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Background

Conventional pharmaceutical manufacturing is 
generally accomplished using batch processing with 
laboratory testing conducted on collected samples to 
evaluate quality.  

This approach has been successful.  However, today 
significant opportunities exist for improving 
pharmaceuticals development, manufacturing and 
quality assurance through innovation in product and 
process development, process analysis and process 
control.
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Pharma industry has been generally hesitant to introduce 
innovative systems in the manufacturing sector for reasons like :

Regulatory uncertainty (perception that the regulatory system is 
rigid and unfavourable to introduction of innovative system).

Manufacturing procedures are treated as being frozen and 
many process changes are managed thru regulatory 
submissions. 

Other scientific and technical issues may also be the cause of 
this hesitancy.

Industry’s hesitancy to embrace innovation in pharma
manufacturing is undesirable from a public health prospective. 
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Pharmaceuticals will continue to play a prominent role in 
healthcare. 

Pharmaceutical manufacturing needs to employ

Innovation

Cutting edge  scientific and engineering knowledge

Best principles of quality management

to respond to 
the challenges of new discoveries (Novel drugs and 
nanotechnology) and 
ways of doing business (individualised therapy, genetically 
tailored treatment) 



7th March 2008, Hyderabad 5

In August 2002, recognizing the need to eliminate the hesitancy to 
innovate, USFDA launched a new initiative entitled “Pharmaceutical 
CGMPs for the 21st Century  : A Risk-Based Approach” with 
following goals :
 The most up-to-date concepts of risk management and 

quality systems approaches are incorporated into the 
manufacture of pharmaceuticals while maintaining product 
quality manufacturing and technology.

 Manufacturers are encouraged to use the latest scientific 
advances in pharmaceutical manufacturing and technology.

 Regulations and manufacturing standards are applied 
consistently by FDA and the Manufacturer.

 Risk-Based Approach encourages innovation in the 
pharmaceutical manufacturing sector.  
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Effective use of the most current pharmaceutical science and engineering 
principles and knowledge — throughout the life cycle of a product — can 
improve the efficiencies of both the manufacturing and regulatory processes 
as follows :
 Product quality and performance are ensured through the design of 

effective and efficient manufacturing processes.
 Product and process specifications are based on a mechanistic 

understanding of how formulation and process factors affect product 
performance. 

 Continuous real time quality assurance.
 Relevant regulatory policies and procedures are tailored to 

accommodate the most current level of scientific knowledge.
 Risk-based regulatory approaches recognise

- the level of scientific understanding of how formulation and 
manufacturing process factors affect product quality and performance.
- the capability of process control strategies to prevent or mitigate the 
risk of producing a poor quality product.
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PAT Frame Work

In line with August 2002 initiative 
USFDA first published the PAT 
Guidance for Industry in September 
2004.
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PAT can be considered as a system for designing, analysing and controlling 
manufacturing through timely measurements (i.e during processing) of 
critical quality and performance attributes of raw and in-process materials 
and process, with the goal of ensuring final product quality. 

The term analytical in PAT broadly includes chemical, physical, 
microbiological, mathematical and risk analysis conducted in an integrated 
manner.

The goal of PAT is to enhance understanding and control the manufacturing 
process.

QUALITY CANNOT BE TESTED INTO PRODUCTS; IT SHOULD BE 
BUILT-IN OR SHOULD BE BY DESIGN. 

PAT tools and principles should be used for gaining process understanding
and to meet the regulatory requirements for validating and controlling the 
manufacturing process.
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Quality is built into pharma products to a comprehensive understanding of :

• The intended therapeutic objectives; patient populations; route of 
administration; and pharmacological, toxicological, and pharmacokinetic 
characteristics of a drug.

• The chemical, physical, and bio-pharmaceutic characteristics of a drug.

• Design of a product and selection of product components and packaging
based on drug attributes listed above.

• The design of manufacturing processes using principles of engineering, 
materials science, and quality assurance to ensure acceptable and 
reproducible product quality and performance throughout a product’s 
shelf life.  

Increased emphasis on building quality into products allows more focus to 
be placed on relevant multi-factorial relationships among material, 
manufacturing process, environmental variables and their effect on quality.
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Effective innovation in development, manufacturing and quality assurance
would be expected to better answer questions such as the following :  

• What are the mechanisms of degradation, drug release, and absorption ?

• What are the effects of product components on quality ?

• What sources of variability are critical ?

• How does the process manage variability?

A desired  goal of PAT framework is to design and develop well understood 
processes that will consistently ensure a predefined quality at the end of the 
manufacturing process.
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Gains in quality, safety and/or efficiency will vary depending on the process 
and the product.  These are likely to come from :

• Reducing production cycle times by using on-, in-, and/or at-line 
measurements and controls

• Preventing rejects, scrap, and re-processing

• Real time release

• Increasing automation to improve operator safety and reduce human 
errors

• Improving energy and material use and increasing capacity

• Facilitating continuous processing to improve efficiency and manage 
variability 
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Process Understanding
A process is generally considered well understood when :
 All critical sources of variability are identified and explained;

 Variability is managed by the process

 Product quality attributes can be accurately and reliably predicted over the 
design space established for materials used, process parameters, 
manufacturing, environment, and other conditions.

The ability to predict reflects a high degree of process understanding.  
Although retrospective process capability data are indicative of a state of 
control, these alone may be insufficient to gauge or communicate process 
understanding.
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A focus on process understanding can  reduce the burden for validating 

systems by providing more options for justifying and qualifying systems

intended to monitor and control biological, physical, and/or chemical 

attributes of materials and processes.

Transfer of laboratory methods to on-, in-, or at-line methods may not 

necessarily be PAT.  Existing regulatory guidance documents and 

compendial approaches on analytical method validation should be 

considered.
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Structure product and process development on a small scale, using 

experimental design and on- or in-line process analyzers to collect date in 

real time, can provide increased insight and understanding for process 

development, optimisation, scale-up, technology transfer, and control.

Process understanding then continues in the production phase when other 

variables (e.g. environmental and supplier changes) may possibly be 

encountered.  Therefore, continuous learning over the life cycle of a product 

is important.
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Principles and Tools
Pharmaceutical manufacturing processes often consist of a series of unit 
operations, each intended to modulate certain properties of the materials 
being processed.  To ensure acceptable and reproducible modulation, 
consideration should be given to the quality attributes of incoming materials 
and their process-ability for each unit operation.

Significant progress has been made in developing analytical methods for 
chemical attributes like identity and purity.  However, certain physical and 
mechanical attributes of pharmaceutical ingredients are not necessarily well 
understood.  Consequently, the inherent, undetected variability of raw 
materials may be manifested in the final product.

Attributes like particle size and shape variations within a sample of raw and 
in-process material may pose a significant challenge because of their 
complexities.
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Formulation design strategies exist that provide robust processes that are 
not adversely affected by minor differences in physical attributes of raw 
materials. 

As these strategies are not generalized and are often based on the 
experience of a particular formulator, the quality of these formulations can 
be evaluated only by testing samples of in-process materials and end 
products. 

These tests are generally performed off line after preparing collected 
samples for analysis. Different tests, each for a particular quality attribute, 
are needed because such tests only address one attribute of the active 
ingredient following sample preparation during which other valuable 
information pertaining to the formulation matrix is often lost. 

Several new technologies are now available that can acquire information 
on multiple attributes with minimal or no sample preparation and assess 
these often nondestructively. 
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Most pharmaceutical processes are based on time-defined end points

(e.g., blend for 10 minutes). However, in some cases, these end points do 

not consider the effects of physical differences in raw materials.  

Processing difficulties can arise that result in the failure of a product to 

meet specifications, even if certain raw materials conform to established 

pharmacopeial specifications, which generally address only chemical 

identity and purity. 
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PAT Tools
Many tools are available that enable process understanding for scientific, 
risk-managed pharmaceutical development, manufacture, and quality 
assurance.  These include :  

• Multivariate tools for design, data acquisition and analysis 

• Process analyzers 

• Process control tools 

• Continuous improvement and knowledge management tools

An appropriate combination of some, or all, of these tools may be 
applicable to a single-unit operation, or to an entire manufacturing process 
and its quality assurance. 
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a. Multivariate Tools for Design, Data Acquisition and 
Analysis

From a physical, chemical, or biological perspective, pharmaceutical 
products and processes are complex multi-factorial systems.  The 
knowledge acquired in these development programs is the foundation for 
product and process design. 

A knowledge base can be of most benefit when it consists of scientific 
understanding of the relevant multi-factorial relationships (e.g., between 
formulation, process, and quality attributes).  This benefit can be achieved 
through the use of multivariate mathematical approaches, such as 
statistical design of experiments, response surface methodologies, 
process simulation, and pattern recognition tools, in conjunction with 
knowledge management systems. The applicability and reliability of 
knowledge in the form of mathematical relationships and models can be 
assessed by statistical evaluation of model predictions. 
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b.    Process Analyzers 

Process analysis has advanced significantly during the past several decades, due to 
an increasing appreciation for the value of collecting process data.  Available tools 
have evolved from those that predominantly take univariate process measurements, 
such as pH, temperature, and pressure, to those that measure biological, chemical, 
and physical attributes. 

Some process analyzers provide nondestructive measurements that contain 
information related to biological, physical, and chemical attributes of the materials 
being processed. These measurements can be: 

at-line: Measurement where the sample is removed, isolated from, and analyzed in 
close proximity to the process stream. 

on-line: Measurement where the sample is diverted from the manufacturing process, 
and may be returned to the process stream. 

in-line: Measurement where the sample is not removed from the process stream and 
can be invasive or noninvasive 
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c. Process Control Tools 

It is important to emphasize that a strong link between product design and 
process development is essential to ensure effective control of all critical 
quality attributes. Process monitoring and control strategies are intended to 
monitor the state of a process and actively manipulate it to maintain a 
desired state. 

Strategies should accommodate the attributes of input materials, the ability 
and reliability of process analyzers to measure critical attributes, and the 
achievement of process end points to ensure consistent quality of the 
output materials and the final product.

d. Continuous Improvement and Knowledge Management

Continuous learning through data collection and analysis over the life cycle 
of a product is important. These data can contribute to justifying proposals 
for post approval changes. Approaches and information technology
systems that support knowledge acquisition from such databases are 
valuable for the manufacturers and can also facilitate scientific 
communication with the FDA. Information technology infrastructure makes 
the development and maintenance of this knowledge base practical. 
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Risk-Based Approach 

Within an established quality system and for a particular manufacturing 
process, one would expect an inverse relationship between the level of 
process understanding and the risk of producing a poor quality product. For 
processes that are well understood, opportunities exist to develop less 
restrictive regulatory approaches to manage change. 

Integrated Systems Approach 

The fast pace of innovation in today's information age necessitates 
integrated systems thinking for evaluating and timely application of efficient 
tools and systems.  

Many of the advances that have occurred, and are anticipated to occur, are 
bringing the development, manufacturing, quality assurance, and 
information/knowledge management functions so closely together that 
these four areas should be coordinated in an integrated manner.  
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