingredient the initial QTPP could be


Description


Liquid


Identity


Assured


Purity and impurities

Product- and process-related impurities assured 




to meet patient safety


Potency


Assured based on Discovery cell-culture method


Immunochemical properties
Characterised and assured by tests, if required


Microbiological limits

Sterile


Container


Type I glass or equivalent

Again many of the above attributes can be refined by for example selection of dose from clinical studies and become more quantitative as development progresses and associated methods are developed.

Critical Quality Attributes 
Critical quality attributes (CQAs) could be considered a more quantitative representation of the QTPP. A CQA is defined in Q8 (R1) as ‘a physical, chemical, biological or microbiological property or characteristic that should be within an appropriate limit, range or distribution to ensure the desired product quality’. Discussion of their derivation from development work is given in Q8 (R1). The iterative nature of product and process development does require that attention is given as early as possible in development to refine from the QTPP the initial list of potential CQAs and finalise the list as Critical QAs, establishing limits for those attributes deemed ‘critical’. Approaches are given in the illustrative example and PQLI Critical Quality Attributes and Critical Process Parameters (CQA/CPP) technical document regarding how to delineate criticality in accordance with quality risk management (QRM) and application of risk assessment tools as discussed in ICH. At a high level there could be value in prioritising the initial list of potential CQAs based solely on a ‘severity of harm’ ranking. This prioritisation can be used to allocate resources to understanding the factors and parameters which impact on a particular CQA with the objective ultimately of reducing the risk of this ‘harm’ occurring, ideally by ‘designing out of the process’ this risk or ensuring that there is understanding that controls which are applied are capable of ensuring compliance with the CQA. How this could be achieved in practice will be explained in the CQA/CPP technical document and illustrated example.

CQAs of a drug product are likely either to be the finished product specification or to be closely related to the finished product specification.  
The following Table 1 gives an example of a potential relationship between QTPP, potential CQAs and CQAs for degradation products for an immediate release solid dosage form. At the beginning of drug product development understanding of drug substance is usually well known, however, knowledge of product degradation increases as development progresses.
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Example relationship between QTPP and QAs at beginning 

and end of development

Level of ‘z’ as a degradation 

product is not critical, and 

therefore not a CQA of drug 

product per se. No increase in 

long term, accelerated or stress 

stability studies.

‘z’ can be controlled in drug 

substance

Level of ‘w’ is a CQA since it 

increases in drug product 

accelerated and long term  

stability studies but to less than 

0.5% within the proposed shelf 

life

Degradation product ‘z’ meets 

0.2%, the level qualified in 

toxicity studies. ‘z’ is a synthetic 

impurity as well as a very 

unlikely degradation product 

from stress analytical 

development studies in solution 

at 80ºC.

Degradation product ‘w’ meets 

0.5%, the level qualified in 

toxicity studies. ‘w’ is found in 

drug substance accelerated 

stability studies. 

Degradation Products meet 

Q3B criteria 

CQAs at end Potential CQAs

at beginning

QTPP


In the above example degradation product ‘z’ is not a CQA of drug product manufacture and storage and perhaps only could be considered a CQA for drug product since it arises from drug substance in which it can be controlled. Degradation product ‘w’ is a CQA. This example is equally applicable to both a small molecule and a biotechnological molecule.
Another example could be water content for a tablet where at the beginning of development water content may be assigned as a potential CQA. Development studies could show that water content has not impact on chemical, physical or subjective properties of drug product, including microbiological properties and therefore water content can be re-assigned as not critical, and need not be specified in a drug product specification.

For a biotechnological compared with a small molecule product additional careful thought and justification is required to translate using knowledge of the biology the subjective description of the boundaries of patient safety and efficacy to CQAs and this could be a suitable topic for the PQLI biotechnological team to illustrate. 
Prior Knowledge
At the start of development of a product or process using QbD, risk assessment in conjunction with prior knowledge should be used to establish the initial list of potential CQAs and any associated acceptance criteria. Prior knowledge can come from the literature, company experience, an individual’s experience or previous work on this project, for example drug substance characterisation and previous formulation work to support toxicological or early clinical studies. Documenting and summarising prior knowledge could be considered part of the bigger element of knowledge management, which could be a future topic for PQLI. Additionally, this same risk assessment process could be used to develop and prioritise a list of material attributes (raw materials or in process materials from a unit operation) and process parameters that could have a potential impact on a CQA. Obviously it is possible for a material attribute or process parameter potentially to have an impact on more than one CQA. The benefit of the risk assessment process is that from a long list of material attributes and process parameters those most important to study with highest priority are identified. A consideration for practitioners is who to involve in the risk assessment process. There is more likelihood of a better outcome if the process is multi-disciplinary, involving for example manufacturing, analytical and quality control, and if experienced people are included. The level of formality and hence associated documentation should be decided by the company.
In summary prior knowledge and risk assessment are used to derive a list of potential CQAs and material attributes and process parameters to study.

Product and Process Development
It is not possible to give practitioners definitive details of how to develop a product or process using QbD. The approaches to development, timelines and processes that companies use are different.  In addition, each product is different and its prosecution toward regulatory approval and post approval lifecycle management are unique.  Finally, the capabilities of companies, levels of technical expertise and skills and organizational objectives are different.  However, the application of QbD principles can benefit from several organizational considerations:

1. Objectives of work

2. Multi-disciplinary working

3. Scale of work

4. Study designs
5. Iterative nature of product and process development
6. Use of Process Analytical Technology (PAT) tools

7. Linking material attributes and process parameters to CQAs

8. Knowledge management

1. Objectives of work. It is highly recommended that practitioners are very clear on the objectives of their development work. It is obvious that the needs of the patient are paramount, however, there could be other customers in the supply chain for whom there must be consideration, such as administrating practitioner (ease of injection) and practical aspects of the supply chain (need for temperature control or amount of shelf space available), and these technical objectives should be set out in the QTPP. In addition the company should be clear what it is intending to achieve when developing enhanced understanding. The following are some of the potential business objectives:

a. Development of robust process

b. Perform work within a set timeframe

c. Meet process safety requirements

d. Meet worker protection requirements

e. Meet environmental requirements

f. Obtain some desired flexibility due to business uncertainties such as volumes for manufacture, requiring flexibility of scale, site and equipment, potentially using a design space approach
g. Optimise movement of product through the supply chain

h. Work within resource or cost constraints
Use of Six Sigma and/or Lean Manufacturing tools could help structure this work.

The company’s development project team and its management should establish a systematic process to address these objectives and any constraints.

There are options and choices here for companies and teams applying QbD leading to the obvious question, how much work should be performed pre-approval? There are opportunities to do some of the work post-approval as part of continual improvement. It is the view of ISPE PQLI team that it is much better for companies and teams to start with a QbD approach and to enhance understanding based on a good scientific foundation, even if all desired business objectives are not achieved at initial approval, i.e. to start applying the QbD process as early as possible.
Whatever, an objective is to obtain a good understanding of the product and process and determine not only what factors such as material attributes or process parameters are important in terms of impact on CQAs and potentially themselves critical, but also what factors are much less or not important. It is these less important factors to which it should be relatively easy to apply quality risk management and conclude that a great deal of regulatory flexibility could be considered and justified. For the more important material attributes and process parameters impacting on CQAs an objective will be to derive quantitative relationships between CPPs and material attributes, these being derived from experimental studies.
2. Multi-disciplinary working. Experience from some companies indicates that working more than in the past in multi-disciplinary teams has benefits. This multi-disciplinary working can give advantages during the design phase of DOE studies and also during quality risk management steps where presence of different backgrounds, experiences and scientific disciplines can contribute to better discussion, understanding and output.
3. Scale of studies. Companies will decide scale of studies, however, generally it is more efficient to use the smallest scale practical, taking account of relevance of results to eventual scale(s) of manufacture. Use of the smallest scale optimises use of materials and generally gives most rapid turn round of results. When developing products and processes for new molecular entities (NMEs) materials of all types are often in very short supply, or in the case of active ingredients, there is the additional challenge of balancing use of material for process development studies, especially at large scale, and supplying clinical programmes. 
Many relationships are scale independent, for example those with a thermodynamic basis and rates of reaction, for example degradation in solution and, therefore, it is easy to justify applicability to production scale. In other cases science could be used to explain and document, and in yet others it may be necessary to perform studies at different scales to either confirm or further develop relationships.
4. Study designs. For optimum use of time, equipment and materials as well as greater assurance that results will be of greatest value, it is strongly recommended that experiments are designed carefully and since it must always be assumed until proven otherwise that product and process development are multivariate, and experimental plans should use a formal statistical design, such as DOE. There are many possible designs and choice depends on the situation. The development team should include not only persons skilled in the scientific definition and execution of QbD objectives but also persons skilled in the art and science of formal statistical experimental design (DoE), data evaluation and data interpretation. If using statistical and scientific execution skills in different individuals, the development scientist should control the experiment and work with the statistician to assist with design, and advising on limitations and confidence intervals of results. Some references are gives in Appendix 1.
5. Iterative nature of product and process development. It is highly unlikely that one experiment or even one series of well-designed experimental plans will give all the required outputs. In quality risk management (QRM) terms, conducting development work is risk reduction, part of risk control, and the output from studies should be evaluated in either a formal or an informal risk acceptance step to decide whether results allow a risk to be accepted, i.e. there is sufficient confidence that the risk is low, or that the risk is still high and then there are further options. The further options are i) accept the risk, which will probably lead to a robust control applied, or ii) perform further studies to develop more understanding with the objective of reducing the risk to an acceptable level. A schematic of this iterative process for development of a drug product linked to the risk management steps is given in Figure 2.

For some simpler products and processes it may be possible to design the product formulation then optimise the process. Process optimisation could involve investigating the whole manufacturing chain, or investigating each unit operation on its own, looking at inputs to and from that unit operation (feed forward and feed back). This is a choice for the development team. For complex products, for example controlled release dosage forms, design of the formulation in terms of quantities and material attributes of excipients could depend on and interact with process parameters employed in the process, as well as influence variability. Only formal design of experiments will estimate the dependencies and variability, and inform if there are interactions between factors studied.
6. Use of PAT tools. Since pharmaceutical processes are dynamic it is desirable but not essential to develop enhanced understanding of processes using real time or as close as possible to real time capture of data. There are many tools that could be employed and technology is changing and advancing rapidly so practitioners are referred to appropriate specialist meetings or societies for the latest information. ISPE PAT Communities of Practice (COPs) are a good source of interaction regarding latest technologies and applications. The PAT toolbox consists of data analysis applications, software and programs, on and in-line instruments, spectroscopic techniques, DoE tools, multivariate tools etc. These PAT tools can be applied in development studies, especially at smaller scale to speed up the development by delivering real-time data and making scale-up issues easier to deal with. PAT tools can also provide important input to arrive at a mechanistic understanding, for example of chemical transformations, and also provide some insight as to the need for PAT to provide additional control. Then based on the established process understanding decisions can be taken regarding whether or not these tools should be employed on production scale. PAT sensors can be replaced by “soft sensors” in production. The output from the studies linked to QRM should help the team make decisions.
In addition to use of analytical and data analysis tools practitioners need to consider the implications of data capture, storage and retrieval, which is a complicated subject and beyond the scope of this document. Data Management Working Groups exist in ISPE PAT COP’s as a resource for interaction. 
There also should be an understanding that data need to be summarised and conclusions drawn as information and knowledge, and it is the latter which should be summarised in submissions and used as input into a subsequent risk assessment process in the iterative development cycle.
7. Linking material attributes and process parameters to CQAs. Outcome of the work should be evaluated and summarised. It is expected that there could be relationships between material attributes and/or process parameters and
CQAs. These relationships could be used in developing a design space. Critical process parameters (CPPs) and critical material attributes (CMAs) should be selected as those whose variability have an impact on a CQA, the definition of a CPP from Q8 (R1) being ‘a process parameter whose variability has an impact on a critical quality attribute and therefore should be monitored or controlled to ensure the process produces the desired quality’. Risk assessment could be used to assist in the determination of which variables are critical and require control. There are more suggestions given in the separate CQA/CPP paper on how these steps could be taken, illustrated and outputs proposed. For example, outputs from the QbD work allow estimates of probability and detectability to be made for the impact of process parameters and/or material attributes on CQAs and these factors can be included in a risk assessment procedure such as Failure Mode, Effects and Criticality Analysis (FMECA) process to rank their impact. From this ranking which parameters and/or attributes are ‘critical’ and which require control can be proposed.
8. Knowledge management. An important outcome of QbD work is the totality of the information and knowledge produced, covering variables which are important and those which are not. Documentation of the development work is an ongoing process, i.e. the process understanding document needs update after new knowledge or understanding has been discovered. Traditionally, this knowledge is summarised in written reports. Often, however, there are some important features which are not written down but left in the memory of individuals. There may be new approaches to storing and retrieving and this subject could be the subject of a further PQLI topic. 
Design Space
Design space is defined as ‘the multidimensional combination and interaction of input variables (e.g., material attributes) and process parameters that have been demonstrated to provide assurance of quality’ (1). It is, however, not essential to propose a design space and have a design space step but to use the enhanced understanding resulting from product and process development conducted using QbD to move straight to derivation of a control strategy. The output from this enhanced understanding work could, however, be summarised in a design space as discussed in Q8 (R1) leading to opportunities to propose more flexible regulatory approaches since working within design space is not considered a change. Movement outside design space is considered a change and would normally initiate a regulatory post approval change process. 

The design space topic is the subject of a separate document, which discusses in more detail than Q8 (R1) how design space boundaries could be established, potentially using risk management and based on critical material attributes and process parameters and then presented in applications, and how design space is linked to control strategy as presented in regulatory applications and operated in manufacturing plants. It is the view of the ISPE PQLI Design Space team that design space should be based on the output of development linked to the QRM processes applied during the work. Also it is not necessary to always find the ‘edge of failure’ for the whole of the Design Space, as this may involve significant unnecessary experimental work and therefore cost. The risk assessment linked to the objectives of the work should be used to determine the range of the studies. It is desirable for the outcome of development work to be scale-independent so that design spaces could have the opportunity to propose flexibilities of scale. More detail of how to derive and propose design spaces is given in a separate document and illustrative example. Design space represents the linkage of 
· Multi-variate process understanding

· Multi-variate models based on chemistry, engineering fundamentals

· Multi-factor experimental design

and could be a first principles or empirical relationship, or a combination of both.

It is considered by this team that design space could represent all scientific understanding resulting from QbD activities. The control strategy presented in a submission should summarise how a product of the required quality is produced consistently and the linkage between design space and control strategy is discussed in more detail in the illustrative example.
As mentioned above as output from development studies, an important feature of discussion in an application justifying design space and regulatory flexibility is to justify as part of the risk control and communication process less important material attributes and process parameters where there should be opportunities to propose regulatory flexibility. 

Control Strategy

The definition of control strategy is given in Q10. There is a need to discuss how companies set control strategies for implementation at the plant level and how these are summarised in regulatory applications. The relationship between the CQAs, related CPPs and material attributes, design space and the control strategy needs to be clear emphasising that design space and control strategy are different. How the control strategy ensures the process operates within the design space needs to be established. This is discussed and exemplified more in the illustrative example. Additionally, control strategy is part of the Process Performance and Product Quality Monitoring System within the Pharmaceutical Quality System Elements of their PQS (Q10) and companies have to operate processes routinely within plants. For example, batch release processes will be based on the outcome of the control strategy so this linkage needs to be established by the companies. Consequently a separate document has been developed for practitioners to give some details of how to propose a control strategy and propose what is summarised in regulatory applications and what to include in the PQS.
Continual Improvement

Q10 describes Continual Improvement in section 3, which is applicable not only to products developed using QbD. There are current GMP requirements which apply no matter how a product was developed.  The concepts given in Q10 should, however, be relatively easily applied to a product developed using QbD. 
The sub-section on Lifecycle Stage Goals in Q10 gives a summary of Pharmaceutical Development and refers to Q8 (R1), which is further elaborated in this paper, and a summary of Technology Transfer. When developing a product using QbD it is anticipated that experimental studies will consider the impact of change of scale and equipment and ways of working will involve both development and manufacturing personnel such that the ‘technology transfer’ step mentioned in Q10 will evolve and become more a step to confirm understanding. Part of Technology Transfer is process validation and FDA has issued revised draft guidance [10] in late 2008 for process validation, which is more comprehensive than the 3 batch repeatability studies used currently. Developing and transferring products to routine production in line with QbD should meet the technical expectations of this FDA draft guidance. Further discussion of how the technology transfer will evolve when applying QbD may be the subject of a future PQLI topic. 

Within the Continual Improvement section in Q10 opportunities from innovation, the desire for improvement and outputs from Process Performance and Product Quality Monitoring and CAPA Systems drive change. These 2 latter systems are discussed in Q10, and in addition Q10 discusses considerations for a company when implementing its Change Management System.
Continual Improvement is not an objective in itself in that reducing variability or tightening acceptance criteria with no additional benefit to the patient is of no value, and to a company is unnecessary cost. Products developed and manufactured using QbD, should give much better estimates of how much optimisation is required from feedback from process performance and product quality monitoring. Proposed changes should be evaluated and tracked by a company’s change management system. 
There may be opportunities and benefits to continuing to apply QbD principles to a product developed using QbD as discussed in this document. There could also be opportunities to use QbD principles to an existing product developed using the science applicable at that time, which may not have involved a QbD approach. Particularly in this latter case if there is a requirement for a regulatory submission there is an opportunity to either use a design space approach or to have clear justifications linking the enhanced understanding to the proposed opportunity. A separate document has been produced, Application of Science- and Risk-based Approaches (ICH Q8, Q9 and Q10) to Existing Products [9] which contains a process flow that summarises business, technical and regulatory considerations including 3 Case studies. In one case study flexibility of addition of water amount for a granulation was justified using a design space. In another case study a manufacturing step was removed justified without using a design space, and in the third case real-time release was justified for a solid oral dosage form, again without proposing a design space. All these case studies have been approved in by least one regional regulatory agency 
It is anticipated that QbD could be applied to any type of existing product, including a generic or self-medication product.
Benefits of Using a QbD Approach
Benefits from above are summarized below under the following headings: 

· Making development more efficient

· Improving manufacturing efficiency 

· Proposing regulatory flexibility

· Business Strategy

Making Development More Efficient
Although there are few published data it is the view of the team that use of a QbD approach has the potential over the lifecycle of a product to use less resource, materials and time compared with a conventional approach for a given level of output. Although QbD may require more resources, time and effort initially, QbD is not seen as extending time to market but rather a ‘new way of working’ being more scientific and systematic. The benefits are reduced time and resources to scale-up, transfer and commercialize and maintain products, and a more efficient and robust supply chain. Data are hard to estimate and should emerge in the next few years since a QbD approach does require up front investment and the payback comes later in the lifecycle. Calculations are confounded by the need to include in calculations estimates for QbB effort invested in products which do not reach the market, and different companies taking different approaches regarding the amount of QbD effort to expend on a project which itself has high risk, for example clinically. 
The conventional univariate approach is unlikely to pick up more complicated dependencies between variables, and impossible for it to determine interactions between variables. In the case of some complex products or processes the univariate approach may make the product or process impossible to develop or leads to unnecessarily fixing variables in ranges which when all are fixed may make the product very difficult or impossible to manufacture without significant batch rejects. In effect it would be more by chance that a satisfactory batch was produced in this worst case. A univariate approach is useful, however, when performing early screening studies, and obviously when relationships are themselves univariate.
Improving Manufacturing Efficiency 

Opportunities for improving manufacturing efficiency are many and were used to justify the ICH Q10 topic [11].  These include the following:

· Optimizing variability of a process and increasing predictability for the supply chain

· Reduce manufacturing cycle-time

· Reduce inventory

· Minimizing technical problems 

· Maximizing yield

· Optimizing cost of quality

· Optimizing amount and complexity of analytical testing

· Optimizing  post approval stability programs

· Introducing real time release

Traditional pharmaceutical manufacturing and associated regulatory submissions have been based on the concept of a fixed process, which can lead to high process variability and hence high output variability, resulting in processes that are only of the order of 2.5 to 4.5 sigma capable [9].  In contrast, manufacturing processes developed with a QbD approach establish a manufacturing environment where the relationships between material attributes, process variables and quality attributes are well understood.  Based on this process understanding, the process may be adjusted to respond to input variability and variability of process parameters ultimately to provide for reduced variability of output resulting in processes approaching or achieving 6 sigma capability. Movement towards these reduced levels of variability leads to significantly improved and predictable supply chain performance with reductions in inventory levels and the cost of supply. If this is achieved product can be manufactured ‘just in time’ as in other industries rather than manufacturing for inventory levels estimated based on predicted requirements.
Additionally, there are many other associated benefits such as, shorter cycle times and increased yields, fewer investigations, more information on which to base root cause analysis, and an overall reduction in the costs of internal failures (i.e., rejects, reworks, reprocessing, extra set ups, process downtimes, emergency purchases of materials, and investigations).  More efficient manufacturing should optimize use of management time, use of equipment, and size and use of facilities. Again data are emerging and PQLI will seek to illustrate further more quantitative examples, however some companies have reported that these benefits are significant – see case studies in Application of Science- and Risk-based Approaches (ICH Q8, Q9 and Q10) to Existing Products [9] paper.
Other potential benefits from increased product understanding are in reduction and simplification of analytical testing, and potential reduction in post approval stability programs. 

Increased understanding could lead to real time process control of some unit operations and to real time release for all or some attributes in a specification. Again this could be a future topic for PQLI.
Finally processes and their controls might be fully or partly automated minimizing the variability from human interaction.

Proposing Regulatory Flexibility
Regulatory flexibility may be proposed through applying QbD approach.  This flexibility may be realized through proposing a design space as described in ICH Q8 (R1), or by making specific proposals in a regulatory submission.  Whether using the design space approach or making specific proposals for proposed flexibility in a regulatory filing the objective is for a company to reduce post-approval changes, limit the need for regulatory review for specific changes (e.g., Annual Report versus Prior Approval Supplement in the US) or reduce the criteria required to prosecute the change, i.e., the need for stability data for site and scale changes that are demonstrated as equivalent.

It is likely that compilation of a regulatory submission using the QbD approach will be more difficult and time-consuming than the traditional submission, and certainly in the initial phases of implementation of Q8 (R1), Q9 and Q10 may require more interactions with regulators during the development and pre-submission phases to reduce uncertainty for a company and give the regulators opportunity to input to the program and prepare for review and investigation. 

An objective is, however, that the investment in technical work and regulatory dossier compilation and submission will lead to reduced regulatory burden associated with subsequent manufacturing and/or analytical testing improvements.  One of the drivers for a company to reduce the number of post-approval submissions and have more internal control is to have more control of timing of introduction of further improvements.  This resulting situation has obvious benefits to both the company and the workload of regulators. 

Business Strategy

As an alternative or additional to a potential business strategy of improving the supply chain for a product, there is other flexibility that a company may wish to achieve such as introducing the ability more easily to move processes between sites, to change scales to meet demand and/or to operate processes using a variety of equipment.  Some companies have considered that QbD projects allow technical and manufacturing employees to understand better the needs of their ‘customers’, and to introduce cultural change with more multidisciplinary teams, for example involving R&D working alongside manufacturing and encourage better interactions between scientists and their management.  Additionally, such projects have been used by companies to understand better regulatory agency implementation of new guidelines and to improve a company’s interactions with regulators. 

Environment

The cost pressures on the pharmaceutical industry and the regulatory agencies mean that they need to do what is necessary to ensure that products are manufactured and regulated as efficiently as possible.  The result has been that both industry and regulators express a real desire for changes.  From industry there is a need to reduce costs by ensuring processes are developed efficiently and manufactured as efficiently and robustly as possible. Data are beginning to emerge from companies regarding experiences with QbD filings (see case studies in reference 9) and again PQLI should publicize more of these. 
There is also a change in the technological environment, which supports use of QbD.  There is increased availability of more user friendly ‘point and click’ software packages for use in Design of Experiment (DOE) studies and the development and understanding of multivariate models of processes provides the ability realistically to push forward science- and risk-based approaches.  The new technical environment may help to overcome resistance that has been encountered with some scientists when asked to consider multivariate over univariate approaches in product development and process improvement for existing products.  

Case Studies

An illustrative example is being developed.

Conclusion

There is no one way of introducing QbD. There is however one set of principles outlined in Q8 (R1), Q9 and Q10. This PQLI document has tried to expand these principles in order to provide some considerations for companies. These considerations do not, however, exclude other of the many alternative approaches. The approaches given in this document will be exemplified further by use of illustrative examples, and potentially by further explanation for those working on biotechnology products.

There could be further PQLI topics developed to explain additional particular points on how to implement QbD.

Glossary and Definitions

· Quality-by-Design (QbD):  a systematic approach to development that begins with predefined objectives and emphasizes product and process understanding and process control, based on sound science and quality risk management [1].

· Quality Attribute:  a physical, chemical, or microbiological property or characteristic that directly or indirectly relates to pre-defined product quality (safety, identity, strength, purity, and marketability of the product) .

· Critical Quality Attribute (CQA):  a physical, chemical, biological or microbiological property or characteristic that should be within an appropriate limit, range, or distribution to ensure product quality [1]. 
· Process Parameter:  a process variable (e.g., temperature, compression force) that can be assigned values to be used as control levels or operating limits. 
· Critical Quality Parameter (CPP): a process parameter whose variability has an impact on a critical quality attribute and therefore should be monitored or controlled to ensure the process produces desired quality [1].
· Design Space: the multidimensional combination and interaction of input variables (e.g., material attributes) and process parameters that have been demonstrated to provide assurance of quality [1]. 
· Control Strategy: a planned set of controls, derived from current product and process understanding that ensures process performance and product quality. The controls can include parameters and attributes related to drug substance and drug product materials and components, facility and equipment operating conditions, in-process controls, finished product specifications, and the associated methods and frequency of monitoring or control [1] and [3].
· Quality Target Product Profile: a prospective summary of the quality characteristics of a drug product that ideally will be achieved to ensure the desired quality, taking into account safety and efficacy of the drug product [1]. 
· Quality Risk Management:  a systematic process for the assessment, control, communication and review of risks to the quality of the drug (medicinal) product across the product lifecycle [2]. 
· Risk Assessment:  a systematic process of organizing information to support a risk decision to be made within a risk management process.  It consists of the identification of hazards and the analysis and evaluation of risks associated with exposure to those hazards [2]. 
· Process Analytical Technologies (PAT):  a system for designing, analyzing, and controlling manufacturing through timely measurements (i.e., during processing) of critical quality and performance attributes of raw and in-process materials and processes with the goal of assuring final product quality [1]. 
· Process Performance and Product Quality Monitoring System:  a system for the monitoring of process performance and product quality to ensure a state of control is maintained [summarised from text in 3]. 
· Preventative Action and Corrective Action System:  a system for implementing corrective actions and preventative actions resulting from an investigation of complaints, product rejections, non-conformances, recalls, deviations, audits, regulatory inspections and findings, and trends from process performance and product quality monitoring [summarised from text in 3]. 
· Change Management System:  a systematic approach to proposing, evaluating, approving, implementing and reviewing changes [3].
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