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Foreword

Hundreds of books and thousands of articles are written on the subject of indus-
trial quality. In quite a few cases, self-proclaimed quality expert “gurus” throw 
around buzz-words such as “six sigma”, “statistical process control”, “ISO”, 
without attaching much practical sense to them. Dr. Bhavishya Mittal’s book 
stands out as a comprehensive review of all aspects of quality analysis, quality 
assurance and quality control as related to pharmaceutical industry, owing, in 
part, to practical application acumens, philosophical digressions and case studies.

With the efficiency of pharmaceutical manufacturing remaining very low 
compared to, say, automotive or aircraft industries, the problem of eliminating 
waste and implementing a “right the first time” workflow is of critical importance 
to both large and small pharmaceutical firms. This is the task of QA and QC.

This book begins with chapters on innovation and productivity, the driving 
forces behind modern industrial progress.

Next, the core Quality by Design (QbD) concept is discussed. QbD approach 
assumes and demands that quality should not be tested into a product but rather 
is built into a product. In a QbD system:

 l  The product is designed to meet performance requirements
 l  The process is designed to consistently meet product critical quality attributes
 l  The impact of formulation components and process parameters on product 

quality is well understood
 l  Critical sources of process variability are identified and controlled
 l  The process is continually monitored and updated to assure consistent quality 

over time

Quality by Efficient Design (QbED) approach is a proposed improvement 
over QbD, focusing on lowering expenses caused by poor quality and reducing 
chronic waste.

Pharmaceutical product quality is facilitated by adaptive and patient-centric 
drug design, two topics of discussion in this book presented as a prerequisite for 
manufacturing excellence.

Anyone interested in the well-being of pharmaceutical customers will enjoy 
reading this excellent book and will obtain a lot of insights from it.

Michael Levin, Ph.D.
Series Editor 

Expertise in Pharmaceutical Process Technology
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About the Expertise in 
Pharmaceutical Process 
Technology series

Numerous books and articles have been published on the subject of pharma-
ceutical process technology. Although most of them cover the subject matter in 
depth and include detailed descriptions of the processes and associated theories 
and practices of operations, there seems to be a significant lack of practical 
guides and “how to” publications.

The Expertise in Pharmaceutical Process Technology series is designed to 
fill this void. It will comprise volumes on specific subjects with case studies and 
practical advice on how to overcome challenges that the practitioners in various 
fields of pharmaceutical technology are facing.

1.  Format

 l  The series volumes will be published under the Elsevier Academic Press 
imprint in both the printed and electronic versions, with each volume 
containing approximately 100–200 pages. Electronic versions will be full 
color, whereas print books will be in black and white.

2.  Subject matter

 l  The series will be a collection of hands- on practical guides for practitioners 
with numerous case studies and step- by- step instructions for proper procedures 
and problem- solving. Each topic should start with a brief overview of the 
subject matter, exposé, and practical solutions of the most common problems 
with some case studies, and a lot of common sense (proven scientific rather 
than empirical practices).

 l  The series will try to avoid theoretical aspects of the subject matter and limit 
scientific/mathematical exposé (e.g., modeling, finite elements computations, 
academic studies, review of publications, theoretical aspects of process 
physics or chemistry) unless absolutely vital for understanding or justification 
of practical approach as advocated by the volume author. At best, it will 
combine both the practical (“how to”) and scientific (“why”) approach, based 
on practically proven solid theory—model—measurements. The main focus 
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will be to ensure that a practitioner can use the recommended step- by- step 
approach to improve the results of her daily activities.

3.  Target audience

 l  Primary audience will be pharmaceutical personnel, from low- level R&D and 
production technicians to team leaders and department heads. Some topics 
will also definitely be of interest to people working in nutraceutical and 
generic manufacturing companies. The series will also be useful for academia 
and regulatory agencies.

 l  Each book in the series will target a specific audience; because the format 
will be short, the price will be affordable not only for major pharmaceutical 
libraries but also for thousands of practitioners.

Welcome to the brave new world of practical guides to pharmaceutical 
technology!

Michael Levin, Ph.D.
Series Editor

Expertise in Pharmaceutical Process Technology
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Chapter 1

Healthcare: a societal 
benchmark

Change is Inevitable -  Except from a Vending Machine
Robert C. Gallagher

1.1  Introduction

1.1.1  Global health—a sacred promise

It is often said that nothing good comes from war. Although this is true in nearly 
all respects, a war could still be the impetus for permanently changing the status 
quo. In our collective history, the most devastating wars that were ever fought 
were World War I (1914–18) and World War II (1939–45) in which more than 
50 million people died. It is hard to fathom for our current society how dif-
ferent the world was before 1946 and in how many ways our lives have been 
changed forever because of these World Wars. It is as if humankind reset its 
existence after 1945 and broke free of the shackles of our collective past of 
numerous sufferings, stifling dogma, debilitating diseases, and suffocating old- 
world order. One such positive events post World War II was the formation of 
United Nations (UN).1

The name “United Nations” coined by Franklin D. Roosevelt, the 32nd US 
President, was first used in the Declaration by United Nations of 1 January 
1942, when representatives of 26 nations pledged their Governments to con-
tinue fighting together against the Axis Powers. The Charter of the United 
Nations was signed on 26 June 1945 by the representatives of 50 countries. 
Poland signed it later and became one of the original 51 Member States. The 
UN officially came into existence on 24 October 1945, when the Charter had 
been ratified by China, France, Soviet Union, United Kingdom, United States, 
and by a majority of other signatories. That is why United Nations Day is cel-
ebrated on 24 October each year.

1. League of Nations, a forerunner to UN, was an organization conceived in similar circumstances 
during World War I and established in 1919 under the Treaty of Versailles “to promote international 
cooperation and to achieve peace and security.” The League of Nations ceased its activities after 
failing to prevent World War II.
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In 70+ years of its existence, UN has touched the lives of billions of peo-
ple through its leadership in maintaining world peace and security, enhancing 
social and economic development, fighting for human rights, and implementing 
worldwide eradication plans for diseases such smallpox and polio. The UN pro-
vides food and assistance to 80 million people in 80 countries, supplies vaccines 
to 45% of the world’s children, assists 67 million people fleeing war, and coor-
dinates US$ 24.7 billion appeal for humanitarian needs of 145 million people 
(UN, 2018). From all accounts, UN’s impact on our modern society is mas-
sive. It is no wonder that UN, its specialized agencies, related agencies, funds, 
programs, and staff were awarded the prestigious Nobel Peace Prize 11 times!

One of the outcomes of UN’s leadership was the formation of the World 
Health Organization (WHO), a specialized agency of the UN that is concerned 
with international public health. WHO’s Constitution came into force on 7 April 
1948—a date celebrated every year as World Health Day. The WHO has 194 
member states and is the directing and coordinating authority on international 
health within the UN system (WHO, 2018). It achieves its objectives by

 l  providing leadership on matters critical to health and engaging in partnerships 
where joint action is needed;

 l  shaping the research agenda and stimulating the generation, translation, and 
dissemination of valuable knowledge;

 l  setting norms and standards and promoting and monitoring their 
implementation;

 l  articulating ethical and evidence- based policy options;
 l  providing technical support, catalyzing change, and building sustainable 

institutional capacity; and
 l  monitoring the health situation and assessing health trends.

Like the UN’s Charter, WHO’s Constitution (About WHO, 2018) (Fig. 1.1) 
is a testament to humankind’s goodwill. Working through offices in more than 
150 countries, WHO staff work side- by- side with governments and other part-
ners to ensure the highest attainable level of health for all people.

1.1.2  Sustainable global health: a work in progress

Good health is one of the biggest blessings in life. However, it is a sad reality 
that for as long as there has been life on earth, disease has been an integral part 
of it. The world population was 7.35 billion in 2015—nearly two and a half 
times greater than that in 1960. The populations of East Asia and Pacific and 
South Asia each grew by more than a billion people, but sub- Saharan Africa’s 
population expanded the fastest—to 4.4 times its size 55 years ago. The Middle 
East and North Africa’s population also expanded rapidly—to 4 times its size 
in 1960 (WBG, 2017). In the meanwhile, as per WHO, global life expectancy at 
birth for both males and females is up from 66.4 years in 2000 to 71.4 years in 
2015. In another relevant indicator for health, the global healthy life expectancy 
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at birth for both males and females is up from 58.5 years in 2000 to 63.1 years in 
2015 (Global Health Observatory Data Repository, 2018). Clearly, humans are 
living longer and healthier. These are all possible due to the significant advance-
ments in agriculture, science, infrastructure, and healthcare. However, the pic-
ture is not all rosy.

The past 60 years have seen a revolution in our knowledge of many medical 
conditions and diseases. With this improved understanding, we have developed 
medicines that are more specific, better tolerated, or which target illnesses pre-
viously beyond our reach. From a societal perspective, a country’s progress can 
be judged by its population’s health, its distribution across the social spectrum, 
and the care provided to patients. As seen from Fig. 1.2 (and further discussed 
in Section 2.3 and Chapter 9), unfortunately, there is a wide distribution in life 
expectancy at birth globally. No matter what the causes for this wide disparity in 
a region might be, it is a sad reality that a child born today can expect to live less 
than 50 years in some parts of the world, whereas in other parts, a child can live 
for more than 80 years. The statistics on low life expectancy are simply appall-
ing and genuinely unacceptable! The usual suspects for all the abovementioned 
statistics are infrastructure issues, lack of education and awareness, conflicts 
and wars, poverty, and lack of access to adequate healthcare. This proves that so 
much more needs to be done and we all have a role to play here.

In the essence of social justice, WHO set up the Commission on Social 
Determinants of Health (CSDH) in 2005. The CSDH was mandated to collect, 

FIGURE 1.1 Constitution of the World Health Organization.
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collate, and synthesize global evidence on the social determinants of health and 
their impact on inequality, and to make actionable recommendations to address 
that inequity. In its landmark report issued in 2008, the CSDH acknowledged 
that the root causes of health inequities are complex, arising from the interaction 
of a variety of political, economic, and social factors. Still, the Commission was 
optimistic that these vexing issues surrounding health inequity can be resolved 
as long as its call for urgent action is heeded (CSDH, 2008). The Commission 
outlined the various actions, approaches, and recommendations that aspire to 
close the health gap in a generation. As one goes through the voluminous report, 
it is quickly realized that there is no single solution that can address the global 
health inequity that exists today. Nonetheless, one thing is clear, the health ineq-
uities are human made (Friel, 2017, pp. 573–590)!

This is encouraging. Because these problems are human made, the potential 
solutions also do exist, as long as there is relentless intent and unwavering resolve 
to find them. In CSDH’s report, potential solutions abound in terms of posi-
tive cultural shifts, balanced socioeconomics, infrastructure growth, increased 
public awareness, responsible governance, etc. However, in the author’s view, 
a critical area that can also assist in addressing this issue is efficient pharma-
ceutical manufacturing and access to high- quality medicines. There has been a 
significant growth in the innovative and resourceful manufacturing of health-
care products, and better awareness of these streamlined approaches to develop 

FIGURE 1.2 Life expectancy in years at birth. (Source: World Bank Group. “Life expectancy  
at birth, total (years)”. 2016. https://data.worldbank.org/ Database August 1, 2018.)

https://data.worldbank.org/
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future medicines can be helpful in reducing the global health inequity. With 
this aim, this book hopes to introduce to the reader some of these rational-
ized manufacturing approaches for solid oral dosages. However, to pass this 
knowledge forward effectively, it is important to understand and pay respect to 
the generations of hardworking people and visionary leaders who led society 
through several challenges and helped usher our collective comprehension of 
the modern drug development paradigm and improved manufacturing practices. 
It is with this reverend spirit, we welcome the future by learning from the past!

1.2  An overview of the pharmaceutical industry

Throughout humankind’s existence, efforts have been taken to extend the qual-
ity and life of patients. In our modern times, United States is recognized as the 
global leader of biopharmaceutical innovation. That was not always the case 
though. As one ponders on the history of pharmaceuticals, one cannot help but 
wonder how the pharmaceutical industry became one of the most profitable 
and research- intensive industries in United States. It is undeniable that access 
to healthcare and medicines is an important societal benchmark; however, in 
United States, the industry has evolved significantly and continues to do so. 
In an interesting article written by Dr. John P. Swann of the History Office of 
Food and Drug Administration, he clarifies that imports from Europe were the 
principal source for drugs in pre- 19th century America. In Europe, at this time 
in history, even though mass production of certain drugs had been evident for at 
least three centuries, the beginning of a true pharmaceutical industry was still 
more than a century away (Swann, 1995).

1.2.1  From botanicals to alkaloids

From time immemorial, plants have been used for medicinal purposes. Several 
ancient cultures, such as Egyptians, Sumerians, Chinese, Indian, and Greek, 
wrote about plants and their medicinal uses. However, the discovery of alka-
loids (a group of naturally occurring chemicals produced by a large variety of 
organisms including bacteria, fungi, plants, and animals that mostly contain 
basic nitrogen atoms), beginning with Friedrich Sertürner’s isolation and dis-
covery of morphine2 as the hypnotic principle of opium in 1805, was among 
the most significant therapeutic advances of the early 19th century. Sertürner’s 
discovery stimulated a search for active principles in other medicinal plants, 

2. Friedrich Wilhelm Adam Sertürner (1783–1841) was a German pharmacist. As a pharmacist’s 
apprentice in Paderborn (Germany), he was the first to isolate morphine from opium. He called the 
isolated alkaloid “morphium” after the Greek god of dreams, Morpheus. He published a compre-
hensive paper on its isolation, crystallization, crystal structure, and pharmacological properties. 
It was not only the first alkaloid to be extracted from opium but also the first ever alkaloid to be 
isolated from any plant.
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and eventually this would be an enormous contribution toward developing the 
modern pharmaceutical industry.

Meanwhile in America, in 1818, pharmacists John Farr and Abraham Kunzi 
opened an establishment that soon produced quinine and other alkaloids in 
bulk. However, a lack of uniformity in medical practices and a desire to dem-
onstrate a young nation’s independence from Europe led to the development of 
the first US Pharmacopeia (USP). The first USP was published on December 
21, 1820 (USP, 2018). A few decades later, companies such as SmithKline and 
French, William S. Merrell, Parke- Davis, and Wyeth came into existence. By 
the Civil War (1861–65), there was a growing presence of manufactured drugs. 
In Philadelphia alone, by 1882, there were 144 companies engaged in some sort 
of pharmaceutical manufacture (Swann, 1995).

Like other industries, pharmaceuticals benefitted from many late 19th 
century changes that characterized the industrial revolution, such as increas-
ing urbanization that created new markets for consumer goods, the develop-
ment of some labor- saving technologies like tablet production, and especially 
the expansion of transportation routes with rail lines. All of this proceeded, 
of course, in the absence of much in the way of regulatory controls (Swann, 
1995). The institutionalization of science and research in drug manufactur-
ing, which began in the 1880s, ushered in the modern pharmaceutical industry. 
The two World Wars accelerated the rate of investments. Annual spending on 
research for the American pharmaceutical industry reached about $50 million 
by early 1950s and quadrupled by 1960s. The pharmaceutical industry overall 
fared well in a comparison of research expenditures among many other indus-
tries. According to a 1971 study of more than 25 industries by the National 
Science Foundation, pharmaceuticals spent 7.6% of their net sales on research; 
only two other industries, aircraft and communications, spent a higher percent-
age on research & development (R&D) (Swann, 1995). As it was then and is 
still the case, the impact of pharmaceutical research on US economy cannot be 
understated.

1.2.2  Impact of healthcare and pharmaceuticals on US economy

US economy is the world’s largest by nominal gross domestic product (GDP). 
In economics, GDP is a primary indicator used to gauge a country’s economic 
health. It represents the total dollar value of all goods and services produced 
over a specific period. According to the World Bank Group, GDP at purchaser’s 
prices is the sum of gross value added by all resident producers in the economy 
plus any product taxes and minus any subsidies not included in the products’ 
value. It is calculated without making deductions for depreciation of fabricated 
assets or for depletion and degradation of natural resources. The US dollar is the 
currency most used in international transactions and is backed by its science and 
technology, its military, and the full faith of the US government to reimburse 
its debts. United States’ largest trading partners are China, Canada, Mexico, 
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Japan, Germany, South Korea, United Kingdom, France, India, and Taiwan. 
Over a span of 50+ years, US economy has steadily grown along with its total 
population (Fig. 1.3).

The Bureau of Economic Analysis (BEA), an agency within the US 
Department of Commerce, is one of the principal agencies of US Federal 
Statistical System. The BEA was established in 1972 under the administration 
of the 37th President Richard M. Nixon after a government agency’s reorga-
nization and reshuffling from older previous bureaus. Its stated mission is to 
“promote a better understanding of the US economy by providing the most 
timely, relevant, and accurate economic data in an objective and cost- effective 
manner”. BEA produces economic accounts statistics that enable government 
and business decision- makers, researchers, and the American public to follow 
and understand the performance of the Nation’s economy. To do this, BEA col-
lects source data, conducts research and analysis, develops and implements 
estimation methodologies, and disseminates statistics to the public. BEA’s eco-
nomic statistics, which provide a comprehensive, up- to- date picture of the US 
economy, are key ingredients in critical decisions affecting monetary policy, 
tax and budget projections, and business investment plans. The cornerstone of 
BEA’s statistics is the national income and product accounts, which feature the 
estimates of GDP and related measures.

FIGURE 1.3 Growth in US gross domestic product and total population.
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As per BEA, US GDP can be broken down by two industries: private and 
government (Table 1.1). Private industries include a variety of industries such 
as agriculture, mining, utilities, construction, manufacturing, retail, transpor-
tation, etc. Government industries include the general government including 
national defense and other government enterprises. Clearly, as one can expect, 
the private industries’ contribution to the GDP is tremendous and continues to 
grow steadily by approximately $547 billion per year. A further breakdown of 
the contributions of various sectors of private industries is given in Table 1.2.

The educational services, healthcare, and social assistance sector (in Table 
1.2) contributed $1556 billion to US GDP in 2016. When further broken down, 
BEA tracks the healthcare and social assistance sector of the private industries 
under four subcategories (Table 1.3). The contribution of this sector to US 
GDP in 2016 was $1349 billion and the breakdown per subcategory is plotted 
in Fig. 1.4.

BEA considers the manufacturing industry as an aggregate of durable goods 
and nondurable goods. As per their definition, durable goods typically last three 
or more years (e.g., wood products, nonmetallic mineral products, primary met-
als, fabricated metals, machinery, computer and electronic products, electrical 
equipment, vehicles and transportation equipment, furniture, and miscellaneous 
manufacturing), whereas nondurable goods are immediately consumed or typi-
cally last less than 3 years (e.g., food and beverage and tobacco, textile mills and 

TABLE 1.1 Components of value added to US gross domestic product by 
industry.

Year

Private 
industries (in 
billions of USD)a

Government 
industries (in 
billions of USD)a

Gross domestic 
product (in billions 
of USD)a,b

2008 $12716.2 $2002.4 $14718.6

2009 $12353.0 $2065.8 $14418.7

2010 $12826.5 $2137.9 $14964.4

2011 $13348.4 $2169.5 $15517.9

2012 $13957.5 $2197.7 $16155.3

2013 $14468.5 $2223.1 $16691.5

2014 $15149.6 $2278.0 $17427.6

2015 $15776.3 $2344.4 $18120.7

2016 $16224.6 $2399.8 $18624.5

aSource: Bureau of Economic Analysis; Release Date: November 2, 2017.
bGDP = private industries + government industries.
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TABLE 1.2 Value added to US gross domestic product (GDP) by sectors of private industry.

Sectors of private industries

Value added to US GDP (in billions of USD)

2008 2009 2010 2011 2012 2013 2014 2015 2016

Agriculture, forestry, fishing, and 
hunting

$155 $138 $160 $197 $186 $222 $204 $185 $178

Mining $402 $290 $332 $399 $411 $451 $481 $328 $261

Utilities $238 $251 $267 $272 $263 $269 $281 $283 $287

Construction $653 $577 $542 $547 $584 $621 $674 $740 $793

Manufacturing $1814 $1727 $1831 $1907 $1984 $2035 $2112 $2185 $2183

Wholesale trade $878 $823 $869 $907 $963 $1002 $1055 $1098 $1103

Retail trade $856 $842 $869 $892 $933 $969 $1003 $1058 $1097

Transportation and warehousing $422 $399 $425 $447 $467 $487 $514 $546 $563

Information $731 $705 $730 $728 $738 $792 $792 $862 $904

Finance, insurance, real estate, 
rental, and leasing

$2805 $2874 $2952 $3052 $3229 $3294 $3505 $3714 $3884

Professional and business services $1753 $1661 $1730 $1813 $1913 $1965 $2066 $2182 $2252

Educational services, healthcare, 
and social assistance

$1145 $1214 $1249 $1287 $1337 $1372 $1414 $1486 $1556

Arts, entertainment, recreation, 
accommodation, and food services

$535 $522 $541 $561 $597 $627 $666 $710 $751

Other services, except government $331 $330 $332 $339 $355 $364 $383 $401 $416
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TABLE 1.3 Subcategories of healthcare and social assistance sector.

Ambulatory health 
care services 
(HCSs)

Businesses engaged in providing healthcare services directly 
or indirectly to ambulatory patients and that do not usually 
provide inpatient services (examples: ambulance services, 
dentists’ offices, health maintenance organization medical 
centers, home HCSs, kidney dialysis centers, etc.).

Hospitals Businesses engaged in providing medical, diagnostic, and 
treatment services such as physician, nursing, and other health 
services to inpatients.

Nursing and 
residential care 
facilities

Businesses engaged in providing residential care combined 
with nursing, supervisory, or other types of care as required by 
the residents.

Social assistance Businesses engaged in providing a wide variety of social 
assistance services directly to their clients. These services do 
not include residential or accommodation services, except on 
a short stay basis. (Examples: adoption agencies, child day- 
care services, community food, and housing services, etc.)

FIGURE 1.4 Contribution of healthcare and social assistance sector to US GDP in 2016. HCS, 
ambulatory health care service; RCF, nursing and residential care facility.
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textile product mills, apparel and leather, paper, printing, petroleum and coal 
products, chemical products, and plastics and rubber products).

BEA classifies pharmaceuticals and medicines under the manufacturing 
sector as nondurable goods. The pharmaceutical industry is defined as busi-
nesses engaged in one or more of the following activities: (1) manufactur-
ing biological and medicinal products; (2) processing (grading, grinding, and 
milling) botanical drugs and herbs; (3) isolating active medicinal principals 
from botanical drugs and herbs; and (4) manufacturing pharmaceutical prod-
ucts intended for internal and external consumption in such forms as ampules, 
tablets, capsules, vials, ointments, powders, solutions, and suspensions. From 
Table 1.2 (and as expected), manufacturing is (and continues to be) a major 
contributor to the GDP.

1.2.3  Impact on stock market

Another orthogonal measurement of the monetary impact for any sector on the 
overall economy is the stock market. The Dow Jones Industrial Average (DJIA) 
is the oldest (started in 1896) and best- known stock market index. It is widely 
viewed as a proxy for general market conditions. The DJIA comprises 30 North 
American blue- chip stocks that represent companies producing industrial and 
consumer goods, information technology, healthcare, entertainment, and finan-
cial services (Fig. 1.5). DJIA covers all the major sectors of the economy except 
transportation and utilities, which are covered by the Dow Jones Transportation 
Average and Dow Jones Utilities Average. Among the 30 companies that make 
up the DJIA, four associate themselves with healthcare and are vital compo-
nents of the DJIA (Investopedia, 2018a).

Similar to DJIA, Standard and Poor’s 500 (S&P 500) is an American stock 
market index that started in 1923 and is based on the market capitalizations of 
500 large companies that have common stock listed on the New York Stock 
Exchange or NASDAQ. S&P 500 differs from other US- based stock market 
indices because of its diverse constituency and weighting methodology. S&P 
500 is one of the most commonly followed equity indices, and most economic 
analysts consider it as a bellwether for US economy. 61 companies out of the 
500 listed in S&P associate themselves with healthcare sector (Fig. 1.6). These 
statistics are truly remarkable. However, like with everything in life, all that 
glitters is not gold!

1.3  Trials and tribulations of pharmaceutical industry

Healthcare, like all other sectors, has had its fair share of ups and downs. Its 
overall impact on the US economy was never in doubt. However, its contribu-
tions (especially those of the pharmaceutical industry) to societal benefits have 
always been scrutinized. Many a times, the pharmaceutical industry has had to 
justify why it takes so long to discover new drugs, why do they cost so much, 
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FIGURE 1.5 Treemap of Dow Jones industrial average 30.
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and why is productivity of the pharmaceutical industry so low? Critics also add 
that poor R&D strategies have led to serious pipeline issues and that R&D has 
been based on market considerations as opposed to “real health needs,” result-
ing in a plethora of ambivalent “me- too” medicines, and that many important 
disease areas and patient groups are being neglected (Parker, 2007).

Unfortunately, such accusations unfairly belittle the work of numerous 
scientists, engineers, and researchers who are passionate about bringing new 
therapies to market. As discussed in Section 1.3, pharmaceutical industry has 
had an illustrious past. The investment trend in pharmaceutical R&D continues 
to present day, albeit, there have been some key macrotrends (such as financial 
difficulties, emergence of outsourcing, etc.) that have taken place in the phar-
maceutical industry. It is important to appreciate the impact of these trends on 
pharmaceutical R&D.

1.3.1  Trend #1: fluctuations in pharmaceuticals’ financial fortunes

The financial impact of the pharmaceuticals subsector can be measured through the 
NASDAQ Biotechnology Index (NBI) (NASDAQ, 2018). NBI is designed to track 
the performance of securities listed on NASDAQ Stock Market® (NASDAQ®) 
that are classified as either biotechnology or pharmaceutical companies. NBI is a 
modified market capitalization weighted index that contains 194 components in its 
evaluation. The NBI began on November 1, 1993, at a base value of 200.

FIGURE 1.6 Sectors within standard & poor’s 500.
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A similar index that tracks the Information Technology sector is the 
NASDAQ Computer Index (IXCO) (NASDAQ, 2018). IXCO contains securities 
of NASDAQ- listed companies classified according to Industry Classification 
Benchmark as Technology excluding Telecommunications Equipment which 
include computer services, Internet, software, computer hardware, electronic 
office equipment, and semiconductors. IXCO contains 311 components in its 
evaluation and began on November 1, 1993, with a base of 200.

If one were to compare NBI with S&P index, a few interesting trends emerge 
over the last 25 years (Fig. 1.7).

1.3.1.1  General trends
Over the last 25 years, while S&P index has itself grown by about 1000%, the 
NBI has consistently outperformed the S&P index except for critical decreases 
observed during the global recession years of 2008–10.

1.3.1.2  Blockbuster drugs era
The 1995–2005 period was the quintessential blockbuster drugs era for big 
pharma, so much so that two of the largest mergers in the industry were primar-
ily driven by single blockbusters: Lipitor® in case of Pfizer- Warner Lambert and 
Celebrex® in case of Pfizer- Pharmacia. Some of the biggest- selling drugs in the 
industry’s history—Lipitor®, Plavix®, Nexium®, Abilify®, Seroquel®, Diovan®, 
Crestor®, among others—were launched during this period. Furthermore, most 

FIGURE 1.7 NASDAQ Biotechnology Index.



Healthcare: a societal benchmark Chapter | 1 15

of the top- selling drugs during 1995–2005 were primary care, small- molecule 
therapies. During this period, primary care therapy areas accounted for nearly 
80% of revenues for most of the big pharma portfolios (Gautam & Pan, 2016).

1.3.1.3  Renewed focus
After the global recession of 2008, big pharma has started to embrace a “leaner 
and focused” model by divesting noncore assets and focusing on their areas 
of strengths. Some examples are Abbott split into two parts [an innovative 
business (AbbVie) and a diversified healthcare company (Abbott)]; GSK and 
Novartis swapped their oncology, consumer health and vaccines business to cre-
ate focused organizations with GSK increasing their focus on consumer health 
and vaccines, and Novartis on oncology. Over the past decade, big pharma has 
been progressively tailoring their pipelines to specialty medicines and biolog-
ics targeted for high unmet medical needs. This trend is driven by several fac-
tors such as better insight of the underlying disease biology to develop targeted 
medicines; science and technology innovation for biologics; personalized medi-
cines and companion diagnostics; favorable regulatory framework and R&D 
timelines for such medicines; and pricing and reimbursement (Gautam & Pan, 
2016). The result is that NBI saw a similarly “biotech boom” during 2013–16.

Fig. 1.7 tells a compelling story for the future, though. As US economy con-
tinues to move forward, major indices such as the NBI must innovate to weather 
the pressures that come from maturation of markets, changes in geopolitical 
landscape, regulatory hurdles, natural disasters, and any unforeseen challenges. 
History tells us that a financial boom cannot be sustained forever, and once the 
boom is over, it takes decades to recover from it. Consequently, for the health-
care sector to continue at a strong pace in the future, its pharmaceutical arm must 
consider the economic challenges that it faces and learn to embrace them with-
out compromising on its core mission—to ensure the well- being of humankind.

1.3.2  Trend #2: Outsourcing. Outsourcing? Outsourcing!

Outsourcing. It is a reality of our lives. It is an omnipresent term imbedded 
deep in the modern business vernacular. Simply defined, outsourcing is the 
business practice of hiring a party outside a company to perform services and 
create goods that traditionally were performed in- house by the company’s own 
employees and staff. Usually done as a cost- cutting measure, it can affect jobs 
ranging from customer support to manufacturing to the back office. Outsourcing 
was first recognized as a business strategy in 1989 and became an integral part 
of business economics throughout the 1990s. The practice of outsourcing is sub-
ject to considerable controversy in many countries. Those opposed argue that it 
has caused the loss of domestic jobs, particularly in the manufacturing sector. 
Supporters say it creates an incentive for businesses and companies to allocate 
resources where they are most effective, and that outsourcing helps maintain the 
nature of free market economies on a global scale (Investopedia, 2018b).
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It is observed all over the world that outsourcing has become a central 
method of organizing production. Companies are subcontracting an ever- 
expanding set of activities, ranging from product design to assembly, from R&D 
to marketing, distribution, and after- sales service. Some firms have gone so far 
as to become “virtual” manufacturers, owning designs for products but making 
almost nothing themselves (Grossman & Helpman, 2005). Numerous examples 
exist of how items that touch our lives daily are designed in one country, manu-
factured in a second country, assembled in a third country, and then sold glob-
ally. Although in some ways, this is how international trade has always been, but 
it was never so prominent as it has been now over the last 30 years. Therefore, 
to understand the need for outsourcing, it is necessary to evaluate a critical eco-
nomic  parameter—the balance of trade.

Balance of trade is the difference in exports and imports as a percentage of a 
country’s GDP. Quite simply, if a country exports a greater value than it imports, 
it has a trade surplus or positive balance, and conversely, if a country imports a 
greater value than it exports, it has a trade deficit or negative balance. External 
balance on goods and services (formerly resource balance) equals exports of 
goods and services minus imports of goods and services (previously nonfactor 
services). This statistic is maintained by the World Bank, and a snapshot of it 
for 2016 is shown in Fig. 1.8. As can be noted, most of the Western European 
countries, Russia, China, and Brazil have a positive external balance on goods 
and services in 2016. On the other hand, United States, United Kingdom, and 

FIGURE 1.8 External balance on goods and services in 2016 (% of gross domestic product).
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Canada have a negative external balance on goods and services in 2016. Another 
noticeable trend in this statistic is the change in external balance on goods and 
services over time. This trend is shown for United States, Germany, and China 
in Fig. 1.9.

As observed in Fig. 1.9, United States has incurred a deficit in its balance 
of trade for each year since 1976. Moreover, from 1991 to 2005, this deficit 
was increasing, both absolutely and as a percentage of GDP. Explanations of 
this particular trend are numerous and varied and include general topics such 
as increasing income in United States, decreasing foreign demand, increas-
ing trade deficits with China, large trade deficits with oil exporting nations, a 
decrease of the private saving rate in United States, increased purchases of US 
assets by foreigners, and improvements of global financial intermediation (Kyer 
& Maggs, 2014). Conversely, since 1978, China has pursued a strategy of grad-
ual transition from a centrally planned economy to a market- based economy 
coupled with an ‘open door” policy that involved substantial liberalization of its 
international trade and investment regime. This strategy has delivered sustained 
and rapid economic growth averaging to 10% per annum between 1978 and 
2008 and has realized an increase of GDP per capita by 15- fold from around 
US $220 to US $3400. China ranks as the second largest economy in the world 
at present. With the accelerated economic and social developments, China is 

FIGURE 1.9 External balance on goods and services over time for select countries (% of gross 
domestic product).
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poised to play a vital role in every sphere of international relations while posi-
tioning itself as a center of growth (Tennakoon, 2012). This is the reality of our 
collective future. Thus, outsourcing has been an area of analysis and research by 
economists who create mathematical models to understand the impact of out-
sourcing on production, market structure, and costs (Shy & Stenbacka, 2005). 
Similarly, outsourcing has been a major focus area for sociologists who study 
outsourcing’s impact on the changing nature of work, individuals’ attitudes and 
behaviors, work group dynamics, job design, and organizational structure and 
culture (Davis- Blake & Broschak, 2009).

Pharmaceuticals too are not immune to outsourcing, and it is unlikely for 
this trend to reverse soon. It is therefore necessary to review the broad- stroke 
trends in pharmaceutical outsourcing and forthcoming of contract development 
and manufacturing organizations (CDMOs). Like evolutions in the big pharma 
operating model, pharmaceutical outsourcing has gone through several evolu-
tionary stages. The past 30 years have seen many changes and trends within the 
pharmaceutical contract manufacturing arena, from small- scale boutique opera-
tions, specializing in individual technologies or chemical processes, to the rise 
of one- stop shops, and low- cost providers in India and China. Some of these 
evolutionary stages of pharmaceutical CDMOs, as summarized in an excellent 
article (Miller, 2017) in Pharmaceutical Technology, are given below.

1.3.2.1  Early days
The CDMO industry traces its origins to the mid- 1990s. In those years, there were 
three primary participants in the CDMO industry: global bio/pharma companies 
providing manufacturing services to each other, fine chemical companies provid-
ing intermediates, and a small number of dedicated service providers offering 
specialized capabilities. It was quite common in this period for the major bio/
pharma companies to manufacture products or intermediates for companies of 
similar stature, especially when it could be done without enabling competition.

1.3.2.2  Emergence of modern CDMO industry
The CDMO industry really took off in the late 1990s. Starting in 1996, Custom 
Pharmaceuticals became Patheon and began acquiring facilities in Europe from 
global bio/pharma companies. Lonza, already a major player in the contract 
small- molecule drug substance manufacturing business, acquired Celltech and 
began establishing its position as a leader in contract biologics manufacturing. 
Cardinal Health, looking to diversify beyond its core wholesale distribution 
business, acquired R.P. Scherer, the first piece of what became today’s Catalent. 
In Europe, several new drug product CDMOs were established with private 
equity backing including Nextpharma, Haupt, and Famar. Three factors contrib-
uted to the industry’s launch during 1996–2007.

 l  The first factor was the shedding of excess capacity by global bio/
pharmaceutical companies as older products went off patent. The establishment 
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of the European Union and North American Free Trade Agreement enabled 
freer cross- border trade of bio/pharmaceuticals. Facilities were usually sold 
to CDMOs, many of which were formed for the specific facility being sold, at 
a nominal price and with contracts for legacy products. That enabled the bio/
pharmaceutical companies to rid themselves of these assets without negative 
publicity and costly labor settlements.

 l  A second factor was the explosion of early- stage bio/pharma companies 
due to the maturity of biotechnology and availability of external funding. 
Those early- stage companies were unable or unwilling to establish their own 
manufacturing operations and became core customers of the emerging CDMO 
industry.

 l  The third factor boosting the CDMO industry was the success of clinical 
research organizations (CROs). Companies such as Quintiles, Covance, 
and PPD established themselves as key suppliers of data management, site 
monitoring, and laboratory services in the late 1990s to both established and 
emerging bio/pharma companies. Their success validated outsourcing as an 
effective alternative to in- house capacity for critical development activities, and 
the relationships with CROs enabled bio/pharma companies to develop critical 
experience and practices for establishing and managing contract services 
relationships. This topic is discussed in much more detail in Chapter 3.

1.3.2.3  Postfinancial crisis growth
The years immediately following the global financial crisis and flood of pat-
ent expirations were difficult for the CDMO industry. Emerging bio/pharma 
companies, one of their core customer groups, suffered a large drop in fund-
ing, whereas mergers among the global bio/pharma companies slowed new 
drug development. Some CDMOs went out of business, whereas others had to 
downsize and restructure their operations to survive. The financial crisis created 
an opening for an important group of players in the CDMO industry—private 
equity firms. Low valuations and low interest rates combined to give savvy 
investors the opportunity to get into an industry whose long- term prospects 
looked attractive. The private equity firms brought new capital and financial 
expertise to the industry, along with the concept of “roll- up” (i.e., making an 
initial acquisition and then build out its capabilities and scope with additional 
acquisitions). External funding for emerging bio/pharma companies began to 
flow again in 2013, and the CDMO market was ready. Since 2013, CDMO ser-
vice revenues have grown at 10%–15% annually, as have the revenues of drug 
substance manufacturers.

The overall impact of these developments is that no matter what personal 
feelings one may have on outsourcing, the practical reality is that outsourcing 
is ubiquitously imbedded in today’s business environment. Pharmaceutical out-
sourcing is a trend that is unlikely to reverse anytime soon. There is no doubt 
that the CDMO industry too has proven itself as a critical part of the global bio/
pharma industry. After all, many products are launched globally from CDMO 
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manufacturing facilities every year. Hence, a thorough understanding of capa-
bilities (and limitations) of the CDMO landscape is a necessary input for a 
pharmaceutical company’s R&D strategy, business intelligence, and judicious 
maintenance of its value proposition to its ultimate customers—the patients. 
Therefore, for scientists who design and manufacture pharmaceutical products, 
it is essential to incorporate outsourcing’s impact on product design, process 
development, tech transfer/scale- up strategy, and commercialization plans. It 
is equally valuable that the pharmaceutical outsourcing strategy does not com-
promise the industry’s core competitive capability of quality. Consequently, a 
thorough comprehension of the latest quality paradigm and associated metrics 
is a must- have in today’s business climate.

1.3.3  Trend #3: increase in mergers and acquisitions

Managing an R&D portfolio of new drugs in the pipeline is a challenging task 
that involves an active selection and reallocation of resources. To be efficient, 
pharmaceutical laboratories should decide on strategic issues regarding the lab-
oratory size, internal and external growth options and synergies, and diversity 
of innovative drugs in each therapeutic area. This decision- making should take 
into consideration the R&D strategies of their competitors. In this regard, large 
pharmaceutical laboratories have two nonexclusive alternatives for managing 
their portfolio of new drugs in an efficient way. They may develop new drugs 
internally, but simultaneously they may also engage in mergers and acquisitions 
(M&As)—or other financial transactions—to obtain new drugs or to change the 
composition of their portfolio of promising drugs (sometimes simultaneously 
selling new drugs and buying other types of new drugs). Thus, the market for 
technology is a way to both acquire and sell knowledge through collaboration 
(coresearch, codevelopment, or other collaborations), licensing, or (and) finan-
cial transactions (Gascón, Lozano, Ponte, & de la Fuente, 2017) (Fig. 1.10).

The pharmaceutical industry probably sees more M&A activity than any other 
industry, both in the number of deals and the amount of money spent on acqui-
sitions and mergers. Fig. 1.11 provides a summary of pharmaceutical company 
M&A from 2000–12 in which the value of the deal exceeded $2 billion. These 
trends have continued into the present. For example, in the first half of 2018, there 
were 212 deals in the pharmaceutical sector that were worth more than $200 bil-
lion, up from 151 such deals in the year- earlier period (Bansal, De Backer, & 
Ranade, 2018). These large, game- changing deals continuously and profoundly 
change the competitive landscape, whereas smaller yet significant transactions are 
an integral part of business operations in pharmaceutical companies (Bieri, 2018).

As per Bieri, 2018, there are a few basic reasons because of which pharma 
companies resort to M&A to implement strategic changes. First, the critical size 
requirements in each market segment increased much faster than the compa-
nies could grow. The second reason is the fundamental nature of the required 
changes. Large mergers allow bundling of subcritical businesses to change 
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the culture and to build new platforms. The third reason is that, except for the 
effects triggered by a patent cliff (a topic discussed in Section 2.5), changes in 
the pharma market are glacial compared with other industries. The fourth driver 
for M&As is efficient capital allocation across the industry, which applies to 
two areas: R&D and manufacturing.

On an R&D front, large pharmaceutical companies have used M&A to bol-
ster their innovation for a long time, and that is not likely to change any time 
soon. The development of a new drug requires high early- stage investment for 
what is often a low probability of success. At the same time, late- stage trials 
also require high investment and an ability to navigate complicated regulatory 
pathways—capabilities that larger pharma companies typically have. These 
dynamics create an industry profile in which smaller, creative companies end up 
funding innovation. Recent trends indicate that an ecosystem of venture capi-
tal and entrepreneurs has proven much more effective in selecting early- stage 
biomedical research opportunities and allocating money to those opportunities. 

Drug Portfolio: Strategic issues
1. Efficiency in developing innovative drugs

2. Total Budget =R&D budget + Financial transactions budget

Select innovative drugs
in the pipeline

for each therapeutic area

Is the laboratory
efficient?

Yes

Yes

Yes

No

No

No

Invest internally
in R&D

Is it possible to
acquire externally

the resources?

Is R&D valuable to
other laboratories?

Termination of
drug R&D expenditure

Financial transaction
Sale

Financial transaction
Acquisution / Merger

FIGURE 1.10 Internal and external R&D management of drug portfolio (Gascón et al., 2017).
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FIGURE 1.11 Timeline of mergers and acquisitions with values exceeding $2 billion from 2000–12 (Abou- Gharbia & Childers, 2014).
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Essentially, venture capitalists today prefinance the early- stage development for 
pharma companies. Once their research is more advanced, larger pharmaceuti-
cal companies enter the picture, evaluate the asset’s potential, and line up the 
resources required to fund expensive late- stage trials and large commercial mar-
keting campaigns (Bansal et al., 2018).

In the case of manufacturing, being at the other end of value chain, origi-
nators have started to use M&A to outsource manufacturing, selling plants to 
contract manufacturing organizations in combination with long- term manufac-
turing and supply agreements. Besides the cost benefits which these deals typi-
cally entail, they also increase the return on capital by reducing the originator’s 
asset base. The expected return on capital in the relatively stable, low- margin, 
and capital- intense manufacturing activity is distinctly lower than for the more 
volatile and more profitable development and marketing of drugs (Bieri, 2018).

1.3.4  What’s next—integrating our knowledge to enhance 
decision- making

As one can imagine, because of factors beyond anyone’s control, all pharmaceu-
tical companies are facing increasing pressures to cut down their costs and opti-
mize their resources. All the macroscopic trends are changing the way in which 
product design is approached. Concepts borrowed from other industries are 
being increasingly applied into pharmaceuticals and the field is ever evolving. 
For example, product design management (PDM), a topic discussed in detail 
in Chapter 6, is becoming an increasingly strategic concept. Researchers have 
highlighted four PDM activities: strengthening the relationships between firm 
members and the outside, fostering relationships between areas or people within 
the process of product design, increasing information flow to a maximum, and 
promoting a balanced heterogeneous participation in design decision- making 
(Chiva- Gomez, 2004). Formulators, as designers of pharmaceutical drug prod-
ucts, need to imbibe this new thinking into their plans.

1.4  Summary

This Too Shall Pass. But The Best Is Yet To Come.
“This too shall pass” is a profound acknowledgment of the universal truth that 

nothing lasts forever. All good things must come to an end, the same as all things 
bad must come to an end as well. This does not mean that the future is all bleak, 
dark, and unpredictable. Instead, this statement is a reminder that change is inevi-
table, and it is always better to recognize its impact on one’s life and work. In the 
current context, the various business challenges that are faced today in pharma-
ceuticals will be resolved in time. As these solutions are being diligently worked on 
by the current team of thought leaders, new business models will develop, and the 
future class of pharmaceutical scientists will have new opportunities to work on.

“The best is yet to come” is an equally significant cue that good things hap-
pened in the past, but even better things are waiting for us in the future, as long as 
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List of abbreviations

HCSs Ambulatory health care services
BEA Bureau of Economic Analysis
CROs Clinical research organizations
CSDH Commission on Social Determinants of Health
CDMOs Contract development and manufacturing organizations
CMOs Contract manufacturing organizations
DJIA Dow Jones Industrial Average
DJTA Dow Jones Transportation Average
DJUA Dow Jones Utilities Average
GDP Gross domestic product
M&As Mergers and acquisitions
NBI NASDAQ Biotechnology Index
IXCO NASDAQ Computer Index
NIPAs National income and product accounts
NSF National Science Foundation
NYSE New York Stock Exchange
NAFTA North American Free Trade Agreement
RCFs Nursing and residential care facilities
PDM Product design management
R&D Research and development
S&P 500 Standard and Poor’s 500
UN United Nations
USP United States Pharmacopeia
WHO World Health Organization
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Chapter 2

Pharmaceuticals: a highly 
innovative business

Information is acquired by being told, while knowledge can be acquired  
by thinking.

Fritz Machlup

2.1  Introduction

2.1.1  Powerhouses of innovation—Apple versus Pfizer

Apple Inc. is a Cupertino, CA- based multinational technology company, which 
designs, manufactures, and markets mobile communication, media devices, 
and personal computers. Apple also sells a variety of related software, services, 
accessories, networking solutions, and third- party digital content and appli-
cations. Established in 1976, Apple has proven itself as the market leader in 
household electronics and is recognized worldwide for its innovative products, 
technology, and brand. Apple has a favorable market image, and people all over 
the world look forward to its latest equipment launches with unbridled enthusi-
asm and anticipation. In August 2018, Apple became the first public US com-
pany to be valued at over $1 trillion.

Pfizer Inc. is headquartered in New York City and is a research- based, global 
pharmaceutical company. It was founded in 1849 and is one of the largest phar-
maceutical companies in the world. Pfizer ranked No. 57 on the 2018 Fortune 
500 list of the largest US corporations by total revenue. Pfizer applies science 
and its global resources to bring therapies to people that extend and significantly 
improve their lives through the discovery, development, and manufacture of 
high- quality healthcare items. Its global portfolio includes many well- known 
medicines, vaccines, and consumer healthcare products.

So how does innovation at Apple compare with innovation in a leading phar-
maceutical company such as Pfizer?

Companies with more than $10 million in assets and a class of equity securi-
ties that is held by more than 2000 owners must file annual and other periodic 
reports, regardless of whether the securities are publicly or privately traded. 
An approach that can be used to understand a company’s business model, its 
financial health, and its future plans is to review the company’s Form 10- K. 
A Form 10- K is an annual report required by the US Securities and Exchange 
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Commission that gives a comprehensive summary of a company’s financial 
performance. The 10- K includes information such as company history, orga-
nizational structure, executive compensation, equity, subsidiaries, and audited 
financial statements, among other information. If one were to compare the 10- K 
reports from the two companies, Apple, 2017 and Pfizer, 2017, in Table 2.1, a 
few noteworthy facts emerge.

It is obvious from Table 2.1, both companies spend significant resources 
toward research and development (R&D) efforts and have a large number of 
employees. Both companies are highly distinguished and are market leaders 
in their areas of expertise. However, the nature of product produced is vastly 
distinct. Apple is committed to bringing the best user experience to its custom-
ers through its innovative hardware, software, and services. Apple’s business 
strategy leverages its unique ability to design and develop its own operating 
systems, hardware, application software, and services to provide its customers 
products and solutions with innovative design, superior ease- of- use, and seam-
less integration. As part of its strategy, Apple continues to expand its platform 
for the discovery and delivery of digital content and applications through its 
digital content and services.

On the other hand, Pfizer manages its commercial operations through two 
distinct business segments: Pfizer Innovative Health and Pfizer Essential Health. 
Its medicines provide significant value for both healthcare providers and patients, 
not only from the improved treatment of diseases but also from a reduction in 
other healthcare costs, such as emergency room or hospitalization costs, as well 
as improvements in health, wellness, and productivity. It actively engages in dia-
logues about the value of its medicines and how it can best work with patients, 
physicians, and payers to prevent and treat disease and improve outcomes. It 
works within the current legal and pricing structures to maximize patient access.

In terms of risks, both companies have shared similar concerns, such as 
introduction of competitive products, increased reliance on outsourcing, and 
product manufacturing risks. These risks need continuous evaluation of strength 
and weaknesses of a company, and, therefore, require appropriate mitigation 
strategies.

2.1.2  Pharmaceutical innovation—a societal necessity

Pfizer is not the only pharmaceutical company with the business model dis-
cussed in the previous section. There are nearly 450 companies (both large and 
small) that are listed as either biotechnology companies or major pharmaceuti-
cals in both NYSE and NASDAQ combined, with some of them very successful 
as discussed in Section 1.3. The whole pharmaceutical and biopharmaceutical 
community is extremely committed to commercializing new medicines despite 
of all the challenges that it faces.

In the 21st century, the science of drug development is an established field 
which requires a dedicated understanding of several disciples and entails a 
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TABLE 2.1 Comparison of 2017 10- K statements from Apple and Pfizer.

Applea Pfizerb

Key products iPhone, iPad, mac, apple 
watch, apple TV

Prevnar 13, xeljanz, 
lipitor, viagra, celebrex

Revenues in 2017 $229.2 billion $52.6 billion

Net income in 2017 $48.4 billion $21.3 billion

R&D expense in 2017 $11.6 billion $7.7 billion

# of full- time equivalent 
employees globally in 
2017

123,000 90,200

% of net sales 
(domestic:international) 
in 2017

37:63 59:41 (for Innovative 
Health)
36:64 (for Essential 
Health)

Select highlights of risk 
factors

 l  Global and regional 
economic conditions

 l  Global markets are 
highly competitive 
and subject to rapid 
technological change

 l  Management of 
frequent introductions 
and transitions of 
products and services

 l  Performance of  
carriers, wholesalers, 
retailers, and other 
resellers

 l  Substantial inventory 
and other asset risks

 l  Ability to obtain com-
ponents in sufficient 
quantities on commer-
cially reasonable terms

 l  Increased reliance on 
outsourcing partners, 
both domestic and 
foreign

 l  Design and manu-
facturing defects 
that could adversely 
affect business and 
cause harm to the 
Company’s reputation

 l  Managed care trends
 l  Generic competition
 l  Competitive products
 l  Dependence on key 

in- line products
 l  R&D investment
 l  Risks affecting  

international 
operations

 l  Product manufacturing, 
sales, and marketing 
risks

 l  Outsourcing and 
enterprise resource 
planning

 l  Pricing and 
reimbursement

 l  US healthcare reform/
healthcare legislation

 l  Patent protection

aApple’s 10- K 2017 form was filed on November 3, 2017.
bPfizer’s 10- K 2017 form was filed on February 22, 2018.
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symbiotic partnership between numerous subject- matter experts. Given the 
experience that we now have in R&D, the steps taken toward establishing a 
drug’s safety and efficacy, product development, and its commercialization 
have long been standardized. However, as discussed in Fig. 1.2, globally there is 
a wide distribution in life expectancy at birth due to myriad of reasons. The sta-
tistics of global health require us to keenly look for innovations and solutions. 
There are still many areas where scientific advancements are being actively 
pursued and an integration of good science, engineering, business strategy, tech-
nology, and best operational practices is constantly required.

From a philosophical perspective, it can be postulated that health is a state of 
well- being on which everything else depend. Just imagine how severely one’s 
quality of life is impacted when they do not feel healthy: emotionally, physically, 
and mentally. Not only is good health fundamental to our existence but also its 
pursuit is a lifelong endeavor. However, from a pure economics perspective, 
health is a unique commodity and is different from all other tangible commodi-
ties and assets such as food, shelter, clothing, and other material possessions. 
In a classical health economics model developed in the 1970s, everyone is both 
a producer and a consumer of health. It is assumed that individuals inherit an 
initial stock of health that depreciates over time—at an increasing rate, at least 
after some stage in the life cycle—and can be increased by investment. Direct 
inputs into the production of gross investments in the stock of personal health 
include own time, medical care, diet, exercise, housing, and other market goods 
as well. The production function also depends on certain “environmental vari-
ables,” the most important of which is the level of producer’s education, which 
alter the production process’ efficiency (Grossman, 1972). A detailed descrip-
tion of the model is out of scope for this book, and the readers are encouraged 
to review the original source for understanding the model’s theoretical basis.

2.1.3  Sustainable Development Goals—a global call for urgent 
action

In 2000, Kofi Annan, then UN Secretary- General, introduced eight Millennium 
Development Goals (MDGs) that were designed to improve lives of the world’s 
poor. The MDGs were adopted by 189 nations and expired on 31 December 
2015. Despite the absence of any legally binding framework, the MDGs gener-
ated considerable public and policy support nationally and among international 
agencies and foundations, ensuring efficient channeling of significant funds 
(Griggs et al., 2014). In addition, MDGs played a historic and transformative 
role in streamlining global attention, resource, and programmatic action onto 
three health- based priorities: reduction of child mortality (MDG 4); improve-
ment of maternal health (MDG 5); and combatting HIV/AIDS, malaria, and 
other diseases (MDG 6) (Brolan, 2017).

On 1 January 2016, the 17 Sustainable Development Goals (SDGs) of 
the 2030 Agenda for Sustainable Development—adopted by world leaders in 
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September 2015 at an historic UN Summit—officially came into force. The 
SDGs, also known as Global Goals, build on the success of MDGs and aim to 
go further to end all forms of poverty. A pictograph of the 17 SDGs is shown in 
Fig. 2.1 (Sustainable Development Goals: 17 Goals to Transform Our World,”). 
Global health was represented in the 17 SDGs in a single goal, SDG- 3: Ensure 
healthy lives and promote well- being for all at all ages.

SDG- 3 has nine targets (Table 2.2) and four means of implementation that 
significantly assist in achieving sustainable global health. All these targets are 
admirable and have the potential to make a stark difference for global health. 
Nevertheless, there are significant barriers to achieving these targets. For exam-
ple, from an interim report from WHO, it was ascertained that in 2016, an esti-
mated one million people died of HIV- related illnesses. The global scale- up 
of antiretroviral therapy (ART) has been the main driver of the 48% decline 
in HIV- related deaths from a peak of 1.9 million in 2005. However, ART only 
reached 53% of people living with HIV in 2016. In the same report, it was men-
tioned that the probability of dying from diabetes, cancer, cardiovascular dis-
ease, and chronic lung disease between ages 30 and 70 dropped to 18% in 2016, 
down from 22% in 2000. Adults in low-  and lower- middle- income countries 
faced the highest risks—almost double the rate for adults in high- income coun-
tries. The total number of deaths from noncommunicable diseases is increasing 
due to population growth and aging (WHO, 2018).

The usual suspects for all the abovementioned statistics are infrastructure 
issues, lack of education and awareness, conflicts and wars, poverty, and lack of 
access to adequate healthcare. This proves that so much more needs to be done, 

FIGURE 2.1 Sustainable Development Goals of UN. https://www.un.org/sustainabledevelop-
ment/. (Disclaimer: The content of this publication has not been approved by the United Nations 
and does not reflect the views of the United Nations or its officials or Member States.)

https://www.un.org/sustainabledevelopment/
https://www.un.org/sustainabledevelopment/
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and we all have a role to play here. However, to properly comprehend our role, 
it is vital to review some statistics of healthcare and its global distribution.

2.1.4  Global healthcare

It is admirable to see that 70+ years after formation of UN and WHO, all coun-
tries have dedicated to committing substantial resources toward healthcare. One 
such metrics is the percentage of gross domestic product (GDP) spent by a 
country toward healthcare for its citizens. The countries with the largest GDP in 
descending order are United Statse, China, Japan, Germany, United Kingdom, 
France, India, Italy, Brazil, and Canada.

TABLE 2.2 Targets of UN’s Sustainable Development Goals #3 (good health 
and well- being).

Target Details

3.1 By 2030, reduce the global maternal mortality ratio to less than 70 per 
100,000 live births

3.2 By 2030, end preventable deaths of newborns and children under 
5 years of age, with all countries aiming to reduce neonatal mortality 
to at least as low as 12 per 1000 live births and under- 5 mortality to at 
least as low as 25 per 1000 live births

3.3 By 2030, end the epidemics of AIDS, tuberculosis, malaria, and 
neglected tropical diseases and combat hepatitis, water- borne diseases, 
and other communicable diseases

3.4 By 2030, reduce by one- third premature mortality from 
noncommunicable diseases through prevention and treatment and 
promote mental health and well- being

3.5 Strengthen prevention and treatment of substance abuse, including 
narcotic drug abuse and harmful use of alcohol

3.6 By 2020, halve the number of global deaths and injuries from road 
traffic accidents

3.7 By 2030, ensure universal access to sexual and reproductive healthcare 
services, including for family planning, information and education, 
and the integration of reproductive health into national strategies and 
programs

3.8 Achieve universal health coverage, including financial risk protection, 
access to quality essential healthcare services, and access to safe, 
effective, quality, and affordable essential medicines and vaccines for all

3.9 By 2030, reduce the number of deaths and illnesses from hazardous 
chemicals and air, water, and soil pollution and contamination
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Total health expenditure (THE) is the sum of public and private health 
expenditure. It covers the provision of health services (preventive and cura-
tive), family planning activities, nutrition activities, and emergency aid des-
ignated for health but does not include provision of water and sanitation. 
As seen in Fig. 2.2, there remains a significant discrepancy in the amount 
of resources dedicated toward healthcare in different countries. In 2014, 
most countries spent anywhere between 4.5% and 8.0% of their GDP toward 
healthcare with the world average at 9.9% (WBG, 2018). The data from 
certain select countries are shown in Fig. 2.3. Clearly, all countries listed 
in Fig. 2.3 have increased their spending toward healthcare from 1995 to 
2014, albeit some more than others (WBG, 2018). Discrepancies also ensue 
in the local distribution of healthcare and could vary widely within a country. 
For example, in a 2016 global study, it was determined that the Healthcare 
Access and Quality Index, a healthcare metrics, spanned from a high of 97.1 
in Iceland, followed by 96.6 in Norway and 96.1 in the Netherlands, to values 
as low as 18.6 in the Central African Republic, 19.0 in Somalia, and 23.4 in 
Guinea- Bissau (Fullman et al., 2018). This topic is discussed in much more 
detail in Chapter 9.

FIGURE 2.2 Total health expenditure of all countries as % of gross domestic product (GDP) in 
2014.
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Total Health Expenditure of Select Countries in 2014 as % of GDP 

 Total Health Expenditure of Select Countries in 1995 and 2014 as % of GDP 

(A)

(B)

FIGURE 2.3 Total health expenditure of select countries as % of gross domestic product (GDP). 
(A) Total health expenditure of select countries in 2014 as % of GDP. (B) Total health expenditure 
of select countries in 1995 and 2014 as % of GDP.

2.2  Healthcare statistics of United States

In 2014, the total healthcare expenditure in United States for 2014 was 17.1% 
of its GDP, totaling to $3 trillion. Compared with other countries, these absolute 
numbers are very impressive (Fig. 2.4). These trends for United States continue 
to grow with healthcare spending reached $3.5 trillion, or $10,739 per person 
in 2017. The overall share of GDP related to healthcare spending was 17.9%. 
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However, these numbers are just highlights of a much larger database that is 
maintained by US government on healthcare expenditures.

The US Department of Health and Human Services (HHS) is a cabinet- level 
department of the federal government with the goal of protecting the health of 
all Americans and providing essential human services. Its motto is “Improving 
the health, safety, and well- being of America” (Fig. 2.5). HHS is adminis-
tered by the Secretary of Health and Human Services, who is appointed by 
the President with Senate’s advice and consent. The US Public Health Service 
(PHS), founded in 1798, is HHS′ main division and is led by the Assistant 
Secretary for Health. The US PHS Commissioned Corps, PHS′ uniformed ser-
vice, is led by the Surgeon General whose position was first created in 1871. 
The Surgeon General is responsible for addressing matters concerning public 
health as authorized by the Secretary or by the Assistant Secretary of Health in 
addition to his/her primary mission of administering the Commissioned Corps.

2.2.1  Role of Centers for Medicare and Medicaid Services in 
healthcare administration

HHS has 11 operating divisions, including eight agencies in the PHS and three 
human services agencies (Table 2.3). Each of the HHS′ departments maintain 
extensive databases and statistics that address different topics related to overall 

FIGURE 2.4 Total health expenditure in United States versus select countries for 2014.
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FIGURE 2.5 Mission and vision statement of Department of Health and Human Services (HHS, 
2009).

TABLE 2.3 Operating divisions within Department of Health and Human 
Services.

Operating division full name Abbreviation

Food and Drug Administration FDA

Health Resources and Services Administration HRSA

Indian Health Service IHS

Centers for Disease Control and Prevention CDC

National Institutes of Health NIH

Substance Abuse and Mental Health Services Administration SAMHSA

Office of Inspector General OIG

Centers for Medicare and Medicaid Services CMS

Administration for Children and Families ACF

Administration for Community Living ACL

Department Management IOS
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healthcare issues of Americans. However, for the purposes of this book, the sta-
tistics on healthcare expenditure from the Centers for Medicare and Medicaid 
Services (CMS) are the most important. CMS maintains two types of healthcare 
statistics: historical and projected. To fully appreciate the detailed THE statis-
tics, it is necessary to review the role of CMS in healthcare.

CMS was created when President Lyndon B. Johnson signed the Social 
Security Amendments on July 30, 1965, establishing both Medicare and 
Medicaid. Both Medicare and Medicaid are the fundamental pillars of the US 
government’s healthcare policy.

Medicare is financed by payroll taxes known as the Federal Insurance 
Contributions Act. The tax is equal to 2.9% of income, with 1.45% withheld from 
the worker and a matching 1.45% paid by the employer. The self- employed must 
pay the entire 2.9% tax on self- employed net earnings. Medicare contracts with 
regional insurance companies to pay doctors and hospitals for medical services. 
In the case of Medicaid, it is jointly financed by the federal and state govern-
ments. No taxes are directly collected for Medicaid. The federal government pays 
a matching rate of funds to what states spend for the plan, but that amount varies 
from state- to- state and is related to a state’s per capita income. It is usually 57% of 
the costs. State participation in Medicaid is optional, but every state does partici-
pate. Some states require local communities to contribute towards the financing. 
In many states, Medicaid beneficiaries are required to pay fees or copayments for 
medical services. Like Medicare, Medicaid does not pay benefits directly to indi-
viduals. Instead, it sends benefit payments to healthcare providers (Koba, 2011).

CMS administers the Medicare program and works in partnership with state 
governments to administer Medicaid, the Children’s Health Insurance Program 
(CHIP), and health insurance portability standards (Table 2.4). In addition to 
these programs, CMS has other responsibilities, including the administrative sim-
plification standards from the Health Insurance Portability and Accountability 
Act of 1996, quality standards in long- term care facilities through its survey 
and certification process, clinical laboratory quality standards under the Clinical 
Laboratory Improvement Amendments, and oversight of HealthCare.gov. As 
can be seen from Fig. 2.6, a substantially large number of people are enrolled in 
the programs administered by CMS (CMS Fast Facts, 2018).

2.2.2  Historical THE statistics in United States

The National Health Expenditure Accounts (NHEA) are the official estimates 
of total healthcare spending in the United States. Dating back to 1960, NHEA 
measures annual US expenditures for healthcare goods and services, public 
health activities, government administration, the net cost of health insurance, 
and investment related to healthcare. The data are presented by type of service, 
sources of funding, and type of sponsor. The NHEA display a complete picture 
of the healthcare sector. Using an expenditures approach to national economic 
accounting, NHEA identifies all final consumption of healthcare goods and 
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services as well as investment in a given year that is purchased or provided by 
direct or third- party payments and programs.

Three primary characteristics of the NHEA flow from this framework. First, 
the NHEA are comprehensive because they contain all the main components of 
healthcare system within a unified mutually exclusive and exhaustive structure. 
Second, the NHEA are multidimensional, encompassing not only expenditures 
for medical goods and services but also the payers that finance these expendi-
tures. Third, the NHEA are consistent because they apply a common set of defi-
nitions that allow comparisons among categories and over time (NHEA, 2017).

As per NHEA, in 2017, $3.5 trillion was spent on healthcare in the United 
States. Sixty- two percent of spending was for hospital care, physician and clini-
cal services, and retail prescription drugs. Private health insurance (PHI) paid 
for 34%; out- of- pocket 10%; and other third- party payers and programs 8%. 
The two largest government healthcare programs, Medicare and Medicaid, pur-
chased $1.3 trillion in healthcare in 2017, accounting for 37% of total healthcare 

TABLE 2.4 Programs administered by Centers for Medicare and Medicaid 
Services.

Program type Details

Medicare Medicare is a single payer, national social insurance program 
for people age 65 or older, people under age 65 with certain 
disabilities, and people of all ages with end- stage renal disease 
(permanent kidney failure requiring dialysis or a kidney 
transplant). Medicare has the following parts:
 l  Part a hospital insurance—helps cover inpatient care in 

hospitals, including critical access hospitals, and skilled 
nursing facilities (not custodial or long- term care).

 l  Part B medical insurance—helps cover doctors’ services 
and outpatient care. It also covers some other medical 
services that Part a does not cover.

 l  Part D prescription drug coverage—medicare prescription 
drug coverage is insurance that helps in lowering prescrip-
tion drug costs and help protect against higher costs in the 
future.

Medicaid Medicaid is a joint federal and state program that helps with 
medical costs for some people with limited income and 
resources. Medicaid also offers benefits not normally covered 
by medicare, like nursing home care and personal care 
services.

Children’s Health 
Insurance Program

CHIP is a program that provides matching funds to states for 
health insurance to families with children. The program was 
designed to cover uninsured children in families with incomes 
that are modest but too high to qualify for Medicaid.
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spending. Finally, the CHIP, the Department of Defense, and the Department of 
Veterans Affairs accounted for a combined 4% (NHEA, 2017). These detailed 
statistics are also presented in Fig. 2.7.

2.2.3  Projected THE in United States till 2026

The Office of the Actuary (OACT) in CMS annually produces short- term (10- 
year) projections of healthcare spending for categories within the NHEA. 
These projections track health spending by source of funds (for example, PHI, 
Medicare, Medicaid), by type of service (hospital, physician, prescription drugs, 
etc.), and by sponsor (businesses, households, governments). Current projec-
tions go through 2026 (OACT, 2018).

Based on the forecast summary by OACT, under current law, national health 
spending is projected to grow at an average rate of 5.5% per year for 2017–
26 and to reach $5.7 trillion by 2026. Although this projected average annual 
growth rate is more modest than that of 7.3% observed over the longer- term 
history before the recession (1990–2007), it is more rapid than has been experi-
enced 2008–16 (4.2%). Health spending is projected to grow 1.0% point faster 
than GDP per year over the 2017–26 period; as a result, the health share of GDP 
is expected to rise from 17.9% in 2016 to 19.7% by 2026. These projections of 

FIGURE 2.6 Number of enrollees in various Centers for Medicare and Medicaid Services pro-
grams in 2017.
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FIGURE 2.7 Infographic showing breakdown of US total health expenditure in 2017. (Source: 
CMS.)
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national health spending and enrollment growth over the next decade are largely 
driven by fundamental economic and demographic factors: changes in projected 
income growth, increases in prices for medical goods and services, and enroll-
ment shifts from PHI to Medicare related to aging of the population.

2.2.4  Impact of THE statistics on pharmaceuticals

As can be seen from Fig. 2.7, in 2017, 10% of the nation’s health dollar went 
toward prescription drugs. With a total spending of $3.5 trillion on overall 
healthcare, prescription drug spending amounts to $350 billion! In an orthogo-
nal analysis, in 2015, 38.9 million beneficiaries utilized Medicare Part D (CMS, 
2018). In the same year, total Part D expenditures were $89.8 billion. This trans-
lates to $2300 per beneficiary in a year for Medicare alone! A further break-
down of the expenditures can be done by evaluating the total spending by CMS 
on top 25 prescription drugs in 2015 (Fig. 2.8).

As per CMS databases, Part D drug information is available from the Part D 
Prescription Drug Event data and are available for a subset (∼70%) of Medicare 
beneficiaries. For Part D drugs, spending is based on the gross drug cost, which 
represents total spending for the prescription claim, including Medicare, plan, 
and beneficiary payments. These top 25 drugs alone led to a Medicare Part D 
spending of $47 billion in 2015 with Harvoni alone accounting for $7 billion. 
From any measurement metrics, this is an impressive feat to be achieved by 
one product alone. This type of revenue spending on prescription drugs has an 

FIGURE 2.8 Medicare Part D spending for top 25 drug product brands in 2015.
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enormous impact on pharmaceutical industry and warrants further discussion. 
Therefore, it is important to review the process of innovative drug discovery/
development, the challenges faced, and various rewards/risks of pharmaceutical 
innovation.

2.3  Development of innovative pharmaceutical products

US global leadership in pharmaceuticals is built on an integrated and collab-
orative system of academics, medical institutions, government research labs, 
and private enterprises that performs and supports advanced R&D resulting in 
innovative new treatments and cures. As discussed earlier, organizations that 
deal with developing innovative products spend significant resources toward 
drug discovery and development. Hundreds and sometimes thousands of 
chemical compounds must be made and tested to find one that can achieve a 
desirable result. Although estimates vary by indication, the US Food and Drug 
Administration (FDA) assesses that it takes approximately eight- and- a- half 
years to study and test a new drug before it can be approved for the public. This 
estimate includes early laboratory and animal testing, as well as later clinical tri-
als using human subjects (The CDER Handbook, 1998). During this entire time, 
millions of dollars are expended to develop the drug along with thousands of 
experiments that are done by the various disciplines to prove the safety, efficacy, 
manufacturability, and quality of the dosage form. The FDA provides several 
pathways for drug approvals for innovative products, and depending on these 
pathways, the revenues may be significantly impacted.

2.3.1  Business proposition of pharmaceuticals

From a business proposition perspective, the pharmaceutical industry has a 
profitable but also extremely risky business model. There are two types of risks 
involved in the development and commercialization of a new drug: technical 
risks and market risks. Technical risks are associated with uncertainties as to 
the technological aspects of drugs. Market risks and uncertainties are associ-
ated with commercial potentials, which are affected by the size of target dis-
ease’s patient population, new competing drugs entering the market, third- party 
payer’s payment regulations, and the economy in general (Park & Shin, 2018). 
The drugs that are successful in the marketplace are typically the only sources 
of revenue for a company. These successful drugs also pay for the failed drugs. 
As can be expected, in any company, R&D costs are paid for by drugs that bring 
in the revenues.

Ideally, cost of drug development should be less than the amount of money 
that will be made on the drug. This can be displayed in a hypothetical cash flow 
diagram (Fig. 2.9), where the expenses incurred during R&D are displayed as 
negative cash flow and revenues from the drug’s sales create positive cash flow. 
As can be expected, until product launch, the cash flow is negative due to the 
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R&D expenses. On launch, the drug sales bring in revenues, which are hope-
fully greater than the expenses, and cash flow becomes positive. However, the 
cash flow is severely impacted as soon as the drug’s exclusivity is lost, allowing 
generics to enter the market (Samanen, 2013, pp. 225–253).

2.3.2  Innovative products

As the name implies, companies that develop innovative products are the ones 
that discover and develop novel drugs. Novel drugs serve previously unmet 
medical needs or otherwise significantly help to advance patient treatments. 
The active ingredient or ingredients in a novel drug have never been approved in 
United States. As part of drug discovery, these companies focus on understand-
ing the metabolic pathways related to a disease state or pathogen and manipu-
late these pathways using molecular biology or biochemistry. A great deal of 
early- stage drug discovery has traditionally been carried out by universities and 
research institutions.

Once a potential drug compound is identified, product development activi-
ties are undertaken to establish its safety and efficacy through a combination of 
in vitro studies, in vivo studies, and clinical trials. Under FDA requirements, 
a sponsor must first submit data showing that the drug is reasonably safe for 
use in initial, small- scale clinical studies. This process is achieved through 
the Investigational New Drug (IND) pathway. As clinical studies start to yield 

FIGURE 2.9 Hypothetical cash flow over time and milestones for pharmaceutical companies 
(Samanen, 2013, pp. 225–253).
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favorable data, the sponsor may choose to pursue the path of commercialization 
of the drug. The New Drug Application (NDA) is the pathway through which 
drug sponsors formally propose that FDA approve a new pharmaceutical for 
sale in United States. To obtain this authorization, a drug manufacturer submits 
in an NDA nonclinical (animal) and clinical (human) test data and analyses, 
drug information, and descriptions of manufacturing procedures.

An NDA must provide sufficient information, data, and analyses to permit 
FDA reviewers to reach several key decisions, including the following:

 l  Whether the drug is safe and effective for its proposed use(s), and whether the 
drug’s benefits outweigh its risks?

 l  Whether the drug’s proposed labeling is appropriate, and, if not, what should 
the label contain?

 l  Whether the methods used in manufacturing the drug and the controls used 
to maintain its quality are adequate to preserve the drug’s identity, strength, 
quality, and purity?

Only after the NDA is approved, the product may be marketed in United 
States. The entire process of progressing from IND to NDA has been standard-
ized and is shown in Fig. 2.10. A detailed discussion of the various clinical trials 
is out of scope for this book, and the reader is encouraged to follow- up on this 
topic by consulting the appropriate resources such as FDA’s Center for Drug 
Evaluation and Research (CDER) handbook (The CDER Handbook, 1998).

Numerous types of options exist for NDAs as shown in Table 2.5. The NDA 
classification code provides a way of categorizing NDAs. The code evolved from 
both a management and a regulatory need to identify and group product applica-
tions based on certain characteristics, including their relationships to products 
already approved or marketed in United States. Classifying applications based 
on these characteristics contributes to the management of CDER’s workload, 
promotes consistency across review divisions, enables retrospective analysis of 
trends, and facilitates planning and policy development (FDA, 2015). In a report 
published by the FDA (FDA, 2018), it was documented that in 2017, CDER 
approved 46 novel drugs, either as new molecular entities (NMEs1) under Type 
1 NDAs or as new therapeutic biologics under biologics license applications. 
The number of Type 1 NDA approvals in 2017 was the highest ever in the last 
10 years (Fig. 2.11). This is an encouraging trend for continued pharmaceutical 
innovation! Detailed discussion on these trends and their implications for phar-
maceutical manufacturing is provided in Chapter 5 and Chapter 7.

1. The terms new molecular entity (NME) and new chemical entity (NCE) are sometimes used 
interchangeably. However, they are distinct. An NCE is defined in 21 CFR 314.108(a) as “a drug 
that contains no active moiety that has been approved by the FDA in any other application submitted 
under 505(b) of the FD&C Act.” On the other hand, NME is not defined in the statute or regulations. 
An NME is an active ingredient that contains no active moiety that has been previously approved 
by the Agency in an application submitted under section 505 of the Act or has been previously mar-
keted as a drug in United States (FDA, 2015).
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FIGURE 2.10 New drug development process.

TABLE 2.5 New drug application chemical types (Kwon & Lee, 2017).

Number Meaning

1 New molecular entity

2 New active ingredient

3 New dosage form

4 New combination

5 New formulation or new manufacturer

6 New indication

7 Drug already marketed without an approved New Drug Application (NDA)

8 OTC (over- the- counter) switch

9 New Indication or Claim, Drug Not to be Marketed Under Type 9 NDA 
After Approval

10 New indication submitted as distinct NDA—not consolidated

Source: Extracted from the page selection of Original New Drug Approvals (NDAs and BLAs) 
by Month Using Drugs@FDA (http://www.accessdata.fda.gov/ scripts/cder/drugsatfda/index.
cfm?fuseaction=R.eports.ReportsMenu).

http://www.accessdata.fda.gov/%20scripts/cder/drugsatfda/index.cfm?fuseaction=R.eports.ReportsMenu
http://www.accessdata.fda.gov/%20scripts/cder/drugsatfda/index.cfm?fuseaction=R.eports.ReportsMenu
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Another interesting aspect of the 46 novel drugs that were approved in 2017 
is an evaluation of their route of administration as plotted in Fig. 2.12. Clearly, 
52% of the novel drugs in 2017 were administered orally. This highlights the 
importance of product development of solid oral dosage forms. CDER’s new 
drug therapy approvals helped a wide range of patients suffering from many 
different medical conditions—from rare disorders to common diseases—to gain 
new hope for improved quality of life and, in some cases, improved chances of 
surviving life- threatening illnesses (Table 2.6).

2.3.3  Patent protections of innovative products

Two types of patent protection exist for innovative pharmaceutical companies. 
The first are traditional patents granted and processed by the United States 
Patent and Trademark Office. The typical patent length is 20 years from the 
application’s filing date. Traditional patents can be filed anywhere along the 
development lifeline of a drug, and they can encompass a wide range of claims.

The second type of protection is regulatory in nature and granted by the FDA 
on approval of an NCE. This type of protection is termed “exclusivity” and could 
run concurrent with traditional patent protection. For an NCE, exclusivity is 
granted for a period of 5 years from the date of FDA approval. Orphan (for rare 
diseases and disorders) and pediatric drugs are granted longer exclusivity periods 

FIGURE 2.11 Total number of novel drugs approved by Center for Drug Evaluation and Research.
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because of their limited use. For example, orphan drugs are granted 7 years of 
exclusivity protection. Similarly, developing a product for the pediatric popula-
tion provides the innovator’s company with an additional 6 months exclusivity.

Exclusivity came about as an important provision in the Drug Price Competition 
and Patent Term Act of 1984—more commonly referred to as the Hatch–Waxman 
Act.2 The purpose of exclusivity was to provide pharmaceutical companies 5 years 
of marketing protection during which other manufacturers were prohibited from 
filing an application to sell a generic product. Exclusivity does not, however, pre-
vent other manufacturers from seeking approval for a drug that uses the same 
therapeutic mechanism as an already approved drug. These products are often 
referred to as “me- too” drugs and are required to undergo the same rigorous clini-
cal testing to garner FDA approval (Higgins & Rodriguez, 2006). The exclusivity 
provision was designed to help firms that had no patent protection or had little 
time left under patent when an NCE was approved by the FDA.

A general patent protection timeline for innovative drugs is shown in  
Fig. 2.13. Most approved pharmaceutical products have several patents attached 
to them. For example, the Eli Lilly drug Cialis (tadalafil) 5 mg tablet has numer-
ous separate patents associated with its NDA (N021368) in the FDA’s Orange 
Book3 (shown in Fig. 2.14), which also lists the exclusivity data.

2. The Drug Price Competition and Patent Term Restoration Act (Public Law 98–417), informally 
known as the Hatch–Waxman Act, is a 1984 United States federal law which encourages the manu-
facture of generic drugs by pharmaceutical industry and established the modern system of govern-
ment generic drug regulation in United States. Representative Henry Waxman of California and 
Senator Orrin Hatch of Utah sponsored the act.
3. The publication “Approved Drug Products with Therapeutic Equivalence Evaluations” (com-
monly known as the Orange Book) identifies drug products approved on the basis of safety and 
effectiveness by the FDA under the Federal Food, Drug, and Cosmetic Act, and related patent and 
exclusivity information.

FIGURE 2.12 Overview of novel drugs in 2017 by route of administration.
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TABLE 2.6 Center for Drug Evaluation and Research’s novel drug  
approvals of 2017.

Drug name FDA- approved use on approval date Applicant holder

Trulance To treat chronic iconstipation in adult 
patients

Synergy

Parsabiv To treat secondary hyperparathyroidism in 
adult patients with chronic kidney disease 
undergoing dialysis

Kai

Emflaza To treat patients aged 5 years and older 
with duchenne muscular dystrophy

PTC Therapeutics

Siliq To treat adults with moderate- to- severe 
plaque psoriasis

Valeant

Xermelo To treat carcinoid syndrome diarrhea Lexicon

Kisqali To treat postmenopausal women with a 
type of advanced breast cancer

Novartis

Xadago To treat Parkinson’s disease US worldmeds, LLC

Symproic For the treatment of opioid- induced 
constipation

Shionogi

Bavencio To treat metastatic merkel cell carcinoma EMD serono

Zejula For the maintenance treatment for 
recurrent epithelial ovarian, fallopian tube 
or primary peritoneal cancers

Tesaro

Ocrevus To treat patients with relapsing and primary 
progressive forms of multiple sclerosis

Genentech

Dupixent To treat adults with moderate- to- severe 
eczema (atopic dermatitis)

Regeneron

Austedo For the treatment of chorea associated 
with Huntington’s disease

Teva

Ingrezza To treat adults with tardive dyskinesia Neurocrine 
biosciences

Brineura To treat a specific form of batten disease Biomarin

Tymlos To treat osteoporosis in postmenopausal 
women at high risk of fracture or those 
who have failed other therapies

Radius Health

Rydapt To treat acute myeloid leukemia Novartis

Alunbrig To treat patients with anaplastic lymphoma 
kinase- positive metastatic nonsmall cell 
lung cancer who have progressed on or 
are intolerant to crizotinib

Ariad
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Drug name FDA- approved use on approval date Applicant holder

Imfinzi To treat patients with locally advanced or 
metastatic urothelial carcinoma

Astrazeneca

Radicava To treat patients with amyotrophic lateral 
sclerosis

Mitsubishi Tanabe

Kevzara To treat adult rheumatoid arthritis Sanofi- Aventis

Baxdela To treat patients with acute bacterial skin 
infections

Melinta subsidiary

Bevyxxa For the prophylaxis of venous 
thromboembolism in adult patients 
hospitalized for an acute medical illness

Portola

Tremfya For the treatment of adult patients with 
moderate- to- severe plaque psoriasis

Janssen biotech

Nerlynx To reduce the risk of breast cancer 
returning

Puma Biotechnology

Vosevi To treat adults with chronic hepatitis C 
virus

Gilead Sciences

Idhifa To treat relapsed or refractory acute 
myeloid leukemia

Celgene

Mavyret To treat adults with chronic hepatitis C 
virus

Abbvie

Besponsa To treat adults with relapsed or refractory 
acute lymphoblastic leukemia

Pfizer

Benznidazole To treat children of 2–12- year- old with 
chagas disease

Chemo Research

Vabomere To treat adults with complicated urinary 
tract infections

Rempex

Aliqopa To treat adults with relapsed follicular 
lymphoma

Bayer Healthcare

Solosec To treat bacterial vaginosis Lupin

Verzenio To treat certain advanced or metastatic 
breast cancers

Eli lilly

Calquence To treat adults with mantle cell lymphoma Astrazeneca

Vyzulta To treat intraocular pressure in patients 
with open- angle glaucoma or ocular 
hypertension

Bausch and lomb

TABLE 2.6 Center for Drug Evaluation and Research’s novel drug approvals 
of 2017.—cont’d

Continued



50 How to Integrate Quality by Efficient Design (QbED) in Product Development

Drug name FDA- approved use on approval date Applicant holder

Prevymis To prevent infection after bone marrow 
transplant

Merck sharp and 
dohme

Fasenra For add- on maintenance treatment of 
patients with severe asthma aged 12 years 
and older, and with an eosinophilic 
phenotype

Astrazeneca

Mepsevii To treat pediatric and adult patients with 
an inherited metabolic condition called 
mucopolysaccharidosis type VII (MPS VII), 
also known as sly syndrome

Ultragenyx

Hemlibra To prevent or reduce the frequency of 
bleeding episodes in adult and pediatric 
patients with hemophilia a who have 
developed antibodies called Factor VIII 
(FVIII) inhibitors

Genentech

Ozempic To improve glycemic control in adults 
with type 2 diabetes mellitus

Novo nordisk

Xepi To treat impetigo Ferrer internacional

Rhopressa To treat glaucoma or ocular hypertension Aerie

Steglatro To improve glycemic control in adults 
with type 2 diabetes mellitus

Merck sharp and 
dohme

Macrilen For the diagnosis of adult growth hormone 
deficiency

Strongbridge Ireland

Giapreza To increase blood pressure in adults with 
septic or other distributive shock

La jolla

TABLE 2.6 Center for Drug Evaluation and Research’s novel drug approvals 
of 2017.—cont’d

2.3.4  Generic products

A generic drug is a pharmaceutical drug that is equivalent to a brand- name 
product in dosage, strength, route of administration, quality, performance, and 
intended use, but does not carry the brand name. A generic drug must con-
tain the same active ingredients as the original brand- name formulation. The 
FDA requires that generic drugs go through a rigorous review process to receive 
approval. The FDA ensures a generic medication provides the same clinical 
benefit and is as safe and effective as the brand- name medicine that it dupli-
cates. In most cases, generic products become available after the patent protec-
tions afforded to a drug’s original developer expire.
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Generic medicines tend to cost less than their brand- name counterparts 
because they do not have to repeat animal and clinical (human) studies that 
were required of the brand- name medicines (during filing of their NDAs) to 
demonstrate safety and effectiveness. According to the Hatch–Waxman Act, 
generic drugs only need to demonstrate bioequivalence to an already approved 
brand- name drug to get FDA approval. Bioequivalence means that the active 
ingredient in the generic drug is absorbed at the same rate as the brand- name 
drug. The test required to demonstrate bioequivalence is much less costly than 
those undertaken by brand- name drugs. This provision in Hatch–Waxman has 
allowed generics to enter the market quickly and at much lower cost. For exam-
ple, before Hatch–Waxman in 1983, only 35% of top- selling drugs with expired 
patents faced generic competition. By 1998, that number was close to 100% 
(Higgins & Rodriguez, 2006). When multiple generic companies market the 
same product, market competition typically results in prices about 85% less 
than the brand name (Generic Drug Facts, 2018). As per the information pro-
vided by Association for Accessible Medicines, generics account for 89% of 
prescriptions dispensed in the United States, but only 26% of the total drug 
costs (AAM, 2018).

FDA’s Orange Book contains information on every innovator manufactur-
er’s patents for their products that are submitted for approval. These usually 
include patents for ingredient, composition, or use (but not process). Generic 
manufacturers must consult this published list before they can decide whether 
to challenge any patent. If they decide to challenge a patent, they must notify 
the FDA, as well as the innovator manufacturer and patent holder. Typically, 

FIGURE 2.13 General patent protection timeline for innovative drugs.



52 
H

ow
 to Integrate Q

uality by Efficient D
esign (Q

bED
) in Product D

evelopm
ent

FIGURE 2.14 Patent and exclusivity information for tadalafil (Cialis) 5 mg tablet. (Source: FDA’s Orange Book.)
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the patent holder will subsequently bring a patent infringement suit against the 
generic manufacturer, within 45 days of receipt of notice of a challenge to its pat-
ent. The FDA must then withhold approval of the generic product for a period of 
30 months. Some pharmaceutical patents can be extended to recover time lost in 
the regulatory approval process, as defined by the patent term restoration under 
the Hatch–Waxman Amendments (Zannou, Li, & Tong, 2009, pp. 911–921).

For the first generic company to challenge a patent listed for an innovator drug, 
one market exclusivity provision of the 1984 Amendments provides a 180- day 
head start to the market. To market a generic drug within United States, a company 
must file an Abbreviated New Drug Application (ANDA) under section 505(j) 
of the Federal Food, Drug, and Cosmetic Act (FD&C Act) with the FDA. Once 
approved, an applicant may manufacture and market the generic drug product to 
provide a safe, effective, low cost alternative to the American public. An important 
measure of ANDA process is the approval of the “first generics.” As the name sug-
gests, first generics are the first approval by FDA which permits a manufacturer to 
market a generic drug product in United States. FDA considers first generics to be 
important to public health and prioritizes review of these submissions.

A key metrics for the pharmaceutical industry is the number of novel drugs 
and first generics approved within a given year. As shown in Fig. 2.15, from 
2013 to 2017, the number of novel drugs approved ranged from 22 to 46.  

FIGURE 2.15 Novel drugs versus first generics approvals.
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TABLE 2.7 Snapshot of selected novel to first generics timeframe.

Generic name
ANDA # 
(applicant)

Brand 
name

ANDA approval 
date

NDA # 
(applicant)

NDA approval 
date

Novel to first 
generic (years)

Tenofovir disoproxil 
fumarate tablets, 150, 
200, 250 mg

91,612 (Teva 
Pharma)

Viread 26 January, 2018 N021356 
(Gilead 
Sciences)

18 January, 
2012

6

Tenofovir disoproxil 
fumarate tablets, 150, 
200, 250 mg

90,647 
(Aurobindo 
Pharma)

Viread 26 January, 2018 N021356 
(Gilead 
Sciences)

18 January, 
2012

6

Sumatriptan and naproxen 
tablets, 85/500 mg

207,457 
(Aurobindo 
Pharma)

Treximet 15 February, 
2018

N021926 
(Pernix Ireland)

15 April, 2008 9

Remifentanil 
hydrochloride for 
injection, 1, 2, and 5 mg/
vial

206,223 
(Fresenius Kabi)

Ultiva 16 January, 2018 N020630 
(Mylan)

12 July, 1996 21

Desflurane USP, liquid for 
inhalation

208,234 
(Shanghai 
Hengrui 
Pharma)

Suprane 26 February, 
2018

N020118 
(Baxter)

18 September, 
1992

25

Trientine hydrochloride 
capsules USP, 250 mg

207,567 
(Watson Labs)

Syprine 7 February, 2018 N019194 (Aton 
Pharma)

8 November, 
1985

32

ANDA, Abbreviated New Drug Application; NDA, New Drug Application
Source: www.fda.gov.

http://www.fda.gov
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In the same period, total number of first generics approved ranged from 73 to 
106. This shows the pace of novel drugs development is much slower than the 
pace of generics development, due to the considerable number of clinical trials 
that novel drug manufacturers must do to establish safety and efficacy. Another 
important business criteria that could be monitored is that of how quickly a 
novel drug could be made available into a first generic. A snapshot of this is 
provided in Table 2.7 where it can take anywhere from 6 to 30+ years for a 
novel drug to be made available into a first generic. The reason for this large 
variance can be attributed to patent protections around a novel drug, difficulty 
in establishing the safety and efficacy of a generic when compared with the 
novel drug, or any other significant technical knowledge that keeps the generic 
competition at bay.

2.4  Summary

The Continued Need for Pharmaceutical Innovation
An important business organization that is a key advocate for pharmaceutical 

development in United States is the Pharmaceutical Research and Manufacturers 
of America (PhRMA). PhRMA represents the country’s leading innovative biophar-
maceutical research companies (PhRMA, 2017). PhRMA was formed in 1958 to 
represent America’s biopharmaceutical research companies and help promote 
smart public policy that supports medical research to address patient needs. 
Headquartered in Washington, D.C., with offices in leading biopharmaceutical 
research communities, PhRMA advocates in United States and around the world 
for policies that support the discovery and development of innovative medicines. 
Its policy priorities include explaining the increased complexity and risk of the 
R&D process; reinforcing the need for investment in R ensuring broad access to 
and appropriate use of medicines; and emphasizing the importance of strong intel-
lectual property incentives for new medicines.

As per a policy paper published by PhRMA in 2017, there are about 7,000 
medicines in development, with about three quarters having the potential to 
be first- in- class treatments. According to the same policy paper, investments in 
biopharmaceutical innovation are not only improving and saving lives but they 
are driving tremendous contributions to the American economy and solidifying 
America’s role as a leader in medical innovation. Biopharmaceutical companies 
invest about $75 billion annually in R&D in the United States—more than any 
other industry in America—and support nearly 4.7 million jobs across the coun-
try. From a society’s perspective, all of these are good statistics. There, however, 
remains a nagging question.

Is the pharmaceutical industry productive? 
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List of abbreviations

AAM Association for accessible medicines
ANDA Abbreviated new drug application
ART Antiretroviral therapy
BLAs Biologics license applications
CDER Center for drug evaluation and research
CHIP Children’s health insurance program
CMS Centers for medicare and medicaid services
FICA Federal insurance contributions act
HAQ Healthcare access and quality index
HHS Health and human services
IND Investigational new drug
MDGs Millennium development goals
NCE New chemical entity
NDA New drug application
NHEA National health expenditure accounts
NMEs New molecular entities
OACT Office of the actuary
PDE Prescription drug event
PHI Private health insurance
PhRMA Pharmaceutical research and manufacturers of America
PHS Public health service
R&D Research and development
SDGs Sustainable development goals
SMEs Subject- matter experts
THE Total health expenditure
US- FDA US food and drug administration
USPTO United States patent and trademark office
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Chapter 3

Pharmaceutical productivity: 
challenges and opportunities

Skate to where the puck is going, not where it has been.
Wayne Gretzky

3.1  Introduction

3.1.1  DNA—the building block of life

We all can visualize the structure of deoxyribonucleic acid (DNA) without too 
much effort. Quite simply, DNA is a molecule composed of two chains that coil 
around each other to form a double helix. DNA and ribonucleic acid (RNA) are 
nucleic acids; alongside proteins, lipids, complex carbohydrates (polysaccha-
rides), and nucleic acids are four major types of macromolecules that are essen-
tial for all known forms of life to function, grow, and reproduce. DNA’s structure 
was discovered in 1953 by Francis Crick, Rosalind Franklin,1 and James Watson. 
However, the elucidation of DNA’s structure was not a singular event. Quite the 
contrary, it was a culmination of decades of work by many researchers who each 
paved the way for future developments by documenting their research.

DNA was first discovered by Swiss physician Johann Friedrich Miescher in 
1869 at the University of Tübingen (Germany). Miescher research on the chemi-
cal constituents of cells contributed to biologists’ understanding of cells’ fate dur-
ing embryonic development (Dahm, 2008). Over the next many decades, several 
researchers worked diligently to understand DNA and its constituents. For exam-
ple, in 1909, Phoebus Levene identified the base, sugar, and phosphate nucleotide 
unit of RNA. In 1937, William Astbury produced the first X- ray diffraction pat-
terns that showed that DNA had a regular structure. Mid- 20th century saw some of 
the most fundamental discoveries in DNA research, that too at a time when World 
War II was ongoing with its full fury and destruction. In 1944, Oswald T. Avery, 
Colin MacLeod, and Maclyn McCarty published their landmark paper suggesting 

1. Rosalind Elsie Franklin (1920–58) was an English chemist and X- ray crystallographer who 
made contributions toward understanding the molecular structures of DNA, RNA, viruses, coal, and 
graphite. Although her works on coal and viruses were appreciated in her lifetime, her contributions 
to the discovery of DNA’s structure were largely recognized posthumously.
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that DNA, not proteins as previously believed, was the carrier of genetic informa-
tion. It was also proved that DNA was made of long chains of deoxyribose sugar 
molecules with phosphate groups attached. These phosphate groups, in turn, came 
in two types: purines (adenine [A] and guanine [G]) and pyrimidines (thymine 
[T] and cytosine [C]). In late 1940s, Erwin Chargaff discovered that DNA’s base 
composition varies between species, but that within each species, the bases are 
always present in fixed ratios: same number of [A] as [T] bases and same number 
of [C] as [G] bases, or in other words [A] = [T] and [C] = [G].

Think about it for a minute. DNA samples from different cells of same spe-
cies have the same proportions of the four heterocyclic bases (A, C, G, and 
T), but samples from distinct species can have different proportions of bases. 
For example, human DNA contains 30% each of [A] and [T] and 20% each of 
[G] and [C]. The bacterium Escherichia coli contains 24% each of [A] and [T] 
and 26% each of [G] and [C] (McMurry & Castellion, 2003). How elegant is 
that! When in 1953 Watson and Crick established DNA’s structure, individual 
pieces of the puzzle fell into place. DNA now not only had a structure but this 
structure could also explain how it functioned (Dahm, 2008). Watson and Crick 
first described DNA’s structure in their landmark two- page article in Nature 
(Watson & Crick, 1953). They proposed a radically different structure of DNA 
that had two helical chains each coiled around the same axis (Fig. 3.1A). They 
provided their assumptions and their rationale. By their own admission, the 
structure’s novel feature was the manner in which two chains are held together 
by the purine ([A] and [G]) and pyrimidine ([T] and [C]) bases, explained in a 
modern infographic in Fig. 3.1B. Crick, Watson, and Maurice Wilkins2 were 
awarded the 1962 Nobel Prize in Physiology or Medicine “for their discover-
ies concerning the molecular structure of nucleic acids and its significance for 
information transfer in living material”. The rest is history!

3.1.2  Implications for pharmaceutical manufacturing— 
integrate learning

The legacy and contributions of Watson and Crick to genetics are undeniable. 
After all, determining DNA’s structure and showing how it works was no small 
feat. It was these functional insights that—together with double helix’s powerful 
image, which has since attained an almost iconic status extending well beyond 
the biological disciplines—firmly associated Watson and Crick’s names with 
DNA (Dahm, 2008). However, Watson and Crick’s greatest contribution was that 
these two distinguished researchers had uncovered no new facts, but combined 
evidence that others had uncovered to come up with a completely new model. 
They worked tirelessly through all available literature, data, and the various 

2. Maurice Hugh Frederick Wilkins CBE FRS (1916–2004) was a New Zealand- born British physi-
cist and molecular biologist whose research contributed to the scientific understanding of phospho-
rescence, isotope separation, optical microscopy, and X- ray diffraction, and development of radar.
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FIGURE 3.1 Structure of DNA. (A) Originally proposed in 1953 and (B) modern infographic.
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possibilities until they found something that worked. In today’s parlance, we 
might say that they iterated a solution (Satell, 2017). However, a more accurate 
description would be that Watson and Crick “integrated their learning.” It was 
this approach toward their work that allowed them to integrate the knowledge 
that was being developed in their field and others. Watson and Crick combined 
insights from biology, chemistry, and X- ray crystallography to solve their puzzle. 
The world is eternally grateful for their integrated learning and its contributions!

There are parallels to Watson and Crick’s approach (or the integrated learning 
approach) in pharmaceutical manufacturing as well. As discussed in Chapter 2, 
pharmaceutical research is complicated, time- consuming, and costly. The unfor-
tunate part is that the successful result is never guaranteed. To further complicate 
matters, there is no standard route through which drugs are developed. A pharma-
ceutical company may decide to develop a new drug aimed at a specific disease 
or medical condition. Sometimes, scientists choose to pursue an interesting or 
promising line of research. In other cases, new findings from university, govern-
ment, or other laboratories may point the way for drug companies to follow with 
their own research. But no matter how a drug is developed, general challenges 
from conception to commercialization remain the same. To a person not familiar 
with the industry’s inner workings, it may seem that the entire drug develop-
ment process is slow and cumbersome. However, the pharmaceutical industry is 
a highly dynamic industry. After all, drug development is a complex team sport, 
and most of the time, a decision on any aspect of product development cannot be 
made in isolation without understanding its impact on other discipline’s work. 
From this perspective, one cannot help but appreciate the numerous scientists 
working together to achieve a common goal: the development of a safe and effec-
tive drug product that will be provided to a patient suffering from a disease.

Although it is difficult to claim any one discipline’s contribution to be superior to 
another when it comes to drug development, the most identifiable result of pharma-
ceutical research is the physical drug product itself. Despite everything being done 
behind the scenes, drug product is eventually the medium through which the drug 
is physically delivered to a patient. Hence, it is essential for formulation scientists to 
realize their responsibility, importance of their contribution to drug development, and 
to be an enthusiastic and active partner in the entire process. It is equally important for 
formulation scientists to acknowledge and appreciate the role that other disciplines 
play. It is similarly necessary to be aware of the knowledge being generated in mul-
tiple fields such as chemical engineering, manufacturing science, biopharmaceutics, 
polymer science, material science, computer modeling and simulation, product qual-
ity management, and many others. It is by integrating the key learnings from these 
wide array of sciences that the end goal can be more efficiently accomplished—that 
of developing a safe, effective, and high- quality dosage form for the patients.

3.2  Measurement of productivity

Productivity describes the measures of the efficiency of production. A produc-
tivity measure is expressed as the ratio of output to inputs used in a production 
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process, i.e., output per unit of input. As one can imagine, productivity is a 
crucial factor in evaluating the production performance of firms and nations. 
Increasing national productivity can raise living standards because more real 
income improves people’s ability to purchase goods and services, enjoy lei-
sure, improve housing and education, and contribute to social and environmen-
tal programs. Productivity growth also helps businesses to be more profitable. 
There are many different definitions of productivity, and the choice among them 
depends on the purpose of the productivity measurement and/or data availability.

An important government unit that measures productivity for United States 
is the Bureau of Labor Statistics (BLS). The BLS was established in 1884 to 
collect information about employment and labor. Since 1915, BLS has pub-
lished a journal, the Monthly Labor Review, with articles about the data and 
methodologies of labor statistics. BLS is the principal federal agency responsi-
ble for measuring labor market activity, working conditions, and price changes 
in the economy. Its mission is to collect, analyze, and disseminate essential 
economic information to support public and private decision- making. As an 
independent statistical agency, BLS serves its diverse user communities by pro-
viding products and services that are accurate, objective, relevant, timely, and 
accessible. The BLS has a storied history, and its contributions to US society are 
remarkable and admirable. However, the most important mandate for BLS, as 
described by its first Commissioner (Carroll D. Wright), is “the fearless publica-
tion of the facts” (BLS, 2018).

As per BLS, productivity and related cost measures are designed for use in 
economic analysis and public and private policy planning. The data are used to 
forecast and analyze changes in prices, wages, and technology. There are two 
primary types of productivity statistics: (1) labor productivity and (2) multifactor 
productivity (MFP). Both of these productivity statistics are briefly described in 
Table 3.1. Although there is a significant body of literature behind both types of 
productivity statistics, the focus of this chapter will be on multifactor productivity.

TABLE 3.1 Overview of key productivity statistics.

Statistics Details

Labor 
productivity

Labor productivity is a measure of economic performance that 
compares the amount of goods and services produced (output) with 
the number of hours worked to produce those goods and services.

Multifactor 
productivity

Multifactor productivity, also known as total factor productivity, is 
a measure of economic performance that compares the amount of 
goods and services produced (output) to the amount of combined 
inputs used to produce those goods and services. Inputs can include 
labor, capital, energy, materials, and purchased services.

Source: BLS. (2018). BLS information. Retrieved from https://www.bls.gov/bls/infohome.htm.

https://www.bls.gov/bls/infohome.htm
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3.2.1  Multifactor productivity

As mentioned in Table 3.1, MFP relates the change in an industry’s real output 
to the change in combined inputs used in producing that output (Eq. 3.1). MFP 
is a quantifiable statistic that describes the change in production function over 
time. The MFP statistic describes the efficiency gains (or losses) associated 
with growth (or decline) in output that is not a result of changes in measured 
inputs. Increases in MFP can result from improvements in technology, improve-
ments in managerial practices, reallocation of resources from sectors that are 
less productive to those which are more productive, and other unmeasured fac-
tors. Similarly, decreases in MFP can highlight deep rooted problems such as 
declining consumer base, outdated production methods, loss of exclusivity, 
increased competition, etc. As one can evaluate, Eq. 3.1, although simple, is 
quite handy in evaluating the efficiency of production and associated decisions.

 
MFP =

Output

Combined Inputs  

where: Output = Real value of goods produced for sale outside the industry; 
Inputs = Comprises of capital services, labor hours, energy, materials, and pur-
chased services.

EQUATION 3.1 Multifactor productivity equation

3.2.2  Multifactor productivity trends in US manufacturing sector

As per an important analysis by economists in the Office of Productivity and 
Technology of BLS, MFP in manufacturing sector grew by an average of 2% 
per year from 1992 to 2004. However, from 2004 through 2016, the manufactur-
ing MFP declined by an average of 0.3%/year. In addition, 53% of the manufac-
turing industries that make up the manufacturing sector3 had MFP declines from 
2004 to 2016. The key industries that contributed the most to slowdown were 
semiconductors, computers, petroleum, and pharmaceuticals (Brill, Chansky, & 
Kim, 2018). As seen in Fig. 3.2, the MFP from pharmaceuticals and medicines 
was an average annual percentage change of −0.14%.

In fact, if one looks at the MFP trends for pharmaceuticals from 2004 to 2016 
(Table 3.2), the pharmaceutical industry recorded gains in MFP in only 2 out 
of the 12 years. Among all years, 2010 and 2012 had particularly large declines 
in MFP of −8.8% and −11.1%, respectively. Given that substantial resources 
are spent by pharmaceutical companies on R&D (as discussed in Chapter 2), 
it is troubling to note that the MFP of pharmaceuticals is declining. In 2009, 
pharmaceuticals’ R&D investment reached a record $65.3 billion. However, an 

3. As classified by the North American Industry Classification System, the manufacturing sector 
comprises 86 unique four- digit industries.
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FIGURE 3.2 Contribution of various industries to manufacturing multifactor productivity (MFP) 
(2004–16).

TABLE 3.2 Over- the- year percent change in pharmaceuticals’  
multifactor productivity.

Period Multifactor productivity

2004–05 1.4

2005–06 −4.8

2006–07 0.0

2007–08 −1.9

2008–09 −2.0

2009–10 −8.8

2010–11 0.3

2011–12 −11.1

2012–13 −1.1

2013–14 −2.0

2014–15 −2.6

2015–16 −4.8
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average of only 32 new drugs per year were approved from 2008 to 2017 (Fig. 
2.11). It is no wonder from an economics perspective that the pharmaceuti-
cal industry is experiencing a severe decline in research productivity. After all, 
more and more money is being invested in R&D, but the rate at which new 
drugs are introduced into the market is failing to keep pace.

From an investor’s perspective, an obvious inference is that the return 
on investment in biomedical research is in sharp decline despite significant 
advances in biomedical science in recent decades. Generous public funding of 
research in the United States and elsewhere has expanded fundamental bio-
medical knowledge at a remarkable rate. Landmark events like the sequencing 
of the human genome are representative of major advances in our conception 
of basic biochemical processes and molecular and cellular biology. Yet so far, 
the “payoff” in terms of new drugs has been disappointing (Cockburn, 2006). 
There are many reasons for this productivity slowdown in the pharmaceutical 
manufacturing sector, which are discussed next.

3.2.3  Multifactor productivity in pharmaceuticals

Why is the MFP from pharmaceuticals declining? To accurately capture MFP 
for pharmaceuticals, it is important to revisit Eq. 3.1 and to evaluate if it still 
applies. After all, in a knowledge- based industry like pharmaceuticals, the mea-
surement must take into account multiple, heterogenous, and long- lived outputs 
and inputs, when some inputs or outputs are not directly measured or priced 
(e.g., knowledge spillovers), and when output is realized at a different point in 
time from when the inputs are utilized. These problems are particularly acute 
in biopharmaceutical R&D, where R&D expenditures are incurred over many 
years before product launch, advances draw extensively on unpriced spillovers 
from basic research (often conducted in the public sector), and where simple 
counts of regulatory approvals of particular products attributable to an R&D 
program may be a poor proxy for that program’s true output (Cockburn, 2006).

There are two choices to improve the pharmaceutical industry’s MFP: (1) reduce 
the combined inputs and/or (2) increase output. This simplistic viewpoint is unfortu-
nately very hard to implement in real- world scenarios. After all, reducing the com-
bined inputs will inadvertently affect the output, and increasing the output requires 
a sustained effort to providing combined inputs. This combined input would require 
more innovation and sustained development activities such that the desired output 
can be realized. In theory, it sounds simple enough but not so easy to apply in prac-
tice. So what are some of the hurdles that pharmaceutical innovation faces?

3.3  Hurdles in pharmaceutical innovation

Pharmaceutical research is complicated, time- consuming, and costly. The 
unfortunate part is that the end result is never guaranteed. To further complicate 
matters, there is no standard route through which drugs are developed. A phar-
maceutical company may decide to develop a new drug aimed at a specific 
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disease or medical condition. Sometimes, scientists choose to pursue an interest-
ing or promising line of research. In other cases, new findings from university, 
government, or other laboratories may point the way for drug companies to fol-
low with their own research. But no matter how a drug is developed, generally 
challenges from conception to commercialization remain the same. Normally, 
companies facing a competitive environment would like to launch new chemi-
cal entities as quickly as possible into several markets while the product is still 
under patent protection to amortize the substantial R&D outlays. However, there 
are a few practical hurdles in pharmaceutical innovation as discussed below.

3.3.1  Understanding of disease and potential cure

The human body is complex. Many diseases, or at least the symptoms of dis-
eases, arise from an imbalance (either excess or deficiency) of particular chemi-
cals in the body, from the invasion of a foreign organism, or from aberrant cell 
growth. A medicine can change the course of a disease, alter an organ’s function, 
relieve symptoms, or ease pain. Drugs come from a variety of sources including 
plants, animals, and microorganisms. For example, of the 20 leading drugs in 
1999, 9 of them were derived from natural products. In addition, almost 40% of 
the 520 new drugs approved between 1983 and 1994 were natural products or 
derived from natural products (Silverman, 2004). Many modern medicines are 
synthetic versions of substances found in nature. However, sometimes drugs are 
entirely new chemicals that are not versions of natural substances.

A helpful tool to understand the therapeutic categories of drugs is the 
Anatomical Therapeutic Chemical (ATC) classification system. The ATC classi-
fication system is used for the classification of drugs’ active ingredients according 
to the organ or system on which they act and their therapeutic, pharmacological, 
and chemical properties. It is controlled by the World Health Organization’s 
Collaborating Centre for Drug Statistics Methodology and was first published 
in 19764 (WHOCC, 2018). In ATC classification system, the active substances 
are classified in a hierarchy with five different levels. The system has 14 main 
anatomical/pharmacological groups or first levels (Table 3.3).

Each ATC main group is divided into second levels, which could be either 
pharmacological or therapeutic groups. The third and fourth levels are chemical, 
pharmacological, or therapeutic subgroups, and the fifth level is the chemical sub-
stance. The second, third, and fourth levels are often used to identify pharmaco-
logical subgroups when that is considered more appropriate than therapeutic or 
chemical subgroups. For example, for sildenafil, the ATC code is as follows: Level 

4. The field of Drug Utilization Research (DUR) began attracting attention in the 1960s. A WHO 
symposium in 1969 highlighted the need for an internationally accepted classification system 
for drug utilization studies. As a result, the Drug Utilization Research Group was established 
and entrusted with the development of internationally applicable methods for DUR. Inspired by 
this interest, ATC classification was developed in Norway as a modification and extension of the 
European Pharmaceutical Market Research Association classification system (WHOCC, 2018).
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1 (G): genitourinary system and sex hormones; Level 2 (G04): urologicals; Level 
3 (G04B): urologicals; Level 4 (G04BE): drugs used in erectile dysfunction; and 
Level 5 (G04BE03): sildenafil. Owing to the nature of ATC classification, a drug 
can have multiple codes, especially if it acts on multiple anatomical systems. For 
example, aspirin (acetylsalicylic acid) has five ATC codes: B01AC06, A01AD05, 
N02BA01, N02BA51, and N02BA71. A drug can also have multiple codes if it is 
used as a component of a single product combination therapy.

Where available, a deep insight of the mechanistic action of targeted drugs 
continues to inform drug discovery, clinical trials, and efforts to overcome drug 
resistance. Thus, maintaining an accurate and up- to- date map of approved drugs 
and their efficacy targets—that is, the targets through which the drugs exert their 
therapeutic effect—is an important activity that continues to guide future drug 
development and innovation (Santos et al., 2016).

3.3.2  Disproportionate market sizes

An important metric for innovative products is the potential market size. As can 
be expected, market share has a direct correlation with financial investment and 

TABLE 3.3 First level of Anatomical Therapeutic Chemical classification.

Code Contents

A Alimentary tract and metabolism system

B Blood and blood- forming organs

C Cardiovascular system

D Dermatologicals

G Genitourinary system and sex hormones

H Systemic hormonal preparations, excluding sex hormones and insulins

J Antiinfectives for systemic use

L Antineoplastic and immunomodulating agents

M Musculoskeletal system

N Nervous system

P Antiparasitic products, insecticides, and repellents

R Respiratory system

S Sensory organs

V Various

U Unclassified
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returns. If the anticipated market share is large, a larger financial investment can 
be justified for a higher rate of return. Pharmaceuticals are no different in this 
regard. The for- profit companies in the pharmaceutical industry choose inno-
vation projects that they expect to be profitable. Profits will be determined by 
costs and revenues, which in turn depend on the market size. The expected mar-
ket share is influenced broadly by three types of factors (Dubois, De Mouzon, 
Scott- Morton, & Seabright, 2015).

 1.  The first factor to take into account are issues such as demographic and 
socioeconomic change, which affect the numbers of people who are likely to 
suffer from a particular medical condition and the resources they are likely 
to have available to spend on alleviating their condition.

 2.  The second factor is particular to the pharmaceutical and healthcare 
industries, such as the degree of competition among companies and the 
strategies that companies use to innovate, cut costs, and win customers, that 
affect the profitability of innovation.

 3.  The third factor concerns with the public policies, including policies 
toward intellectual property protection, drug safety and testing, pricing and 
reimbursement, and public funding of research.

Different therapeutic markets whose potential sizes change differently over 
time due to demographic and income differences drive commensurate changes 
in innovative activity. For example, if the cardiovascular market is expected 
to grow due to an aging population, firms will want to serve that demand. 
Therefore, there will be an increase in cardiovascular R&D before the demand 
materializes, and new cardiovascular products will vie for approval and market-
ing authorization. When the ATC classification of the novel drugs approved in 
2017 is compiled, an interesting picture emerges (Fig. 3.3). Clearly, in 2017, 
more drugs were approved in the “L class” or antineoplastic and immunomodu-
lating agents. This indicates that the research investment done in therapeutic 
area is likely producing more products in this category, and, therefore, this ther-
apeutic area is a highly active and competitive market.

Another way to look at this information is to review the macroscopic trends in 
drug discovery and commercialization. In an excellent article by Santos et al., 2016, 
two important datasets are presented (Table 3.4 and Fig. 3.4). In Fig. 3.4, the grouped 
drugs per ATC Level 3 code according to their worldwide FDA approval year are 
shown. Clearly, the maturity of drugs targeting the cardiovascular system (category 
C) or the dermatological system (category D) is clear. By contrast, the recent inno-
vation in oncology and immunology areas (category L) is shown, as well as lack of 
progress and small number of drugs available in the antiparasitic class (category P).

3.3.3  Rate of attrition in R&D and clinical trials

As discussed before, diseases arise from an imbalance (either excess or defi-
ciency) of particular chemicals in the body, from the invasion of a foreign 



TABLE 3.4 Therapeutic areas of FDA- approved drugs (Santos et al., 2016).

Anatomical 
Therapeutic 
Chemical 
category Therapeutic area

Number 
of small 
molecules

Number of 
biologics

A Alimentary tract and 
metabolism system

158 32

B Blood and blood- forming 
organs

33 28

C Cardiovascular system 200 5

D Dermatologicals 141 5

G Genitourinary system 94 5

H Hormonal system 44 31

J Antiinfectives for systemic use 194 10

L Antineoplastic and 
immunomodulating agents

142 67

M Musculoskeletal system 62 6

N Nervous system 239 1

P Antiparasitic products, 
insecticides, and repellents

38 1

R Respiratory system 118 4

S Sensory organs 143 11

V Various 30 12

U Unclassified 156 51

This list also includes antimalarial drugs approved elsewhere in the world.

FIGURE 3.3 Anatomical Therapeutic Chemical class of novel drugs in 2017.
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organism, or aberrant cell growth. The effects of the imbalance can be corrected 
by antagonism or agonism of a receptor or by inhibition of a particular enzyme; 
foreign organism enzyme inhibition or interference with DNA biosynthesis or 
function are important approaches to treat diseases arising from microorganism 
and aberrant cell growth. In general, drugs are not discovered. What is more 
likely discovered is known as a lead compound which becomes the natural recep-
tor ligand or enzyme substrates once the relevant biochemical system is identi-
fied. The lead compound is a prototype compound that has a number of attractive 
characteristics such as the desired biological or pharmacological activity but may 
have other undesirable characteristics, for example, high toxicity, other biologi-
cal activities, absorption difficulties, insolubility, or metabolism problems. The 
structure of the lead compound is modified by synthesis to amplify the desired 
activity and to minimize or eliminate the unwanted properties to a point where 
a drug candidate, a compound worthy of extensive biological, pharmacological, 

Alimentary tract and metabolism system
Blood and blood-forming organs
Cardiovascular system
Dermatologicals
Genito urinary system
Hormonal system

Musculoskeletal system
Nervous system
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and animal studies, is identified; then a clinical drug, a compound ready for clin-
ical trials, is developed. Typically, for approximately every 10,000 compounds 
that are evaluated in animal studies, 10 will make it to human clinical trials to get 
1 compound on the market (Silverman, 2004).

The drug development process is a stepwise process starting with in- vitro bio-
chemical and pharmacology studies, followed by in- vivo animal studies, small 
healthy human volunteer studies, and finally large patient efficacy and safety 
 studies. As confidence in the probability of success of a test molecule increases fol-
lowing this process, the investment in further characterizing a candidate molecule 
is incrementally increased. Extrapolation from animals to humans is conducted 
using appropriate allometric relationships and scaling data that are routinely 
obtained during drug development and relatively simple calculations. Thus, allo-
metric scaling has been practically used for the estimation of first- in- human doses 
in clinical trials. However, the simple allometric scaling for the prediction of phar-
macokinetics (PK) parameters can be misleading for some drugs. There is poor 
prediction for humans with simple allometric scaling for drugs that are highly 
protein- bound, have significant biliary excretion, extensive active renal secretion, 
active metabolism, and other transport processes, or have species- specific bind-
ing or distribution. Fig. 3.5 illustrates an interspecies correlation between a PK 
parameter and body weights based on the data obtained from four animal species 
and the prediction of a human parameter (Kim, Shin, & Shin, 2018).

No matter how a medicine is made, its effect on the human body is far from 
simple. Drugs differ in how long they stay in the body, how easily they can get 
into body’s different parts, and how they are absorbed and eliminated by the body. 
People of different ages, genders, weights, and in different states of health respond 
differently to the same drug. These circumstances can alter the way in which a 
drug is broken down and processed in the body. For example, elderly patients can 
respond differently to drugs because their kidneys eliminate drugs less effectively 
and their liver breaks down drugs less efficiently. Similarly, when developing 
drugs for children, it is critical to recognize that their immature organ systems 

FIGURE 3.5 Interspecies correlation between PK parameters and body weight (Kim et al., 2018).
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process differently than their mature bodies will in the years ahead. Therefore, 
before commercializing a new drug product, manufacturers must prove that the 
threefold requirement of quality, safety, and efficacy of new molecules is met suc-
cessfully and any potential risks have been appropriately mitigated.

3.3.4  Special characteristics of healthcare market

In healthcare, innovative solutions must be developed that not only help make a 
major societal impact but are also affordable and profitable to justify continuous 
investment in this area, all the while operating under strict regulatory oversight 
and guidance. So how is healthcare as a commodity really different from other 
commodities? In a seminal journal article from 1960s, Professor K.J. Arrow5 
provides a treatise on the uncertainty and the welfare economics of medical 
care. In his article, Dr. Arrow differentiates between healthcare industry and 
medical- care industry. As per Dr. Arrow, the causal factors in health are many, 
and the provision of medical care is only one. In the case of general health-
care, particularly at low levels of income, other commodities such as nutrition, 
shelter, clothing, and sanitation may be much more significant. Conversely, 
medical- care industry is defined as the complex of services that center about 
the physician, private and group practice, hospitals, and public health (Arrow, 
1963). Dr. Arrow selectively lists some characteristics of medical care which 
distinguish it from the usual economics of other commodities. These character-
istics, collated by other references as well such as Fuchs (1972), are explained 
below along and are schematically outlined in Fig. 3.6.

Nature of Demand: The most obvious distinguishing characteristic of an 
individual’s demand for medical services is that it is not steady in origin as, 
for example, for food or clothing, but irregular and unpredictable. Medical 
services, apart from preventive services, afford satisfaction only in the event 
of illness, a departure from the normal.
Risk Outlook: As one can anticipate, the risk outlook for medical services 
is substantial. There is some risk of death and a more considerable risk of 
impairment of full functioning with a suboptimal medical service provided to 
a patient. In particular, there is major potential for loss or reduction of earning 
ability. The risks are not by themselves unique; food is also a necessity, but 
avoidance of deprivation of food can be guaranteed with sufficient income, 
where the same cannot be said of avoidance of illness. Illness is, thus, not only 
risky but costly in itself, apart from the cost of medical care.
Specialized Nature of Medical Diagnosis: Contrary to other commodities 
(such as food, real estate, automobiles, etc.) where consumers are the ultimate 

5. Dr. Kenneth J. Arrow (1921–2017) was an American economist, mathematician, writer, and 
political theorist. He was the joint winner of the Nobel Memorial Prize in Economic Sciences with 
Sir John Hicks in 1972.
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decision- maker of whether they wish to purchase an item or not, consumers of 
medical services do not always have control on what they can purchase. The 
consumers must rely on the physician’s professional advice. The customer 
cannot test the product before consuming it, and there is an element of trust 
in the relationship. Therefore, medical services have a specialized operating 
model that is significantly different from that of other typical commodities.
Difficulties in Innovation: As discussed earlier, the human body is complex 
in its structure and functionality. To provide cure and relief to patients, it is 
increasingly important for the medical community and pharmaceutical industry 
to continuously innovate. Continued research in this area is a win- win scenario 
for the society. However, from an economics perspective, a positive outcome 
is not always guaranteed. As discussed in the previous subsection, substantial 
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financial risk must be undertaken without any assurance of economic reward. 
This type of significant financial investment is different from the investments 
made in any of the other commodities.
Pricing and Reimbursement (P&R): P&R involves negotiations between 
manufacturers and P&R authorities regarding the new product’s price 
and its reimbursement status. Price regulation can arguably delay launch 
through the negotiation processes, alongside the resulting firm strategies of 
delaying or foregoing launch in low- priced markets (Varol, Costa- Font, & 
McGuire, 2012).

As one examines Fig. 3.6, it is clear that although there is one ultimate cus-
tomer, the patient, from a business perspective of the pharmaceutical industries, 
there are many intermediate customers (e.g., doctors, insurance companies, 
healthcare providers, etc.) that play an important role in driving the industry’s 
economics and quality metrics. One other important customer for the phar-
maceutical industry is the regulatory agency that approves the pharmaceutical 
product’s dossier before bringing the product to market. Each of these interme-
diate customers have their own criteria for judging a product, and the manufac-
turer must account for all the input as part of designing their product.

3.4  Ongoing measures to improve pharmaceutical  
R&D’s efficiency

The apparent disconnect between progress in basic science and development of 
new drugs has led regulators, academic researchers, investment analysts, and other 
observers to conclude that the mechanism for translating science into drugs has 
to be broken down. A report issued by the FDA in 2004, for example, expressed 
“growing concern that many of the new basic science discoveries made in recent 
years may not quickly yield more effective, more affordable, and safe medical 
products for patients,” citing falling numbers of applications for approval of new 
drugs, and placing the blame squarely on an “increasingly challenging, ineffi-
cient, and costly” product development path (Cockburn, 2006). If this is truly the 
case, pharmaceutical R&D personnel have some soul- searching to do!

A customer- driven operation strategy requires a cross- functional effort by all 
areas of the firm to understand the needs of its internal and external customers, 
and to specify the operating capabilities required to outperform the competi-
tion. Typically, such competitive priorities broadly fall into the four capability 
groups of cost, quality, time, and flexibility (Table 3.5) (Krajewski, Ritzman, & 
Malhotra, 2010). With all options available, an organization must decide clearly 
what its competitive priorities and capabilities are and keep evaluating how they 
may change over time.

Given its innovative approaches to discover cures for unmet medical 
needs, the pharmaceutical industry has always placed a heavy emphasis on 
R&D, delivering one of the highest ratios of R&D investment to net sales 
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TABLE 3.5 Competitive capabilities and priorities (adapted from Krajewski et al., 2010 and Diaz-Garrido et al., 2011).

Competitive 
capabilities

Competitive 
priorities Definition Processes considerations

Cost Low- cost 
operations

Delivering a service or a 
product at the lowest possible 
cost to the satisfaction of 
external or internal customers

To reduce costs, processes must be designed and operated to 
make them efficient using rigorous process analysis that addresses 
workforce, methods, scrap or rework, overhead, and other factors, 
such as investments in new automated facilities or technologies to 
lower the cost per unit of the service or product.

Quality Top quality Delivering an outstanding 
service or product that 
includes after-sales service, 
identifying and addressing 
customer needs, and sharing of 
information

To deliver top quality, a service process may require a high level 
of customer contact and high levels of helpfulness, courtesy, and 
availability of servers. It may require superior product features, close 
tolerances, and greater durability from a manufacturing process.

Consistent 
quality

Producing services or products 
that meet design specifications 
on a consistent basis

Processes must be designed and monitored to reduce errors, prevent 
defects, and achieve similar outcomes over time, regardless of the 
“level” of quality.
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Time Delivery speed Quickly filling a customer’s 
order

Design processes to reduce lead time (elapsed time between 
the receipt of a customer order and filling it) through keeping 
backup capacity cushions, storing inventory, and using premier 
transportation options.

On- time 
delivery

Meeting delivery- time promises Along with processes that reduce lead time, planning processes 
(forecasting, appointments, order promising, scheduling, and 
capacity planning) are used to increase percentage of customer 
orders shipped when promised.

Development 
speed

Quickly introducing a new 
service or a product

Processes aim to achieve cross- functional integration and 
involvement of critical external suppliers in the service or product 
development process.

Flexibility Customization Satisfying the unique needs of 
each customer by changing 
service or product designs

Processes with a customization strategy typically have low volume, 
close customer contact, and an ability to reconfigure processes to 
meet diverse types of customer needs.

Variety Handling a wide assortment of 
services or products efficiently

Processes supporting variety must be capable of larger volumes than 
processes supporting customization. Services or products are not 
necessarily unique to specific customers and may have repetitive 
demands.

Volume 
flexibility

Accelerating or decelerating 
the rate of production of 
services or products quickly 
to handle large fluctuations in 
demand

Processes must be designed for excess capacity and excess 
inventory to handle demand fluctuations that can vary in cycles 
from days to months. This priority could also be met with a strategy 
that adjusts capacity without accumulation of inventory or excess 
capacity.
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compared with other industrial sectors. In its traditional business model, 
big pharmaceutical firms executed activities that were correlated to differ-
ent stages of the chain, particularly regarding core products, protected by 
intellectual property. The production and distribution of their own prod-
ucts was related to the historical vertical integration of the pharmaceutical 
firms. Because the pharmaceutical industry is highly innovative but heav-
ily regulated, its traditional competitive capability is quality. However, in 
the changing business environment, pharmaceutical companies are under 
increased pressures to launch a new drug onto the market faster so that they 
can achieve maximum market penetration and revenue in a limited time 
frame before the patent protection ends and generic competition begins. The 
successful launch of a new drug will pave the way for a pharmaceutical 
company’s performance that enables R&D for new products in the future. 
Because of this business reality, pharmaceutical companies have seen a sig-
nificant change in operating model and footprint over the past couple of 
decades. Many had to undergo painful restructuring and workforce reduc-
tions because their traditional blockbuster model, i.e., finding effective 
medicines for common conditions and selling them in large volumes with 
substantial margins, is becoming extinct. More and more top- selling drugs 
are being replaced by cheap generics, and developing new drugs is more 
difficult and more costly because fewer opportunities exist and R&D pro-
ductivity has declined (Mattke, Klautzer, & Mengistu, 2012, pp. 1–12). This 
was, however, not always the case.

In the past few years, the low R&D efficiency is necessitating far- reaching 
consequences for innovative pharmaceutical companies. More and more phar-
maceutical companies realized that their low R&D efficiencies are demanding 
changes to their R&D ecosystems. In an analysis of major research- based phar-
maceutical companies, it was shown that 73% of the investigated companies 
were making process changes in R&D (Schuhmacher, Gassmann, & Hinder, 
2016). These changes are given below and are also summarized in Fig. 3.7.

 l  Creating growth options with mergers and acquisitions (as discussed in 
Section 1.3.3),

 l  Improving R&D efficiency by restructuring R&D into better manageable 
smaller and biotechnology- like units,

 l  Reducing R&D costs by benefiting from virtual R&D and increasingly using 
cost- efficient outsourcing,

 l  Widening the competence field by progressively expanding collaborations and 
research partnerships,

 l  Increasing the technology base by more and more accessing drug candidates 
in all phases from external sources,

 l  Strengthening the innovation potential by venture capital investments, and
 l  Broadening the knowledge base by using crowdsourcing methodologies.

A few of these changes are discussed in more detail in the following subsections.
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3.4.1  Generation of new supply chain based on  
pharmaceutical outsourcing

As discussed earlier, the low R&D efficiency is necessitating far- reaching con-
sequences for innovative pharmaceutical companies. One of the consequences 
is the reduction of R&D costs by benefiting from virtual R&D and increas-
ingly using cost- efficient outsourcing. Today, outsourcing and collaborations 
with service providers are a standard in the pharmaceutical sector. Outsourcing 
companies are providing services along the whole value chain from research 
to development, manufacturing, and marketing (Festel, Schicker, & Boutellier, 
2010). Over a period of time, a brand new supply chain has emerged (Fig. 3.8), 
one in which at the different stages, a renewed multiplayer pharmaceutical sup-
ply chain has called for specialized actors to support integrated firms offering 
specialized services. This drives the general trend of the industry to outsource 
to specialized suppliers’ activities that are complementary to research, like 
the scouting of potential molecules, products for in- licensing strategies, and 
activities related to development and trial, through the outsourcing of the tri-
als’ coordination to clinical trial service firms. Within this new chain, in terms 
of production, the tendency of pharmaceutical firms is to outsource to contract 
manufacturing organizations, combining them with services as packaging and 
formulation (Capo, Brunetta, & Boccardelli, 2014).

Most of the outsourced services are used in one or more process steps of 
the value chain (Fig. 3.9). In an analysis done by Festel et al., 2010, the level of 
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FIGURE 3.7 Challenges and consequences of low R&D efficiency (Schuhmacher et al., 2016).
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outsourcing activities done depends on the differentiation between traditional6 
and emerging pharmaceutical companies7 (Table 3.6). The need for outsourcing 
related services are different for the two types of pharmaceutical companies. 

6. Traditional companies could be large (“big pharma”) or midsized companies. A widely used term 
for this kind of company is Fully Integrated Pharmaceutical Company.
7. Most of the biotechnology startup companies or other technology- driven companies with their 
roots in R&D are part of this group.

FIGURE 3.9 Outsourcing activities in pharmaceutical R&D and production value chain (Festel 
et al., 2010).
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For example, traditional pharmaceutical companies typically end to augment 
their existing internal capabilities with limited outsourcing support. On the 
other hand, emerging pharmaceutical companies hope to utilize outsourcing as 
an effective method to capture capacity and expertise without investing much 
money in internal resources. Many startups may lack experience and expertise 
around drug development, which consequently forces them to rely on external 
service providers, thereby practicing virtual discovery and development (Fig. 
3.10). These two different types of expectations and requirements have created 
a few important cooperation models for outsourced services.

TABLE 3.6 General trends of pharmaceutical outsourcing.

Attributes
Traditional pharmaceutical 
companies

Emerging pharmaceutical 
companies

Type of 
outsourcing 
activities

Traditional pharmaceutical 
companies normally cover 
the whole or most of the 
pharmaceutical value 
chain from drug discovery/
development up to production 
and marketing/sales.

Emerging pharmaceutical 
companies are typically focused 
on selected stages of the 
pharmaceutical value chain.

In- house 
capacity

Most traditional pharmaceutical 
companies have their own 
in- house R&D and GMP 
manufacturing capacities.

Limited internal facilities (if any) 
to do GMP manufacturing.

Need for 
outsourcing

The need for outsourcing 
is typically limited due to 
presence of in- house capacity.

The outsourcing level of 
emerging pharmaceutical 
companies is rather high and in 
some categories 100% due to 
low or missing internal resources.

FIGURE 3.10 Various models for pharmaceutical R&D (Samanen, 2013).
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3.4.2  Augmenting R&D portfolios through research collaborations

Traditionally, the pharmaceutical industry has collaborated with third parties 
(such as academia, government labs, specialized technologies, etc.) to access 
specialty know- how. As the complexity of pharmaceutical R&D increased fun-
damentally, nowadays collaborations are more and more used to get access to 
the required enlarged set of skills and technologies, such as novel drug targets, 
validation of targets, signal transduction pathway know- how, animal models, 
disease expertise, translational medicine know- how, and biomarkers. In some 
areas of research, pharmaceutical companies have even broken new grounds by 
moving their proprietary technologies, such as high- throughput screening, to 
a larger number of external academic and institutional laboratories to increase 
flexibility and to benefit from governmental funding (Schuhmacher et al., 2016).

There are, however, some challenges and limitations of the R&D collaboration 
model. The collaborative innovation model suffers from, for the most part, the lack 
of common languages bridging the basic research and clinical development. The 
traditional conflicts between public and corporate collaborations are confidentiality, 
publishing, and intellectual property rights and ownership. With respect to confiden-
tiality and publishing, most parties recognize the nature of competition and accom-
modate reasonable delays in publication to allow time for patent filing. Intellectual 
property rights, however, continue to pose a challenge because at least three par-
ties are involved: the inventor(s), the institution, and the commercial corporation. 
Companies need to understand that many universities are limited by federal and 
state laws with respect to ownership rights of the intellectual property generated by 
their faculty. Successful negotiations will have to be based on the fact that the value 
process is equitable, that all parties receive a return on their investment, and that the 
collaborators receive equity on the basis of their contributions (Ku, 2015).

Overall, the collaborative research model has yielded some positive results. 
One of the most famous examples of collaborative research is that of paclitaxel. 
In 1955, the National Cancer Institute (NCI) in the United States set up the Cancer 
Chemotherapy National Service Center (CCNSC) to act as a public screening 
center for anticancer activity in compounds submitted by external institutions and 
companies. Although the majority of compounds screened were of synthetic ori-
gin, one chemist, Jonathan Hartwell, who was employed there from 1958 onward, 
had experience with natural product- derived compounds and began a plant screen-
ing operation. After some years of informal arrangements, in July 1960, the NCI 
commissioned the United States Department of Agriculture botanists to collect 
samples from about 1000 plant species per year. On 21 August, 1962, one of 
those botanists, Arthur S. Barclay, collected bark from a single Pacific yew tree in 
a forest north of the town of Packwood, Washington, as part of a 4- month trip to 
collect material from over 200 different species. The material was then processed 
by a number of specialist CCNSC subcontractors, and one of the tree’s samples 
was found to be cytotoxic in a cellular assay on May 22, 1964. In 1971, Monroe 
E. Wall and Mansukh C. Wani at the Research Triangle Institute in North Carolina 
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isolated paclitaxel from the bark of the Pacific yew, Taxus brevifolia, and named it 
“Taxol.” In 1977, Dr. Susan Horwitz, Albert Einstein College of Medicine, iden-
tified the mechanism of Taxol as stabilizing the microtubules and slow cancer 
cell division and growth. In 1984, the NCI began Phase I clinical trials against a 
number of cancer types. In 1989, investigators at Johns Hopkins reported partial 
or complete responses in 30% of patients with advanced ovarian cancer. In August 
1989, the NCI decided to out- license the drug because of the practical difficulties 
in semisynthesis of Taxol from Yew tree extract and the large financial scale of the 
program. Four companies responded including the American firm BMS, which 
was selected as the partner in December 1989. BMS submitted Taxol NDA within 
a period of 18 months, and Taxol was approved in 1992 (Ku, 2015). Taxol is on 
the World Health Organization’s List of Essential Medicines, the most effective 
and safe medicines needed in a health system.

3.4.3  In- licensing and partnerships of potentially viable assets

As the cost and risk of drug development has skyrocketed, the business models 
for how big pharma companies interact with smaller biotech tech companies and 
with each other have also changed. The reductions in research capacity caused by 
the patent cliff have made companies rethink their ability to stand alone and bear 
the escalating costs of bringing a drug to market. Now more than ever, companies 
are looking outside of their own shops to feed their pipelines and for ways to 
mitigate risk and cost. Although acquisitions of whole companies or subdivisions 
and licensing of interesting drug candidates still continue to be a viable busi-
ness model in some cases, the establishment of shared risk/shared reward strategic 
partnerships has increased dramatically (Abou- Gharbia & Childers, 2014).

In- licensing and partnerships have brought many blockbusters to big pharma 
(Table 3.7). Current licensing trends include (1) rising in biologics deals, can-
cer being the most popular category; (2) favoring later- stage development com-
pounds; and (3) increasing complex deals with cascading milestone payment, 
and opt- out clauses for risk sharing. In general, deals made in later phases of 
development tend to be more strategic and therefore more complex, involving 
multiple categories of development with cascading milestone payments. One of 
the purposes of a later- stage deal is to share risks, and opt- out clauses are fre-
quently inserted based on the expectation of the risks becoming clear at future 
time points (Ku, 2015).

One of the challenges with the in- licensing model is the accurate valuation of 
the R&D projects. This is an area of significant research and interest for economists 
and business development personnel. Various methods of R&D project valuation 
are followed. Researchers have typically divided the valuation of R&D projects into 
two categories: one is the discounted cash flow analysis, often called the expected 
net present value or risk- adjusted net present value, and the other is the real options 
valuation analysis, which adopts the financial option pricing method. Details on 
these topics can be found in excellent articles such as those from Park & Shin, 2018.
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Maintaining the Ultimate Value Proposition Despite of Changing Business Dynamics
There is no doubt that the pharmaceutical industry and the established busi-

ness models of yesteryears are changing, and changing fast. Despite the personal 
feelings one may have on this topic, the reality is that the pharmaceutical business 
is evolving to adapt to today’s economic environment. Pharmaceutical outsourc-
ing is a trend that is unlikely to reverse anytime soon. External collaborations, 
in- licensing deals, and partnerships will continue to be pharmaceuticals’ modus 
operandi. However, no matter what the business challenges continue to be, a phar-
maceutical company should never forget its value proposition to its ultimate cus-
tomers (the patients)—the highest quality medicines. The patients after all deserve 
nothing less. It is very important that the new business models do not compromise 
the core competitive capability of quality. Therefore, a thorough understanding of 
the latest quality paradigm and metrics is a must- have in today’s business climate.

What can a pharmaceutical company do to deliver the highest quality products?

3.5  Summary  

TABLE 3.7 Examples of Comarketed drugs (Abou- Gharbia & Childers, 2014).

Companies Drugs Indications

Bristol- Myers Squibb, Sanofi Plavix Anticoagulant

Bristol- Myers Squibb, Gilead, Merck Atripla HIV therapy

Bristol- Myers Squibb, Pfizer Eliquis Anticoagulant

Bristol- Myers Squibb, Novartis Zelmac Irritable bowel syndrome

Bristol- Myers Squibb, Otsuka Abilify Antipsychotic

Bristol- Myers Squibb, AstraZeneca Onglyza Diabetes

Bristol- Myers Squibb, Sanofi Plavix Anticoagulant

Merck, Schering Plough Vytorin High cholesterol

Merck, Roche Victrelis Hepatitis C

Abbott, Takeda Lupron GnRH agonist ulcers

Prevacid GERD

Abbott, Solvay Simcor High cholesterol

Pfizer, Boehringer Ingelheim Spiriva COPD

Pfizer, Eisai Aricept Alzheimer’s disease

Johnson and Johnson, Eisai AcipHex Ulcer, GERD

Bayer, Onyx Stivarga Colon cancer
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List of abbreviations

ATC Anatomical Therapeutic Chemical
BLS Bureau of Labor Statistics
CMO Contract Manufacturing Organization
DNA Deoxyribonucleic Acid
DUR Drug Utilization Research
DURG Drug Utilization Research Group
EphMRA European Pharmaceutical Market Research Association
FIPCO Fully Integrated Pharmaceutical Company
HTS High Throughput Screening
MFP Multifactor Productivity
NCI National Cancer Institute
NAICS North American Industry Classification System
PK Pharmacokinetics
P&R Pricing and Reimbursement
ROI Return on Investment
RNA Ribonucleic Acid
USDA United States Department of Agriculture
WHOCC World Health Organization’s Collaborating Center
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Chapter 4

QbD: a welcome evolution

Only customers judge quality; all other judgements are essentially irrelevant.
Zeithaml, Parasuraman, and Berry, (1990)

4.1  Introduction

4.1.1  A $11 fix that was ignored

The Ford Motor Company is world- renowned for large- scale manufacturing of 
automobiles and management of an industrial workforce using elaborately engi-
neered manufacturing sequences typified by moving assembly lines. It would be 
hard to imagine that a company like Ford, with an illustrious past and which is 
widely respected as an industrial efficiency juggernaut, had to go through some 
dark times due to poor product design. Yet this is indeed what happened in the 
1970s when Ford introduced one of its new products, the Ford Pinto.

In the 1960s, American automobile manufacturers were facing fierce com-
petition from European and Japanese manufacturers, particularly in the sub-
compact cars category. In May 1968, Ford decided to introduce a subcompact 
car, the Pinto. The Pinto was rushed through production in just 25 months so 
it could be included in Ford’s 1971 line; the normal time span for a new car 
model was about 43 months. Adding to the timelines’ pressure was manage-
ment’s stated goal that the Pinto was not to weigh an ounce over 2000 pounds 
and not to cost a cent over $2000 (Wojdyla, 2011). Everything was going well 
until, deep into the development cycle, a problem was discovered in the fuel 
tank’s design.

Pinto’s fuel tank was located behind the rear axle, instead of above it, to 
create more trunk space. The fuel system’s design was further complicated by 
the uncertain regulatory environment during the development period. The first 
federal standard for automotive fuel system safety, passed in 1967, initially only 
considered frontal impacts. In January 1969, 18 months into Pinto’s develop-
ment cycle, National Highway Traffic Safety Administration (NHTSA) pro-
posed expanding the standard to cover rear- end collisions based on a 20- mile 
per hour (mph) moving- barrier rear impact test. During testing, it was discov-
ered that the Pinto was more vulnerable to a rear- end collision. This vulnerabil-
ity created a serious risk of fire.



88 How to Integrate Quality by Efficient Design (QbED) in Product Development

Ford engineers considered several solutions to the fuel tank problem, includ-
ing lining it with a nylon bladder, adding structural protection in the car’s rear, 
and placing a plastic baffle between the fuel tank and the differential housing. 
Crash tests showed that these safety features could prevent the gas tank from 
being punctured. Additionally, Ford owned the patent on a much safer gas tank. 
Despite all available resources and research that would decrease the possibility 
of explosion in a rear- end collision, Ford chose not to implement the safer gas 
tank design as it would have led to extra cost of $11/car and extra weight of 1 
pound!

Why did management decide against these safety features? The company 
did an analysis where it concluded that the new fuel system design would result 
in 180 less deaths. Then, the company used an accepted risk/benefit analysis 
to determine if the monetary costs of making the change were greater than 
intended societal benefit. Based on the numbers Ford used, incorporating the 
safety features would have cost $137 million (at a rate of $11/car) versus the 
$49.5 million price tag put on the deaths, injuries, and car damages. Thus, Ford 
felt justified not implementing the design change (Leggett, 1999). The Pinto 
was introduced on September 11, 1970. Over three million Pintos were pro-
duced over its 10- year production run from 1971 to 80; however, Ford’s prob-
lem started mounting early on.

In 1972, a Pinto driven by Lilly Gray stalled as she entered a merge lane on 
a California freeway. Her Pinto was rear- ended by another car traveling about 
30 mph. The Pinto’s gas tank ruptured, releasing gasoline vapors that quickly 
spread to the passenger compartment. A spark ignited the mixture, and the 
Pinto exploded, killing Gray and disfiguring her passenger, 13- year- old Richard 
Grimshaw. Grimshaw and Gray’s family filed a tort action against Ford, and 
the jury awarded not only $2.516 million to the Grimshaws and $559,680 to 
the Grays in damages for their injuries but also $125 million to punish Ford for 
its conduct (Grimshaw v. Ford Motor Co., 1981). Ford appealed the judgment, 
and the court reduced the punitive damages to $3.5 million. However, the court 
denied Ford’s request to have the punitive damages award thrown out entirely, 
finding that Ford had knowingly endangered the lives of thousands of Pinto 
owners.

The Grimshaw case was just one of more than hundred lawsuits that were 
filed. Estimates from that time attribute between 500 and 900 burn deaths to 
Pinto crashes (Dowie, 1977). In 1978, following a damning investigation by 
NHTSA, Ford recalled all 1.5 million of its 1971–76 Pintos, as well as 30,000 
Mercury Bobcats, for fuel system modification. Later that year, General Motors 
recalled 320,000 of its 1976 and 1977 Chevettes for similar fuel tank mod-
ifications. Burning Pintos had become a public embarrassment to Ford. The 
Grimshaw case sent a message to automakers that if they chose to ignore safety 
considerations, it would be at their own financial peril. Pinto’s safety issues and 
Ford’s subsequent response have been cited widely as an engineering design 
flaw, compromised business ethics, and tort reform case study.
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4.1.2  Implications for pharmaceutical manufacturing—never take 
quality for granted

Economics is the study of how individuals, institutions, and society choose 
to deal with the universal condition of scarcity. Scarcity exists because 
there is just not enough time, money, or material to satisfy everyone’s needs 
or wants. The stuff that everyone wants is made from resources or fac-
tors of production which include land, labor, capital, and entrepreneurship. 
Without scarcity, there would be no need for the study of economics. In 
essence, economics is a science of financial decision- making. However, as 
just discussed in the Ford Pinto case study, a myopic viewpoint of econom-
ics should not prevent manufacturers from doing the right thing. After all, 
for companies that are in business of manufacturing products, there should 
be a high bar for quality that should always be maintained. It is quite pos-
sible that due to the economic and operational pressures that occur in any 
business that certain manufacturing decisions might be made whose overall 
impact on product quality may not be evident at that time. This is particu-
larly true for highly innovative industries such as pharmaceuticals where 
many years pass before a product can enter the marketplace, if at all. A case 
study on Vioxx® in Chapter 9 illustrates this point. Another point to note 
is that just because the pharmaceutical industry is highly driven by innova-
tions and regulations, it does not mean that it does not have any blind spots 
or is not susceptible to “tunnel vision.” Therefore, for the pharmaceutical 
industry to keep innovating and producing the highest- quality medicines, a 
well- grounded training in manufacturing quality and engineering principles 
is highly warranted.

4.2  Quality—a word with multiple definitions

The word “quality” is so common in our daily life that we seldom think about 
its fundamental definition. Regardless of the period or context in which quality 
is examined, the concept has had multiple and often muddled definitions and 
has been used to describe a wide variety of phenomena. For example, in the 
business parlance, different definitions of quality have been proposed at various 
times in response to the evolving and constantly changing demands. Quality 
has been variously defined as excellence, value, conformance to specifications, 
conformance to requirements, fitness for use, loss avoidance, and meeting and/
or exceeding customers’ expectations. New definitions have not replaced old 
definitions; rather, all the quality definitions continue to be used today. No one 
definition of quality is “best” in every situation because each definition has both 
strengths and weaknesses in relation to criteria such as measurement and gener-
alizability, managerial usefulness, and customer relevance (Table 4.1) (Reeves 
& Bednar, 1994). A brief overview of each of these definitions is provided in 
the following subsections.
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TABLE 4.1 Strength and weaknesses of quality definitions (Reeves & Bednar, 1994).

Definition Strengths Weaknesses

Excellence Strong marketing and human resource benefits
Universally recognizable—mark of uncompromising 
standards and high achievement

Provides little practical guidance to practitioners
Measurement difficulties
Attributes of excellence may change dramatically and rapidly
Sufficient number of customers must be willing to pay for 
excellence

Value Concept of value incorporates multiple attributes
Focuses attention on a firm’s internal efficiency and 
external effectiveness
Allows for comparisons across disparate objects and 
experiences

Difficulty extracting individual components of value judgment
questionable inclusiveness
Quality and value are different constructs

Conformance to 
specifications

Facilitates precise measurement
Leads to increased efficiency
Necessary for global strategy
Should force disaggregation of consumer needs
Most parsimonious and appropriate definition for 
some customers

Consumers do not know or care about internal specifications
inappropriate for services
Potentially reduces organizational adaptability
Specifications may quickly become obsolete in rapidly 
changing markets
Internally focused

Meeting and/
or exceeding 
expectations

Evaluates from customer’s perspective
Applicable across industries
Responsive to market changes
All- encompassing definition

Most complex definition
Difficult to measure
Customers may not know expectations
Idiosyncratic reactions
Prepurchase attitudes affect subsequent judgments
Short-  and long- term evaluations may differ
Confusion between customer service and customer satisfaction



QbD: a welcome evolution Chapter | 4 91

4.2.1  When quality implies excellence

Quite simply put, excellence implies an internal drive to be the best. It is what 
drives some companies to offer the best services or experiences to their cus-
tomers and to come out on top among their peers. Striving for and producing 
an excellent product or service provides strong marketing, brand recognition, 
and human resource benefits. Excellence often is the basis for advertising cam-
paigns in industries such as automobiles, liquor, and airlines. Even if a product 
and/or service is perceived to be excellent, enough consumers must be willing 
to pay for it, if a firm is to be economically viable. Customers often take pride 
in owning an excellent product or receiving excellent service. For researchers, a 
definition of quality based on excellence makes it difficult, if not impossible, to 
measure and compare the impact of quality on performance and other variables 
of interest. Excellence is so idiosyncratic that cross- sectional studies would 
be meaningless, and because attributes of excellence are likely to change over 
time, and perhaps in a rapid manner, longitudinal studies also are problematic.

4.2.2  When quality implies value

In the marketplace, consumption decisions are based on both price and quality. 
Typically, firms offering high quality at consistently low prices are market share 
leaders. However, this is not easy to do. If quality is defined as value, multiple 
attributes of a product and/or service (e.g., excellence, price, and durability) 
are included. Defining quality as value allows one to compare widely disparate 
objects and experiences. In any industry, many price/quality bundles exist about 
which consumers are indifferent. Numerous price/quality strategies can thus be 
successfully pursued by firms within an industry. The value definition of quality 
facilitates cross- industry analyses about consumers’ decisions among multiple 
substitutes (e.g., books vs. movies vs. music vs. other entertainment). Defining 
quality as value may give a more accurate indication of how products or ser-
vices are perceived in the marketplace and how purchase decisions are made.

If the quality of a firm’s offering is determined by the value offered to cus-
tomers, firms must concentrate on both internal efficiency and external effec-
tiveness if they are to be successful. Thus, firms are forced to consider both the 
cost implications of internal conformance to specifications and the extent to 
which external customer expectations are met. For long- term survival of a firm, 
this conceptualization of quality is critical because it takes into account both 
effectiveness and efficiency.

It is difficult to extract the individual components that go into a value judg-
ment such that a researcher or manager would know (a) what components are 
important and (b) what weights an individual assigns to those components. For 
example, price might be the main consideration in a value judgment for undif-
ferentiated items such as compact discs, yet it could be a minor criterion in a 
healthcare situation. Additionally, the weight of these components is likely to 
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change over time. For example, when computers were first introduced, knowl-
edgeable salespeople and after- sales service were critical. As the sophistication 
of buyers increased, price became a much more important element of the value 
judgment.

4.2.3  When quality implies conformance to specifications

Measuring quality using a conformance to specifications definition of quality 
is relatively straightforward and easy. An organization can monitor progress 
in achieving its quality goals by measuring how well it is conforming to the 
established specifications and key performance indicators. Likewise, research-
ers can use objective measures to assess the impact of differing levels of quality 
on organization performance, both across companies and over time. Defining 
quality as conformance to specifications should lead to increased efficiency of 
the organization. For example, in low- contact services, it is possible to seal 
off the “technical core” and establish specifications that can be met with little 
variation, thus lowering the cost of production. When speed is a critical variable 
to customers (e.g., fast- food restaurants, routine bank transactions, video rental 
checkout, etc.), adherence to specifications should enhance customer evalua-
tions of quality. Many, if not most, consumer goods are not evaluated in terms 
of conformance to specifications. Customers may not know or care about how 
well the product and/or service is conformed to internal specifications. For the 
consumer, performance is subjective. The establishment of appropriate specifi-
cations is dependent on management’s ability to identify customer needs.

4.2.4  When quality implies meeting and/or exceeding customers’ 
expectations

In the marketplace, quality must ultimately be evaluated from the customer’s 
perspective. Customers can articulate how well a product and/or service meets 
their expectations, a perceptual judgment they cannot make about how well the 
product and/or service conforms to specifications. Defining quality as the extent 
to which a product and/or service meets and/or exceeds expectations allows 
managers and researchers to include subjective factors (i.e., courtesy, helpful-
ness, confidence, appearance) that are critical to customers’ judgments but dif-
ficult to quantify into assessments of quality. It is possible to capture what is 
important to customers rather than establishing standards based on management 
judgments that may or may not be accurate. The extent to which a firm has met 
and/or exceeded customers’ expectations is applicable across a wide variety of 
industries.

Meeting and/or exceeding customers’ expectations is the most complex def-
inition of quality and, thus, is the most difficult to measure. Researchers must 
account for the fact that different customers place different weights on the various 
attributes of a product and/or service. Devising an unbiased statistical procedure 
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for aggregating such widely varying preferences is difficult. Aggregating widely 
varying individual preferences so that they lead to meaningful definitions of 
quality at the market level is also problematic. Determining and measuring cus-
tomer expectations is a complex task because often customers do not know what 
their expectations are, particularly with infrequently purchased products and/
or services. A customer may conclude only after consumption that what was 
received was not all that was desired.

4.3  Pharmaceutical quality

In the previous section, we discussed different measurement systems that assist 
in judging quality. There is no doubt that in all measurement systems, the cus-
tomer has the ultimate say in the product’s viability and longevity in the mar-
ketplace. This leads to a key question. What steps are in place to ensure that a 
pharmaceutical customer receives the highest- quality product? To answer this 
question, it is important to review how the tenets of pharmaceutical quality 
have evolved and how the regulatory agencies and industry have worked toward 
enforcing it.

4.3.1  Enforcement of pharmaceutical quality (1906–38)

In early 20th century, Americans were inundated with ineffective and danger-
ous drugs, and adulterated and deceptively packaged foods. Compounding the 
problem, consumers had no way of knowing what was actually in the products 
they bought. The passage of the 1906 Pure Food and Drugs Act, signed into 
law by President Theodore Roosevelt on June 30, 1906 (a day that the US FDA 
celebrates as its founding day), marked a monumental shift in the use of gov-
ernment powers to enhance consumer protection by requiring that foods and 
drugs bear truthful labeling statements and meet certain standards for purity and 
strength. This law was the culmination of about 100 bills over a quarter century 
that aimed to rein in long- standing, serious abuses in the consumer product 
marketplace.

Enforcement of the Pure Food and Drug Act was assigned to the Bureau 
of Chemistry in the US Department of Agriculture which was renamed the US 
FDA in 1930. The first federal law regulating foods and drugs, the 1906 Act’s 
reach was limited to foods and drugs moving in interstate commerce. Although 
the law drew on several precedents, provisions, and legal experiments pioneered 
in individual states, the federal law defined “misbranding” and “adulteration” 
for the first time and prescribed penalties for each. The law recognized the US 
Pharmacopeia and the National Formulary as standards authorities for drugs.

Arguably the pinnacle of Progressive Era legislation, the 1906 Act neverthe-
less had shortcomings—gaps in commodities it covered plus many products it 
left untouched—and several hazardous consumer items remained on the market 
legally. Various events occurred over the next 30 years that clearly indicated 
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additional legislation was necessary. In 1933, the FDA produced an exhibit 
known as the “Chamber of Horrors,” which chronicled the drug-  and cosmetic- 
related adverse events for products brought to market legally under the then- 
current legislation. The political will to effect a change came in the early 1930s, 
spurred on by growing national outrage over some egregious examples of con-
sumer products that poisoned, maimed, and killed many people. The tipping 
point came in 1937, when an untested antimicrobial pharmaceutical product 
(elixir sulfanilamide) came to market in a liquid formulation. Diethylene glycol 
was used as the base solution, a product that had never been examined for safety 
in the laboratory or in humans. Ultimately, its use led to more than 100 deaths, 
many of whom were children. Because there was no standing legislation requir-
ing manufacturers to establish safety before bringing a drug to market, the FDA 
was able to charge the manufacturer only with misbranding, as it called the drug 
an elixir when it contained no alcohol (Sweet, Schwemm, & Parsons, 2011).

In 1938, after a 5- year debate, FDA recommended revisions to the 1906 leg-
islation. The enactment of the 1938 US Federal Food, Drug, and Cosmetic Act 
(abbreviated as FFDCA, FDCA, or FD&C) tightened controls over drugs and 
food, included new consumer protection against unlawful cosmetics and medi-
cal devices, and enhanced the government’s ability to enforce the law. Drugs 
and devices were required to provide adequate directions for use; falsely labeled 
uses were misbranded; and there was no longer a need to establish intent to 
defraud to prove misbranding. In addition, it became illegal to market drugs or 
devices that inherently endangered health, and all new drugs had to be proven 
safe for their labeled use before they could be marketed. This law, as amended, 
is still in force today. Although the new law was critically helpful in protecting 
the patients, it still had shortcomings. One of these shortcomings was blatantly 
exposed in the late 1950s.

4.3.2  Enforcement of pharmaceutical quality (1962–present)

In a post- World War II era when sleeplessness was prevalent, a new drug, 
thalidomide,1 was introduced into the market. The presumed safety of thalido-
mide, the only nonbarbiturate sedative known at that time, gave the drug mas-
sive appeal. Thalidomide was first marketed in 1957 in West Germany as an 
over- the- counter remedy under the trade name Contergan. The German drug 
company, Chemie Grünenthal, developed and sold the drug. Primarily pre-
scribed as a sedative or hypnotic, thalidomide also claimed to cure “anxiety, 
insomnia, gastritis, and tension” The manufacturer advertised their product 
as “completely safe” for everyone, including mother and child, “even during 
pregnancy,” as its developers “could not find a dose high enough to kill a rat.”  

1. Thalidomide is an immunomodulatory drug and was discovered by scientists at the German phar-
maceutical company Chemie Grünenthal (now Grünenthal GmbH) around 1953.
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By 1960, thalidomide was marketed in 46 countries, with sales nearly matching 
those of aspirin (Fintel, Samaras, & Carias, 2009).

Around this time, an Australian obstetrician, Dr. William McBride, discov-
ered that the drug also alleviated morning sickness. He started recommending 
this off- label use of the drug to his pregnant patients, setting a worldwide trend. 
However, this practice led to a more prevalent occurrence of unanticipated and 
serious adverse drug reactions. In 1961, McBride began to associate this so- 
called harmless compound with severe birth defects in the babies he delivered. 
The drug interfered with the babies’ normal development, causing many of 
them to be born with phocomelia, resulting in shortened, absent, or flipper- like 
limbs. A German newspaper soon reported 161 babies were adversely affected 
by thalidomide, leading the drug’s makers—who had ignored reports of birth 
defects associated with it—to finally stop distribution within Germany. Other 
countries followed suit and, by March of 1962, the drug was banned in most 
countries where it was previously sold.

In United States, a major US pharmaceutical company (Richardson- Merrell) 
began its efforts to introduce thalidomide into the United States market in the 1960s 
under the brand name “Kevadon”. Richardson- Merrell submitted their new drug 
application to the FDA in June 1960. During the application process, Richardson- 
Merrell asked FDA for quick approval of the drug and distributed 2.5 million 
tablets of thalidomide to 1200 American doctors with the understanding that the 
drug was under investigation,2 a preemptive marketing strategy that was permis-
sible at the time under existing regulations. Nearly 20,000 patients received the 
drug—approximately 3760 women of childbearing age, at least 207 of whom were 
pregnant. Reviewing pharmacologist Frances Oldham Kelsey, who had joined the 
FDA just a month before the application’s arrival, repeatedly denied the com-
pany’s requests for permission to market the drug, citing an insufficient number 
of controlled studies to establish risks. Among her concerns was the lack of data 
indicating whether the drug could cross the placenta, which provides nourishment 
to a developing fetus. When studies revealed that 10,000 children worldwide had 
been born with severe birth defects from the drug, Merrell withdrew its applica-
tion and recalled the remaining unconsumed tablets from doctors’ offices around 
the country. Ultimately, 17 children in United States were born with defects. For 
correctly denying the application despite significant pressure from Richardson- 
Merrell, Kelsey eventually received the President’s Award for Distinguished 
Federal Civilian Service at a July 1962 ceremony with President John F. Kennedy.

The tragedy surrounding thalidomide and Kelsey’s wise refusal to approve 
the drug helped motivate profound changes in the FDA. By passing the 
Kefauver Harris Drug Amendments3 to the FD&C Act in 1962, legislators 

2. At the time, clinical trials did not require FDA approval nor were they subject to oversight.
3. The amendment is named after US Senator Estes Kefauver, of Tennessee, and US Representative 
Oren Harris, of Arkansas, who introduced the bill into the Senate as S. 1552 on July 19, 1962. The 
bill was signed into law by President Kennedy on October 10, 1962.
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tightened restrictions surrounding the surveillance and approval process for 
drugs to be sold in the United States, requiring that manufacturers prove they 
are both safe and effective before they are marketed. Informed consent was 
required of patients participating in clinical trials, and adverse drug reactions 
were required to be reported to the FDA. It required drug advertising to disclose 
accurate information about side effects and consequently stopped cheap generic 
drugs being marketed as expensive drugs under new trade names as new “break-
through” medications.

Over the last two decades, multiple amendments have been enacted in an 
effort to bring safer and more effective drugs and medical devices to market 
efficiently. The 1997 Food and Drug Administration Modernization Act brought 
about the most wide- ranging reforms since 1938, including regulation of adver-
tising for unapproved (off- label) uses for drugs and devices, a step that has 
resulted in a growing number of warning letters to manufacturers for off- label 
promotion. It also provided for accelerated reviews of drugs and medical devices 
using less stringent thresholds (e.g., use of surrogate markers to assess efficacy 
and requiring only one well- controlled trial to assess safety and efficacy) to 
allow new therapies to be brought to market sooner for products used to treat 
rare diseases (i.e., orphan drugs) or serious medical conditions for which there 
are no currently available treatment options (e.g., treatment- resistant malignan-
cies). In addition, fees associated with product applications were imposed on 
manufacturers of drugs through the Prescription Drug User Fee Act of 1992 and 
for medical devices through the Medical Device User Fee and Modernization 
Act of 2002 to provide additional funding to FDA for the new product review 
process (Sweet et al., 2011). Timeline for the key laws and regulations for drugs 
and devices in United States is given in Fig. 4.1.

4.3.3  Enforcement of pharmaceutical quality in modern times

As discussed in preceding sections, a major reason for the federal role in 
regulating pharmaceutical quality is that primary customers (patients, care-
givers, and health professionals) are often not able to independently assess 
the drugs’ quality. The historical literature of drug regulation verifies this, 
telling a story of tragedies that occurred when unsuspecting health profes-
sionals treated patients with contaminated or improperly labeled drugs and 
of the subsequent laws enacted to prevent recurrence. These laws generally 
brought about increased federal government oversight of drug manufacturing 
operations (Woodcock, 2004). From what happened in case of a few pharma-
ceutical products and their subsequent enforcement efforts by the government, 
it is safe to say that our modern laws and quality check methodologies are 
designed to avoid a repeat of these tragic events. Our understanding of quality 
in pharmaceuticals is lot clearer, and there is an industry- wide emphasis on 
its enforcement. With the amount of oversight that takes place in the produc-
tion of modern pharmaceutical products, it would be a fair assumption that 
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quality- related problems do not persist anymore in pharmaceuticals. However, 
this is not completely true!

One key metrics to test this assumption is the number of drugs recalled in 
a given year. A drug recall is the most effective way to protect the public from 
a defective or potentially harmful product. A recall is a voluntary action taken 
by a company at any time to remove a defective drug product from the mar-
ket. Drug recalls may be conducted on a company’s own initiative or by FDA 
request. FDA’s role in a recall is to oversee a company’s strategy and assess 
the recall’s adequacy and classification. FDA maintains a database of the drugs 
it recalls and lists the reasons for the recall as well (FDA, 2018). As per this 
database, an average of 51 marketed drugs per year were recalled from 2016 to 
2018. In a more granular analysis, an average of six drug products were recalled 
every month in 2018 (Fig. 4.2) for a myriad of reasons (Fig. 4.3). Clearly, most 
of the recall scenarios had to do with chemistry, manufacturing, and controls 
(CMC). Therefore, more work needs to be done to improve the manufacturing 
quality of pharmaceutical products. In addition, a few key questions can be 
asked: (1) why are so many drugs being recalled on an annual basis? (2) what 
does this recall mean for the future of pharmaceutical quality? and (3) what can 
be done to reduce the number of product recalls? This topic is further discussed 
in the subsequent sections.

FIGURE 4.1 Timeline of key laws and regulations for drugs and devices in United States.



98 How to Integrate Quality by Efficient Design (QbED) in Product Development

FIGURE 4.2 Drug products recalled by FDA in 2018.

FIGURE 4.3 Reason for drug products recalled by FDA in 2018.
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4.4  Pharmaceutical quality by design

Many definitions of drug quality exist in the literature. For example, one type 
of pharmaceutical quality can be ascertained by whether the product conforms 
to its prespecified quality attributes or regulatory specifications. Another type 
of quality could be whether the drug is manufactured in compliance with the 
latest regulations? Similarly, another attribute of quality that could be measured 
is whether the drug is available to the customer? Therefore, although no unified 
FDA definition of drug quality for regulatory purposes has been articulated, an 
operational definition can be discerned from a review of FDA practices. The 
key tenets of this operational definition are as follows: (1) deliver clinical per-
formance per label claims, (2) do not introduce additional risks due to unex-
pected contaminants, and (3) ensure a robust manufacturing system that reduces 
defects and ensures drug availability to the customer (Woodcock, 2004).

Since early 2000s, the FDA has been advocating a risk-  and science- based 
approach to pharmaceutical quality, more commonly known as quality by design 
(QbD). FDA’s emphasis on QbD began with the recognition that increased test-
ing does not necessarily improve product quality. Instead, quality must be built 
into the product. There is probably no one in the current pharmaceutical indus-
try who may not have heard of QbD. The pharmaceutical literature is full of 
case studies of how to implement QbD in several aspects of product develop-
ment, manufacturing, and testing. However, to get a deeper appreciation of the 
QbD and its underlying philosophy, it is necessary to examine its origins in the 
pharmaceutical industry.

4.4.1  Fundamental documents

In August 2002, the FDA announced a significant new initiative, Pharmaceutical 
Current Good Manufacturing Practices (CGMPs) for the 21st century, to enhance 
and modernize the regulation of pharmaceutical manufacturing and product 
quality—to bring a 21st century focus to this critical FDA responsibility. The 
initiative was intended to modernize FDA’s regulation of pharmaceutical qual-
ity for veterinary and human drugs and select human biological products such 
as vaccines. As part of this initiative, both pharmaceutical and CMC regulatory 
programs were evaluated with the following objectives in mind:

 l  Encourage the early adoption of new technological advances by the 
pharmaceutical industry

 l  Facilitate industry application of modern quality management techniques, 
including implementation of quality systems approaches, to all aspects of 
pharmaceutical production and quality assurance

 l  Encourage implementation of risk- based approaches that focus both industry 
and agency attention on critical areas

 l  Ensure that regulatory review, compliance, and inspection policies are based 
on state- of- the- art pharmaceutical science
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 l  Enhance the consistency and coordination of FDA’s drug quality regulatory 
programs, in part, by further integrating enhanced quality systems approaches 
into the agency’s business processes and regulatory policies concerning 
review and inspection activities

As international cooperation has been one of the guiding principles of this 
initiative, FDA’s strategy to improve the quality of pharmaceutical products 
includes enhancement of relevant international harmonization activities and 
increased sharing of regulatory information with counterpart authorities in other 
countries. In November 2003, the International Conference on Harmonization 
of the Technical Requirements for Registration of Pharmaceuticals (ICH)4 
agreed to work on a harmonized plan to develop a pharmaceutical quality sys-
tem (PQS) based on an integrated approach to risk management and science 
(FDA, 2004). The result was that pharmaceutical QbD has evolved with the 
issuance of ICH Q8 (R2) (Pharmaceutical Development), ICH Q9 (Quality 
Risk Management or QRM), ICH Q10 (PQS), and ICH Q11 (Development 
and Manufacture of Drug Substance) have been issued. These documents pro-
vide high level directions with respect to the scope and applications of QbD 
to the pharmaceutical industry. An informative summary of these documents 
was compiled by Tomba, Facco, Bezzo, & Barolo, 2013 and is presented in 
Table 4.2.

4.4.2  QbD objectives

ICH Q8 (R2) defines pharmaceutical QbD as a systematic approach to develop-
ment that begins with predefined objectives and emphasizes product and pro-
cess understanding and control based on sound science and QRM. The goals of 
pharmaceutical QbD include the following:

 l  To achieve meaningful product quality specifications that are based on clinical 
performance

 l  To increase process capability and reduce product variability and defects by 
enhancing product and process design, understanding, and control

 l  To increase product development and manufacturing efficiencies
 l  To enhance root cause analysis and postapproval change management

4. Harmonization of regulatory requirements was pioneered by the EC, Europe, in 1980s, as EC, 
Europe moved toward developing a single market for pharmaceuticals. The success achieved in 
Europe demonstrated that harmonization was feasible. At the same time, there were discussions 
between Europe, Japan, and United States on possibilities for harmonization. It was at the WHO 
International Conference of Drug Regulatory Authorities, in Paris, in 1989, that specific plans for 
action began to materialize. Soon afterward, the authorities approached International Federation of 
Pharmaceutical Manufacturers and Associations to discuss a joint regulatory- industry initiative on 
international harmonization, and ICH was conceived.
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TABLE 4.2 Main regulatory documents introducing and refining the quality 
by design (QbD) approach to product development (Tomba et al., 2013).

Document Main contribution

ICH (1999)a Defines the concept of quality and assists in the establishment of 
global specifications for new drug substances or drug products.

FDA (2004a) Outlines the QbD concept and summarizes initiatives 
to encourage science- based policies and innovation in 
pharmaceutical development and manufacturing.

Proposes risk assessment as a tool to evaluate the impact of 
variations in process inputs on product quality.

FDA (2004b) Introduces the process analytical technology (PAT) framework. 
Defines process understanding, critical quality attributes, and 
critical process parameters and identifies PAT tools. Introduces 
the real- time release concept.

FDA (2004c) Defines the industrialization process as the set of activities related 
to product design, process design, and technology transfer. 
Acknowledges that problems in these steps routinely derail or 
delay development programs.

ICH (2005)a Defines the concept of risk for pharmaceutical quality and 
provides principles and examples of tools for risk assessment and 
management.

ICH (2008)a Describes a model for an effective quality management system 
throughout the life cycle of the product. Outlines the control 
strategy and continual improvement concepts.

ICH (2009)a Provides an overview of QbD in pharmaceutical development. 
Defines most of the QbD paradigms (quality target product 
profile, critical quality attributes, risk assessment, design space, 
control strategy), providing guidelines for their implementation 
and submission in technical documents.

ICH (2010)a Proposes questions and answers sessions to facilitate the 
implementation of the q8/q9/q10 guidelines. Provides several 
clarifications and the regulatory perspective mainly focused on QbD 
topics as design space, real- time release testing and control strategy.

ICH (2011)a Provides a guide for ICH q8/q9/q10 guideline implementation, 
with emphasis on criticality identification, control strategy, 
design space, and process validation. Introduces the use 
of modeling as a tool to implement QbD at every stage of 
development. Categorizes models and provides an outline for 
their implementation, validation, and verification.

aICH documents are recommended for adoption to the regulatory bodies of European Union, 
Japan, and United States. The same documents can be found in the adopted form as regulatory 
agencies’ guidance.
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Under QbD, these goals can often be achieved by linking product quality to 
the desired clinical performance and then designing a robust formulation and 
manufacturing process to consistently deliver the desired product quality (Yu 
et al., 2014). Table 4.3 illustrates some potential contrasts between what might 
be considered a minimal approach and an enhanced QbD approach regarding 
different aspects of pharmaceutical development and life cycle management. 
Current practices in the pharmaceutical industry vary and typically lie between 
the two approaches presented in Table 4.3 (ICH, 2009).

4.4.3  QTTP, CQAs, and CPPs

QbD is a philosophy, and its successful implementation requires an under-
standing of the terminologies and approaches that make up the QbD paradigm. 
Because the ultimate scope of QbD is to improve the control of pharmaceuti-
cal companies on the quality of their manufactured products, it is important to 
define what is meant for product quality.

Quality Target Product Profile (QTPP): The quality of a pharmaceuti-
cal product has to take into account the drug’s safety and efficacy, together 
with product characteristics related (for example) to the route of administra-
tion, dosage form, bioavailability, strength, and stability. The summary of these 
characteristics, which have to be achieved to ensure the desired quality, forms 
the QTPP.

Critical Quality Attributes (CQAs): The product characteristics that are 
identified as having an impact on the QTPP are defined as CQAs (FDA, 2004a). 
These include the physical, chemical, biological, or microbiological properties 
or characteristics that have been demonstrated to ensure the desired product 
quality, if within an appropriate limit, range, or distribution. According to this 
definition, the CQAs are associated not only to the product but also to the raw/
input materials used in product formulation (e.g., excipients), intermediates (in- 
process materials), and the drug substance.

Critical Process Parameters (CPPs): Other than CQAs, ICH guidelines 
indicate the manufacturing process as another main source of variability for 
product quality. In particular, the process’ settings that can be manipulated at 
the beginning or during the operation and are demonstrated to have an impact 
on one or more CQAs are defined as CPPs. CPPs need to be monitored or con-
trolled to ensure the desired product quality (ICH, 2009).

Therefore, under the QbD paradigm, the product is designed to meet patient 
requirements, the process is evaluated to consistently (and robustly) meet prod-
uct CQA, and the impact of starting materials and process parameters on prod-
uct quality is understood. In addition, critical sources of variation are identified 
and controlled, and the process is continually monitored and updated to allow 
for consistent quality over time. This whole approach embodies the philoso-
phy of rational design. Enhanced understanding collated under a rational design 
approach integrates the knowledge of material properties, biopharmaceutics, 
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TABLE 4.3 Minimal versus quality by design (QbD) approach to product 
development (FDA, 2009a).

Aspect
Minimal 
approaches Enhanced QbD approaches

Overall 
pharmaceutical 
development

Mainly empirical
Developmental research 
often conducted one 
variable at a time

 l  Systematic, relating mechanistic 
understanding of material attri-
butes and process parameters 
to drug product critical quality 
attributes

 l  Multivariate experiments to 
understand product and process

 l  Establishment of design space
 l  Process analytical technology 

(PAT) tools utilized

Manufacturing 
process

 l  fixed
 l  Validation primarily 

based on initial full- 
scale batches

 l  Focus on opti-
mization and 
reproducibility

 l  adjustable within design space
 l  Life cycle approach to validation 

and, ideally, continuous process 
verification

 l  Focus on control strategy and 
robustness

 l  Use of statistical process control 
methods

Process controls  l  In- process tests 
primarily for go/no 
go decisions

 l  Off- line analysis

 l  PAT tools utilized with appropri-
ate feed forward and feedback 
controls

 l  Process operations tracked 
and trended to support con-
tinual improvement efforts 
postapproval

Product 
specifications

 l  Primary means of 
control

 l  Based on batch data 
available at time of 
registration

 l  Part of the overall quality control 
strategy

 l  Based on desired product perfor-
mance with relevant supportive 
data

Control strategy  l  Drug product quality 
controlled primarily 
by intermediates (in- 
process materials) 
and end- product 
testing

 l  Drug product quality ensured 
by risk- based control strategy 
for well- understood product and 
process

 l  Quality controls shifted 
upstream, with the possibility 
of real- time release testing or 
reduced end- product testing

Life cycle 
management

 l  reactive (i.e., 
problem- solving and 
corrective action)

 l  Preventive action
 l  Continual improvement 

facilitated
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process variables, statistical methodologies, equipment design, and established 
engineering and manufacturing practices to increase efficiency, decrease costs, 
and streamline operations (Fig. 4.4).

4.4.4  Quality risk management and risk assessment

The ICH Q9 guidance defines QRM is a systematic process for the assessment, 
control, communication, and review of risks to drug product’s quality across the 
product life cycle (ICH, 2005). The principles of QRM are well known and are 
effectively utilized in many areas of business and government including finance, 
insurance, occupational safety, public health, pharmacovigilance, and by agen-
cies regulating these industries. As part of the ICH initiatives, the importance 
of QRM was realized and integrated as a valuable component of an effective 
quality system for pharmaceutical manufacturing.

QRM typically begins with the identification and evaluation of hazards, 
which are any factor that could potentially cause damage to health or property. 
However, all hazards are not created equal; they differ in how likely they are to 
result in harm and in how severe the harm is, should it occur. Therefore, risk 
is defined as the combination of these two factors: the likelihood that a haz-
ard will result in harm and the severity of that harm, should it occur (Fig. 4.5). 
Nonetheless, achieving a shared understanding of the application of risk man-
agement among diverse stakeholders is difficult because each stakeholder might 
perceive different potential harms, place a different probability on each harm 
occurring, and attribute different severities to each harm. In relation to pharma-
ceuticals, although there are a variety of stakeholders (including patients and 
medical practitioners as well as government and industry), the protection of the 
patient by managing the risk to quality should be considered of prime importance.

FIGURE 4.4 Elements of rational design approach (Mittal, 2016).
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4.4.5  Risk management methodology

QRM supports a scientific and practical approach to decision- making. It provides 
documented, transparent, and reproducible methods to accomplish steps of the 
QRM process based on current knowledge about assessing the probability, sever-
ity, and, sometimes, detectability of the risk. Traditionally, risks to quality have 
been assessed and managed in a variety of informal ways (empirical and/or inter-
nal procedures) based on, for example, compilation of observations, trends, and 
other information. Such approaches continue to provide useful information that 
might support topics such as handling of complaints, quality defects, deviations, 
and allocation of resources. In addition, the pharmaceutical industry and regula-
tors can assess and manage risk using recognized risk management tools and/or 
internal procedures (e.g., standard operating procedures) (ICH, 2005). The FDA’s 
guidance on QRM provides a list of some of these tools that are commonly used:

 l  Basic risk management facilitation methods (flowcharts, check sheets, etc.)
 l  Failure mode and effects analysis (FMEA)
 l  Failure mode, effects, and criticality analysis
 l  Fault tree analysis
 l  Hazard analysis and critical control points
 l  Hazard operability analysis
 l  Preliminary hazard analysis
 l  Risk ranking and filtering
 l  Supporting statistical tools

Among all these tools, the most commonly used is the FMEA, which is dis-
cussed in the next section.

4.4.6  Failure mode and effects analysis

According to the ICH Q9 guidance, risk assessment is frequently used to iden-
tify CPPs that need to be controlled to assure product quality. Using FMEA, 
processes are systematically reviewed and potential hazards (failure modes) 

FIGURE 4.5 Concept of risk (Mittal, 2016).
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are identified. These failure modes are ranked according to their impact on 
CQAs. CQAs of solid oral dosage forms are typically those aspects affect-
ing product purity, strength, drug release, and stability. The results of the risk 
assessments guide the development of risk controls in the form of process con-
trol strategies. The commonly involved steps to conduct an FMEA are listed 
below and shown pictographically in Fig. 4.6:

 l  Define the scope of the risk assessment.
 l  Assemble a team of subject- matter experts and key stakeholders.
 l  Develop the QTPP and CQAs.
 l  Breakdown the process into its various parameters by developing detailed 

Ishikawa or fishbone diagrams for each unit operation.
 l  Develop detailed failure modes and potential causes for each process.
 l  Develop rating scales for probability of occurrence, severity, and detection to 

facilitate rank ordering of the failure modes and potential causes.
 l  Calculate an aggregate risk score or risk priority number (RPN) for each 

failure mode.

FIGURE 4.6 Components of failure mode and effects analysis (Mittal, 2016).
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 l  Identify critical material attributes of excipients, in- process materials, and 
drug substance as processed in a given unit operation.

 l  Propose new experiments based on parameters with high RPNs. Additional 
experiments have to be designed to reduce the RPN of the CPP, and some of 
these may serve as small- scale models.

As described in Fig. 4.5, risk is commonly measured as the product of prob-
ability of occurrence (that a hazard will be expressed) and severity (of the harm, 
should it occur). Scales for rating probability and severity are thus fundamental 
to risk assessment. A risk rating scale consists of an ordered set of values (scores 
that may be assigned to a hazard) and a corresponding set of descriptions (the 
criteria for assigning each score). The values allow multiple risks to be scored on 
the same scale, and the descriptions ensure that the rules for assigning each score 
are clear. A typical example of these scales used in FMEA is given in Table 4.4.

Clearly, FMEA can help in ranking the risk associated with failure modes, 
although it is necessary to realize that the risks may be different for various prod-
ucts, and hence the FMEA needs to be developed for each product separately. 
Once the FMEA is done, the risk rankings could be evaluated using a custom-
ized decision tree to identify the potential CPPs (Fig. 4.7). These potential CPPs 

TABLE 4.4 Typical ranking guide for failure modes and effects analysis 
(Mittal, 2016).

Score Severity (S) Occurrence (O) Detection (D)

1 No effect Never or ∼1 in 1000 
lots (<0.1%);
CpK: 1.67a

Almost certainly 
detected by 
controls

4 Very low impact; will 
measurably impact (but 
not fail) in- process specs; 
impact on step yield ∼5%

∼1 in 100 lots (1%);
CpK: 1.17

Moderately 
high likelihood 
of detection by 
controls

7 High impact; may fail in- 
process specs in ∼50% of 
instances, product specs in 
∼10% of instances; impact 
on step yield ∼30%–40% 
and on overall process 
yield >20%

∼1 in 10 lots 
(∼10%);
CpK: 0.67

Very low 
likelihood of 
detection by 
controls

10 Deleterious impact; 
will fail final product 
specs in >90% of 
instances; product lost or 
completely unrecoverable

∼1 in 2 lots (>50%);
CpK: > 0.33

Almost impossible 
to detect by 
controls

aCpK, process capability; specs, specifications.
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can then be further qualified using statistical experiments (or better yet through 
mechanistic models) that link them to process performance and product quality.

4.4.7  Design space

The risk assessment and process development experiments can lead to an under-
standing of the effect of process parameters and material attributes on product 
CQAs, and also help identifying the variables and their ranges within which 
consistent quality can be achieved. These process parameters and material attri-
butes can be selected for inclusion in the design space (ICH, 2009).

The ICH Q8 guideline defines the design space as “the multidimensional 
combination and interaction of input variables (e.g., material attributes) and pro-
cess parameters that have been demonstrated to provide assurance of quality.” 

FIGURE 4.7 Typical flowchart for identifying potential critical process parameters (Mittal, 2016).



QbD: a welcome evolution Chapter | 4 109

The design space concept is one of the fundamental paradigms the QbD frame-
work is based on, and its description is expected to be one of the results of the 
pharmaceutical development investigations according to a QbD approach. The 
design space concept introduces a revolution for pharmaceutical development 
and in the relation between pharmaceutical companies and regulatory agencies: 
when a design space is established for a manufacturing process, working within 
the design space is not considered as a change. Only movements out of the 
design space are considered to be a change and would normally initiate a regula-
tory postapproval change process. The design space is therefore considered as 
the final achievement of process understanding in the development of new prod-
ucts and processes. However, a design space can be updated over the product’s 
life cycle as additional knowledge is gained (Tomba et al., 2013).

The ICH guidelines provide general indications on how to describe and estab-
lish a design space in different situations. According to the definition, the design 
space has a multivariate nature, suited to explore not only the effect of the single 
material attributes or process parameters but also their interactions and combined 
effects. Hence, multivariate experiments that can highlight possible parameter 
interactions should be performed to guide its identification. Nonetheless, a design 
space can still be described not only in terms of ranges of material attributes and 
process parameters but also in terms of more complex mathematical relation-
ships, time- dependent functions, or as a combination of variables such as com-
ponents of a multivariate model (ICH, 2009). ICH specifies that a design space 
can be developed also for formulations only, in terms of compositions rather than 
components, consisting of ranges of excipient amount and their physicochemical 
properties. For a manufacturing process, independent design spaces for one or 
more unit operations or a single design space that spans multiple unit operations 
in a line can be established. A design space can also be developed at multiple 
scales, but the applicant should justify relevance of a design space developed at 
small or pilot scale to the proposed production scale manufacturing process and 
discuss the potential risks in the scale- up operation. In general, if a process design 
space has to be applicable to multiple operational scales, the design space should 
be described in terms of relevant scale- independent parameters (ICH, 2009).

4.4.8  Control strategy

To ensure that a manufacturing process is maintained within the boundaries 
described by the design space, an appropriate control strategy is required. The 
control strategy is defined as “a planned set of controls, derived from current 
product and process understanding, that ensures process performance and prod-
uct 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 and control” (ICH, 2008).

These controls should be based on product, formulation, and process under-
standing and should include, at a minimum, control of the sources of variability 
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that can impact the product quality. Evaluating these sources of variability and 
their impact on downstream processes or processing, in- process materials, and 
drug product quality can provide the opportunity to shift controls upstream 
and minimize the need for end- product testing (ICH, 2009). The objective is, 
therefore, to design a system able to compensate for the variability entering the 
system (e.g., through the raw materials) in an adaptable manner to deliver consis-
tent product quality. This would enable an alternative manufacturing system par-
adigm, where the variability of input materials could be less tightly constrained, 
as the process is designed to be responsive to that variability (Tomba et al., 2013).

4.4.9  Pharmaceutical quality system

The ICH Q10 guidance describes a model for an effective quality management 
system for the pharmaceutical industry that can be implemented throughout the 
different stages of a product life cycle. The vision of ICH Q10 is that by imple-
mentation of a robust PQS throughout the product life cycle should facilitate 
innovation and continual improvement and strengthen the link between pharma-
ceutical development and manufacturing activities (ICH, 2008). ICH Q10 defines 
the product life cycle to include the following technical activities for new and 
existing products: (1) pharmaceutical development, (2) technology transfer, (3) 
commercial manufacturing, and (4) product discontinuation. The implementation 
of the Q10 model should result in achievement of three main objectives:

Achieve Product Realization: To establish, implement, and maintain a system 
that allows the delivery of products with the quality attributes appropriate to 
meet the needs of patients, healthcare professionals, regulatory authorities 
(including compliance with approved regulatory filings), and other internal 
and external customers.
Establish and Maintain a State of Control: To develop and use effective 
monitoring and control systems for process performance and product quality, 
thereby providing assurance of continued suitability and capability of processes. 
QRM can be useful in identifying the monitoring and control systems.
Facilitate Continual Improvement: To identify and implement appropriate 
product quality improvements, process improvements, variability reduction, 
innovations, and PQS enhancements, thereby increasing the ability to fulfill 
quality needs consistently. QRM can be useful for identifying and prioritizing 
areas for continual improvement.

ICH Q10 recommends the use of knowledge management5 and QRM to 
enable the implementation of PQS effectively and successfully. It also provides 

5. Knowledge management is a systematic approach to acquiring, analyzing, storing, and disseminat-
ing information related to products, manufacturing processes, and components. Sources of knowledge 
include but are not limited to prior expertise (public domain or internally documented); pharmaceutical 
development studies; technology transfer activities; process validation studies over the product life cycle; 
manufacturing experience; innovation; continual improvement; and change management activities.
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an integrated framework for management responsibilities, process performance, 
product quality monitoring, corrective and preventive action, change manage-
ment, and performance indicators. Fig. 4.8 illustrates the major features of ICH 
Q10’s PQS model.

4.5  Summary

Investigational products

Management Responsibilities

Process Performance & Product Quality Monitoring System
Corrective Action / Preventive Action (CAPA) System

Change Management System
Management Review

Knowledge Management

Quality Risk Management

Technology
Transfer

Pharmaceutical
Development

Commercial
Manufacturing

Product
Discontinuation

PQS
elements

GMP

ICH Q10 Pharmaceutical Quality System

Enablers

FIGURE 4.8 ICH Q10’s pharmaceutical quality system (PQS) model (FDA, 2009b).

Realizing Full Potential of QbD
There is no doubt that the introduction of QbD has been a welcome evolu-

tion in the field of pharmaceutical product development and manufacturing. The 
industry has enthusiastically embraced key concepts of QbD, and case studies 
involving integration of QbD in product development are being regularly pub-
lished in pharmaceutical literature. However, it is equally important to note that 
since the introduction of QbD in early 2000s, the pharmaceutical industry’s busi-
ness model has also changed significantly. The disintegration of the vertically 
integrated pharmaceutical industry model has created newer companies that are 
successfully launching new products. An increased reliance on outsourcing and 
foreign manufacturers is making up for the loss in the manufacturing plants in 
United States. Unfortunately, this new reality has also created a scenario where 
it sometimes seems that QbD’s full potential is not being realized in the current 
business landscape.

Nonetheless, life moves on! New strategies will eventually appear to address 
the new challenges. These include customized therapeutic approaches, increasing 
pressure for cutting health costs, reduce manufacturing waste, increased public 
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List of abbreviations

CMC Chemistry, Manufacturing, and Controls
CMAs Critical Material Attributes
CPPs Critical Process Parameters
CQAs Critical Quality Attributes
CGMPs Current Good Manufacturing Practices
FMEA Failure Mode and Effects Analysis
FD&C Federal Food, Drug, and Cosmetic Act
FDAMA Food and Drug Administration Modernization Act
ICDRA WHO International Conference of Drug Regulatory Authorities
ICH International Conference on Harmonization of the Technical Requirements for 

Registration of Pharmaceuticals
IFPMA International Federation of Pharmaceutical Manufacturers and Associations
KPI Key Performance Indicator
MDUFMA Medical Device User Fee and Modernization Act
NHTSA National Highway Traffic Safety Administration
PQS Pharmaceutical Quality System
PDUFA Prescription Drug User Fee Act
QbD Quality by Design
QRM Quality Risk Management
QTPP Quality Target Product Profile
RPN Risk Priority Number
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Chapter 5

QbED: an emerging concept

Nothing is more powerful than an idea whose time has come.
Victor Hugo

5.1  Introduction

5.1.1  Global Positioning system

Global Positioning System (GPS) is one of the most notable technologies of 
2000s. It is a network of about 30 satellites orbiting Earth at an altitude of 
20,000 km. The system was originally developed by US government for military 
navigation, but now anyone with a GPS device can receive radio signals that the 
satellites broadcast. Wherever one is on the planet, at least four GPS satellites 
are “visible” at any time. Each one transmits information about its position and 
the current time at regular intervals. These signals are intercepted by an indi-
vidual’s GPS receiver, which calculates how far away each satellite is based on 
how long it took for the messages to arrive. Once it has information on how far 
away at least three satellites are, the GPS receiver can pinpoint the user’s loca-
tion using a process called trilateration.

The idea for GPS came from the use of networked ground- based radio navi-
gation systems and from US scientists tracking the launch of Russian space-
craft Sputnik I in 1957. Three days after Sputnik’s launch, William H. Guier 
and George C. Weiffenbach at Johns Hopkins University’s Applied Physics 
Laboratory (APL) “listened” to the 20- MHz Sputnik signal using a radio wave 
analyzer and tape recorder. These scientists noticed that the radio signal’s fre-
quency being transmitted by Sputnik got gradually higher as the satellite got 
closer and lower as the satellite moved away. Because they knew their exact 
location on Earth, they realized that they could map where the satellite was 
going by correcting for the distortion caused by Doppler effect. By early 1958, 
these scientists had broken new ground, demonstrating that a complete and 
accurate set of orbit parameters for a near- Earth satellite could be inferred from 
Doppler shift data. In 1958, Frank T. McClure, then Chairman of the Research 
Center, suggested that Bill and George apply their results to the inverse problem: 
from orbit parameters and Doppler shift of a signal from a satellite derive the 
position of an Earth- bound observer. From these origins came the APL Space 
Department and the world’s first satellite- based navigation capability, Transit, 
more formally known as the Navy Navigation Satellite System (Black, 2011).
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Since GPS became fully operational in the mid- 1990s, it is widely used to 
navigate, map, and survey land and study the small changes in movement of 
objects on Earth or of Earth itself. Uses of GPS include precision agriculture, 
communications, transportation, environmental monitoring, navigation, emer-
gency management, and assistance in infrastructure development (Leveson, 
2015). Critical to many civilian applications and innovations, GPS brings great 
economic benefits which have grown rapidly with the continual integration of 
GPS with other technologies. Thus, the unmistakable conclusion is that GPS is 
everywhere!

As one can appreciate, the benefits of GPS are numerous, and it continues to 
play a vital role in nearly all aspects of life. However, it is not GPS’s usefulness 
that is critical in our discussion in this chapter, but its “user- friendliness.” It is 
indeed hard to imagine sometimes how life was before GPS technology became 
miniaturized, user- friendly, and deadly accurate. For a majority of users, the 
most basic and important benefit of GPS navigation capability is the prediction 
of a journey’s estimated time of arrival at its intended destination using the 
preloaded maps and speed of travel. Another useful feature is the highlighting 
of detours or alternate routes that allow users to choose various paths lead-
ing toward the same destination, allowing for informed decision- making. A yet 
again nifty innovation has been the integration of traffic data with navigation 
using precision mapping and real- time big data. For example, for all smart-
phones that have location services turned on, Google Maps continuously send 
anonymous bits of data back to Google. This allows the company to analyze 
the total number of cars, and how fast they are going, on a road at any given 
time. This sort of historical and practical data mapping allows a user to weigh 
in the various travel options more optimally. More recently, GPS software also 
incorporates real- time and user- provided traffic and incident data, like accident 
reports, from Waze, the popular navigation app. This continuous re- evolution 
of the GPS technology is an example of how it has become a platform where 
technology, existing data, and user experience are integrated into one easy- to- 
use product.

5.1.2  Implications for pharmaceutical manufacturing— 
remain competitive

Quality by design (QbD) is a topic of significant interest within the pharma-
ceutical industry. The science and implementation of its core philosophy has, 
in general, been received enthusiastically. The incessant promotion of QbD by 
FDA and the European Medicines Agency has helped in the adoption of science-  
and risk- based approaches to pharmaceutical development and manufacturing, 
while moving away from outdated empirical methods and antiquated technol-
ogy. As discussed in Chapter 4, incorporating QbD into development activities 
is strategically important because it is the prerequisite for the establishment of 
an operating design space, and it is the most direct means of communicating 
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process understanding. The establishment of an extensive design space can be 
an important driver of efficiency because an operational adjustment within the 
(approved) design space is not considered a change; therefore, reducing the 
need to submit a postapproval supplemental filing. Furthermore, the capability 
to operate flexibly within an established design space is essential to achieving 
true continuous improvement.

The pharmaceutical industry has moved quickly to begin working to incorpo-
rate QbD into development protocols and, in some respects, is accelerating regu-
latory changes because of the demand for guidance (Cogdill & Drennen, 2008). 
However, has QbD helped the industry become more competitive? Has QbD made 
the industry most efficient? The answer to these questions is not always clear as the 
pharmaceutical business model has changed from when QbD was first introduced in 
the early 2000s. There is no doubt that implementation of QbD principles is a must- 
have to build process understanding, but a few more aspects of product development 
need to be taken into account to make the industry more efficient and competitive. 
How can this be achieved? As discussed earlier, the GPS technology has evolved 
over the decades where it has created a user experience that is indispensable in daily 
life. There is a lot to learn from this analogy. After all, it provides an important segue 
into technology, science, markets, and competitiveness.

Technology has been the critical factor in the long- term economic growth 
of modern industrial societies. But it functions successfully only within a larger 
social environment that complementary inputs into the innovation process. 
Technology may be thought of as an extroverted activity: it involves a search 
for workable solutions to problems (the practice of technological innovation). 
The output of technological activities is a product or a service that must eventu-
ally stand the test of the marketplace (Landau & Rosenberg, 1986). Science, by 
contrast, is an introverted activity. It studies problems that are usually gener-
ated internally—e.g., by logical discrepancies or internal inconsistencies or by 
anomalous observations that cannot be accounted for within the present intel-
lectual framework. As technologies have become increasingly sophisticated and 
complex over the past century, the innovation process has become increasingly 
dependent on the findings and methodology of science, which has been flour-
ishing in the post- World War II era.

Markets are the basic institutional framework within which new technol-
ogies are evaluated. Long- term economic growth must, in large measure, be 
understood in terms of the performance of new technologies within this frame-
work. The functioning of the market has been the specialized concern of the 
discipline of economics. Just as technological change is related to and operates 
within the framework of physical science, so the discipline of economics is 
related to politics. The political sphere establishes the larger societal framework 
(including the legal structure) within which technological change and economic 
growth take place. It is this economic environment, and the political forces that 
shape it, that in turn determines the effectiveness of the incentives that society 
provides to the activities of technologists (Landau & Rosenberg, 1986).
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Competitiveness can be defined as the degree to which a nation can, under 
free and fair market conditions, produce goods and services that meet the test 
of international markets while at the same time maintaining or expanding the 
real incomes of its citizens (Landau & Rosenberg, 1986). There is no doubt that 
one of the most important measures of effectiveness and competitiveness for 
manufacturers in the markets is the perception of their products’ quality and the 
value proposition that it provides to the end user. In this regard, all manufactur-
ers need to pay attention to integrating science, technology, historical data, and 
user experience into designing their products (Fig. 5.1). This position is the 
focus of this chapter.

5.1.3  QbED—merging business acuity with rational design approach

In the author’s view, when an innovative pharmaceutical company launches a 
new product launch, it should be a cause for celebration and excitement as a new 
drug approval could help a wide range of patients suffering from rare disorders 
to common diseases. Because the pharmaceutical industry is highly innovative 
but heavily regulated, its traditional competitive capability is quality. However, 
in today’s changing business climate, quality needs to be merged with sound 
decision- making and a vision of long- term sustainability.

Merriam- Webster dictionary defines acuity as “keenness of perception.” 
At an operational level, this keenness of perception helps in clearer judgment 
and better decision- making. Acuity is a necessary trait for all professionals, and 
pharmaceutical scientists are not the exception. At the core of pharmaceutical 

FIGURE 5.1 Integration of science, technology, data, markets, and competitiveness to enhance 
user experience.
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drug development, business acuity is an often- ignored principle that may not 
be evident at an early stage but becomes increasingly prominent as the drug 
advances clinical trials. As has been discussed in previous chapters, the phar-
maceutical industry places a heavy emphasis on R&D, delivering the highest 
ratio of R&D investment to net sales compared with other industrial sectors. 
Thus, it is understandable as to why it relies heavily on the success of new prod-
uct launches. After all, in the changing business environment, pharmaceutical 
companies are under increased pressures to launch a new drug onto the market 
faster so that they can achieve maximum market penetration and revenue in a 
limited timeframe before the patent protection ends and generic competition 
begins. The successful launch of a new drug will pave the way for a pharmaceu-
tical company’s performance that enables R&D for new products in the future 
(Matikainen, Rajalahti, Peltoniemi, & Parvinen, 2015). Therefore, to make sure 
that the pharmaceutical industry can operate with a self- sustaining business 
model, business acuity needs to be integrated with the rational design approach 
as early in the process as possible.

There are a few tried and trusted rules that are typically followed during 
the design of a dosage form to assure its performance. These rules are stabil-
ity, bioavailability, and manufacturability. However, the integration of business 
acuity with the product development rules can only enhance the sustainability 
and robustness of the product in the long run. The interrelation between these 
rules can be visualized through a three- legged stool analogy, which simply tries 
to illustrate the complexity of dosage form development with some practicality 
(Fig. 5.2) (Mittal, 2016).

In the three- legged stool analogy, if any of the rules of dosage form design 
are not properly understood and applied, the product may not provide the 

FIGURE 5.2 Rules for dosage form development (Mittal, 2016).
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intended therapeutic benefit to a patient. For example, a thorough understand-
ing of physicochemical properties of a drug can help formulators to anticipate 
bioavailability problems that may present themselves during product design, 
process development, and scale- up. Accordingly, if attention is not paid to 
sound engineering practices when developing the manufacturing process, the 
economics of process development may become untenable. These examples and 
many more of such issues can similarly be associated to the interdependency 
of these rules of bioavailability, stability, manufacturing, and business acuity. 
These interdependencies make up the whole concept behind quality by efficient 
design (QbED) and are summarized pictographically in Fig. 5.3.

5.2  Need for QbED based on regulatory and  
compliance trends

In an interesting article from early 2000s, McKinsey consultants evaluated what 
it takes to be successful in the pharmaceutical business. Their conclusion was 
that in the pharmaceutical industry, bigger does not always mean better; instead 
the largest pharmaceutical companies have not necessarily produced the highest 
long- term returns, and pharma remains one of the least concentrated of major 
global industries. As per this article, in the global pharma marketplace, three 
key measures of competitiveness are (1) number of products launched, (2) their 
value, and (3) how quickly they enter top markets (Agarwal, Desai, Holcomb, 
& Oberoi, 2001). As discussed in Chapter 2, typically, for approximately every 
10,000 compounds that are evaluated in animal studies, 10 will make it to 

FIGURE 5.3 Pictograph of quality by efficient design.
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human clinical trials to get one compound on the market (Silverman, 2004). 
With so much resources dedicated toward product discovery and development, 
it is therefore existentially important that for the drugs that do indeed make it 
to all the way to launch, it is essential that their value and competitiveness is 
maintained without their patent and exclusivity running out. Product design and 
better manufacturing practices through QbD can help in this regard. However, 
there are some business trends in the current manufacturing paradigm that need 
to be understood.

5.2.1  Annual rate of Type 1 new drug application  
approvals is constant

Quite a few types of options exist for new drug applications (NDAs) (Table 
2.5), and the NDA classification code is FDA’s way of categorizing the NDAs. 
An important category for NDAs is the Type 1 (new molecular entity or NME) 
category. As discussed in Chapter 2, an NME is an active ingredient that has 
no active moiety that has been previously approved by the Agency in an appli-
cation submitted under section 505 of the Federal Food, Drug, and Cosmetic 
Act (FD&C) or has been previously marketed as a drug in United States. A 
pure enantiomer or a racemic mixture is an NME only when neither has been 
previously approved or marketed (FDA, 2015). The FDA maintains a database 
(Drugs@FDA) for all applications approved for the first time. On mining the 
FDA database for only Type 1 approvals from 1999 to 2018, it was observed 
that there have been an average of 24 Type 1 NDA approvals per year (Fig. 5.4). 
This constant value of approvals further underscores the challenges associated 
with drug discovery, clinical research, and product development.

5.2.2  More companies are getting Type 1 new drug  
application approvals

The database can be further evaluated to list the companies that have received 
Type 1 NDA approvals. From the information gathered, it is interesting to note 
that total number of companies that received Type 1 NDA approvals went up 
from 83 (in 1999–2003) to 107 (in 2014–18). This translates to about 30% more 
companies receiving approvals from 1999–2003 to 2014–18 (Fig. 5.5). In the 
packed bubbles graph shown in Fig. 5.5, each circle represents an individual 
company that received at least one Type 1 NDA approval in a given time period. 
The size of the circle corresponds to the total number of Type 1 NDA approvals 
received by an individual company.

If one were to compare the trends discussed in Fig. 5.5 with the mergers 
and acquisitions discussion in Section 1.3.3, it seems that the total number of 
companies receiving Type 1 NDA approvals should be decreasing with time, 
and not increasing. The reason for this increase in the number of companies can 
be attributed to the generation of new supply chains based on pharmaceutical 
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FIGURE 5.4 Type 1 new drug application approvals from 1999 to 2018.

FIGURE 5.5 Number of companies receiving Type 1 new drug application approvals from 1999 
to 2018.
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outsourcing (as discussed in Section 3.4) that is bringing new products into the 
market each year.

With the information presented in Figs. 5.4 and 5.5, a new metrics, Approval 
to Company Ratio (ACR), could be calculated for a given time period as per Eq. 
5.1. As can be ascertained from this equation, the ACR cannot be lower than 1.0. 
The ACR when plotted for Type 1 NDA approvals from 1999 to 2018 reveals 
a quantifiable change in the approval function over time (Fig. 5.6). Clearly, a 
decline in ACR provides credence to statement made earlier that monolithic 
blockbuster business model of big pharmaceutical companies is disintegrating 
and smaller companies are launching products. This trend is anticipated to con-
tinue in the future.

 
ACR =

Total Number of Approvals

Total Number of Companies Receiving Approvals 

EQUATION 5.1 ACR Equation.

5.2.3  Increased reliance on foreign manufacturing facilities

The FDA regulates the quality of pharmaceuticals carefully. The main reg-
ulatory standard for ensuring pharmaceutical quality is the Current Good 
Manufacturing Practice (CGMPs) regulation for human pharmaceuticals. 
Consumers expect that each batch of medicines they take will meet quality 

FIGURE 5.6 ACR of Type 1 new drug application approvals from 1999 to 2018.
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standards so that they will be safe and effective. FDA inspects pharmaceuti-
cal manufacturing facilities worldwide, including facilities that manufacture 
active ingredients and the finished product. Inspections follow a standard 
approach and are conducted by highly trained FDA staff. FDA also relies on 
reports of potentially defective drug products from the public and the indus-
try. FDA will often use these reports to identify sites for which an inspec-
tion or investigation is needed. In that regard, FDA maintains an inspection 
dashboard (FDA, 2018). This dashboard lists a myriad of useful information 
about inspections conducted by the FDA and actions taken. An important 
statistic that is maintained in the dashboard is the number of inspections 
conducted at both domestic and foreign sites (Fig. 5.7). There is a signifi-
cant decrease in domestic inspections that is followed by an uptick in the 
foreign inspections. However, the total number of inspections has aver-
aged about 2500 inspections/year. There is no doubt that the manufacturing 
activities for pharmaceuticals in United States is decreasing. This leads to 
increase in reliance on foreign manufacturing plants for drug products for 
the US market.

5.2.4  Poor compliance with Current Good Manufacturing Practices

The FD&C Act Chapter 5 (Part A—Sections 501 and 502) states that a drug 
not made in accordance with CGMP is deemed “adulterated.” The FD&C Act 
goes on to say that the CGMP regulations are “to assure that such drug meets 
the requirements of this Act as to safety and has the identity and strength, and 
meets the quality and purity characteristics, which it purports or is represented 
to possess.” The owner or operator of an establishment entering into the 
manufacture, preparation, propagation, compounding, or processing (which 

FIGURE 5.7 Number of inspections undertaken by FDA at domestic and foreign regions. (Source: 
FDA’s website (www.fda.gov).)

http://www.fda.gov
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includes, among other things, repackaging and relabeling) of a drug (includes 
human, including biological drug products, and animal drugs) and not exempt 
under section 510(g) of the Federal FD&C Act or subpart B of 21 CFR part 
207 must register the establishment with FDA within 5 days after beginning 
the operation (FDA, 2009). An FDA Establishment Identification number is 
a unique identifier issued by FDA to track inspections of the regulated estab-
lishment or facility.

The FDA ensures the quality of drug products by carefully monitoring 
drug manufacturers’ compliance with its CGMP regulations. The regulations 
make sure that a product is safe for use, and that it has the ingredients and 
strength it claims to have. The approval process for new and generic drug mar-
keting applications includes a review of the manufacturer’s compliance with 
the CGMPs. FDA assessors and inspectors decide whether the firm has the 
necessary facilities, equipment, and ability to manufacture the drug it intends 
to market. Form FDA 483, “Inspectional Observations,” is a form used by the 
FDA to document and communicate concerns discovered during these inspec-
tions (FDA, 2006). After an inspection, FDA determines if the areas evalu-
ated are in compliance with applicable laws and regulations. FDA and the 
Inspection Classification Database classifies the inspection by each project 
area with one of three classifications. The three classifications displayed are 
No Action Indicated (NAI), Voluntary Action Indicated (VAI), and Official 
Action Indicated (OAI).

 l  NAI—no objectionable conditions or practices were found during the 
inspection (or the objectionable conditions found do not justify further 
regulatory action),

 l  VAI—objectionable conditions or practices were found but the agency is not 
prepared to take or recommend any administrative or regulatory action, or

 l  OAI—regulatory and/or administrative actions will be recommended.

As per an online database maintained by FDA, the following information 
was compiled that lists the total number of site inspections globally that were 
done in each fiscal year as a function of product type (Table 5.1). On care-
fully reviewing the data for drugs only, another detailed picture emerges where 
the site inspections can be broken down by NAI, VAI, or OAI (Fig. 5.8). As 
discussed in the previous subsection, on an average, approximately 2500 site 
inspections are conducted globally for drugs every year by the FDA. Out of 
these inspections, nearly 160 + sites (or approximately 6.5%) receive an OAI 
notice. This is an important statistic because with the volume of contract- based 
manufacturing happening every year, it is a prerequisite to make sure to choose a 
manufacturing facility does not have a pending OAI. After all, from the perspec-
tive of quality, if a product is not manufactured as per CGMPs or is adulterated, 
then it is not in compliance with the law. This again highlights issues where a 
good product could face delay (or denial) in entering the market because of poor 
manufacturing compliance with CGMPs.
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TABLE 5.1 Total number of site inspections conducted by FDA.

Product type 2009 2010 2011 2012 2013 2014 2015 2016 2017

Biologics 1732 1953 2074 2021 2067 1989 1847 1878 2001

Devices 2599 3396 3529 3619 3814 3504 3541 3321 3492

Drugs 2314 2551 2761 2823 2444 2646 2590 2665 2268

Food/cosmetics 8903 11,354 14,943 13,951 10,791 10,275 10,444 10,787 11,694

Tobacco 1 43 45 41 53 40 37

Veterinary 1908 2223 2098 2156 2165 1749 1658 1898 1710
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5.2.5  Bifurcation of institutional knowledge

In an online publication in April 2017 (FDA, 2017), FDA declared that it is 
responsible for the oversight of more than $2.4 trillion in consumption of medi-
cal products, food, and tobacco. The FDA- regulated products account for about 
20 cents of every dollar of annual spending by US consumers. In addition, FDA 
regulates about 75% of US food supply. With such a vast volume of commerce 
being regulated, there is no wonder that the inspection burden is high for the 
FDA. The FDA monitored products are manufactured or handled at nearly 
300,000 registered facilities, more than half of which are overseas. In the case of 
pharmaceutical drugs, 6728 facilities are registered with the FDA out of which 
3679 (nearly 55%) are based outside United States. Among these facilities, 
quite a few of them are in India, China, South Korea, Germany, and Canada. In 
terms of materials produced, approximately 80% of drug substance manufactur-
ers are located outside the United States (FDA, 2017). Clearly, many of these 
facilities are owned by contract manufacturing organizations (CMOs). From a 
business perspective, the growth opportunities are tremendous for these CMOs.

There are nearly 450 companies (both large and small) that are listed as either 
biotechnology companies or major pharmaceuticals in both NYSE and NASDAQ 
combined. From a market capitalization perspective, majority of these companies 
(>80%) would fall within the emerging pharmaceutical companies category. From 

FIGURE 5.8 Site inspections for drugs by classification of action taken by FDA.
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an external service provider’s perspective, there is a large room to grow its busi-
ness by catering to these emerging pharmaceutical companies. Similarly, working 
with major pharmaceuticals provides opportunities to gain depth and volume. With 
these business prospects, in the areas of pharmaceutical R&D and production, four 
different cooperation models between pharmaceutical companies as customer and 
service providers as vendors have been established, depending on goal congruence 
and measurability of results. There is a simple correlation: the higher the goal con-
gruence, the more trust between the two partners, and the higher the measurabil-
ity of results, the closer the relationship comes to a traditional customer–supplier 
relationship. As per Festel, Schicker, & Boutellier, 2010, a simple outline of these 
business models is provided in Fig. 5.9, and the various models are explained below.

Project Selection: Selection of service providers on a project- by- project 
basis from a core list of preselected service providers. The service providers 
are engaged according to the fit of their core competence to the specific project 
requirements (e.g., the choice of the best fitting clinical research organization 
for the management of clinical trials in a special therapeutic area and/or a spe-
cial phase of the drug development process).

Price Competition: Long list of service providers systematically put into 
competition to secure lowest purchasing prices. This model is less strategically 
oriented, but rather serves to achieve the demand for the most cost- efficient ful-
fillment (e.g., purchase of standardized analytical services for routine analytical 
tasks within drug development or quality management). It can be applied suc-
cessfully only if the outcome can be measured easily.

FIGURE 5.9 Different types of cooperation models for contract- based services (Festel et al., 
2010).
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Strategic Partnership: Strategic links with a handful of preferred service 
providers who are given preferential “right of first refusal.” A framework con-
tract covers all the relevant services such as contracts with full- service drug 
discovery service providers with a long- established relationship with the client 
company.

Joint Venture: If the results depend on both parties, but contribution cannot 
be easily attributed, a 50- 50 joint venture is a good choice. This approach has 
not been observed between a pharmaceutical and a service provider. It is a well- 
known approach in other industries, e.g., in fuel cells, or high- tech in general.

The choice between the different cooperation models is an internal business 
decision, and many factors play a role in choosing them. It is also possible that, 
within the same organization, a wide variety of models may be applied simul-
taneously for a variety of service providers. This increase in contract manufac-
turing also has led to a scenario where in- house manufacturing knowledge is 
weakening. This loss of institutional knowledge and domain expertise within 
organizations is a hurdle in implementing QbD like thinking across multiple 
projects in sponsor companies because a large amount of resources are diverted 
and invested in project management, choosing appropriate service providers, 
and quality audits of the CMOs.

5.2.6  Poor clinical performance despite label claims

Favorable results from pharmaceutical research are never guaranteed. Most, if 
not all, of the experiments form the basis of drug product’s label claims that pro-
vide assurance regarding its intended clinical performance. From an R&D per-
spective, the intended label claims make up the components of a Target Product 
Profile (TPP). The TPP is a multidisciplinary strategic document that serves as 
a guiding post when necessary product design and development decisions need 
to be made (FDA, 2007). The TPP embodies the notion of beginning with the 
goal in mind. In concept, it is not different from any product that is designed 
and manufactured to achieve a desired purpose in any industry. A TPP can be 
considered an equivalent to the blueprint of a building that an architect puts 
together before the ground is broken for construction.

From the perspective of quality, if a product does not behave as intended in 
its TPP, then it has automatically failed the quality criteria of clinical perfor-
mance as per label claim. In such a scenario, it is fair to say that the product’s 
fundamental existence itself is in question. After all, who will want to buy a 
drug product that does not treat a medical condition for which it was originally 
designed or has problems of adulteration? The history of pharmaceuticals is 
littered with examples of such drugs with an average of 51 marketed drugs per 
year that were recalled from 2016 to 2018 by FDA (Fig. 5.10). A similar statistic 
was presented in Figs. 4.2 and 4.3, where the product recall was mainly due to 
chemistry, manufacturing, and control issues. In this scenario, the failed clinical 
performance postlaunch is a dreadful outcome!
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5.3  Applying QbED through The Juran Trilogy®

One of the most influential contributors to the field of quality management was 
Dr. Joseph Juran (1904–2008). Dr. Juran was a Romanian- born American engineer 
and management consultant. For a time, Dr. Juran was head of the Department of 
Industrial Engineering at New York University. While there, he wrote and edited 
the Quality Control Handbook. First published in 1951, the Handbook has grown 
from 15 chapters to 52, paralleling and aiding the growth of the quality field. During 
the late 1940s, Dr. Juran began to develop his influential course “Managing for 
Quality,” which has been taught in more than 40 countries. He also wrote for 
Industrial Quality Control during the 1950s and 1960s. As a contributing author 
and editor, Dr. Juran frequently emphasized the role of management in quality.1

Dr. Juran was one of the first to write about the cost of poor quality (COPQ) 
(ASQ, 2018). In one of his extremely influential books, Juran on Quality by 
Design, Dr. Juran proclaims that many quality crises and problems have been 
traced to the way in which quality was planned in the first place. As per him, 
in a way, our quality problems have been planned that way (Juran, 1992). This 
is a profound statement as one takes the time to examine it. On the surface, 
it implies that our quality problems are not some extraneous event but are an 
integral part of the design process itself. In a more nuanced interpretation, it 

1. Dr. Juran founded the Juran Institute (based in Southbury, CT) in 1979. The Juran Institute is an 
international training, certification, and consulting company that provides training and consulting 
services in quality management, lean manufacturing management, and business process manage-
ment, as well as Six Sigma certification.

FIGURE 5.10 Marketed drugs recalled by FDA from 2016 to 2018.
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can also imply that the failure on part of a product’s designer to account for 
potential issues during the design phase fundamentally locks in product defects. 
These defects have to be eventually managed as part of the product’s life cycle. 
In other words, the failure of imagination on part of the products’ designer is the 
potential root cause of the defects! Therefore, early anticipation and identifica-
tion of potential defects can help in increasing the product’s quality.

In the same book, Dr. Juran introduces a quality management concept that 
he termed as The Juran Trilogy®. At the core of it, this concept seems sim-
ple and easy- to- understand; however, its true strength lies in the visualization 
of the concept of quality management. As per The Juran Trilogy®, managing 
for quality is done by using a system of three managerial processes: (1) qual-
ity planning, (2) quality control, and (3) quality improvement (Juran, 1992). 
A detailed discussion of each of these processes is provided in Table 5.2.  

TABLE 5.2 The Juran Trilogy® (Juran, 1992).

Process Attributes

Quality 
planning

This is the activity of developing the products and processes 
required to meet customer’s needs. It involves a series of universal 
steps which can be abbreviated as follows:
 l  Establish quality goals
 l  Identify the customers—those who will be impacted by the 

efforts to meet the goals
 l  Determine the customer’s needs
 l  Develop product features that respond to customer’s needs
 l  Develop processes that are able to produce those product 

features
 l  Establish process controls and transfer the resulting plans to the 

operating forces

Quality 
control

This process consists of the following steps:
 l  Evaluate actual quality performance
 l  Compare actual performance to quality goals
 l  Act on the difference

Quality 
improvement

This process is the means of raising quality performance to 
unprecedented levels (“breakthrough”). The methodology consists of 
a series of universal steps:
 l  Establish the infrastructure needed to secure annual quality 

improvement
 l  Identify the specific needs for improvement—the improvement 

projects
 l  For each project, establish a project team with clear responsibil

ity for bringing the project to a successful conclusion
 l  Provide the resources, motivation, and training needed by the 

teams to
 l  Diagnose the causes
 l  Stimulate establishment of remedies
 l  Establish controls to hold the gains
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The Trilogy concept is not merely a way to explain managing for quality to 
upper management. It is also a unifying concept which extends companywide. 
Every function has unique features, as does every product or process. Yet for 
everyone of them, the three generic processes (planning, control, and improve-
ment) of The Juran Trilogy® apply. Dr. Juran has also provided a Juran Trilogy 
diagram that shows this interrelationship (Fig. 5.11).

If one looks at The Juran Trilogy® for the first time, it seems like an estab-
lished concept in manufacturing. However, there is a wealth of knowledge that 
is hidden in this seemingly simple figure. The following are the various aspects 
that warrant further discussion to fully appreciate Fig. 5.11: (1) COPQ and (2) 
chronic waste.

5.3.1  Cost of Poor Quality

ASQ defines COPQ as the costs associated with providing poor quality prod-
ucts or services. There are four categories of COPQ: internal failure costs 
(costs associated with defects found before the customer receives the product 
or service), external failure costs (costs associated with defects found after the 
customer receives the product or service), appraisal costs (costs incurred to 
determine the degree of conformance to quality requirements), and prevention 
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FIGURE 5.11 The Juran Trilogy® diagram (Juran, 1992 and Eldin, 2011).
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costs (costs incurred to keep failure and appraisal costs to a minimum). Cost of 
quality is a methodology that allows an organization to determine the extent to 
which its resources are used for activities that prevent poor quality, that appraise 
the quality of the organization’s products or services, and that result from inter-
nal and external failures. Having such information allows an organization to 
determine the potential savings to be gained by implementing process improve-
ments. Quality- related activities that incur costs may be divided into preven-
tion costs, appraisal costs, and internal and external failure costs. These are 
described below.

Prevention Costs: Prevention costs are incurred to prevent or avoid qual-
ity problems. These costs are associated with the design, implementation, and 
maintenance of the quality management system. They are planned and incurred 
before actual operation, and they could include the following:

 l  Product or service requirements—establishment of specifications for incoming 
materials, processes, finished products, and services

 l  Quality planning—creation of plans for quality, reliability, operations, 
production, and inspection

 l  Quality assurance—creation and maintenance of the quality system
 l  Training—development, preparation, and maintenance of programs

Appraisal Costs: Appraisal costs are associated with measuring and moni-
toring activities related to quality. These costs are associated with the suppli-
ers’ and customers’ evaluation of purchased materials, processes, products, and 
services to ensure that they conform to specifications. They could include the 
following:

 l  Verification—checking of incoming material, process setup, and products 
against agreed specifications

 l  Quality audits—confirmation that the quality system is functioning correctly
 l  Supplier rating—assessment and approval of suppliers of products and 

services

Internal Failure Costs: Internal failure costs are incurred to remedy defects 
discovered before the product or service is delivered to the customer. These 
costs occur when the results of work fail to reach design quality standards and 
are detected before they are transferred to the customer. They could include the 
following:

 l  Waste—performance of unnecessary work or holding of stock as a result of 
errors, poor organization, or communication

 l  Scrap—defective product or material that cannot be repaired, used, or sold
 l  Rework or rectification—correction of defective material or errors
 l  Failure analysis—activity required to establish the causes of internal product 

or service failure
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External Failure Costs: External failure costs are incurred to remedy 
defects discovered by customers. These costs occur when products or services 
that fail to reach design quality standards are not detected until after transfer to 
the customer. They could include the following:

 l  Repairs and servicing—of both returned products and those in the field
 l  Warranty claims—failed products that are replaced or services that are 

reperformed under a guarantee
 l  Complaints—all work and costs associated with handling and servicing 

customers’ complaints
 l  Returns—handling and investigation of rejected or recalled products, including 

transport costs

The costs of doing a quality job, conducting quality improvements, and 
achieving goals must be carefully managed so that the long- term effect of 
quality on the organization is a desirable one. These costs must be a true 
measure of the quality effort, and they are best determined from an analysis 
of the costs of quality. Such an analysis provides a method of assessing the 
effectiveness of the management of quality and a means of determining 
problem areas, opportunities, savings, and action priorities. COPQ is also 
an important communication tool. Effective quality improvement programs 
can reduce this substantially, thus making a direct contribution to profits. 
The quality cost system, once established, should become dynamic and 
have a positive impact on the achievement of organization’s mission and 
objectives.

5.3.2  Chronic waste

As operations continue, it soon emerges that the process is unable to produce 
100% good work. A certain percentage of work usually must be redone due to 
quality deficiencies. This waste is chronic as it goes and on. The reason for this 
chronic waste is the wrong planning of the operating process. Under conven-
tional responsibility patterns, the operating forces are unable to get rid of this 
planned chronic waste. What they can do is to carry out quality control, e.g., to 
prevent things from getting worse.

In due course of time, the chronic waste can be driven down to a level 
far below the original level by putting certain corrective actions in place. 
It, therefore, can be concluded that the chronic waste is an opportunity 
for improvement. Diagnosis to discover the causes usually consists of the 
time of the quality improvement project teams. Remedies to remove the 
causes usually involve fine- tuning the process. For example, a process that 
is already producing over 80% good work can be raised to the high 90% 
without significant capital investment. Such avoidance of capital investment 
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is a major reason why reduction of chronic waste has a high return on invest-
ment (Juran, 1992).

5.3.3  Decoding The Juran Trilogy® for pharmaceuticals

So could Juran’s Trilogy be applied to pharmaceutical manufacturing? The 
answer to this question is a resounding and reassuring YES! After all, why 
not? Our knowledge as a society has increased significantly over the last 
100 years. We as a society are making huge strides in renewable energy, 
aerospace, computers, and genomics. We have shrunk the size of our com-
puters, have ultralong range airplanes, have 100% electric cars, and have 
more computing power in our smartphones that what was available during 
the time of NASA’s Apollo missions. All of this has only been possible 
through the diligent and relentless integration of new ideas into manufac-
turing sciences for all disciplines. Pharmaceuticals too have made great 
advances in their manufacturing sciences by integration of QbD, process 
analytical technology, additive manufacturing, and continuous manufactur-
ing in our unit operations. However, to make sure that we can continuously 
apply the latest scientific innovations and knowledge in pharmaceutical 
manufacturing, it is important to visit some core concepts of industrial engi-
neering and quality management.

Our modern education in pharmaceuticals places a large emphasis on pro-
cess engineering. Similarly, FDA introduced the concepts of QbD nearly two 
decades ago and continues to be an advocate for QbD through scientific man-
uscripts, conferences, and guidances. The pharmaceutical literature is full of 
excellent examples of QbD as applied to product development and analytical 
methodology. However, the two most important concepts in the Trilogy dia-
gram (COPQ and chronic waste) are not talked about as much in pharmaceu-
ticals. This is counterintuitive as a robust manufacturing system that reduces 
defects in a pharmaceutical product is the most apt fit for Juran’s Trilogy. In 
addition, this definition of pharmaceutical quality is the closest to manufac-
turing operations.

Under the QbD paradigm, the product is designed to meet patient require-
ments, the process is evaluated to consistently (and robustly) meet product 
critical quality attributes, and the impact of starting materials and process 
parameters on product quality is understood. In addition, critical sources of 
process variation are identified and controlled, and the process is continu-
ally monitored and updated to allow for consistent quality over time. This 
whole approach embodies the philosophy of rational design (Fig. 4.4). 
Enhanced understanding collated under a rational design approach integrates 
the knowledge of material properties, biopharmaceutics, process variables, 
statistical methodologies, equipment design, and established engineering and 
manufacturing practices to increase efficiency, decrease costs, and streamline 
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operations. Therefore, in essence, adoption of Juran’s Trilogy® over the last 
15–20 years in pharmaceutical development has helped in making the drug 
product development more robust. However, there is always scope for further 
improvement!

For example, for a product that delivers on clinical performance and is man-
ufactured as per CGMPs, what kind of defects can it still have? The answer to 
this question is not so simple. In fact, the whole exercise of identifying COPQ 
due to product defect brings a wide variety of topics such as supply chain man-
agement, patient centricity, brand development, resource management, and 
product design into focus. The various defects that can occur in a pharmaceuti-
cal product that delivers on clinical performance and is unadulterated are listed 
in Table 5.3.

On a similar note, a discussion on chronic waste is equally interesting. 
Waste, by definition, is any substance that is discarded after its primary use, or 

TABLE 5.3 Impact of defect type on product.

Type of 
defect

Category 
of defect

If the product is in 
premarketing stage

If the product is 
marketed

Low inven
tory or 
stock out

Supply chain 
management

 l  Unsuccessful 
completion of clini
cal trials

 l  Loss of mar
ket share to 
competition

 l  Loss of revenue
 l  Potential negative 

impact to brand 
image

Failure to 
account 
for patient 
preferences

Patient 
centricity

 l  Potential lack of 
compliance espe
cially in at home 
dosing scenarios, 
which may affect the 
clinical data

 l  Patient may look 
for alternative 
choices

 l  Loss of revenue 
and market share 
to competition

High cost of 
goods

Inefficient 
resource 
management

 l  Constraining of R&D 
budget

 l  Reluctance on 
part of consumer 
or insurance 
companies to 
purchase product

Lack of 
flexibility 
in product’s 
dosing

Product 
design

 l  Delay in clinical 
trials

 l  Premature stoppage 
of clinical trials due 
to not having doses to 
titrate the patients with

 l  Limited use of 
product, thereby 
losing potential 
market share to 
competition



QbED: an emerging concept Chapter | 5 137

TABLE 5.4 Sources of chronic waste in pharmaceuticals.

Source 
type

Contribution 
to chronic 
waste Examples

Waste by 
design

Permanent 
unless steps are 
taken to “design 
it out” from the 
product

 l  Product design:
 l  Designing a formulation that does not take 

into account patient centricity and brand 
enhancement

 l  Failure to account for future scale up issues 
in product’s design

 l  Incorporating marketing input too late into 
product design

 l  Manufacturing process:
 l  Choosing too small or too large of a batch 

size that requires numerous resupply cam
paigns or waste material that is not needed

 l  Choosing a manufacturing process that 
inherently produces low yield of product

 l  Not enough shelf life of product due to 
either the molecule’s instability or poor 
formulation/manufacturing choices

 l  Choosing a dosage form that is not ame
nable to scale up principles

 l  Failure to incorporate multivariate analysis 
and statistical process control concepts to 
evaluate product’s critical quality attributes

Waste 
by poor 
utilization

Temporary 
and could 
be addressed 
by better 
communication 
with clinical 
trials design 
team

 l  Overambitious timelines:
 l  Failure to account for primary packaging, 

kitting, and labeling into timelines that 
shorten product’s useable shelf life

 l  Suboptimal clinical trial designs:
 l  Poor ratio of patients/sites ratio that would 

complicate supply chain coordination and 
would burden on existing supplies leading 
to unnecessary remanufacturing

 l  Designing a large number of double blind 
studies that require overencapsulation of 
product leading to extended manufacturing 
and testing timelines before clinical dosing

is worthless, defective, and of no use. We all implicitly understand the need to 
reduce waste and use all of our resources judiciously. Unfortunately, chronic 
waste is a problem in all manufacturing industries and pharmaceuticals are not 
different. However, just because chronic waste is inherent in manufacturing, 
it does not mean that steps cannot be taken to reduce it. There are two general 
categories of sources that lead to chronic waste (Table 5.4).
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5.4  Summary  

List of abbreviations

ACR Approval to Company Ratio
CGMPs Current Good Manufacturing Practices
CMOs Contract Manufacturing Organizations
COPQ Cost of Poor Quality
EMA European Medicines Agency
FEI FDA Establishment Identification
GPS Global Positioning System
M&A Mergers and Acquisitions
NAI No Action Indicated
OAI Official Action Indicated
ROI Return on Investment
TPP Target Product Profile
VAI Voluntary Action Indicated
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Chapter 6

Adaptive product designs: a 
wave of the future

Your success in life isn’t based on your ability to simply change. It is based on your 
ability to change faster than your competition, customers, and business.

Mark Sanborn

6.1  Introduction

6.1.1  The hundred years’ war

The European Middle Ages (5th–15th century) saw numerous interstate con-
flicts, civil strife, and peasant revolts stemming from both man- made and natural 
calamities. One series of constant conflict was between France and England. 
The English royal family, which was French in origin, had historically held not 
only the English crown but also titles and lands within France. The status of the 
English king’s French fiefs was a source of tension between the two monarchies.

In 1316, a principle was established denying women’s succession to the 
French throne. When in 1328, Charles IV of France died without sons or 
brothers, his closest male relative was his sister Isabella’s son, Edward III of 
England. Isabella claimed the throne of France for her son, but the French 
rejected it, maintaining that Isabella could not transmit a right she did not pos-
sess. Furthermore, political sentiment favored a Frenchman for the crown rather 
than a foreign prince. The throne passed instead to Philip, Count of Valois, 
a patrilineal cousin of Charles IV, who would become Philip VI of France. 
Disagreements between Philip and Edward induced the former to confiscate 
the latter’s lands in France, and in turn prompted Edward III to reassert his 
claim to the French throne (Various, 2018). What happened next is an extremely 
interesting series of events! A number of conflicts (collectively known as The 
Hundred Years’ War) were waged from 1337 to 1453 by the English House of 
Plantagenet1 against the French House of Valois,2 over the right to rule France. 
Each side drew many allies into the war that marked both the height of chivalry 

1. The House of Plantagenet was a royal house that held the English throne from 1154 to 1485.
2. The House of Valois was the royal house of France from 1328 to 1589.
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and its subsequent decline and led to the development of strong national identi-
ties in both countries (Figs. 6.1 and 6.2).

Several legendary battles were fought where the pendulum of victory swung 
in both directions at different points in time. One such battle was the Battle of 
Crécy, which was fought on 26 August 1346, near Crécy, in northern France. At 
Crécy, an army of English, Welsh, and allied mercenary troops led by Edward 
III of England engaged a much larger army of French, Genoese and Majorcan 
troops led by Philip VI of France. As part of his troop placement, Edward lined 
up his archers in a V formation. With a tremendous range, pinpoint accuracy, 
and their ability to fire several arrows a minute, Edward’s longbow archers 
proved incredibly effective against French forces. Although French knights on 
horses were heavily armored, the horses themselves were almost wholly unpro-
tected against arrows. The French utilized the crossbow as their favorite ranged 
weapon. However, the French crossbow, due to its firing mechanism and slow 
speed, was rendered useless. Combining the use of archers with flexible tactics 
forced the French cavalry to dismount and fight on foot. The English troops also 
dug trenches and placed caltrops on the field. The ultimate result was due to the 
English’s effective use of the longbow and deployment of a superior ground- 
fighting strategy, the battle quickly turned and the English won the battle despite 
being outnumbered by a numerically superior force (Ralby, 2013).

So what was so special about the longbow that it led to such a tremendous 
victory for the English at the Battle of Crécy? Conceptually, a simple bow is just 
a carefully shaped spring, which stores energy from the archer’s body as strain 
energy. When the string is released, this strain energy is converted into kinetic 

(A) (B)

Royal Coat of Arms of Plantagenet Royal Coat of Arms of United Kingdom
(1837 - Present)

FIGURE 6.1 Prominence of Plantagenet’s heraldry in present day UK coat of arms. (A) 
Royal coat of arms of plantagenet. (B) Royal coat of arms of United Kingdom (1837–present). 
(Acknowledgment: Images were produced by Sodacan and were obtained from appropriate web-
pages on Wikipedia (https://commons.wikimedia.org/wiki/User:Sodacan))

https://commons.wikimedia.org/wiki/User:Sodacan
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energy in the arrow. The percentage of stored energy transferred to the arrow 
is the bow’s mechanical efficiency (French & Kirk, 2006). As expected, both 
longbow and crossbow follow the same general principle. But that is where the 
similarities end. The crossbow, in general, was a complicated instrument with 
a bow reinforced by horn and sinew; to draw it, the crossbowman had to place 
his foot in the stirrup at the bow’s front end, fasten the string on to a hook on his 
belt by crouching down, and then stand up, pulling the string until it could be 
engaged in the trigger mechanism. Although not ergonomically well- designed, 
the crossbow had some advantages. There were also crude sights, for zeroing- in 
on a target thereby making it easier to use. A bolt from the crossbow could pierce 
armor at about 200 yards. In addition, its wielder could have a bolt “locked and 
loaded” before the start of battle, allowing for successful initial charge.

Conversely, the longbow was tall—roughly equal to the archer’s height—
allowing a fairly long draw, which translated into a higher kinetic energy in the 
arrow. The longbow’s rate of fire was 10–12 bolts per minutes, whereas the cross-
bow’s was 4–6 bolts per minute. Additionally, the crossbow weighed in around 
20 pounds, where a longbow was less than 5 pounds (Higginbotham, 2013). When 
compared side- by- side in a manufacturing environment, the specifications might 
indicate that the crossbow is a superior weapon because of its velocity, range, 
ease- of- use, and accuracy. But when used in battle, due to the time required to 
reload the crossbow, the odds were stacked against the user. Therefore, the long-
bow was an effective adaptation of an existing product design.

(A)

(B)

Royal Coat of Arms of the Valois
Kingdom of France

Grand Coat of Arms of France and
Navarre (1589-1790)

FIGURE 6.2 Prominence of valois’ heraldry in French coat of arms (1589–1790). (A) Royal coat 
of arms of the valois kingdom of France. (B) Grand coat of arms of France and Navarre (1589–1790). 
(Acknowledgment: Images were produced by Sodacan and were obtained from appropriate webpages 
on Wikipedia (https://commons.wikimedia.org/wiki/User:Sodacan))

https://commons.wikimedia.org/wiki/User:Sodacan
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6.1.2  Implications for pharmaceutical manufacturing—build  
design flexibility

As discussed in Chapter 4, the development of quality by design (QbD) principles 
and its framework for pharmaceutical manufacturing is a significant achievement 
for the world’s regulatory authorities. The ICH Q8 (R2) guideline defines the 
design space as “the multidimensional combination and interaction of input vari-
ables (e.g., material attributes) and process parameters that have been demonstrated 
to provide assurance of quality.” The design space concept is one of the fundamen-
tal paradigms the QbD framework is based on, and its description is expected to be 
one of the results of the pharmaceutical development investigations according to a 
QbD approach. The design space concept introduces a revolution for pharmaceuti-
cal development and in the relation between pharmaceutical companies and regu-
latory agencies: when a design space is established for a manufacturing process, 
working within the design space is not considered as a change. Only movements 
out of the design space are considered to be a change and would normally initiate a 
regulatory postapproval change process. The design space is therefore considered 
as the final achievement of process understanding in the development of new prod-
ucts and processes. However, a design space can be updated over the product’s life 
cycle as additional knowledge is gained (ICH, 2009).

Successful application of QbD principles requires the researchers to iden-
tify all sources of variability that could impact the critical quality attributes to 
implement a flexible and robust process that can adapt and produce a consistent 
product over time. The establishment of a design space should rely on the use of 
a design of experiment (DoE) for a single or multiple unit operations where the 
relevance of process parameters is investigated. Several DoEs might be neces-
sary for complex processes. A few of these are discussed in Chapter 9.

It is also important to note that over time the design space may need to be 
adapted in light of new knowledge gathered on the product or due to adaptations 
in the manufacturing process. For instance, the modification of a unit operation 
or the selection of a different supplier for excipients or drug substance would 
require the derivation of a new knowledge space and the adaptation of the origi-
nal design space. Such modifications could require appropriate supplementary 
submissions and regulatory approvals for an approved product (Igne, Shi, Talwar, 
Drennen, & Anderson, 2012). However, such knowledge can be built into the 
product’s design itself. For example, a formulator could anticipate that lot- to- lot 
variability in excipients and drug substance would happen over the product’s 
lifetime. It is well known that the problems that typically occur during scale- up 
are due to increases in batch size, complexity of equipment design, and increased 
process times. It is also known that most of these scale- up problems will typi-
cally not show up during early formulation and process development at a lab 
scale. In addition, the large batch size associated with scale- up operations puts an 
inherent burden on the drug substance supply which may be limited to perform 
experiments at large scales. Therefore, it would be prudent to parameterize these 
variations and build them into the design. Hence, a good understanding of the 
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transport phenomena, equipment design, and process engineering based scale-
 up principles is a must- have for successfully implementing QbD (Mittal, 2016).

6.1.3  Traditional development models in pharmaceuticals

A key question during drug development is whether a drug will be bioavailable 
after its administration. After all, good bioavailability facilitates formulation 
design and development, reduces inter- subject variability, and enhances dosing 
flexibility. There are numerous physicochemical, physiological, and dosage form 
design factors that influence the rate and extent of absorption and can produce 
therapeutic effects for a solid oral dosage form that range from optimal to inef-
fective. One of the major physicochemical properties that is important for a drug 
candidate is its favorable aqueous solubility. Over the past two decades, there 
has been an increasing effort to bring new drug solubilization and delivery tech-
nologies earlier in the development cycle and enable successful new molecular 
entity progression to become viable clinical and commercial therapies. Advanced 
delivery technologies can also be applied in the early discovery space for evalu-
ation of critical “tool” molecules such as known competitor compounds, as well 
as positive or negative control compounds in exploratory preclinical proof of con-
cept or safety studies. The need for enabled drug delivery measures to support a 
wide variety of preclinical studies has been greatly facilitated by the inclusion of 
formulation and pharmaceutical scientists in drug discovery teams.

Involvement in early drug discovery provides pharmaceutical scientists the 
opportunity to influence structural design and ensure that clinical drug candidates 
have biopharmaceutically suitable features. Thousands of compounds are screened 
with in- silico tools and in- vitro assays against predefined thresholds to yield a 
smaller yet substantial subset of promising candidates for further in vivo pharma-
codynamic and pharmacokinetic (PK) testing. Molecular knowledge gained at the 
early stages is broad but not deep, yielding a lot of data across several chemotypes 
or structurally similar compounds, but little specific data for any one compound.

At the compound optimization stage, formulation development for candidate 
molecules occurs rapidly to keep pace with the needs of the multitude of effi-
cacy, PK, and toxicological studies. Solution, suspension, and other solubility- 
enabling formulations are developed to evaluate candidates and tool compounds 
in a number of different in vivo models. Often, delivery of high doses is nec-
essary for nonorally optimized molecules with challenging physical chemi-
cal properties. The time investment to solve these delivery challenges is often 
worthwhile because the information gained from these studies is invaluable in 
exploring structure–activity or structure–safety relationships. Fig. 6.3 explains 
the depth of knowledge generally gained through the interactions of various line 
functions during the drug discovery process.

Clinical formulations for Phase 1 and Phase 2a studies are generally designed 
to be as simple and inexpensive as possible to rapidly meet the clinical testing 
needs. The formulations are also designed to offer flexibility for testing large 
dosing ranges because doses are subject to change as additional information on 
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nonclinical safety margins, clinical pharmacologic, and PK response are collected.  
In developing the clinical formulations, it is extremely important for pharma-
ceutical scientists to have a comprehensive understanding of the planned clinical 
dose range, the dosing protocol (including in- clinic vs. take- home dosing and 
feeding state), the compound’s absorption parameters, the desired PK profile, 
and any disease/physiological parameters that might impact absorption in the 
clinical subjects. It is also important to ensure that the physical and chemical sta-
bility profile of the compound in question is well understood and will not impact 
delivery and bioavailability of the dose. Lastly, to the extent it is possible, clinical 
formulations should be developed with an appropriate line of sight to commercial 
development (Landis et al., 2018).

With so much emphasis placed on evaluating a potential drug molecule’s 
properties and its impact on bioavailability, one might assume that the rate of drug 
failure should be a declining trend. However, this is not true and a myriad of rea-
sons are behind high rates of drug failures. This is discussed in the next section.

6.1.4  Statistics of the rate of drug failure

As discussed previously, the drug discovery and development enterprise is com-
plex and arduous. Unfortunately, the attrition rate for drug candidates throughout 
the continuum of this process has remained stubbornly high, despite significant 
advances in preclinical profiling that have improved predictions of absorption, 
distribution, metabolism, and excretion, and several aspects of off- target toxicol-
ogy. For example, in 1991, the major causes of drug failure were poor PK proper-
ties (40%), lack of efficacy (30%), and toxicological issues (21%); by 2000, the 
complexion had changed considerably, with toxicity (32%) and efficacy issues 
(26%) being the major contributors, whereas PK issues accounted for just 8% of 
the failures. The combination of chemistry, manufacturing, and control (CMC) 

FIGURE 6.3 Depth of knowledge gained during the drug discovery process (Landis, Bhattachar, 
Yazdanian, & Morrison, 2018).
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issues, commercial reasons, and cost of goods together amounted to 5% of the 
failures in 1991, but by 2000, these factors accounted for 32%, with commercial 
reasons, the major contributor at 20%, reflecting an escalation in the competi-
tive nature of the pharmaceutical business environment. By 2012, this scenario 
appeared to be little changed with Phase I and II failures due to a lack of efficacy 
estimated at 56%, toxicity accounting for 28%, whereas strategic and business 
reasons amounted to 17% of the attrition, as seen in Table 6.1 (Meanwell, 2016).

Other researchers have also noted similar results with late- stage molecules as 
well. Phase 3 clinical trials provide the highest level of evidence that an experi-
mental treatment is safe and efficacious. Although these trials, which typically 
involve large numbers of patients, require substantial investment on the part of 
participants, investigators, and sponsors, many experimental drugs tested at this 
stage fail. For example, recently, several therapies that demonstrated promise in 
animal and early testing have failed in larger studies to show clinical benefit, 
while increasing the risk of serious adverse events and death among participants. 
In an analysis done by Hwang et al., 2016, for a total of 640 novel drugs and bio-
logics that entered pivotal trials between 1998 and 2008, 344 (54%) of the agents 
failed. Among the 344 unapproved agents, the clinical development for 195 
(57%) failed for lack of efficacy, for 59 (17%) due to safety concerns, and for 74 
(22%) due to commercial or other reasons (Hwang et al., 2016). Other research-
ers have also reported similar results. As per Jardim et al. (2017), on average, 35 
anticancer drugs were discontinued every year at different stages of development 
(2011–2013). Discontinuations at the Phase III stage are the most problematic 
due to expenditures in both dollars and patient/investigator/industry resources. 
Although there are many factors at play during execution of a clinical trial, a few 
typical reasons for failure of drugs during studies are catalogued in Table 6.2.

TABLE 6.1 Sources of drug candidate attrition.

Sources of drug candidate 
attrition 1991 2000 2011–12

Toxicity 21% 32% 28%

Lack of efficacy 30% 26% 56%

Pharmacokinetic/Bioavailability 40% 8% Not reported

Chemistry, manufacturing, and 
control issues

0% 4% Not reported

Commercial 5% 20% 17%

Cost of goods 0% 8% Not reported

Adapted from Meanwell, N. A. (2016). Improving drug design: An update on recent applications 
of efficiency metrics, strategies for replacing problematic elements, and compounds in nontradi-
tional drug space. Chemical Research in Toxicology, 29(4), 564–616. https://doi.org/10.1021/acs.
chemrestox.6b00043.
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TABLE 6.2 A Few Reasons for Failure of Drugs During Clinical Trials 
(adapted from Fogel, 2018)

Factor Opportunities to Improve Success Rate in Trials

Poor study design  l  More complete literature review to select appropriate 
endpoints

 l  Appropriately powered statistical analysis
 l  Availability of various dose strengths to allow for dosing 

flexibility if study titration is needed

Poor recruitment  l  Optimizing communication/advertising to maximize 
cost-effectiveness

 l  Targeting communication to meet patient profile
 l  Enrolling patients who are more likely to complete trial

Patient burden/safety  l  Minimize travel and wait times for patients
 l  Minimize out-of-pocket expenses
 l  Design dosage forms with improved patient-centric 

convenience features

Poor trial execution  l  Automate reporting of events for patients and staff

For molecules that make it through pivotal studies, the last stage is to get 
their dossier reviewed by the regulatory agencies for registration and approval. 
In United States, when the FDA declines to approve an application to market a 
drug, it informs the sponsor (the drug company) in a complete response letter 
(CRL). These letters systematically document deficiencies that FDA review-
ers have identified and typically explain corrective actions sponsors can take. 
With limited exceptions, the public does not receive a full account of the FDA’s 
reasons for disapproval because CRLs are part of unapproved applications that 
FDA regulations generally treat as confidential. FDA generally issue CRLs to 
sponsors for multiple substantive reasons, most commonly related to safety and/
or efficacy deficiencies. However, there are many times when an application has 
received a CRL due to CMC issues. In an analysis done by researchers from 
FDA, 61 CRLs were issued (48 new drug applications (NDAs) and 13 biolog-
ics license applications (BLAs)) from 11 August 2008 to 27 June, 2013. On the 
other hand, 97 NDAs and BLAs without a prior CRL were approved in the same 
time period. Out of these 61 CRLs, the most commonly implicated domains 
were safety, CMC, and efficacy (Lurie et al., 2015). Within CMC domain, the 
following where the most commonly cited issues were as follows:

 l  Inadequate process, methods, or assay information
 l  Facilities not available or ready for FDA inspection
 l  Deficiencies in pharmaceutical product data
 l  Unresolved deficiencies on FDA inspection
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It is clear from this entire discussion that CMC issues could be a primary reason 
for drug failure in clinical trials and can lead to CRLs. Therefore, a clear road map 
to CMC development of a lead drug candidate is important and should be addressed 
during product design. What can CMC do to reduce the rate of drug failure?

6.2  Integrating rational product design with adaptive  
product designs

Design is an essential aspect of the creative process of product innovation and 
new product development, a fact that can be seen in the apparent importance 
it has in improving competitiveness and business performance. The purpose 
behind any design is to create or restructure a specific component, product, or 
service to fulfill a social, organizational, and engineering objective efficiently. 
Apart from the development process leading up to the creation of a product, the 
concept of design has traditionally involved a series of organizational activities 
or practices that are required for this development to be achieved. The act of 
designing also requires a combination of logical and intuitive thought. These 
activities or practices have been considered by the literature as product design 
management (PDM) (Chiva- Gomez, 2004).

Researchers have traditionally divided the product design process into four 
phases: planning (problem formulation and idea generation), evaluation (idea 
refinement and prototype development), implementation (transfer of design to 
production, launch, and delivery), and monitoring (evaluation of outcome against 
objectives). PDM has always been the core of manufacturing; however, increas-
ingly its value is being reasserted and revisited. For example, it is being acknowl-
edged in chemical process industries that to guide researchers in chemical product 
design, a systematic design framework is essential. To facilitate the development 
of this systematic framework, the diverse chemical products can be classified 
into molecular, formulated, functional, and device based on the way in which 
they are designed. By definition, molecular products are simply single molecules 
or blends of molecules with a desired property value. Formulated products are 
obtained by mixing selected components together to get the desired product attri-
butes. Functional products and chemical devices are those chemical products with 
a number of components that perform a desired function (Gani & Ng, 2015).

It is also possible that a chemical product may not fall exactly into a specific 
category. It mainly depends on the design objective. For example, a pharma-
ceutical tablet can be considered as a formulated product if ingredient selection 
is the key step in product design, whereas it can be considered as a functional 
product if its physical properties such as mechanical strength and dissolution 
time are the primary concerns. All aspects related to product design, including 
market information, materials selection, product structure, product manufac-
ture, and financial analysis, should be considered so that a product that meets 
the product specifications, satisfies the consumer needs, and generates profit, 
can be realized (Fung & Ng, 2018).
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As discussed in Chapter 4, under the QbD paradigm, the product is designed 
to meet patient requirements, the process is designed to consistently meet prod-
uct critical quality attributes, and the impact of starting materials and process 
parameters on product quality is understood. In addition, critical sources of 
process variation are identified and controlled, and the process is continually 
monitored and updated to allow for consistent quality over time. This whole 
approach embodies the philosophy of rational design. Enhanced understanding 
collated under a rational design approach integrates the knowledge of mate-
rial properties, biopharmaceutics, process variables, statistical methodologies, 
equipment design, and established engineering and manufacturing practices to 
increase efficiency, decrease costs, and streamline operations. A few tools that 
help in developing the rational development approach are (1) understanding of 
the Biopharmaceutical Classification System class of the drug substance and 
(2) development of target product profile for the dosage form. There, however, 
are a few more tools that can add more flexibility and efficiency to the drug 
product’s design.

6.2.1  A background to adaptive product design

Manufacturing companies are increasingly challenged by the global competi-
tive environment. Businesses are restructuring and reengineering their operating 
models, services, and internal structures to meet customer demands, like high- 
quality low- cost products adapted to their specific, rapidly changing require-
ments. The ability to quickly adapt to changing market needs and to cooperate 
flexibly with other enterprises has become a key element for maintaining com-
petitiveness on a global market. This increased competitiveness in today’s 
global marketplace further highlights the importance of design quality, inno-
vation, productivity, and predictability. The global buyers’ market has forced 
many industries to shift from mass production to mass customization, which 
demands a quick response to the needs of individual customer with high quality 
and reasonable cost. Mass customization emerged as a paradigm in the early 
1990s and focuses on serving the needs of individual customers through high 
product variety. Mass customization has been considered as a means of compe-
tition. It is also consistent with the recent thrust in industry toward increasing 
manufacturing flexibility (greater variety and customer responsiveness) (Tseng, 
Jiao, & Merchant, 1996). For example, in the early 2000s, Dell Computers were 
at the cutting edge of mass customization of personal computers (PC) by cater-
ing to PC- savvy individuals who liked the convenience of buying direct, cus-
tomizing their PC to their means, and having it delivered in days.

Mass customization demanded a corresponding decrease in development 
time. Manufacturers were forced to seek more efficient and flexible product 
design and manufacturing strategies. Two of the more successful strategies were 
the lean manufacturing strategy and the product platform strategy (Eun Suk, 
de Weck, & Chang, 2007). The lean manufacturing strategy attempts to reduce 
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manufacturing costs by eliminating inefficiencies in the supply chain, as well as 
in fabrication and assembly processes. The product platform strategy attempts 
to save costs by sharing core elements among different products in the product 
family. Both strategies have received significant attention in the literature, but 
opportunities for further research still abound.

The new business environment is creating a new area for product designers. 
The key questions that are being asked are (1) can the design be made customiz-
able to allow for multiple product configurations? and (2) can the manufactur-
ing process be made more modular to allow for flexibility in manufacturing? 
Both of these questions together create a new design approach, known as adap-
tive product design (APD). As one reviews the broader literature in engineering 
disciplines, a few important concepts start to emerge that make up the core of 
APD. These concepts include (1) product configuration, (2) customer- driven 
manufacturing, (3) modularity- based manufacturing, and (4) product lifecycle 
management (PLM). A difference between the traditional and APD approach 
is presented in Fig. 6.4. As can be seen, input from the customers and market 
research goes into product design in the APD approach, and the design team 
works collaboratively with the manufacturing team.

FIGURE 6.4 Traditional versus adaptive product design approach.
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6.2.2  Product configuration

In manufacturing parlance, product configuration is an important design attribute 
and is typical of a knowledge- based process. It relies on the systematic reuse 
of standard and predefined components to deliver highly customized products 
that meet both customer- specific requirements and the manufacturer’s constraints 
and limitations. The goal of the configuration process is to generate a valid prod-
uct structure that satisfies a customer’s requirements with respect to the generic 
product description provided by a configuration model. Product configuration has 
proven to be an effective means to implement mass customization. Researchers 
have proposed a method for developing product family architecture (PFA) to ratio-
nalize product design for mass customization through mapping among functional, 
technical, and physical views. PFA provides a generic architecture to capture and 
utilize the commonality involved in a product family from which product variants 
can be derived. To explore how to maximize the common denominator in product 
design via product modularity and product families to achieve economics of scale 
and scope, PFA should possess the following features (Tseng et al., 1996):

 l  Building Blocks: The basic elements of PFA are building blocks that can be 
configured to individual final products for the end customer. The selection of 
building blocks requires maximization of reusability/commonality in design 
parameters and production processes. Economic trade- off to balance the 
diversity of individual customers’ needs and mass production efficiency is a 
prime consideration for successful implementation of family- based design.

 l  Organizing Structure: The structure to organize the building blocks so 
that sales, design, manufacturing, and service departments can represent 
the capability of the enterprise and fulfill the customers’ needs in a unified 
manner is a critical element. PFA structure acts as the underlying common 
representation language and supporting tool for each individual department, 
for the entire product realization process. It facilitates the maximization of 
customer value via matching scope needs and capability, and, in the meantime, 
it reduces cost via increasing scale.

 l  Integration Platform: An integration platform supports team work by fusing 
the inputs from the relevant departments into a common product concept from 
the initial concept design phase to final product delivery.

 l  Evaluator: An evaluator is the basis to assess the economic ramification of 
decisions across the product life cycle. It assists decision- making concerning 
design and process alternatives in different stages of the product realization 
process. The economic evaluation with PFA maintains optimization at the 
family level instead of local optimization within a particular product and 
subgroup of products.

6.2.3  Customer- driven manufacturing

Researchers have described three approaches to customer- driven manufacturing: 
assemble- to- order (ATO), make- to- order (MTO), and engineer- to- order (ETO). 
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Each approach is characterized by a distinct customer order decoupling point. It 
refers to the point in the information and material flow where activities shift from 
being planning- driven (pushed flow) to become customer order- driven (pulled 
flow). Following sections provide a brief overview of each approach.

6.2.3.1  Assemble- to- order
ATO is an approach to produce a wide variety of products from relatively few subas-
semblies and components after the customer orders are received. Typical competi-
tive priorities are variety and fast delivery times (Krajewski, Ritzman, & Malhotra, 
2010). In ATO manufacturing enterprises, product architectures are modularized 
and components are standardized. Product modules are designed and manufactured/
stocked beforehand, and the end products are then assembled according to custom-
ers’ requirements. As a result, product configuration for ATO manufacturing is sim-
plified to determining the appropriate combination of standardized modules.

6.2.3.2  Make- to- order
MTO is a manufacturing process in which manufacturing starts only after a cus-
tomer’s order is received. Manufacturers that make products to customer speci-
fications in low volumes typically tend to use the MTO strategy. Forms of MTO 
vary, for example, an assembly process starts when demand actually occurs or 
manufacturing starts with development planning. Manufacturing after receiving 
customer’s orders means to start a pull- type supply chain operation because 
manufacturing is performed when demand is confirmed, i.e., being pulled by 
demand. This strategy provides a high degree of customization and typically 
uses jobs or small batch processes.

6.2.3.3  Engineer- to- order
ETO is a type of manufacturing process in which a product is designed, engineered, 
and finished after an order has been received. The product is engineered to meet the 
specifications desired by the received order. The representatives of the customer 
company engage with the manufacturing team throughout the process to ensure that 
each and every specification is met. The ETO process is used for complex products or 
specialized products. In the sales- delivery process of complex customized products 
such as aerospace ETO products, product designers have to continuously produce a 
broad range of new design solutions to address new customer- specific requirements. 
For this reason, product variants are typically developed individually on a project- 
to- project basis (Brière- Côté, Rivest, & Desrochers, 2010). Pharmaceutical drug 
development could be considered to be in the ETO category.

6.2.4  Modularity- based manufacturing practices

Modularity- based manufacturing is the application of unit standardization or 
substitution principles to create modular components and processes that can be 
configured into a wide range of end products to meet specific customer needs. 
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Modularity- based manufacturing practices are a set of actions that enable firms 
to achieve modularity in product design, production process design, and orga-
nizational design. A simple example of this approach is the ready- to- assemble 
furniture that is produced at the world’s largest furniture retailer, IKEA. The 
company is known for its modernist designs for various types of appliances and 
furniture, and its interior design work is often associated with an eco- friendly 
simplicity. In addition, the firm is known for its attention to cost control, opera-
tional details, and continuous product development.

Several powerful forces are behind the movement away from traditional mass 
production and toward modular, customizable products and services: (1) the rate 
of technological change is accelerating, (2) customers, empowered by advanced 
computing and networking technologies, are demanding greater product variety at 
lower prices, and (3) technology- intensive products are becoming more complex. 
By developing the ability to produce a wide variety of products through assem-
bling standardized modules, manufacturers can expect to significantly reduce 
uncertainty and complexity, cut product development time, and lower overall 
costs. Many industries such as automobiles and computers have adopted modular 
manufacturing and development practices. Today, the concept of modularity has 
reached beyond its traditional meaning of simple design rules to encompass a 
new form of supplier–customer relationship with new values and norms that may 
reshape the industry. Researchers report that modularity has significant impacts 
on a firm’s supply chain and that modular production affects the dynamics of the 
supply chain by improving integration with upstream suppliers and downstream 
customers (Qiang, Vonderembse, Ragu- Nathan, & Ragu- Nathan, 2004).

6.2.5  Product lifecycle management

The increased competitiveness in today’s global marketplace places a huge emphasis 
on design quality, productivity, and predictability. PLM helps enterprises to achieve 
their objectives of reducing costs, improving product quality, and shortening time- to- 
market by directing the various business functions toward the common goal of con-
trolling and managing product data throughout the product’s life cycle. As a PLM 
strategy, reuse multiplies the effectiveness of human problem- solving by ensuring that 
the extensive work and special knowledge used to solve specific development prob-
lems will be transferred to as many similar problems as possible. Product structure 
management represents one of the most important aspects of PLM. As the representa-
tion of the product structure evolves according to the different requirements through-
out the product life cycle, product structure management aims to integrate these 
heterogeneous points of view on product data and structure (Brière- Côté et al., 2010).

6.3  Adaptive product design for pharmaceuticals

Most of the literature surrounding APD concepts is for assembled products such 
as automobiles, computer hardware, electronics, telecommunication equipment, 
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aerospace, etc. However, there is a gap in the literature when it comes to nonas-
sembled products such as pharmaceuticals. Innovation management research in the 
pharmaceutical industry is still a nascent area (Meyer & Dalal, 2002). As per the 
manufacturing models discussed in the previous section, the model that is most 
suitable for pharmaceutical product development is the ETO model. As discussed 
earlier, in ETO manufacturing, new components are continuously being designed to 
address new customer requirements. Product variety is expanding and may only be 
bounded on the business strategic level. This is exactly what happens in pharmaceu-
ticals. The strategies and approaches that have been and continue to be utilized in 
product development vary significantly from company to company, and even across 
project teams within the same organization. There is good reason for this. When 
a new molecule is discovered, the design of the dosage form is customized to the 
properties of the molecule. After all, each molecule is unique, and its physicochemi-
cal and biopharmaceutical properties need to be properly understood. There is a 
general element of developing products using a platform technology approach, but 
by and large, the platform technology approach is not followed universally. The end 
result is that the element of customization and modular product development is typi-
cally not designed into the product. Most of the time, customization and modularity 
is an afterthought (or may be not a thought at all!). So how can the pharmaceutical 
industry build on the principles of APD?

6.3.1   APD approaches

As discussed earlier, the core of APD includes concepts such as product config-
uration, customer- driven manufacturing, modularity- based manufacturing, and 
PLM. These concepts are not new and have been part of engineers’ training in 
traditional manufacturing industries. However, there is a fundamental challenge 
in adopting these APD concepts for pharmaceuticals. One of the principal dif-
ferences between pharmaceutical companies and those in other manufacturing 
industries is that their inputs and outputs are materials or ingredients rather than 
components or assembled products. For example, in the case of a manufactur-
ing industry such as automobiles, the large number of components that make 
up the product can be individually studied for their performance attributes such 
as mechanical strength, resistance to stress, and various failure modes. Each of 
these components can be independently optimized, and their individual impact 
on the collective performance of the product can be quantified. In addition, 
when developing a new product in such manufacturing industries, the various 
components can be reassembled and the designs can be reused to create newer 
versions of existing products or brand new lines of product. Another way to 
look at it is that each of these components individually make up the product’s 
specification, and a customer can judge the overall performance of the product 
based on its component. An example of this is the difference in specifications 
of two cars (2019 Camry L and 2019 Camry XSE V6) made by the same manu-
facturer (Toyota) (Table 6.3) where a customer can judge a car’s performance 



156 How to Integrate Quality by Efficient Design (QbED) in Product Development

by its engine’s output with the assurance of safety that is built the same way in 
every model.

Such an approach is not so easy to apply to pharmaceuticals. There are a few 
reasons for this. First, as discussed earlier, a key difference between pharmaceu-
tical industry and other manufacturing industries is that the products supplied to 
them, and often also delivered from them, are materials or ingredients rather than 
components. Second, most of the raw materials and the produced final products 
have limited shelf lives. Third, in other manufacturing industries, the raw materials 
are “reconfigured” to become a finished product, but the materials remain more 
or less the same throughout all subsequent manufacturing activities. However, in 
the process industries, raw materials undergo an inherent transformational change, 
becoming an identifiably different material as a finished product. Finally, in the case 
of pharmaceuticals, the characteristics of incoming materials not only determine 
the choice of unit operations and the design of the total production system but may 
also directly influence the properties of finished products (Lager, 2017). Therefore, 
for pharmaceuticals, the development and design of a new or improved product is 
thus not only the development of a new product and product concept but also the 
development of a new or improved production process and process concept. A con-
ceptual framework of how APD be adapted to pharmaceuticals is presented in Fig. 
6.5. As shown, the quality target product profile (QTPP) becomes the central con-
duit through which scale- independent manufacturing, patient- centric development, 

TABLE 6.3 Specifications of 2019 Toyota Camry models.

Category
Key 
specifications 2019 Camry L

2019 Camry 
XSE V6

Fuel efficiency Miles per gallon 
(combined)

34 26

Mechanical 
performance

Engine 2.5 L dynamic force 
4- cylinder DOHC 
16- valve D- 4S dual 
injection with dual 
VVT- i

3.5 L V6 DOHC 
24- valve D- 4S 
dual injection 
with dual VVT- i

Horsepower 203 hp at 6600 rpm 301 hp at 
6600 rpm

Torque 184 lb- ft at 5000 rpm 267 lb- ft at 
4700 rpm

Compression ratio 13.0:1 11.8:1

Safety Numerous criteria Same among both 
models

Same among both 
models

Price Starting at $23,845 $34,600
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platform technologies, and PLM are managed. Therefore, a well- thought out QTPP 
can help in building adaptability in design of pharmaceutical products.

6.3.2  Quality Function Deployment

To design any product, the first step is to understand the product and its desired 
functions. General design principles for formulated products follow a typi-
cal framework. This framework focuses on how to fix the key ingredients in 
a base case formulation by heuristics, institutional knowledge (prior knowl-
edge or domain expertise), mechanistic models, computer- aided methods,  

FIGURE 6.5 Conceptual framework for applying adaptive product design to pharmaceuticals.
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and/or experiments, and how to iterate the formulation until the product specifi-
cations are met. For a product to stay competitive in the market, in addition to all 
the technical considerations, market study and financial analysis are essential. 
Therefore, the whole general scheme of the design framework for formulated 
product can be visualized using the flowchart shown in Fig. 6.6.

This general scheme shown in Fig. 6.6 typically works well and is helpful in 
systematically learning and developing formulated product designs. However, 
it has an inherent limitation. Because of its hierarchical nature, the design pro-
ceeds from simple to complex with additional details added to each design task 
as the design project proceeds. This linear approach toward approaching com-
plexity leaves limited room for incorporating new product design features in 
late product development cycles. This is especially true for pharmaceuticals 

Describe the product and its functions

Summarize the market study of the product

Identify the required product attributes and convert
them to quantitative technical parameters

Design a base case formula by heuristics, models,
domain expertise, or database

Measure physicochemical properties that cannot be
predicted by experiments

Iterate guided by a causal table to meet the product
attributes

Design the product manufacturing process

Develop optimized prototype
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FIGURE 6.6 General design framework for formulated products. (Adapted from Fung, K. Y., & 
Ng, K. M. (2018). Teaching chemical product design using design projects. Education for Chemical 
Engineers, 24, 13–26. doi:10.1016/j.ece.2018.06.001.)
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where a formulation may be locked at Phase 2 and typically is not tinkered with 
unless is complies with SUPAC Level 1 guidelines. One way to overcome this 
linear design approach is to build designs using the quality function deployment 
(QFD) methodology.

As per ASQ, QFD is a structured method that uses the seven management 
and planning tools3 (Table 6.4) to identify and prioritize customers’ expectations 
quickly and effectively. QFD was first developed in Japan in the late 1960s as 

3. In 1976, the Union of Japanese Scientists and Engineers saw the need for tools to promote inno-
vation, communicate information, and successfully plan major projects. A team researched and 
developed the seven new quality control tools, often called the seven management and planning 
tools, or simply the seven management tools. Not all the tools were new, but their collection and 
promotion were. The seven MP tools assist in moving from abstract analysis to detailed planning 
(ASQ, 2018a).

TABLE 6.4 Management and planning tools (ASQ, 2018a).

Management and 
planning tool Purpose

Affinity diagram Organizes a large number of ideas into their natural 
relationships.

Relations diagram Shows cause- and- effect relationships and helps 
analyzing the natural links between different aspects of 
a complex situation.

Tree diagram Breaks down broad categories into finer and finer levels 
of detail, helping move thinking step by step from 
generalities to specifics.

Matrix diagram Shows the relationship between two, three, or four 
groups of information and can give information about 
the relationship, such as its strength, the roles played by 
various individuals, or measurements.

Matrix data analysis A complex mathematical technique for analyzing 
matrices, often replaced in this list by the similar 
prioritization matrix. One of the most rigorous, careful, 
and time- consuming of decision- making tools, a 
prioritization matrix is an L- shaped matrix that uses 
pairwise comparisons of a list of options to a set of 
criteria to choose the best option(s).

Arrow diagram Shows the required order of tasks in a project or process, 
the best schedule for the entire project, and potential 
scheduling and resource problems and their solutions.

Process decision program 
chart

Systematically identifies what might go wrong in a plan 
under development.
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a form of cause- and- effect analysis. This approach had its breakthrough in the 
Japanese manufacturing industry and is often ascribed to Toyota Auto Body, 
whose use of QFD contributed to solving its problems with low- quality, poorly 
designed cars. QFD was brought to United States in the early 1980s, and it 
gained its early popularity as a result of numerous successes in the automotive 
industry. Quality professionals refer to QFD by many names, including matrix 
product planning, decision matrices, and customer- driven engineering (ASQ, 
2018b). QFD is usually applied by building a House of Quality (HoQ) (Fig. 6.7).

The HoQ identifies and classifies customer desires, identifies the importance 
of those desires, identifies engineering characteristics which may be relevant to 
those desires, correlates the two, allows for verification of those correlations, 
and then assigns objectives and priorities for the system requirements. This pro-
cess can be applied at any system composition level (e.g., system, subsystem, or 
component) in the design of a product and can allow for assessment of different 
abstractions of a system. In Fig. 6.7, Block A contains the consumer preferences 
and Block B contains the technical requirements that correspond to at least one 
consumer preference. Because of the complex relations between consumer pref-
erences and technical requirements, they are mapped into the correlation matrix 
(Block C) in the HoQ. Based on market study, each customer requirement is 
assigned an importance rating in Block E. The importance weighting of each 
technical parameter is then calculated in Block G. Therefore, a focused design 
emerges based on the HoQ. With the product in mind, the next step is to design 
the manufacturing process.

FIGURE 6.7 House of quality (Fung & Ng, 2018).
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6.3.3  Product versus process platforms

The necessity for companies in all kinds of manufacturing industries to deploy 
a “platform philosophy” in product development is well documented in the lit-
erature. Many companies benefit from knowing more about the nature of their 
product families and the philosophy of platform- based product development. 
Not only is the efficiency of new product development improved but also the 
eventual costs of goods can be lowered through the platform- based product 
development approach. However, the development of a product platform and 
its derived family of products is impacted by the homogenous or heterogeneous 
nature of the products being produced and developed, and, therefore, its subtle-
ties need to be understood and appreciated.

A product platform can be defined as a set of subsystems and interfaces that 
form a common structure from which a stream of related products can be devel-
oped and produced efficiently. A product platform is thus the common basis of 
all individual products within a product family; thus, it is linked to that product 
family, while it can serve multiple product lines in the market. In other words, 
the leading principle behind the platform concept is to balance the commonality 
potential and differentiation needs within a product family. A basic require-
ment is therefore the decoupling of elements to achieve the separation of com-
mon (platform) elements from differentiating (nonplatform) elements. Product 
platforms are a promising concept to maximize commonalities and thus to uti-
lize economies of scale across different product families by defining standards. 
Identical functions of different products are implemented based on identical 
modules. This seemingly simple concept of product platform is, however, not 
as easy to apply to nonassembled products such as pharmaceuticals where the 
product platforms cannot be defined as shared components and their interfaces. 
Instead, another platform- based technology that is typically used in pharmaceu-
ticals is the process platform.

A process platform, similar to product platform, can be defined as a set of 
manufacturing technologies and interlinked unit operations that focus on deliv-
ering a set of performance attributes of a product design. Such process platforms 
are agnostic to the particular properties of the product and approach perfor-
mance attributes as a set of properties that can be engineered into the prod-
uct. The strong interlinkage between the production process and manufactured 
products in the process industries makes the importance of process platforms 
even stronger in the process industries than in other manufacturing industries. 
Researchers have remarked that it is important in the process industries to con-
sider investments in production technology as foundations for product develop-
ment from the start of innovation, taking a long- term perspective on the future 
production of new or derivate products. Such a strategy for production technol-
ogy investments has recently been acknowledged for process- industrial innova-
tion in production systems. Therefore, the development of a process platform 
that is intimately related to the product platform is critical for nonassembled 
products (Lager, 2017).
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6.4  Summary

List of abbreviations

ADME Absorption, Distribution, Metabolism, and Excretion
APD Adaptive Product Design
ATO Assemble- to- Order
BCS Biopharmaceutical Classification System
CRL Complete Response Letter
DoE Design of Experiment
DPs Design Parameters
ETO Engineer- to- Order
HoQ House of Quality
MTO Make- to- Order
MP Management and Planning
MBMP Modularity- Based Manufacturing Practices
PK Pharmacokinetics
PDPC Process Decision Program Chart
PDM Product Design Management
PFA Product Family Architecture

Restitution and Preservation of Institutional Knowledge Through Adaptive Design 
Space.

As discussed earlier in this chapter, 61 CRLs were issued over a 5- year period 
from August 2008 to June 2013. Of these 61 CRLs, the most commonly implicated 
domains were safety, CMC, and efficacy. Within CMC, one of the reasons cited was 
inadequate process information. This clearly highlights the importance of under-
standing manufacturing processes and any associated variability due to material 
sources, equipment designs, and operational parameters. This also emphasizes a 
need to keep investing in QbD- based principles and build adequate flexibility 
in the design space. The knowledge gained could help in building product-  and 
process- based platforms, which can improve the efficiency of new product devel-
opment and help in restoring institutional knowledge that is increasingly being lost 
due to outsourcing.

Most of the time, the lurking variables could be attributed to new information 
being generated in clinical trials that require revisiting the original product design. 
For example, a common problem in drug development is the size of the tablet/
capsule that is chosen in early clinical trials may hinder the product’s commer-
cialization potential due to patients’ swallowability issues. Similarly, changes in a 
tablet shape or coating color could lead to manufacturing and analytical issues, 
especially if these changes are introduced late in the product development cycle. 
Therefore, to effectively apply QbED concepts, an understanding of patient cen-
tricity is as important as the comprehension of the adaptive design space.
What are the various patient- centric features that should be built into product 
designs?
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PLM Product Lifecycle Management
QFD Quality Function Deployment
TPP Target Product Profile
QTPP Quality Target Product Profile
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Chapter 7

Patient- centric drug product 
designs: a business necessity

Drugs don’t work in patients who don’t take them.
C. Everett Koop, MD

7.1  Introduction

7.1.1  The power of customer- centric innovation

In 2000, Reed Hastings, the cofounder of a fledgling company called Netflix, 
flew to Dallas to propose a partnership to Blockbuster CEO John Antioco and 
his team. The idea was that Netflix, who at that time had just about 300,000 
subscribers and relied on the US Postal Service for the delivery of their DVDs, 
would run Blockbuster’s brand online and Antioco’s firm would promote 
Netflix in its stores. In return, Hastings asked for $50 million. Antioco, thinking 
that it was a “very small niche business,” ended the negotiations and did not buy 
Netflix (Chong, 2015). Hastings got laughed out of the boardroom. The rest is a 
tale of business acumen and disruptive innovation.

For Netflix, while they experienced fast growth in early 2001, both the dot- 
com bubble burst and the September 11 attacks that would occur later that year, 
affected the company badly and forced them to lay off two- thirds of their 120 
employees. But then the sales of DVD players finally took off as they became 
more affordable, selling for about $200 around Thanksgiving time, becoming 
one of that year’s most popular Christmas gifts. By early 2002, Netflix saw 
a huge increase in their DVD subscription business. Over time, the subscrip-
tion numbers steadily went up as word- of- mouth traveled and people liked 
the convenience of getting DVDs in mail. Netflix wisely used their growing 
brand image and improved revenue stream to invest in the emerging technology 
of video streaming services. With the advent of faster data speeds and lower 
Internet access costs in the mid- 2000s, Netflix launched their video- on- demand 
service, which to this day is an extremely popular product as witnessed through 
their subscription numbers and stock price’s growth trajectory (Fig. 7.1 and Fig. 
7.2). On the other hand, Blockbuster went bankrupt in 2010.

Today, Hastings is widely hailed as a genius and Antioco’s legacy is the 
guy who gave up on the opportunity to buy Netflix. Yet this is far too facile 
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an explanation. Antioco was, in fact, a competent executive—many considered 
him a retail genius—with a long history of success. Yet for all his operational 
acumen, he failed to see the disruptive innovation business model of Netflix. 
After all, in 2000, Blockbuster sat atop the video rental industry. With thou-
sands of retail locations, millions of customers, massive marketing budgets, and 
efficient operations, it dominated the competition. Yet Blockbuster’s model had 
a weakness that was not clear at the time (Satell, 2014). Blockbuster earned 
an enormous amount of money by charging its customers late fees, which had 
become an important part of Blockbuster’s revenue stream. The ugly truth—
and the company’s Achilles’ heel—was that the company’s profits were highly 
dependent on penalizing its patrons. At the same time, Netflix had certain 
advantages. By eschewing retail locations, it lowered costs and could afford 
to offer its customers far greater variety. Instead of charging to rent videos, it 
offered subscriptions, which made annoying late fees unnecessary. Customers 
could watch a video for as long as they wanted or return it and get a new one. 
With the advent of its streaming service, Netflix finally broke Blockbuster’s 
hold on the video rental market. So what did Netflix do that made it so much of 
a success story in the last 20 years? The key is disruptive innovation that allowed 
it to modularize its business model (e.g., mailed- in DVDs or streaming services) 
and offer user- friendly customized options to customers based on their viewing 
preferences. No other competition has been able to catch up with Netflix yet!

7.1.2  Implications for pharmaceutical manufacturing—anticipate 
end use

Is the pharmaceutical industry immune to customization and modularity? The 
answer to this question is a strong NO, for if there was no such need, then 
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new products that are developed for special patient populations (SPPs) (such 
as pregnant women, pediatrics, critically ill, or geriatrics) would not exist. 
However, there are some important limitations to developing drugs for the 
SPPs. Patients included in clinical trials during drug development are selected 
based on strict inclusion and exclusion criteria. Consequently, for the majority 
of drugs on the market, efficacy and safety are understudied and poorly charac-
terized in SPP. As a result, dosing regimens are not selected for optimal efficacy 
or minimal toxicity in these patients. In addition, SPPs are often smaller than 
reference populations. Especially in children, practical and ethical constraints 
also limit the number of patients that can be included in studies and the num-
ber of invasive samples that can be obtained per patient. Moreover, studies in 
special populations are generally performed during routing clinical practice, 
which may negatively impact the information content of the obtained data. As a 
result, data obtained in SPPs require advanced methods with increased flexibil-
ity and statistical power to obtain a sufficiently high level of evidence from the 
pharmacokinetic (PK) and pharmacodynamics (PD) data to derive drug dosing 
regimen (Krekels et al., 2017). Most of the products for SPPs require reformula-
tion or adaptation of new drug delivery technologies and is a specialized topic. 
However, one of the important areas for dosing that spans all patient populations 
is that of medication adherence.

7.2  Patient adherence to medication—a persistent  
and costly issue

Patients are considered adherent to medications when they take prescribed 
agents at doses and times recommended by a healthcare provider and agreed 
to by the patient. Medication nonadherence is an important public health con-
sideration that leads to poor health outcomes, increased healthcare service 
utilization, and increased overall healthcare costs. As discussed in Section 2.2, 
in 2014, the total healthcare expenditure in United States totaled to $3 trillion 
and accounted for 17.1% of the gross domestic product (GDP). Projections 
from the Office of the Actuary of CMS indicate that healthcare expenditures 
will account for nearly 20% of US GDP by 2026. Unfortunately, researchers 
also claim that 20%–30% of dollars spent in the US healthcare system are 
wasteful (Iuga & McGuire, 2014). Researches have shown that poor medica-
tion adherence is widespread and varied by disease, patient characteristics, 
and insurance coverage. Studies have consistently shown that 20%–30% of 
medication prescriptions are never filled and that approximately 50% of medi-
cations for chronic disease are not taken as prescribed. This lack of adher-
ence has dramatic effects on health. In United States, it is estimated to cause 
approximately 125,000 deaths, at least 10% of hospitalizations, and a substan-
tial increase in morbidity and mortality per year. Nonadherence has been esti-
mated to cost the US healthcare system between $100 billion and $289 billion 
annually (Viswanathan et al., 2012).
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The problem of poor patient adherence to medication is unfortunately a 
global problem. In a report by WHO from 2003, it was reported that in developed 
countries, adherence among patients suffering from chronic diseases averages 
only 50%. The magnitude and impact of poor adherence in developing countries 
is assumed to be even higher given the paucity of health resources and inequities 
in access to healthcare. For example, in China, Gambia, and the Seychelles, only 
43%, 27%, and 26%, respectively, of patients with hypertension adhere to their 
antihypertensive medication regimen. Data on patients with depression reveal 
that between 40% and 70% adhere to antidepressant therapies. In Australia, 
only 43% of the patients with asthma take their medication as prescribed all 
the time and only 28% use prescribed preventive medication. In the treatment 
of HIV and AIDS, adherence to antiretroviral agents varies between 37% and 
83% depending on the drug under study and the demographic characteristics 
of patient populations. This represents a tremendous challenge to population 
health efforts where success is determined primarily by adherence to long- term 
therapies (WHO, 2003). It is no wonder that providers and administrators have 
been challenged to contain costs by reducing waste and by improving the effec-
tiveness of care delivered. Patient nonadherence to prescribed medications is 
associated with poor therapeutic outcomes, progression of disease, and an esti-
mated burden of billions per year in avoidable direct healthcare costs.

7.2.1  Factors affecting medication adherence

Literature provides multiple definitions for patient compliance. In one defini-
tion, compliance is considered as the “extent to which a person’s behavior (in 
terms of taking medications, following diets, or executing lifestyle changes) 
coincides with medical or health advice” Thus, by this definition, compliance is 
viewed as a process. In another interpretation, compliance is viewed in terms of 
the results of taking medication. Compliance as an outcome is defined as “the 
number of doses not taken or taken incorrectly that jeopardizes the therapeutic 
outcome,” or “the point below which the desired preventive or desired therapeu-
tic result is unlikely to be achieved.” Outcome- oriented definitions differ from 
the process- oriented definition in their emphasis on the end result or outcome of 
the actions taken (Morris & Schulz, 1992).

From the viewpoint of pharmaceutical dosage form design, an outcome- 
orientated definition is more applicable. There are numerous reasons for non-
compliance from a patient when dealing with an outcome- oriented approach 
for a solid oral dosage form, ranging from length of therapy, dosage form size, 
product packaging, similarity of different products, etc. No matter what the rea-
son may be for a patient’s poor (or complete lack of) compliance, the costs 
incurred due to it are huge! The study of patients’ adherence to medication is 
a subject of research in healthcare and involves numerous factors as shown in 
Fig. 7.3. Clearly, from a patient’s perspective, there are a myriad of reasons 
for nonadherence (or poor adherence) to medication; however, pharmaceutical 
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manufacturing can aid in improving the healthcare outcomes by incorporating 
certain aspects of patient centricity in their products’ design.

7.2.2  Understanding the patients and their needs

Medicinal science has made tremendous progress over the last 20 years. These 
advances have supported the introduction of new drug therapies to improve 
therapeutic outcomes as well as to tackle life- threatening diseases for which 
no therapy previously existed. The overall increase in life expectancy due to 
advances in pharmacotherapy, hygienic measures, healthcare, and wealth con-
tributes to an increase in the number and type of SPPs. As discussed earlier, 
examples of these patients include the very old, frail, and multimorbid, the long- 
term cancer survivor, and the cognitively impaired. Analogous to the pediatric 
population, these special elderly patient populations will differ from the tra-
ditional adult population, e.g., with respect to their clinical presentation and 
physical, physiological, or psychological patterns. However, the collaboration 
and active participation of patients with common and special characteristics is 
one of the inevitable aspects to achieve safe and effective drug therapy and use, 
enabled not least by an appropriate design of the drug product (Stegemann, L. 
Ternik, Onder, Khan, & van Riet- Nales, 2016).

The ability of patients to adhere to a recommended therapy may require spe-
cific skills and capabilities. When these skills and capabilities are not present, 
patients may alter their approach resulting in inappropriate drug use, improper 

FIGURE 7.3 Select factors impacting medication adherence (Bourbeau & Bartlett, 2008).
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administration, poor adherence, or discontinuation of medication therapy alto-
gether. In some cases, these patients rely on support from caregivers to man-
age their medications. Generally, medication management becomes more 
demanding as the number of drug products, dosage forms, and dosing moments 
increases. This situation likely contributes to discrepancies in the safety and 
efficacy of a drug in “real” patients after product launch relative to the safety 
and efficacy seen in well- controlled clinical trials.

Patient centricity can be simply defined as integrated measures for listening 
to and partnering with patients, and placing patient well- being at the core of all 
initiatives. In essence, it represents a holistic approach to disease management. 
This is a relatively new concept as today the patients are more knowledgeable 
than ever before. The technological and scientific advances of recent years have 
enabled easy access to information; patients are online and can connect with 
peers, exchange experiences and knowledge in real time, take part in advocacy 
and patient support groups, and contribute to real- time data generation. As a 
result, patients feel rightly empowered and expect their voice to be heard (du 
Plessis et al., 2017). Although such a discussion so far has typically taken place 
in the context of clinical outcomes, pharmaceutical manufacturing is embrac-
ing the concept of patient centricity in product design. Potential areas of patient 
involvement throughout the drug development cycle are discussed in Fig. 7.4. 
Future potential for patient involvement may gather input more uniformly from 
patients (including their experiences, needs, and expectations) and quantita-
tively assess their requirements and insights to guide the product development 
strategy (Lowe et al., 2016).

Historically, the pharmaceutical industry’s role has been to develop the 
science and medicines for prevention or treatment of disease. Patient centric-
ity involves the patient in this scientific process. In essence, this is an inno-
vative mindset whereby the industry is challenged to engage and collaborate 
with patients when deciding the best course of action. FDA too encourages 
patient- focused drug development (PFDD) as part of the requirements of the 
21st Century Cures Act, and part of commitments made by FDA under the sixth 
authorization of the Prescription Drug User Fee Act. FDA defines PFDD as 
a systematic approach to help ensure that patients’ experiences, perspectives, 
needs, and priorities are captured and meaningfully incorporated into the devel-
opment and evaluation of medical products throughout the medical product 
life cycle (FDA, 2019). Therefore, patient- centric initiatives should start with a 
simple question: how can we design a patient- centric dosage form?

7.2.3  Patient- centric pharmaceutical drug product design

Patient- centric pharmaceutical drug product design describes an approach 
that directly aligns product characteristics with patient characteristics for a 
therapeutic goal in a targeted patient population(s). It can be defined as the 
process of identifying the comprehensive needs of individuals or the target 
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patient population and utilizing the identified needs to design pharmaceutical 
drug products that provide the best overall benefit to risk profile for that target 
patient population over the intended duration of treatment. The definition also 
addresses the requirement that human (patient) characteristics are considered 
in the product design. In this sense, for example, a primary package closure 
system should not only fulfill its functional requirement of protecting the prod-
uct against environmental contamination and ensuring product stability but also 
incorporate requirements such as being easy to open and reclose and/or facili-
tating accurate dose measurement by caregivers and/or patients with limited 
manual dexterity, grip strength, or visual capacity (Stegemann et al., 2016).

Based on the definitions of “pharmaceutical drug product” and “patient cen-
tricity,” a patient- centric pharmaceutical drug product design spans from the 

FIGURE 7.4 Potential areas of patient involvement throughout the drug development cycle  
(Lowe et al., 2016).
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basic concept of a pharmaceutical drug product to the effectiveness of the prod-
uct in the hand of the patient and/or its caregivers. This drug product–patient 
interface includes elements that lead to the intended (re)action of the patients 
to use the product as intended and prevent medication nonadherence (inten-
tional) and medication errors (unintentional). Patient- centric pharmaceutical 
drug product design, therefore, cannot solely be based on scientific or technical 
theories but will have to acknowledge the layperson’s response to the product 
design. Therefore, testing the drug product design with the targeted patient pop-
ulation, within their personal health and environmental context, will be essential 
to developing high- quality patient- centric drug products.

In an excellent manuscript by Stegemann et al., 2016, a thorough analysis was 
performed to detail the various aspects of patient- centric pharmaceutical drug 
product design. The authors summarized the major drug product- related and 
patient- related characteristics for consideration in a patient- centric pharmaceuti-
cal drug product design and development process (Table 7.1). Numerous product- 
related and patient- related characteristics can help in developing a patient- centric 
pharmaceutical drug product. From the perspective of solid oral dosage forms, a 
few of these design characteristics can be further elaborated and included in the 
product design, as tabulated in Table 7.2 and visualized in Fig. 7.5.

7.3  Enhancement of medication adherence through dosage 
form design

When it comes to solid oral dosage forms, there are two types of presentations 
that are the most common: tablets and capsules. Tablets are solid masses made 
by the compaction of suitable prepared blends or granules by means of a tablet-
ing machine. A capsule consists of a dose of drug enclosed in a water- soluble 
shell and is typically available in two options: (1) hard shell (or two- piece) 
and (2) soft shell (one- piece).1 For hard shell capsules, a granular material is 
traditionally filled (although it is possible to fill certain semisolids and liquids, 
as well) into the empty cavity of premade capsule shells, and the two shells are 
then closed by mechanical means.

Both tablets and hard shell capsules have been around for a significantly long 
time, and they are familiar to the general public. Tablets and capsules are widely 
manufactured and prescribed and may provide a number of advantages over other 
dosage forms, including ease of storage, portability, ease of administration, and 
accuracy in dosing. Both types of dosage forms have some inherent advantages, 
but unfortunately each is also susceptible to unique disadvantages (Table 7.3). 
One of the major disadvantages with either of these dosage forms is their physi-
cal size which could lead to poor compliance or noncompliance by the patient.

1. A soft shell capsule consists of a liquid or semisolid matrix inside a one- piece outer gelatin shell 
that is typically manufactured in situ. In this particular book, soft shell capsules are not discussed, 
and the reader is directed to excellent resources such as those by Hutchison and Ferdinando (2002).
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TABLE 7.1 Characteristics for consideration for patient- centric 
pharmaceutical drug product design (Stegemann et al., 2016).

Product- related characteristics Patient- related characteristics

 l  Type of drug substance (drug 
profile, desired effects, side effects, 
therapeutic window, mechanism 
of action)

 l  Dose to therapeutic effect 
(required dose range for different 
patient populations; need for small 
or larger dosing increments, dose 
flexibility)

 l  Route of administration (oral, 
nasal, rectal, parenteral)

 l  Type of dosage form (tablet cap-
sule, solution, injection)

 l  Formulation characteristics 
(immediate release, modified 
release, tablet size/shape/color/
strength/concentration/excipient 
composition)

 l  Product strength/concentration
 l  Packaging (primary, secondary, 

tertiary)
 l  Dosing and administration devices 

(oral syringe, inhalator)
 l  Product recognition, identification 

(appearance unpacked product 
and in its primary, secondary, or 
tertiary packaging name)

 l  Instructions for use (SmPC, PIL, 
labeling, others)

 l  Specific dosing requirements 
(e.g., before meal, not together 
with drug x)

 l  Product stability
 l  Storage conditions
 l  In- use shelf life and storage 

conditions
 l  Preparation steps to 

administration
 l  Compatibility with diluents 

and other medicines where 
appropriate

 l  Compatibility with food or 
drink

 l  Industry- verified manipulations 
of the dosage form

 l  Developmental stage/age
 l  Newborn, toddler, teen, adult
 l  Organ and body functions (kidney, 

liver, lung)
 l  Social- emotional development
 l  Way of living (alone, with spouse, 

with parents)
 l  Access to caregivers
 l  PK/PD and physiological changes (e.g., 

receptor density, kidney clearance)
 l  Visual impairment
 l  Near acuity
 l  Visual field
 l  Blindness
 l  Loss of hearing
 l  Swallowing impairment
 l  Safe solid dose swallowing
 l  Dysphagia
 l  Poor hand sensitivity
 l  Control of movement
 l  Control of strength
 l  Sensing surfaces or temperature
 l  Control of eye- hand coordination
 l  Motoric impairment
 l  Grip strength
 l  Pinch strength
 l  Manual dexterity
 l  Arm mobility (e.g., lift above head)
 l  Difficulties walking
 l  Bedridden
 l  Cognitive impairment
 l  Mild dementia, memory loss
 l  Information processing speed (hear-

ing, understanding)
 l  Health literacy
 l  Dentition
 l  Psychological issues
 l  Adherence
 l  Negative perception
 l  Depressive disorders
 l  Disease state, comorbidity
 l  Experience of disease
 l  Disease cluster
 l  Disabilities
 l  Endpoint of disease progression
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TABLE 7.2 Patient- centric characteristics for solid oral dosage forms.

Desired 
feature

Rationale for product 
design attribute

How to achieve design 
attribute?

Enhancement 
of patients’ 
adherent to 
medications

Reduce potential 
incidences of poor 
adherence

 l  Select dosage form size that 
allows ease of swallowability

 l  Improve palatability of dosage 
forms by adding flavoring excipi-
ents or nonfunctional coatings

Reduce the number of 
dosage forms to be taken 
by patient

 l  Develop fixed dose combination 
products that safely combine 
 multiple drugs into a single 
 dosage form

 l  Develop sustained release for-
mulations to reduce frequency of 
dose administration

Provide product 
differentiation to allow for 
ease of recognition

 l  Design tablet with an imprint/
logo/shape/color that provides 
product differentiation

 l  Provide product in a packaging 
that allows for easy identification

Robustness of 
usage

Provide dosing flexibility 
to cover a wide range of 
doses for various patient 
populations

 l  Design formulation to cover a 
wide range of doses

 l  Add bisect/score in tablets

Provide ease of 
administration

 l  Develop formulations that require 
minimum preparation steps or 
are easy to swallow, e.g., orally 
disintegrating tablets

Provide robustness of 
use in multiple product 
presentations

 l  Conduct stability studies that eval-
uate at- home dosing scenarios

 l  Provide drug product in a package 
that allows for ease of unit dosing

FIGURE 7.5 Elements of patient- centric dosage forms.
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7.3.1  Compliance issues with physical size of dosage forms

Difficulty swallowing tablets and capsules can be a problem for several indi-
viduals and can lead to a variety of adverse events and patient noncompliance 
with treatment regimens. It is estimated that over 16 million people in United 
States have some difficulty swallowing, also known as dysphagia (FDA, 2015a). 
Dysphagia is a distressing symptom and indicates a delay in the passage of 

TABLE 7.3 Pros and cons of tablets and capsules.

Dosage 
form Pros Cons

Tablets  l  Tablet dosage forms 
are more amenable to 
producing multiple dose 
strengths by adopting the 
dose- weight proportional 
strategy.

 l  Coatings can be applied 
to improve palatability or 
reduce the incidence of 
gastric irritation.

 l  Tablets can be manufac-
tured in a variety of shapes 
to create brand differentia-
tion and identification.

 l  A bisect can be added to 
further subdivide the dose.

 l  Multi- tip tooling can 
be used to increase the 
productivity of the tableting 
process.

 l  Some patients, particularly 
children and the seriously ill, 
may experience difficulty in 
swallowing tablets if the tablet 
is too large.

 l  Compression unit operation 
could be prone to manufac-
turing issues such as sticking/
picking, low tablet hardness, 
friability, etc., and therefore, 
compactability of formula-
tion needs to be proactively 
mitigated.

 l  Because of the compacted 
nature of the drug, in the pres-
ence of GI fluids, tablets have 
to undergo an additional step 
of disintegration into primary 
particles. This disintegration 
step could significantly affect 
the bioavailability and is 
significantly dependent on the 
compression force applied.

Hard shell 
capsules

 l  Because of the granular 
nature of the fill material, the 
dissolution of the drug in GI 
fluids is facilitated signifi-
cantly after the capsule shell 
is dissolved, thereby increas-
ing the rate of absorption 
compared with tablets.

 l  Because compaction is not 
involved, the total number 
of unit operations is lower 
in the case of encapsulation 
based processes.

 l  Hard gelatin capsules are 
made in a range of fixed sizes. 
The volume of the unit dose 
must not exceed the sizes of 
capsule available, thereby, 
limiting the options to create 
a variety of dosage weights.

 l  It is difficult to apply the dose- 
weight proportional strategy 
with capsules due to fixed 
capsule volumes.

 l  A capsule cannot be 
subdivided.
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solids or liquids from the mouth to the stomach. It is a serious medical condi-
tion in which a patient suffering from dysphagia may experience coughing or 
choking- like symptoms when the patient eats. Such a patient may find it easier 
to swallow solids or semisolids rather than liquids and may also complain of 
nasal regurgitation of food (Owen, 2001).

For these individuals, swallowing a tablet or a capsule can be particularly 
challenging. A survey of adults on difficulties swallowing tablets and capsules 
suggests that this problem goes well beyond the patient population with clinically 
recognized dysphagia and may affect as many as 40% of Americans. Of those 
who experience difficulty swallowing medications, less than a quarter discuss 
the problem with a healthcare professional, 8% admit to skipping a dose of pre-
scribed medication, and 4% have discontinued therapy because the tablets and/
or capsules were difficult to swallow. Individuals who find it difficult to swallow 
tablets and capsules frequently cite the size as the main reason for the difficulty in 
swallowing (FDA, 2015a). So how can a formulator design a tablet/capsule that 
addresses the patient’s noncompliance to the medication due to its physical size?

No formulator by choice would design a tablet/capsule that has physical 
dimensions that may affect swallowability of the dosage forms. The pharmaceu-
tical literature and the industry’s knowledge have long acknowledged the need 
for dosage form sizes that allow for patient compliance. However, still there are 
some practical reasons due to which a physically large- size dosage form may 
still be designed. These reasons generally relate to the dose strength required, 
the desire to reduce the number of dosages administered, and the need to have 
a certain drug load to accommodate manufacturing challenges. For example, 
before selecting the excipients, a question needs to be answered: what is the dose 
strength? For solid oral dosage forms, the establishment of dosage strength pro-
vides the parameters around which the product must be designed. For example, 
an immediate release tablet designed to deliver a 10 mg dose strength may look 
different from an immediate release tablet that is designed to deliver 200 mg. 
Similarly, the estimation of the initial safe starting point is a design parameter 
which requires input from numerous disciplines. However, in terms of looking 
forward to product development, it also necessary to know the expected maxi-
mum tolerated dose (MTD). These two values along with the QTPP provide 
ample data to a formulator to begin the design of their dosage form, selection 
of excipients, and the development of a preliminary composition (Mittal, 2016).

7.3.2  Dosage form size and shape selection

Once the MTD is known, the next question that is asked is whether there is a size 
limitation on the dosage form based on the intended market? After all, larger the 
dose, invariably, the larger the dosage unit. The sizes and volumes of capsules have 
been long standardized and are presented in Fig. 7.6. Clearly, as it can be seen, 
the volumes of the capsules are decreasing from 1.37 mL or 1370 mm3 (for size 
000) to 0.13 mL or 130 mm3 (for size 5). Similarly, the closed length of capsules 
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varies from 26.1 mm (for size 000) to 11.1 mm (for size 5). For comparison, the 
physical size of US coins is presented in Fig. 7.7. As seen in Fig. 7.6, there are 
limited size options available for capsules. However, there is no such limitation 
on tablets which is a potential liability in itself as compression issues such as poor 
friability, hardness, changes in dissolution, and appearance issues could manifest 
themselves during development, manufacturing, and testing.

As discussed earlier, a large- sized dosage form creates problems in patient 
acceptability. Unfortunately, this question is underappreciated in early product 
development. The reason for this underappreciation is that in the early clini-
cal studies, dosing generally takes place in a controlled clinical setting with 

FIGURE 7.6 Commercially available capsule sizes. (Courtesy: Capsugel.)
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FIGURE 7.7 Specifications of US coins (Coin Specifications, 2018).

healthy volunteers. Appropriately so, the aim of these clinical studies is to study 
the drug’s safety and to evaluate the probability of dosing in actual patients 
in future clinical trials. Therefore, in the controlled clinical setting, it is quite 
possible that minimal attention is given to the actual physical appearance and 
size of the dosage form. In addition, typically at this stage, input from the com-
mercial and marketing groups is not present. Hence, the formulator has to rely 
on his/her experience as well as the prior knowledge that exists within the devel-
opment team to choose a tablet size that may be acceptable for development. 
However, in an ideal situation, if some feedback was available to the formulator 
in the design of the one formulations, it could enable product development with 
long- term strategy in mind and position the product for a potential faster and 
robust development pathway. So is there an ideal size when it comes to solid 
oral dosage forms?

In the FDA’s guidance, it is cited that studies in adults suggest that increases 
in size greater than approximately 8 mm in diameter were associated with 
increases in patient complaints related to swallowing difficulties. As per the 
FDA guidance, for any given size, certain shapes may be easier to swallow 
than others. In vitro studies suggest that flat tablets have greater adherence to 
the esophagus than capsule- shaped tablets. Studies in humans have also sug-
gested that oval tablets may be easier to swallow and have faster esophageal 
transit times than round tablets of the same weight. This information is also 
an important design parameter for a formulation scientist. For example, when 
developing tablets, it is critical to choose a shape that can provide the appropri-
ate hardness and friability without adversely impacting the disintegration time 
and dissolution of tablet. It is also known that due to increase bending moment 
in the case of oval tablets, oval tablets aremore friable than round tablets of the 
same weight, and that the compression forces applied are much greater for oval 
tablets than they are for round tablets.



180 How to Integrate Quality by Efficient Design (QbED) in Product Development

7.3.3  Palatability

It is no secret that for a medication to be effective, the patient has to take it. This 
problem of palatability is even more vexing when it comes to solid oral dosage 
forms. After all, any medication that has to be taken orally has to pass the taste 
test! Fortunately, formulation scientists have been able to successfully resolve 
this issue to quite a large degree by applying coatings to the solid oral dosage 
forms. The presence and composition of a coating can also potentially affect the 
ease of swallowing tablets or capsules. The lack of a film coating can decrease 
or prevent tablet mobility compared with a coated tablet of the same size and 
shape. Coating also can affect other factors that contribute to patient acceptance, 
such as palatability and smell (FDA, 2015b). For these reasons, tablet coating 
is a critical unit operation and its impact on product’s stability and performance 
needs to be taken into account during early development itself.

7.4  Enhancement of medication adherence through FDC and 
modified release formulations

Researchers have studied the trends in prescription drug use among adults, and 
it is reported that within United States, there is an overall increase in the use of 
prescription drugs among adults between 1999–2000 and 2007–2008 with an 
estimated 44% of adults reporting use of any prescription drugs in 1999–2000 
and an estimated 48% reporting use of any prescription drugs in 2007–2008. 
The prevalence of polypharmacy (use of ≥5 prescription drugs) increased from 
an estimated 6.3% in 1999%–2000% to 10.7% in 2007–2008 (Fig. 7.8). These 
trends remained statistically significant with age adjustment (Kantor, Rehm, 
Haas, Chan, & Giovannucci, 2015). The rise in prescription drug usage (and 
especially with polypharmacy) is an important patient- centric factor that needs 

FIGURE 7.8 Trends in the percentage of persons using prescription drugs in US (1999–2008) 
(Gu, Dillion, & Burt, 2010).
1Significant linear trend from 1999–2000 through 2007–2008.
Note: Age adjusted by direct method to the year 2000 projected U.S. population.
Source: CDC/NCHS, National Health and Nutrition Examination Survey.
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to be accommodated in the product’s design. One way the pharmaceutical 
industry has tried to provide solutions to reduce the propensity of multiple med-
ications is by developing fixed dose combination (FDC) drug products.

7.4.1  Fixed dose combinations—a growing necessity

In the medical setting, combination therapy is an important treatment modality in 
many diseases, including cancer, cardiovascular disease, and infectious diseases. 
Recent scientific advances have increased the medical communities’ awareness of 
the pathophysiological processes that underlie these and other complex diseases. 
This increased understanding has provided further impetus to develop new thera-
peutic approaches using combinations of drugs directed at multiple therapeutic 
targets to improve treatment response, minimize development of resistance, or 
minimize adverse events. In situations where combination therapy provides sig-
nificant therapeutic advantages, there is growing interest in the development of 
combinations of new investigational drugs. Over the years, FDA has published 
important guidance documents on this topic (FDA, 2006, 2013, 2018).

In the case of marketed drugs, FDCs2 offer benefits to pharmaceutical companies 
and patients. For the pharmaceutical companies, creative and effective matching of 
multiple active pharmaceutical ingredients (APIs) can open new markets, whereas 
for patients, FDCs can offer convenience and therapeutic benefits. From a healthcare 
outcome’s perspective, FDCs can lead to improved pharmacotherapies, extended 
range of treatment options, synergy, elongated product life cycle management, cost 
savings, and patient compliance. Often, FDCs are composed of previously approved 
agents, and the 505(b)(2) pathway is commonly used for these approvals (King, 
2017). The rate of approval by FDA for FDCs is steadily going up and averages 
to around 10% of the total NDA approvals between 2010 and 2015. A majority of 
the FDC approvals were a dual (and triple) combination of approved molecules, 
amounting to almost a total of 55% of all FDC approved (Kwon & Lee, 2017).

There are some important decision- making steps that need to be taken into 
account when developing new FDCs. These steps are outlined below:

 l  What is the BCS classification of all the APIs?
 l  Do any special formulation considerations (such as buffers, surfactants, 

permeability enhancers, etc.) need to be taken into account for bioavailability 
of any of the APIs?

2. From a drug product perspective, an FDC includes two or more drug substances (whether 
approved or investigational) combined in a single dosage form, which is manufactured and dis-
tributed in fixed doses. Terms like “combination drug” or “combination drug product” can be com-
mon shorthand for an FDC product (because most combination drug products are currently FDCs), 
although the latter is more precise if in fact referring to a mass- produced product having a predeter-
mined combination of drugs and respective dosages (as opposed to customized polypharmacy via 
compounding). And it should also be distinguished from the term “combination product” in medical 
contexts, which without further specification can refer to products that combine different types of 
medical products—such as device/drug combinations as opposed to drug/drug combinations.
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 l  Are the APIs compatible with one another?
 l  What are the target dose strengths of each of the drug substances in the FDC?
 l  What are the desired physical dimensions of the FDC dosage form?
 l  Could various dose strengths of FDC be delivered using a weight- dose 

proportionality approach?

An answer to each of these questions helps in satisfying numerous design 
criteria and decisions that need to be made as shown in Fig. 7.9.

7.4.2  Modified release dosage forms

Dosing regimen is defined as the schedule of doses of a therapeutic agent per unit 
of time, including the time between doses (e.g., every 6 h) or the time when the 
doses are to be given (morning vs. night) and the amount of medicine that needs 

FIGURE 7.9 Decision- making flowchart for developing typical fixed dose combinations (FDCs). 
Constrained mixture designs are a type of statistical design that subject mixture components to 
additional constraints such as a maximum and/or minimum value of each component. They are also 
known as Extreme- Vertices designs.
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to be given during each dosing. For many disease states, the ideal dosage regimen 
is that by which an acceptable therapeutic concentration of the drug at the site(s) 
of action is attained immediately and is then maintained constant for the desired 
duration of the treatment. One way such an in vivo effect can be achieved promptly 
and maintained is by the repeated administration of conventional oral dosage forms. 
However, such an approach has some inherent limitations for certain types of drugs. 
For example, for drugs with short biological half- lives, frequent doses are required 
to maintain steady- state plasma concentrations within the therapeutic range. For 
such drugs, the maintenance of therapeutic plasma concentration is particularly sus-
ceptible to the consequence of poor medication adherence. These limitations and 
requirements led pharmaceutical scientists to consider presenting therapeutically 
active molecules in “extended- release” preparations (Collett & Moreton, 2002).

Over the years, numerous researchers have designed and developed drug 
delivery systems that can eliminate or reduce the cyclical plasma concentra-
tions seen after conventional drug delivery systems are administered to a patient 
according to a specified dosage regime. These drug deliver systems fall within 
the broad category of modified release dosage forms. Modified release dos-
age forms are those whose drug release characteristics of time course and/or 
location are chosen to accomplish therapeutic or convenience objectives not 
offered by conventional forms. The various types of drug delivery systems under 
the umbrella of modified release dosage forms are summarized in Table 7.4.  

TABLE 7. 4 Types of modified release dosage forms.

Delivery system Key features

Delayed release In this system, the drug is not released immediately following 
administration but is released at a later time

Repeat action In this system, an individual dose is released fairly soon 
after administration, and subsequent doses are released at 
intermittent intervals

Prolonged release In this system, the drug is provided for absorption over a 
longer period of time and then from a conventional dosage 
form. However, there is an implication that onset is delayed 
because of an overall slower release rate from the dosage form

Sustained release In this system, an initial release of drug sufficient to provide a 
therapeutic dose soon after administration is released, and then 
a graduate release of the dose happens over an extended period

Extended release Extended release dosage forms release drug slowly, so that 
plasma concentrations are maintained at a therapeutic level 
for a prolonged period of time (usually between 9 and 12 h)

Controlled release Controlled release dosage forms release drug at a constant 
rate and provide plasma concentrations that remain invariant 
with time
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A detailed discussion of each of these drug delivery systems is out of scope of 
this book; however, it is equally important to note that development of modified 
release dosage form is an extensive research area and not all drugs are conducive 
for these types of delivery systems. In addition, significant clinical studies have 
to be done to demonstrate the effectiveness of modified release dosage forms.

7.5  Enhancement of robustness of use through flexible dosing

In 2017, WHO launched a global initiative to reduce severe, avoidable medication- 
associated harm in all countries by 50% by 2022. The Global Patient Safety 
Challenge on Medication Safety aims to address the weaknesses in health systems 
that lead to medication errors and the severe harm that results. It lays out ways to 
improve the way medicines are prescribed, distributed, and consumed and increases 
awareness among patients about the risks associated with the improper use of 
medication. As per WHO, medication errors cause at least one death every day 
and injure approximately 1.3 million people annually in United States alone. The 
financial costs to healthcare are considerable, with WHO estimating that the cost 
of medication- related harm globally is about US $42 billion per year (WHO, 2017). 
Globally, approximately 43 million patient safety incidences occur every year (Jha 
et al., 2013). Both health workers and patients can make mistakes that result in 
severe harm, such as ordering, prescribing, dispensing, preparing, administering, 
or consuming the wrong medication or the wrong dose at the wrong time. But all 
medication errors are potentially avoidable. Preventing errors and the resulting harm 
requires putting systems and procedures in place to ensure the right patient receives 
the right medication at the right dose via the right route at the right time.

7.5.1  Underlying problem: variability in dose response

There are four potential outcomes when a patient commences a new drug and its 
effects are assessed at the correct time. First, the new drug provides no clinical bene-
fits and gives the patient intolerable adverse effects (negative benefit). Second, clini-
cal benefits occur but the adverse effects are so severe that the drug must be ceased 
(negative benefit). Third, there are no clinical benefits or adverse effects because 
meaningful pharmacological activity is absent in that patient, including any interac-
tion with the immune system (zero benefit). Finally, the patient experiences clinical 
benefits with little or no adverse effects and treatment continues, ideally with ongo-
ing monitoring of efficacy and vigilance for potential toxicities (positive benefit). 
Unfortunately, failed drug therapy occurs widely in clinical medicine.

This “problem” exists because drug response is highly variable between dif-
ferent patients who take the same dose (interindividual variability) and because 
drug response changes in the same patient taking the same dose over time (intra-
individual variability). Assuming a correct diagnosis and complete adherence 
by the patient to the drug regimen, the causes of drug response variability are 
either PK- based or PD- based. PK variability occurs when drug concentration 
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at the site of action differs between patients or changes with time resulting in 
different responses. PD variability occurs when pharmacological activity fol-
lowing molecular target binding differs between patients or changes with time 
at the same drug concentration (Polasek, Shakib, & Rostami- Hodjegan, 2018).

7.5.2  Precision dosing: a potential solution

Precision dosing is defined as dose selection by a prescriber for an individual patient 
at a given time. Precision dosing focuses on the individualization of drug treatment 
regimens based on patient factors known to alter drug disposition and/or response. 
Drugs that may benefit the most from precision dosing often have one or more of 
the following characteristics: a narrow therapeutic index (TI); wide interpatient 
PK/PD variability; use in high- risk patient populations; inadequate dosing that can 
contribute to the development of disease resistance; and/or high drug costs that 
burden patients, payers, and health systems (Gonzalez et al., 2017). Therapeutic 
classes with narrow TI drugs include the antiarrhythmics, anticoagulants, anti-
epileptics, antineoplastics, aminoglycoside antibiotics, and immunosuppressants. 
Patients in the special populations are at increased risk of medication- related harm 
compared with other groups—pediatrics, the elderly, those with renal or hepatic 
impairment, the infant who is breastfeeding, and patients taking concomitant med-
ications that cause PK or PD drug–drug interactions. The most compelling cases 
for precision dosing are when a narrow TI drug is essential for a patient in one or 
more of the special populations (Polasek et al., 2018).

Precision dosing requires clinical tools that can translate an individual’s 
genotypic and phenotypic characteristics into an individually tailored dosage 
regimen. Two fundamental elements are critical in this translation. The first ele-
ment is to discover and establish genotypic and phenotypic biomarkers that can 
either accurately reveal a patient’s disease status or reliably predict therapeutic 
outcomes. A second element is to develop and validate quantitative clinical deci-
sion support tools that translate predictive dosing models to individual patient 
dosing selection. These two components are both imperative for developing and 
implementing a precision dosing strategy for prospective evaluation, and they 
are interdependent on each other for aiding clinical decisions (Gonzalez et al., 
2017). A detailed discussion of precision dosing is out of scope for this book; 
however, there are a few things that a formulator can do to enable the clinical 
implementation of precision dosing.

The lack of optimal dose selection during development often impacts the 
pharmaceutical company by leading to Phase III clinical trial failures, delayed 
market access (lost commercial opportunity), and increased development 
expense. Therefore, from a formulator’s perspective, it is necessary to antici-
pate the various doses that can be used in a clinical trial setting and to develop a 
formulation and process that helps in producing these doses without undue bur-
den on stability and bioequivalence. Traditionally, a common approach that is 
utilized for this purpose is the dose proportionality–based dosage form design.
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7.6  Enhancement of robustness of use through packaging

Packaging is a necessary and economical means of providing presentation, pro-
tection, identification/information, containment, convenience, and compliance 
for a product during storage, carriage, display, and use until such time as the 
product is administered. This total timescale must be within the shelf life of the 
product, which is controlled by the selection of the right combination of prod-
uct and pack. Packaging can offer convenience factors anywhere along its life 
cycle, and its importance should not be underestimated.

7.6.1  Key design requirements for primary packaging

Appropriate selection and evaluation of primary packaging configuration is a 
critical scientific and regulatory requirement. The key design principles when 
selecting a primary packaging configuration (or container closure system) are 
as follows (Summers & Aulton, 2002):

 l  The pack must be economical and should contribute to the overall profitability.
 l  It must provide protection against climatic, biological, physical, and chemical 

hazards.
 l  It must provide an acceptable presentation which will contribute or enhance 

product confidence while at the same time maintaining adequate identification 
and information.

 l  The pack must contribute to convenience of dosing and assist in compliance 
with the dosing regimen.

From the above list, a lot is expected from the primary packaging material, 
and, therefore, it is necessary to understand how to build packaging options as 
part of product development. It is equally vital to realize that most of the time, 
the choices made for primary container closure systems in the early stages of 
drug product development are not the same as those that will be made at the 
later stages. Therefore, it is important to understand the impact of changing 
container closure options with respect to potential marketing choices that will 
be made at product launch, and to proactive mitigate these issues.

In addition, as discussed earlier, there are numerous physical factors such 
as temperature, moisture, light, etc., that influence chemical degradation. For 
example, it is well known that the rates of most chemical reactions increase with 
rise in temperature. Similarly, moisture absorbed on to the surface of a solid 
drug will often increase the rate of decomposition if it is prone to hydrolysis. 
There are also numerous references in the pharmaceutical literature that discuss 
instability of many products when exposed to strong sunlight which may lead to 
special handling and packaging scenarios. However, it is valuable to understand 
how the container closure system provides the protection (or lack of it) to a drug 
product from chemical degradation. The approaches to address all these issues 
have been long standardized through various international guidelines (ICH, 
2003). Still a formulator needs to understand that in a global product launch 
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scenario, it is necessary to be aware of how marketing a drug product in the 
various climatic zones could necessitate further stress testing of products. For 
example, when developing pharmaceutical products for use in hot and humid 
areas (designated as ICH Zone IVB countries), the typical long- term storage 
condition is 30°C/75%RH (Table 7.5). Therefore, a drug product that has only 
been tested at 25°C/60%RH in ICH Zone II countries for long- term storage may 
suddenly when placed in ICH Zone IVB environment be subjected to degrada-
tion that was not previously accounted for. This is just a small example of why 
it is prudent to understand the various scenarios that may present themselves in 
the later stages of drug development.

7.6.2  Selection of packaging materials

The most common type of packaging configuration for solid oral dosage forms 
in United States is in HDPE bottles with a child- resistant cap. However, such is 
not the case globally. For example, in Asian and European countries, it is quite 
common to have blisters as the primary choice of packaging configuration. This 
is because the blisters are easy to divide into the intended dosing regimen and 
do not require any dispensing procedure that may compromise product stability. 
Therefore, if a product may be intended for global distribution, it is important 
for formulators to realize that they may need to study multiple container closure 
systems to make sure that there are no weaknesses in the formulation design that 
may show up later during product development and scale- up. Hence, it is wise 
to understand the various choices of packaging material and to conduct appro-
priate studies (either through experiments or through modeling and simulation) 
that can proactively evaluate them.

TABLE 7.5 ICH climatic zones.

Climatic 
zone Description Criteriaa

Long- term testing 
conditions

I Temperate climate ≤15°C/≤11 hPa 21 ± 2°C/45 ± 5% RH

II Subtropical and 
mediterranean, with 
possible high humidity

>15–22°C/>11 
to 18 hPa

25 ± 2°C/60 ± 5% RH

III Hot and dry >22°C/≤15 hPa 30 ± 2°C/35 ± 5% RH

IVA Hot and humid >22°C/>15 to 
27 hPa

30 ± 2°C/65 ± 5% RH

IVB Hot and very humid 
climate

>22°C/>27 hPa 30 ± 2°C/75 ± 5% RH

aCriteria is based on mean annual temperature measured in the open air and mean annual partial 
water vapor pressure measured in hectopascal (hPa) (1 hPa = 100 Pa).
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7.7  Summary

List of abbreviations

APIs Active Pharmaceutical Ingredients
FDC Fixed Dose Combination
MTD Maximum Tolerated Dose
PFDD Patient- Focused Drug Development
PD Pharmacodynamics
PDUFA Prescription Drug User Fee Act
SPPs Special Patient Populations
TI Therapeutic Index
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Chapter 8

Manufacturing excellence: only 
road to continual improvement

The true competitors are the ones who always play to win.
Tom Brady

8.1  Introduction

8.1.1  Japan—maintaining market dominance through  
manufacturing excellence

Before the industrial revolution, classical craftsman (or craft producers) manu-
factured goods using a highly integrated approach. The craftsman interacted 
directly with the customer to assess needs and expectations of the desired 
goods. The quality of a craftsman’s output embodied the integration of creativ-
ity, managerial decision- making, and cost control. Custom furniture, works of 
decorative art, and a few exotic sports cars are current- day examples. Since the 
advent of the industrial revolution, and particularly over the past 100– 125 years, 
mass production of goods necessitated the systematic undertaking of quality 
control (QC). The mass production approach uses narrowly skilled profession-
als to design items made by unskilled or semiskilled workers tending expensive, 
single- purpose machines. Numerous researchers, managers, and academicians 
have contributed to our overall awareness of quality and its integration with 
manufacturing. The best implementation of that combined knowledge can be 
observed by the impact it had on Japan’s manufacturing industry.

During World War II (1939–45), imperial Japan attacked nearly all of its 
Asian neighbors, allied itself with Nazi Germany and Fascist Italy, and launched 
a surprise assault on the US naval base at Pearl Harbor. By mid- 1944, Japan’s 
military leaders recognized that victory was unlikely, yet the country did not 
stop fighting until after atomic bombs were dropped on Hiroshima and Nagasaki 
the following August. The level of devastation was catastrophic with nearly a 
quarter million people dying from the nuclear bombs! On August 15, 1945, 
Emperor Hirohito made a radio broadcast announcing Japan’s surrender.

Japan’s quality movement began in 1946 with the US occupation force’s 
mission to revive and restructure Japan’s communications equipment industry. 
The Union of Japanese Scientists and Engineers (JUSE) was established in May 
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1946 and was consolidated in 1962 under the jurisdiction of the Science and 
Technology Agency (now, Ministry of Education, Culture, Sports, Science and 
Technology) of the Japanese Government. JUSE was established with the objec-
tive to promote systematic studies needed for the advancement of science and 
technology, whereupon to contribute to the development of culture and industry. 
In 1950, JUSE sponsored Dr. William E. Deming1 to provide a seminar in Japan 
on statistical quality control (SQC).2 Within a decade, JUSE had trained nearly 
20,000 engineers in SQC methods.

In 1954, Dr. Joseph Juran3 raised the level of quality management from the 
factory to the total organization. He stressed the importance of systems- based 
thinking that begins with product designs, prototype testing, proper equipment 
operations, and accurate process feedback. Dr. Juran’s seminar also became a 
part of JUSE’s educational programs. Dr. Juran provided the move from SQC to 
total QC in Japan. This included company- wide activities and education in QC, 
QC circles and audits, and promotion of quality management principles. Since 
its inception, JUSE has been striving to realize the philosophy of total quality 
management (TQM) in industry.

TQM consists of organization- wide efforts to install and make perma-
nent a climate where employees continuously improve their ability to pro-
vide on- demand products and services that customers will find of particular 
value. The three tenets of TQM are philosophy, method, and promotion. 
The relationship between these tenets and TQM is highlighted in Fig. 8.1. 
It is expected that through implementation of TQM activities, a number of 
effects can be obtained, which include improvement of quality, increased 
customer satisfaction, better corporate performance, new product develop-
ment (NPD), and creation of additional value (JUSE, 2018). The net result 
is that items that are made in Japan are typically regarded as the best world-
wide. There is no doubt that the “Quality Revolution” in Japan elevated it to 
one of the strongest economies in the world as measured by gross domestic 
product (Fig. 8.2).

1. William Edwards Deming (1900–1993) was an American engineer, statistician, professor, author, 
lecturer, and management consultant. Educated initially as an electrical engineer and later special-
izing in mathematical physics, he helped develop the sampling techniques still used by the US 
Department of the Census and the Bureau of Labor Statistics.
2. In 1951, JUSE created Japan’s famed Deming Prize to honor Dr. Deming’s contribution toward 
proliferation of SQC in Japan. The Deming Prize is one of the highest awards on TQM in the world 
that recognizes both individuals for their contributions to the field and businesses that have success-
fully implemented TQM.
3. Joseph Juran (1904–2008) was a Romanian- born American engineer and management consultant. 
An interesting fact is that Drs. Walter Shewhart, Deming, and Juran worked together at the Western 
Electric Company which produced hardware for the Bell Telephone Company, which became the 
American Telephone and Telegraph Company (AT&T). Together, Shewhart, Deming, and Juran are 
often considered to be the three founders of the quality improvement movement.
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8.1.2  Implications for pharmaceutical manufacturing—embrace 
TQM philosophy

There is a significantly large volume of scientific literature on manufacturing 
excellence. Most of this literature has its origins in automobile and semicon-
ductor industries. However, for pharmaceuticals, the literature is sparse. The 
closest example of borrowing concepts about manufacturing excellence for 

FIGURE 8.1 Tenets of total quality management (JUSE, 2018).

FIGURE 8.2 Gross domestic product of Japan (WBG, 2018).
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pharmaceuticals is the specialty chemicals industry. There is a reason for that. 
Traditionally, the lean paradigm has been applied to discrete manufacturing 
of items that can be easily put together and taken apart. The process industry, 
on the other hand, transforms raw materials into cohesive units that are basi-
cally blended into a final product with parts that cannot be disassembled and 
then reassembled (Panwar, Nepal, Jain, & Rathore, 2015). This, however, does 
not mean that the concepts developed in assembly- based industries cannot be 
applied to pharmaceuticals. We just need to adapt them to our business needs 
and evaluate them for their effectiveness.

In a key publication in 2017, Dr. Lawrence Yu and Dr. Michael Kopcha 
of FDA posited that the future of pharmaceutical quality is Six Sigma, mean-
ing that no more than 3.4 defects occur per million opportunities. They envi-
sioned that the path to get there included a healthy balance of economic drivers, 
performance- based regulation, quality by design (QbD), advanced manufactur-
ing technologies, continuous improvement, and operational excellence (Yu & 
Kopcha, 2017). The anticipated end result for all of this is that the patient could 
expect more reliability on the product’s performance and quality, without any 
additional risk. A few areas that can foster constructive efforts toward manufac-
turing excellence are discussed in the following sections.

8.1.3  Lean Six Sigma—an extension of total quality management

Six Sigma and Lean methodology concepts are a natural extension of TQM and 
therefore part of the manufacturing excellence toolkit. The essential goal of Six 
Sigma is to eliminate defects and waste, thereby improving quality and effi-
ciency, by streamlining and improving all business processes. Like Six Sigma, 
Lean is a tool used by businesses to streamline manufacturing and production 
processes. The main emphasis of Lean is on cutting out unnecessary and waste-
ful steps in the creation of a product so that only steps that directly add value to 
the product are taken. As far as Lean methodology is concerned, the only way 
to determine if something has value or not is to consider whether a customer 
would be willing to pay for it. Any part of the production that does not add value 
is simply removed from the equation, leaving a highly streamlined and profit-
able process in place that will flow smoothly and efficiently.

Essentially, Six Sigma and Lean systems have the same goal. They both seek 
to eliminate waste and create the most efficient system possible, but they take 
different approaches toward achieving this goal. In simplest terms, the main 
difference between Lean and Six Sigma is that they identify the root cause of 
waste differently. Lean practitioners believe that waste comes from unnecessary 
steps in the production process that do not add value to the finished product, 
whereas Six Sigma proponents assert that waste results from variation within 
the process. Of course, there is truth in both of these assessments, which is why 
both Lean and Six Sigma methodologies have been so successful in improving 
overall business performance in a variety of fields. In fact, these two disciplines 
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have proven to be especially successful when working in tandem—hence the 
creation of Lean Six Sigma (Villanova_University, 2018).

8.1.4  Value stream mapping—a framework for  
manufacturing excellence

From a practical application perspective, an important denominator to evaluate 
the effectiveness of manufacturing excellence is whether the value proposition 
made to the customer is enhanced or not. In that regard, value stream mapping 
(VSM) is an enterprise improvement tool to assist in visualizing the entire pro-
duction process, representing both material and information flow. The goal of 
VSM is to identify all types of waste in the value stream and to take steps to 
eliminate them. VSM, therefore, analyzes the current state and strives to design 
an optimized future state. Taking the value stream viewpoint means working 
on the big picture and not individual processes, and improving the whole flow 
and not just optimizing the pieces. It creates a common language for production 
process, thus facilitating more thoughtful decisions to improve the value stream 
(Singh, Garg, Sharma, & Grewal, 2010).

Researchers have defined seven VSM tools (Hines & Rich, 1997). These 
tools have their origins in industrial engineering, logistics, operations manage-
ment, system dynamics, and customer service. These tools are described in 
detail in Table 8.1. A simplified value stream map for drug product manufactur-
ing is given in Fig. 8.3. As can be seen, there are numerous metrics that can be 
tracked to assure that the success of execution is met, the efficiency of the whole 
process is maximized, and the waste in individual steps is minimized. These 
metrics can be expanded upon depending on the project and supply chain’s 
complexity. In addition, these performance metrics can be benchmarked against 
certain controls to evaluate the overall efficiency of an organization. However, 
any application of VSM tools in pharmaceutical manufacturing has to begin 
by comprehending the details of the fundamental business driver -  the clinical 
protocol and the underlying study design. This is discussed next.

8.2  Clinical trials—the marketplace for formulators

Manufacturing excellence demands that manufacturers instill and constantly 
reinforce the importance of the external customers and internal stakeholders. 
Customers do not purchase manufacturing, engineering, or services; they buy 
solutions that fill particular needs (Heim, 1993). The manufacturer must focus 
on the customers’ needs in addition to the organization’s functional capabili-
ties. This means that the entire organization is optimized around meeting the 
customers’ needs, using the skills of each discipline, focusing on the real task, 
and ultimately solving the real problems to improve the customer outcomes. In 
pharmaceuticals, patients are the ultimate customers. However, in the context 
of continual improvement and manufacturing excellence, a more appropriate 
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definition for pharmaceutical manufacturing- based customers would be the 
groups that would have a direct vested interest in the product’s success. Such 
customers are those that design clinical trials, manage clinical operations, and 
assure bioequivalence for the product.

As discussed in previous chapters, before a new drug or biologic can be 
marketed, its sponsor must show, through adequate and well- controlled clini-
cal studies, that it is effective. A well- controlled study permits a comparison 
of subjects treated with the new agent with a suitable control population, so 
that the new agent’s effect can be determined and distinguished from other 
influences, such as spontaneous change, “placebo” effects, concomitant ther-
apy, or observer expectations. Depending on the stage of product development 
and statistical design of the study, the cost of clinical trials can range from 
a few million dollars to even hundreds of million dollars. Yet despite of all 
well- intentioned clinical trials and R&D efforts, only a fraction of drugs can 

TABLE 8.1 Value stream mapping (VSM) tools (Hines & Rich, 1997).

VSM tool Approach

Process activity 
mapping

This approach is an initial step of constructing a map which 
consists of a study of process flows, waste identification, 
and business process reengineering to achieve efficiencies. 
This mapping activity provides the basis for further analysis 
and subsequent improvement.

Supply chain rmatrix This approach identifies critical bottlenecks for processes in 
a simple diagram. This mapping approach seeks to portray 
in a simple diagram the critical lead- time constraints for a 
particular process.

Production variety 
funnel

This mapping activity helps draw connections to other 
industries that may have solutions to existing problems.

Quality filter mapping Locates product defects, service defects, and internal scraps 
in the supply chain. This approach has clear advantages 
in identifying where defects are occurring and hence in 
identifying problems, inefficiencies, and wasted effort.

Demand amplification 
mapping

This approach tries to address delays and poor decision- 
making concerning information and material flow. It aims 
to analyze how demand changes along the supplying chain 
and tries to redesign the value stream configuration and 
manage the fluctuations.

Decision point 
analysis

Determines inflection points for push- and- pull demand in 
the supply chain.

Physical structure 
mapping

Combined model that overviews supply chain from an 
industry level.
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successfully be marketed. From a company’s perspective, the true marketplace 
involves patients, doctors, and insurance providers. However, from a formula-
tor’s perspective, clinical trials are the ultimate marketplace!

8.2.1  Background on clinical trials

It is necessary to understand how clinical trials are designed, what kind of regu-
latory requirements are needed for conducting a clinical trial, and how success 
is measured. The FDA does not express any general preference for any one 
type but requires that the study design chosen must be adequate. The choice 
of control group is always a critical decision in designing a clinical trial to 
demonstrate efficacy. That choice affects the inferences that can be drawn from 
the trial, the trial’s ethical acceptability, the degree to which bias in conducting 
and analyzing the study can be minimized, the types of subjects that can be 
recruited and the pace of recruitment, the kind of endpoints that can be studied, 
the  public and scientific credibility of results, acceptability of the results by 
regulatory authorities, and many other features of the study, its conduct, and its 
interpretation (FDA, 2001).

Control groups have one major purpose: to allow discrimination of patient 
outcomes (for example, changes in symptoms, signs, or other morbidity) caused 
by the test treatment from outcomes caused by other factors, such as the natural 
progression of the disease, observer or patient expectations, or other treatment. 
The control group experience evaluates what would have happened to patients 
if they had not received the test treatment or if they had received a different 
treatment known to be effective. A concurrent control group is one chosen from 
the same population as the test group and treated in a defined way as part of the 
same trial that studies the test treatment, and over the same period of time. 
The test and control groups should be similar with regard to all baselines and 
on- treatment variables that could influence outcome, except for the study treat-
ment. Failure to achieve this similarity can introduce a bias into the study.

FDA regulations [21 CFR 314.126] cite five different kinds of controls that 
can be useful in particular circumstances (FDA, 2018): (1) historical control, 
(2) placebo concurrent control, (3) no- treatment concurrent control, (4) dose- 
comparison concurrent control, and (5) active- treatment concurrent control. 
Each of these controls have inherent advantages, disadvantages, and appli-
cations. A detailed discussion is out of scope of this book, and the reader is 
encouraged to review the relevant clinical trials guidances documented by 
International Conference on Harmonization (ICH) and FDA.

8.2.2  Reduction of bias in clinical trials

ICH E9 guidance defines bias as the systematic tendency of any aspects of 
the design, conduct, analysis, and interpretation of the results of clinical tri-
als to make the estimate of a treatment effect deviate from its true value. 
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It is important to identify potential sources of bias as completely as possible so 
that attempts to limit such bias may be made. The presence of bias may seri-
ously compromise the ability to draw valid conclusions from clinical trials. The 
most important design techniques for avoiding bias in clinical trials are blind-
ing and randomization, and these should be normal features of most controlled 
clinical trials intended to be included in a marketing application (ICH, 1998). 
These techniques ensure that the test treatment and control groups are similar at 
the start of the study and are treated similarly in the course of study. These two 
techniques are discussed in detail below.

Blinding: Blinding (or masking) is intended to limit the occurrence of 
conscious and unconscious bias in the conduct and interpretation of a clini-
cal trial arising from the influence which the knowledge of treatment may 
have on the recruitment and allocation of subjects, their subsequent care, 
the attitudes of subjects to the treatments, the assessment of endpoints, the 
handling of withdrawals, the exclusion of data from analysis, and so on. 
The essential aim is to prevent identification of the treatments until all such 
opportunities for bias have passed. A double- blind trial is one in which nei-
ther the subject nor any of the investigator or sponsor staff who are involved 
in the treatment or clinical evaluation of the subjects are aware of the treat-
ment received. This includes anyone determining subject eligibility, evalu-
ating endpoints, or assessing compliance with the protocol. This level of 
blinding is maintained throughout the trial’s conduct, and only when the 
data are “cleaned” to an acceptable level of quality will appropriate person-
nel be unblinded (ICH, 1998).

Randomization: Randomization introduces a deliberate element of chance 
into the assignment of treatments to subjects in a clinical trial. During sub-
sequent analysis of the trial data, it provides a sound statistical basis for the 
quantitative evaluation of the evidence relating to treatment effects. It also tends 
to produce treatment groups in which the distributions of prognostic factors, 
known and unknown, are similar. In combination with blinding, randomization 
helps to avoid possible bias in the selection and allocation of subjects arising 
from the predictability of treatment assignments.

A detailed discussion of all statistical approaches for designing a safe, effec-
tive, and bias- free clinical trial is out of scope, and the reader is referred to ICH 
E9 guidance on this topic.

8.2.3  A review of ClinicalTrials.gov

The Food and Drug Administration Modernization Act of 1997 amended the 
Food, Drug, and Cosmetic Act and the Public Health Service Act to require that 
the National Institutes of Health (NIH) create and operate a public informa-
tion resource, which came to be called ClinicalTrials.gov, to track drug effi-
cacy studies resulting from approved IND applications. ClinicalTrials.gov is 
a registry of clinical trials that is run by the US National Library of Medicine 

http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
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(NLM) at NIH and is the largest clinical trials database4 (Fig. 8.4). This massive 
database is extremely useful in improving access of the public to clinical trials 
where individuals with serious diseases and conditions might find experimental 
treatments. Furthermore, this database provides key information such as the 
source of funding for the clinical trials, the purpose of each experimental drug, 
subject eligibility criteria to participate in the clinical trial, and location and 
point of contacts of clinical trial sites being used for a study. The first version of 
ClinicalTrials.gov was made available to the public on February 29, 2000. Since 
that time, the database has grown tremendously (Fig. 8.5).

One other valuable metrics that is tracked on ClinicalTrials.gov is the number 
of registered studies with posted results. ClinicalTrials.gov launched its results 
database in September 2008 which allows the sponsors or investigators to submit 
the results for their registered studies. The results database was first developed 
to accommodate the results submission requirements outlined in Food and Drug 
Administration Amendments Act (FDAAA) of 2007. The FDAAA requires the 
submission of basic results for certain clinical trials, generally no later than 
1 year after their completion date. The basic results information required by the 
FDAAA includes participant flow, baseline characteristics, outcome measures, 
statistical analysis, and any adverse events. The annual results of this metrics 
from the ClinicalTrials.gov database are compiled in Table 8.2.

4. PubMed is another resource managed by the NLM. A trial with an NCT identification number 
that is registered in ClinicalTrials.gov can be linked to a journal article with a PubMed identification 
number (PMID).

FIGURE 8.4 Number of clinical trials being conducted worldwide as of December 11, 2018. 
(Source: ClinicalTrials.gov.)

http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
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Number of Registered Studies Over Time
and Some Significant Events (as of December 11, 2018)
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Key:
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registration as a condition of publication (September 2005)

FDAAA: Indicates when the registration requirements of FDAAA began and were implemented on 
ClinicalTrials.gov (December 2007)

FIGURE 8.5 Number of clinical trials registered at ClinicalTrials.gov. (Source: Data accessed 
on December 11, 2018.)

TABLE 8.2 High- level metrics on registered clinical trials conducted worldwide.

Year
Number of registered 
studies

Number of registered 
studies with posted results

2009 82,880 1,140

2010 100,231 2,758

2011 118,053 4,959

2012 137,523 7,762

2013 157,968 10,854

2014 181,283 15,682

2015 205,406 19,484

2016 233,209 23,667

2017 262,402 29,494

2018 291,893 33,882

Source: Reproduced from ClinicalTrials.gov. Data accessed on December 11, 2018.

http://ClinicalTrials.gov
http://ClinicalTrials.gov
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As of December 11, 2018, ClinicalTrials.gov lists 291,893 studies with loca-
tions in all 50 US states and in 207 countries. On reviewing Figs. 8.4 and 8.5, 
and the corresponding information provided on ClinicalTrials.gov, a few things 
become immediately obvious. First, the total number of clinical trials in United 
States only is nearly 35% of all global clinical trials. Second, although a major-
ity of clinical trials being conducted in the world are concentrated in western 
hemisphere, a large number of clinical trials are also being conducted in Asian 
countries. Lastly, since 2008, the annual rate of new clinical trials is around 
22,400/year. This trend is only increasing with time as 29,500 new clinical trials 
were added in 2018 alone. But the total number of registered studies with posted 
results is only a fraction of the number of registered studies. This means that the 
clinical studies are lasting longer, thereby, requiring a constant flux of clinical 
trial materials. All of these observations have huge implications for chemistry, 
manufacturing, and control and therefore warrant further discussion.

8.2.4  Clinical trials are becoming more global

Industry- sponsored clinical research has traditionally been carried out in North 
America, Western Europe, and Oceania. However, in recent years, a shift in 
clinical trials sponsored by the biopharma industry to Eastern European, Latin 
American, and Asian countries has been noted. Researchers cite a few reasons 
for this shift: (1) ability to reduce operational costs while recruiting a large 
number of patients in a timely manner, (2) establishment of clinical research 
organizations focused on global clinical trials, (3) rapid pace of growth of mar-
ket size, research capacity, and regulatory authority in emerging regions, (4) 
widespread adoption of the Good Clinical Practice guidelines by the ICH of 
Technical Requirements for Registration of Pharmaceuticals for Human Use, 
and (5) strong intellectual property protection. It is expected that these factors 
will continue to be prominent drivers of the globalization process, resulting in 
the solidification of trends and increased geographic dispersion of drug devel-
opment operations (Jeong et al., 2017; Thiers, Sinskey, & Berndt, 2008).

The globalization of clinical trials is a business- friendly approach as conduct-
ing clinical trials in developing countries may facilitate local product approval, 
thereby generating local drug prescription more quickly. At the same time, it is 
very important to consider that globalization of clinical trials not only benefits 
the sponsor but also global health. Expansion of clinical trials into developing 
countries brings new medical care options to subjects who may not even have 
the current standard of therapy available. In parallel, there are clear benefits to 
the local medical community that has earlier access and exposure to new drugs 
and therapeutic advances. To achieve maximum impact, involvement of investi-
gators from developing countries in the planning phases of the trial is essential 
as they may provide valuable contribution while being exposed to an experience 
that will have long- lasting effects in the future development of regional studies 
(Barrios, Werutsky, & Martinez- Mesa, 2015). There are, however, some practi-
cal realities that need to be understood before conducting global clinical trials.

http://ClinicalTrials.gov
http://ClinicalTrials.gov
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An important aspect of globalization is the fact that the inclusion of geographi-
cally distinct populations with different lifestyles, ethnicities, and genetic profiles can 
influence the safety and efficacy of drugs. Global trials need to consider this genetic 
diversity, both when designing the study and at the time of interpreting or report-
ing the results. Safety concerns need to be taken into consideration, as several stud-
ies have shown that Asians metabolize drugs differently from other patients. As an 
example, for 31.2% of the new drugs approved in Japan between 2003 and 2005, the 
recommended standard doses were different from those in the Western population. In 
part as a result of this diversity, some countries such as China and Japan require Phase 
I trials to be performed in national subjects for all new drugs not already registered 
in another country. As a consequence, early phase trials (usually performed in devel-
oped regions) are relatively more frequent there than in other countries. Another fac-
tor to consider is the genetic makeup of a nation’s population as genetic differences 
between the patients could have important pharmacogenetic implications. Global 
studies should consider these important aspects (Barrios et al., 2015).

8.2.5  Clinical trials are long and getting longer

By definition, a supply chain is the interrelated series of processes within a firm, 
and across different firms that produces a service or product to the satisfaction 
of customers. Supply chain management is the synchronization of a firm’s pro-
cesses with those of its suppliers and customers to match the flow of materials, 
services, and information with demand. A key part of supply chain management 
is developing a strategy to mobilize and provide all the resources in the sup-
ply chain to meet the demand now and in the future (Krajewski, Ritzman, & 
Malhotra, 2010). As mentioned earlier, the total number of registered studies with 
posted results is only a fraction of the number of registered studies. This means 
that the clinical studies are lasting longer, thereby, requiring a constant flux of 
clinical trial materials. This scenario creates logistical challenges for the phar-
maceutical supply chain, and its impact needs to be accounted in product design.

Manufacturing is the bridge between research and patient: without product, 
there is no clinical outcome. The typical pharmaceutical supply chain consists 
of the following steps: drug substance manufacturing, drug product manufac-
turing, analytical testing, packaging, warehousing, and distribution. Lead times 
are typically long as numerous logistical activities need to be managed before 
distributing product to clinical trials. All of this can lead to product shortage. 
In a commercial setting, medicines shortages are a growing problem affecting 
all sectors of healthcare, both at community and hospital levels, and involving a 
wide range of from United States to European Union. Researchers have postu-
lated the impact of shortages on several aspects of the quality of care, including 
risks for patients due to delays in care and/or medication errors, increased work 
burden on the hospital pharmacists and on the whole medical team for com-
municating and managing the shortage, and economical burden on hospitals 
due both to the FTE (full- time equivalent) necessary to manage shortages and 
the need to buy more expensive therapeutic alternatives (Panzitta et al., 2017).
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American Society of Health- System Pharmacists (ASHP) is a professional 
organization that represents pharmacists who serve as patient care provid-
ers in acute and ambulatory care settings. The organization’s 45,000 mem-
bers include pharmacists, student pharmacists, and pharmacy technicians. 
Founded in 1942, ASHP provides the only comprehensive, unbiased, nation-
ally available resource for drug shortage information in the United States. As 
per statistics available from ASHP, drug shortages can occur for many reasons 
including manufacturing and quality problems, delays, and discontinuations 
(ASHP, 2018). The ASHP concludes that the rate of new shortages is increas-
ing, and common shortages are severely impacting patient care and pharmacy 
operations as evident in global surveys conducted by researchers (Fig. 8.6).

Although these statistics apply to commercially available drug products, 
it is important to realize that similar causes could also impact the availability 
of clinical drug products as well. Additional complications that need to be 
accounted for are uncertainties in the research pipeline, temperature zones 
where product is being shipped from/to, manufacturing lot sizes, and prod-
uct shelf life. Outsourcing of manufacturing activities further complicates 
timelines as numerous external partners need to be managed. However, when 
done successfully, supply chain integration is expected to lower inventory, 
reduce the cash flow cycle time, reduce cycle times, lower material acquisi-
tion costs, increase employee productivity, increase the ability to meet cus-
tomers’ requested dates, and lower logistics costs (Friemann & Schönsleben, 
2016). Therefore, an important tool to effectively manage the supply chain is 
the accurate forecasting of demand.

FIGURE 8.6 Respondent’s level of agreement with questions about the effect of drug shortages 
on patient care (Kaakeh et al., 2011).



Manufacturing excellence: only road to continual improvement Chapter | 8 205

8.3  Accurate forecasting—the “oil” of a well- oiled machine

Balancing supply and demand begins with making accurate forecasts. A fore-
cast is a prediction of future events used for planning purposes. Planning, on the 
other hand, is the process of making management decisions on how to deploy 
resources to best respond to the demand forecasts. Forecasting methods may be 
based on mathematical models that use available historical data or on qualita-
tive methods that draw on managerial experience and judgments, or they may 
be based on a combination of both. It is important to customize the forecast to 
account for the type of demand time series patterns (such as constant, trending, 
seasonal, cyclical, or random) that are encountered (Krajewski et al., 2010).

With increasing pressure to accelerate drug development and minimize 
associated costs, it has become critical for pharmaceutical companies to opti-
mize the clinical trial supply chain. Various tools have, as a consequence, been 
developed to improve forecasts of medication requirements. Some of these tools 
include increased overage, increased shipment frequency, dynamic supply rules 
(e.g., shipping to site after patient randomization), and frequent real- time inven-
tory tracking. As each of these techniques implies a certain cost, the goal of a 
clinical supply organization is to find the right balance between these costs and 
risk for each trial (Abdelkafi, Beck, David, Druck, & Horoho, 2009).

8.3.1  Challenges with accurate forecasting in clinical trials

The clinical trial supply chain entails much specificity compared with standard sup-
ply chains. Constraints like expiration dating, bulk availability, and specific country 
labeling must be taken into account. In addition, trial designs (e.g., stratification, 
randomization, titration), patient enrollment, dropouts, and drug distribution are 
factors that generate significant uncertainty in the forecast of material needs. This 
overall uncertainty in the demand forecast leads to some risk of being unable to 
supply the right drug to the right patient at the right time. Therefore, it is important 
to critically evaluate each of the constraints that create challenges in forecasting.

From a formulator’s perspective, one of the most important supply chain 
question surrounds the batch size of the drug product that has to be manufac-
tured to support the various clinical trials. The challenge is that if too small of a 
batch size is produced, then multiple batches need to be manufactured to keep 
supplying material for the trials. On the other hand, if too large of a batch size 
is produced, the demand on the drug substance may be too taxing, and it is also 
quite possible that not all drug product might be utilized in clinical trials, thereby 
causing wastage or product expiration in the warehouse. Neither scenario is 
good. At its most basic concept, the goal of any manufacturing operation is to 
produce enough material that satisfies the demand. Any excess material pro-
duced is put in inventory and is typically utilized in a first- in, first- out philoso-
phy. However, this basic concept needs to take into account the constraints that 
limit the production of clinical trial material. In the case of pharmaceutical drug 
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product manufacturing, these constraints are (1) limited availability of drug sub-
stance, (2) limited investment of resources toward developing a product using 
rational design principles, and (3) the failure to evaluate manufacturability, scal-
ability, and process robustness.

8.3.2  Constraint #1—limited availability of drug substance

Why is drug substance limited in quantity during early product development? As 
discussed earlier, the rate of attrition of novel drugs making through the various 
preclinical and clinical endpoints is extremely high. For the novel drugs ones 
that do make it through these endpoints, they proceed through R&D phases, 
regulatory approval, and into the hands of needy patients, skillful chemists, biol-
ogists, and engineers in innovator companies, and contract manufacturing orga-
nizations must continue to devise new manufacturing processes that are capable 
of transforming lab scale API production into commercial quantities quickly, 
safely, cheaply, and with predictable high quality. This process, which often 
takes many years, can require changes in scale from a few grams to hundreds 
of kilos or several tonnes of commercial product and sometimes even the con-
struction of brand new, dedicated manufacturing facilities (Chace- Ortiz, 2017). 
There is unfortunately no magic bullet here, but the end product is worth it.

Drug substance manufacturing is a $135 billion global industry that is forecast 
to reach $185 billion by 2020. Small molecule chemical drug substances represent 
about 70% of this market and biologic active substances the remainder. Growth is 
strongest in biologic drug substances, where 8% per annum is projected compared 
with 5% for chemicals. A growing proportion of the market comprises highly 
potent APIs, which is forecast to reach $26 billion by 2020, largely driven by the 
development of many novel oncology drugs. There are more than 3000 corpora-
tions worldwide engaged in API manufacturing activities (Chace- Ortiz, 2017). As 
discussed in Chapter 5, approximately 80% of drug substance manufacturers are 
located outside the United States, mainly in China, India, and Italy (FDA, 2017). 
Because of these statistics, it is not too hard to fathom that the supply chain for 
drug substance manufacturing is increasingly globalized, highly scrutinized, and 
is fragmented. Therefore, the constraint due to limited drug substance availability 
should be part of the VSM of drug product manufacturing.

8.3.3  Constraint #2—limited investment in rational  
product development

As discussed in Chapter 3, the multifactor productivity of pharmaceuticals is decreas-
ing steadily over the last few years. One way that the industry has tried to address this 
was using the “quick- win, fast- fail” model that is discussed in Chapter 9. This model 
of “quick- win, fast- fail” puts a greater focus on reaching proof of concept efficiently, 
faster, and with lower cost. Therefore, technical uncertainty is intentionally decreased 
before the expensive later development stages (Phase II and Phase III). Although this 
model evolved out of necessity and seems to work well for R&D, unfortunately it 
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shortchanges the supply chain in a few ways. In the “quick- win, fast- fail” model, 
formulation development is limited to the most cost- effective strategy that is suited 
to the biopharmaceutical properties of the candidate and the needs of toxicology 
and early clinical trials. Solutions, suspensions, drug- in- capsules, simple dry blends, 
and enhanced formulations (such as a solid dispersion) have all been adopted when 
appropriate to support clinical studies. These relatively simple formulations work 
well in the phase- appropriate clinical trials settings but fail to build long- term manu-
facturability, scalability, and robustness into the manufacturing process.

As discussed in Chapter 4, under the QbD paradigm, the product is designed to 
meet patient requirements, the process is designed to consistently meet product crit-
ical quality attributes, and the impact of starting materials and process parameters 
on product quality is understood. In addition, critical sources of process variation 
are identified and controlled, and the process is continually monitored and updated 
to allow for consistent quality over time. This whole approach embodies the phi-
losophy of rational design. Information and data collated under a rational design 
approach integrates the knowledge of material properties, biopharmaceutics, process 
variables, statistical methodologies, equipment design, and established engineering 
and manufacturing practices to increase efficiency, decrease costs, and streamline 
operations. Therefore, by only incorporating the biopharmaceutics aspect of prod-
uct design in the phase- appropriate formulations, the concepts of manufacturability, 
process understanding, scalability, and robustness are at risk to be ignored.

8.3.4  Constraint #3—limited investment in  
manufacturability evaluation

The concept of manufacturability is defined as the ability of any material to be pro-
cessed from one physical state to another desirable physical state using scientific 
principles of fluid dynamics, heat transfer, mass transfer, and chemical reactions. 
Every industrial process is designed to produce economically a desired product 
from a variety of starting materials through a succession of treatment steps. These 
treatment steps are common among many industries and are the backbone of unit 
operations that make up a manufacturing process. In the context of drug product 
development, manufacturability can be understood as the ease by which the com-
bination of drug substance and the various excipients that make up a formulation 
lends itself to processing and control. Clearly, formulation development and manu-
facturability are symbiotic and iterative processes, as typically a formulation may 
need to be modified to accommodate manufacturability, and vice- versa.

Manufacturability also requires to evaluate scalability and robustness. Process 
scale- up is key to demonstrating manufacturability and involves moving a product 
from R&D into production. It is well known that the problems that typically occur 
during scale- up are due to increases in batch size, complexity of equipment design, 
and increased process times. It is also well known that most of the problems that 
occur during scale- up will typically not show up during early formulation and pro-
cess development at a lab scale. In addition, the large batch size associated with 
scale- up operations puts an inherent burden on the drug substance supply which 
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may be limited to perform experiments at large scales. Therefore, understanding the 
principles behind process scale- up is critical for a formulation scientist.

Scale- up is generally viewed as the mechanism of increasing batch size. 
Scale- up of a process can also be viewed as a procedure for applying the same 
process to different output volumes. A subtle difference exists between these two 
definitions: batch- size enlargement does not always translate into a size increase 
of the process volume (Levin, 2011). For example, in mixing unit operations, 
scale- up is indeed concerned with increasing the linear dimensions from the 
laboratory to the plant size. On the other hand, in compression- based unit opera-
tions such as tableting and roller compaction, scale- up simply means enlarging 
the output by increasing the speed of the machine or the input rate of the incom-
ing material. To effectively understand the scale- up of any unit operation, it is 
necessary to evaluate the various elements that make up the process scale- up.

The scale- up of processes can be seen as an integration of numerous tech-
nologies and sciences (Fig. 8.7). On one hand, the physical and material sciences 
evaluate the material’s state as it is undergoing processing and scale- up. On the 
other hand, engineering technologies and machine designs need to be under-
stood to gauge the effect of increased mass and volume on materials processing. 
A third element has to do with developing good statistical measurements and 
design of experiments that take the most critical parameters and material proper-
ties, and quantitatively evaluate the risk that they pose to the final product quality. 
Therefore, by going through the scale- up of a process, weaknesses in the product 
design, process train, and the impact of material properties are better understood 
(Mittal, 2016). These weaknesses are what would, if ignored, lead to yield issues, 
out- of- specification results, and reduced product shelf life as shown in Fig. 8.3.

FIGURE 8.7 Elements of process scale- up (Mittal, 2016).
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8.4  Continuous process evaluation and improvements

Clinical trial designs have certain objectives that they wish to accomplish. 
These objectives are linked to patient safety, product efficacy, and clinical 
risk- benefit analysis. More often than not, once these clinical objectives are 
successfully met, there is inherent resistance to making major changes in the 
formulation and/or process that may require revisiting the clinical trial design. 
It is, therefore, quite possible that the chosen formulation and process for 
manufacturing a given clinical trial material may end up being the marketed 
formulation and the commercial process. Hence, it is prudent to continuously 
evaluate the manufacturing process and gain understanding of process con-
trol, as it relates to the product quality. As discussed in Chapter 4, a robust 
process development starts with a systematic approach to product and process 
design: understanding the impact of variability in input variables (raw materi-
als, formulation, and process parameters) and defining an appropriate control 
strategy to mitigate potential risks to product quality and manufacturability. 
Robust process development also includes a demonstration of the capability 
of the process at commercial scale and approaches to continually monitor and 
identify improvement opportunities for the process over the life cycle of the 
product (Peng, Hu, Chatterjee, & Zhou, 2016).

In January 2011, the FDA issued a guidance for the industry that discusses 
the Agency’s thinking on general principles and practices for process valida-
tion. Process validation is defined as the collection and evaluation of data, from 
the process design stage throughout production, which establishes the scientific 
evidence that a process is capable of consistently delivering quality products. 
Validation is the most recognized and important parameter of Current Good 
Manufacturing Practices.

In the 2011 guidance, FDA aligns process validation activities with a prod-
uct life cycle concept and with existing FDA guidance, including the FDA/
ICH guidances for industry, Q8(R2) Pharmaceutical Development, Q9 Quality 
Risk Management, and Q10 Pharmaceutical Quality System that were dis-
cussed in Chapter 4. In the spirit of championing QbD- based drug development 
approaches, FDA encourages the use of modern pharmaceutical development 
concepts, quality risk management, and quality systems at all stages of the man-
ufacturing process life cycle (FDA, 2011).

As per the guidance, effective process validation contributes significantly 
to assuring drug quality. The basic principle of quality assurance is that a drug 
should be produced that is fit for its intended use. This principle incorporates the 
understanding that the following conditions exist:

 l  Quality, safety, and efficacy are designed or built into the product.
 l  Quality cannot be adequately assured merely by in- process and finished- 

product inspection or testing.
 l  Each step of a manufacturing process is controlled to assure that the finished 

product meets all quality attributes including specifications.
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The guidance specifies that process validation involves a series of activities 
taking place over the life cycle of the product and process. The guidance describes 
process validation in three stages: (1) stage 1—process design, (2) stage 2—pro-
cess qualification, and (3) stage 3—continued process verification. High- level 
overview of each of these stages is provided in Table 8.3. It is imperative for 
formulators to imbibe the best practices of process validation and to constantly 

TABLE 8.3 High- level overview of various stages of process validation.

Stage of 
process 
validation Details

Recommended 
information/studies 
to demonstrate 
knowledge

Stage 1—
process 
design

Process design is the activity of defining 
the commercial manufacturing process 
that will be reflected in planned master 
production and control records. The goal 
of this stage is to design a process suitable 
for routine commercial manufacturing 
that can consistently deliver a product 
that meets its quality attributes.

Risk mapping through 
failure mode and effects 
analysis, design of 
experiment studies to 
evaluate critical material 
attributes, critical 
process parameters, and 
critical quality attributes.

Stage 2—
process 
qualification 
(PQ)

During the PQ stage of process 
validation, the process design is 
evaluated to determine if it is capable of 
reproducible commercial manufacture. 
This stage has two elements: (1) design 
of the facility and qualification of the 
equipment and utilities and (2) process 
performance qualification (PPQ). During 
Stage 2, Current Good Manufacturing 
Practice compliant procedures must 
be followed. Successful completion 
of Stage 2 is necessary before 
commercial distribution. A successful 
PPQ will confirm the process design 
and demonstrate that the commercial 
manufacturing process performs as 
expected. Products manufactured during 
this stage, if acceptable, can be released 
for distribution.

Facility design, 
qualification of utilities 
and equipment, 
personnel training and 
qualification, process 
sampling plans, testing 
plans with acceptance 
criteria, statistical 
metrics to demonstrate 
intrabatch and 
interbatch variability, 
provisions for 
addressing deviations 
and handling of 
nonconfirming data.

Stage 3—
continued 
process 
verification

The goal of the third validation stage 
is continual assurance that the process 
remains in a state of control (the validated 
state) during commercial manufacture.

Statistical process 
control methodologies 
to evaluate statistical 
trends.

Adapted from FDA. (2011). Guidance for industry – process validation: General principles and 
practices. FDA Retrieved from https://www.fda.gov/downloads/drugs/guidances/ucm070336.pdf.

https://www.fda.gov/downloads/drugs/guidances/ucm070336.pdf
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Preparing for Future Competitive Challenges
Specialization has been not only the source of well- known benefits in disci-
plines that have economic activity but also the source of spectacular advances 
in the production of knowledge. However, increased specialization has also fos-
tered compartmentalization and fragmentation of knowledge that can, in some 
instances, prove to be dysfunctional and therefore costly. Significant resources 
have been expended in United States in the past to understand, analyze, sustain, 
and grow the competitiveness of America’s manufacturing industries. It has been 
long acknowledged that the competitive challenge facing American industry is 
real and growing with each passing day. Indeed, the transition to a more fully 
integrated world economy is providing competitive challenges to firms that were 
undreamed of previously. In many markets, American firms are no longer com-
petitive with respect to quality, price, delivery, or NPD. The result of this intense 
competitive pressure, combined with the perceived deterioration in American 
industrial strength, is that America faces a significant challenge against the world’s 
major manufacturers (Fawcett & Pearson, 1991). With what’s at stake here, there is 
no doubt that steps taken to improve the nation’s competitive ability is a necessary 
undertaking. Therefore, an appreciation of manufacturing excellence and its tenets 
is required for anyone who wishes to work in any manufacturing- based industry 
including pharmaceuticals.

evaluate the product’s manufacturability using appropriate statistical tools. A 
scientifically- sound and disciplined approach to process understanding assists in 
finding any lurking variables that may risk the product’s performance.

8.5  Summary  

List of abbreviations

ASHP American Society of Health- System Pharmacists
CMOs Contract Manufacturing Organizations
FIFO First- In, First- Out
FDAAA Food and Drug Administration Amendments Act
FDAMA Food and Drug Administration Modernization Act
GDP Gross Domestic Product
HPAPI Highly Potent APIs
NIH National Institutes of Health
NLM National Library of Medicine
NPD New Product Development
OOS Out- of- Specification
POC Proof of Concept
PMID PubMed Identification Number
SQC Statistical Quality Control
TQC Total Quality Control
TQM Total Quality Management
JUSE Union of Japanese Scientists and Engineers
VSM Value Stream Mapping
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Chapter 9

Case studies and supplemental 
resources
9.1  Case study #1—global distribution of healthcare

The global statistics of healthcare were discussed in Chapters 1 and 2. In general, 
it was observed that most developing and developed countries have increased 
their spending toward healthcare from 1995 to 2014 (Fig. 2.3). However, one 
challenge that needs to be tackled when understanding the distribution of health-
care is that what metrics should be developed to track the future progress of sus-
tainable global healthcare? After all, examining where gains have occurred or 
progress has faltered across and within countries is crucial to guiding decisions 
and strategies for future improvement.

Effective measurement of healthcare access and quality (HAQ) has become 
an increasingly important priority alongside its ascent in global health policy. In 
particular, the use of amenable mortality—deaths from causes that should not 
occur in the presence of effective medical care—to approximate national levels 
of personal HAQ has gained greater traction. Amenable mortality metrics are 
thought to provide a strong signal of what can or should be addressed by the 
receipt of effective healthcare and, thus, performance on overall personal HAQ. 
Combining such measures with preventable health outcomes (i.e., burden that 
can be avoided through public health programs or policies implemented outside 
the immediate health sector) can offer a more complete set of potential path-
ways for improving health. In a very large study funded by the Bill and Melinda 
Gates Foundation, a vast team of global healthcare researchers have developed 
a novel measure, the HAQ Index, which tracks the gains and gaps in personal 
HAQ in 195 countries and territories over time (Fullman et al., 2018).

As per Fullman et al. (2018), in 2016, HAQ Index performance spanned 
from a high of 97.1 in Iceland, followed by 96.6 in Norway, and 96.1 in the 
Netherlands, to values as low as 18.6 in the Central African Republic, 19.0 in 
Somalia, and 23.4 in Guinea- Bissau (Fig. 9.1). The pace of progress achieved 
between 1990 and 2016 varied, with markedly faster improvements occurring 
between 2000 and 2016 for many countries in sub- Saharan Africa and southeast 
Asia, whereas several countries in Latin America and elsewhere saw progress 
stagnate after experiencing considerable advances in the HAQ Index between 
1990 and 2000.
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Striking subnational disparities emerged in personal HAQ, with China and 
India having particularly large gaps between locations with the highest and low-
est scores in 2016. Japan recorded the smallest range in subnational HAQ per-
formance in 2016 (Fig. 9.2). Performance on the HAQ Index showed strong 
linkages to overall development, with high and high- middle socio- demographic 
index (SDI) countries generally having higher scores and faster gains for 

FIGURE 9.2 HAQ index values for selected countries in 2016 (Fullman et al., 2018).
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noncommunicable diseases. Nonetheless, countries across the development 
spectrum saw substantial gains in some key health service areas from 2000 to 
2016, most notably vaccine- preventable diseases. Overall, national performance 
on the HAQ Index was positively associated with higher levels of total health 
spending per capita, as well as health systems inputs, but these relationships 
were quite heterogeneous, particularly among low- to- middle SDI countries. 
Therefore, to strengthen and deliver health systems for the next generation, 
national and international health agencies alike must focus on improving HAQ 
across health service areas and reaffirm their commitment to accelerating prog-
ress for the world’s poorest populations (Fullman et al., 2018).

9.2  Case study #2—addressing productivity issues

As discussed in Table 3.2, the pharmaceutical industry recorded gains in multi-
factor productivity (MFP) in only 2 of the 12 years of this period. Given the fact 
that substantial resources are spent by pharmaceutical companies on research, 
the decline in MFP is troubling. As discussed in Chapter 3, from an investor’s 
perspective, an obvious inference is that the return on investment in biomedical 
research is in sharp decline despite generous public funding of research and 
expanded fundamental biomedical knowledge at a remarkable rate. Therefore, 
attempts should be taken to improve the utilization efficiency of the inputs and 
processes that are involved in pharmaceutical development. Most services or 
products are produced through a series of interrelated business activities. Each 
activity in a process should add value to the preceding activities; waste and 
unnecessary costs should be eliminated. This is why cross- functional coordina-
tion is important. However, another way to look at this is to evaluate the strate-
gic benefits of the processes. As per strategic insights, the processes must add 
value for customers throughout the supply chain. The concept of supply chains 
reinforces the link between processes and performance, which includes a firm’s 
internal processes and those of its external customers and suppliers.

Given its innovative approaches to discover cures for unmet medical needs, the 
pharmaceutical industry has always placed a heavy emphasis on R&D, delivering 
one of the highest ratios of R&D investment to net sales compared with other indus-
trial sectors. In its traditional business model, big pharmaceutical firms executed 
activities that were correlated to different stages of the chain, particularly regarding 
core products, protected by intellectual property. The production and distribution 
of their own products was related to the historical vertical integration of the phar-
maceutical firms. However, in the changing business environment, pharmaceutical 
companies are under increased pressures to launch a new drug onto the market faster 
so that they can achieve maximum market penetration and revenue in a limited time-
frame before the patent protection ends and generic competition begins. Because 
of this business reality, pharmaceutical companies have seen a significant change 
in operating model and footprint over the past couple of decades. A few steps have 
been assertively taken by some companies to adapt to new business models.
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In 2002, Eli Lilly and Company (Lilly) launched an initiative which focused 
on the exploration of alternative R&D approaches in the pharmaceutical indus-
try. The end result was the formation of a small, operationally independent 
integrated drug development organization within Lilly that specializes in drug 
development from candidate selection to clinical proof of concept (POC). This 
organization was named Chorus. The Chorus model was designed specifically 
to markedly improve the efficiency of risk discharge before the key Phase II 
decision point. This model is also dubbed as the “quick- win, fast- fail” model as 
shown in Fig. 9.3.

Fig. 9.3 illustrates the contrast between the traditional drug development 
model (Part A) and an alternative, the quick- win, fast- fail model proposed by 
Chorus (Part B). In this alternative—with a greater focus on reaching POC 
efficiently, faster, and with lower cost—technical uncertainty is intentionally 
decreased before the expensive later development stages (Phases II and III). 
This lean approach to POC clinical development requires focused experiments 
that can provide quick go/no- go decisions and create strong POC data pack-
ages. This approach pulls risks forward by implementing development work 
that drives the largest change in technical probability of success and greatest 
value in the shortest time. The reduced number of new molecular entities enter-
ing Phases II and III advance with a higher probability of technical success. Any 
savings gained from this paradigm can be reinvested to further enhance R&D 
productivity (Owens et al., 2014).

CS: candidate selection; FED: first efficacy dose; FHD: first human dose; PD: product decision;
p(TS): probability of technical success

(A)

(B)

FIGURE 9.3 (A) Traditional versus, (B) quick- win, fast- fail (Chorus) development models for 
pharmaceuticals (Owens et al., 2014).



220 How to Integrate Quality by Efficient Design (QbED) in Product Development

The Chorus model is differentiated in three main areas: development phi-
losophy, organizational effectiveness, and operational efficiency. A detailed 
discussion of the Chorus model is out of scope of this book, and the reader is 
encouraged to review the manuscript by Owens et al. (2014). However, one 
thing that is clear from the discussion surrounding the Chorus model that 
chemistry, manufacturing, and control (CMC) is a key source of efficiency in 
the Chorus model. Chorus develops a route for GMP drug substance produc-
tion that is appropriate to the scale required for early development. In addi-
tion, formulation development is limited to the most cost- effective strategy 
that is suited to the biopharmaceutical properties of the candidate and the 
needs of toxicology and early clinical trials. Solutions, suspensions, drug- 
in- capsules, simple dry blends, and enhanced formulations (such as a solid 
dispersion) have all been adopted when appropriate to support clinical stud-
ies. Since its creation in 2002, Chorus has supported 70+ development pro-
grams, some of which have progressed to Phase 3 and as marketed products. 
The Chorus model clearly outlines evolutions that are going on in the indus-
try to address the productivity issues surround pharmaceutical R&D. With 
changes in operating models across the industry, it is increasingly important 
for CMC to assist in increasing the efficiency and productivity of pharmaceu-
tical research. However, as discussed in Section 8.3.3, an objective evaluation 
needs to be made whether investing into a Chorus- like model shortchanges the 
long- term benefits that come from investing in rational product development. 
Such judgment calls are dependent on the company’s operating model, its 
scientific expertise, and its business strategy.

9.3  Case study #3—impact of drug recall

A major reason for the federal role in regulating pharmaceutical quality is that 
primary customers (patients, caregivers, and health professionals) are often not 
able to independently assess the drugs’ quality. Our modern laws and quality 
check methodologies are designed to avoid a repeat of tragic events that occurred 
in our past. Our understanding of quality in pharmaceuticals is lot clearer, and 
there is an industry- wide emphasis on its enforcement. Unfortunately, drug 
recall is still a prevalent problem, with an average of 51 marketed drugs per 
year from 2016 to 2018 (Fig. 5.10). One such famous case in the modern age is 
that of Vioxx®.

On May 20, 1999, the US FDA approved rofecoxib (ATC Code: M01AH02) 
for the treatment of acute pain and the pain associated with osteoarthritis. The 
approval was based on its efficacy and safety in Phases II and III randomized 
clinical trials (RCTs). Rofecoxib was marketed under the brand name Vioxx. 
Rofecoxib was available on prescription in both tablet form and as an oral 
suspension. It was available by injection for hospital use. Its manufacturer, 
Merck, marketed the drug as an effective, safer alternative to nonsteroidal 
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antiinflammatory drugs (NSAIDs) and obtained subsequent FDA approv-
als for the treatment of rheumatoid arthritis and migraine. Additional stud-
ies were done to examine rofecoxib’s efficacy in delaying the progression of 
Alzheimer’s disease, preventing adenomatous polyps of the colon, and man-
aging premenstrual acne. Worldwide, over 80 million people were prescribed 
rofecoxib at some time. By 2003, the drug had accrued more than $2.55 bil-
lion in sales.

Just as rofecoxib was escalating in popularity as a prescription NSAID, the 
clinical trial that would result in its ultimate demise was coming to a conclu-
sion. Published in 2000, the VIGOR trial compared GI side effects in rheu-
matoid arthritis patients taking rofecoxib versus naproxen. The 8076 patient, 
multicenter, randomized, double blind study found a statistically significant 
relative risk reduction of 50% for GI events in the patients on rofecoxib; it was 
a success for Merck and their marketing efforts for the drug. Unfortunately, 
the study also revealed an unexpected increase in the risk of cardiovascular 
(CV) events. In an interim analysis of the data, it was apparent that patients 
randomized to rofecoxib had more CV events. The authors postulated that this 
difference was due to an “acetylsalicylic acid (ASA)- like antiplatelet effect” 
of naproxen. In the published version of the trial, 0.4% (n = 17) of the patients 
on rofecoxib were reported as having suffered myocardial infarctions (MIs) 
compared with only 0.1% (n = 4) of those on naproxen. Ultimately, the authors 
attributed this difference to the fact that a small group of study subjects who 
met criteria for ASA for secondary CV prophylaxis but were not receiving 
ASA (4%) accounted for a disproportionate percentage (38%) of the MIs. It 
would, however, later come to light that Merck and Co. knew about, but did 
not report, all of the MIs that occurred among the rofecoxib patients. The 
study had a GI event reporting cutoff date of March 2000; however, CV events 
were only reported up to February 2000. Additional three MIs occurred in 
the final month of the study and were known to the steering committee at the 
time of final submission but were not reported in the published manuscript 
(McIntyre & Evans, 2014).

This apparent concealment of adverse events would become more widely 
known a few years later after the results of the APPROVe trial became 
known. This placebo- controlled trial evaluated secondary chemoprevention 
of colorectal cancer with rofecoxib and included prespecified CV second-
ary endpoints, finding a relative risk of 1.92 (95% CI 1.19–3.11, P = .008) 
for CV events in patients taking rofecoxib compared with placebo. After 
learning these data, on September 30, 2004, Merck withdrew rofecoxib 
from the market after concluding that it was associated with increased CV 
risk due to long- term, high- dosage use. At the time of its recall, rofecoxib 
was one of the most widely used drugs. Its sudden removal from the anti- 
pain medication arsenal tested the healthcare system’s ability to respond 
quickly to the largest prescription drug recall in US history (Becker, 2004).  
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Merck reserved $970 million to pay for its Vioxx- related legal expenses 
through 2007 and has set aside $4.85 billion for legal claims from US citizens.

The concerns surrounding Vioxx spilled over into other marketed prod-
ucts as well. Rofecoxib is a selective cyclooxygenase- 2 (COX- 2) inhibitor. 
With Vioxx’s recall, concerns were raised for the entire class of COX- 2 inhibi-
tors, which are designed to minimize the gastrointestinal side effects of more 
traditional NSAIDs. The two alternatives in the COX- 2 class are Celebrex and 
Bextra, which are both made by Pfizer. In due time, the clinical concerns around 
Celebrex were allayed, but Bextra was withdrawn in 2005. Vioxx never returned 
to the market.

Vioxx remains an infamous and controversial drug in the minds of the 
public and physicians alike. Although it is no longer making its way into 
prescription bottles, its legacy lives on, in its enduring influences, on drug 
safety monitoring in the conduct of RCTs, and on modern practices in drug 
marketing and development (McIntyre & Evans, 2014). There is, however, a 
sliver of silver lining in the whole Vioxx story. Now, 14 years later, the small 
drug company Tremeau Pharmaceuticals (based in Cambridge, MA) has 
announced plans to bring the drug back to market for severe joint pain caused 
by hemophilia. Hemophilia is a mostly inherited genetic disorder that impairs 
the body’s ability to make blood clots, a process needed to stop bleeding. 
This results in people bleeding longer after an injury, easy bruising, and an 
increased risk of bleeding inside joints or the brain. Those with a mild case 
of the disease may have symptoms only after an accident or during surgery. 
Bleeding into a joint can result in permanent damage, whereas bleeding in 
the brain can result in long- term headaches, seizures, or a decreased level of 
consciousness. Aspirin and other NSAIDs are generally not recommended for 
patients with hemophilia, and Tremeau Pharmaceuticals hopes that rofecoxib 
might be considered because these patients have fewer options to manage 
their acute pain. However, although some patients may be willing to accept 
the associated increased CV risk, the FDA and other regulators must deter-
mine whether the drug’s benefits broadly outweigh its potential risks (Ross & 
Krumholz, 2018).

9.4  Case study #4—strategies to extend patent life

Two types of patent protection exist for innovative pharmaceutical compa-
nies, as discussed in Chapter 2. The first are traditional patents granted and 
processed by the United States Patent and Trademark Office. The typical 
patent length is 20 years from the application’s filing date. The second type 
of protection is regulatory in nature and granted by the FDA on approval of 
a new chemical entity (NCE). This type of protection is termed “exclusivity” 
and could run concurrent with traditional patent protection. For an NCE, 
exclusivity is granted for a period of 5 years from the date of FDA approval. 
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These rules are pretty straightforward and should be used as a guide regard-
ing when generics can enter the market. However, the business reality is 
not so clear. Despite the increased investments in R&D by pharmaceutical 
companies, the industry’s current R&D yield is neither optimal nor sustain-
able. The number of products coming off- patent in the recent years is at 
a far greater rate than the number of new products being approved by the 
regulatory authorities. Realizing this short fall, pharmaceutical companies 
are defensive and have been looking for ways to realize financial gains and 
continued growth.

Life cycle management (LCM) is one strategy that has proven successful in 
the last few years. Pharmaceutical companies have been managing in an innova-
tive and proactive way the life of those products which they invested billons of 
dollars in to bring to the market. Typically, the life of a pharmaceutical product 
begins with product launch, after securing regulatory approval and, to a signifi-
cant extent, ends at the point at which a generic competitor is able to enter the 
market and sell the drug at a lower cost. Better LCM of their innovative products 
has allowed pharmaceutical companies either to delay the generic entry into the 
market or to minimize the market share cannibalized by the “me- too” products. 
This strategy, aimed at protecting the innovator’s product, has been the key 
for blockbuster drugs which can account for the majority of a pharmaceutical 
company’s revenues.

LCM is, however, a complex task and requires a multidisciplinary 
approach. Successful LCM projects integrate not only good business and 
legal strategies but also good science and technologies. With so much 
money at stake, it is understandable that LCM should gain as much atten-
tion as developing new chemical entities. In fact, for timely implementation 
of the LCM strategy, activities are in most cases starting even before the 
innovative product is filed with the regulatory agencies. There are many 
excellent cases where a product’s life has been prolonged way beyond the 
original patent expiration date, resulting in substantial financial returns or 
gains. The most commonly used LCM strategies can be grouped into the 
following areas:

 1.  extension of product life by shortening development time to market;
 2.  brand protection strategies (through salts, crystal forms, and formulations) 

to extend time on the market without generic competition; and
 3.  market expansion strategies to increase sales within the patent protected 

period.

These categories include indication expansion, reformulation (combina-
tion products, modified release formulations, etc.), and second- generation 
launch. Details are discussed in Table 9.1. The intended benefit of these 
strategies is to provide additional patent coverage as shown in Fig. 9.4. It is 
important to note that the abovementioned strategies are technical in nature 
and should complement any market protection actions that the company 
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TABLE 9.1 Typical life cycle management (LCM) strategies.

Program type Details

Shortening of 
development time 
to market

Once the drug substance patent is filed, the clock starts ticking, 
leading to the patent expiration 20 years later. It is obvious 
that the faster the company can develop the compound into 
a product, the longer the product exclusivity will be. New 
ideas and approaches such as quality by design, modeling 
and simulation tools, and process analytical technologies 
are being integrated with traditional product development 
strategies. Pharmaceutical companies and regulatory agencies 
are collaborating with the multiple aims of improving the 
development process, of gaining better understanding of the 
science behind drug product development, and of better 
following drug product quality throughout the manufacturing 
process. Similarly, one of the key limiting factors in developing 
drug product is the time required to produce the drug 
substance, with adequate quality and quantity, required for 
the development work. If technology advancement makes 
it possible to develop robust formulations with less drug 
substance, the pharmaceutical development may avoid being a 
rate- limiting step in the development process.

Brand protection 
strategies through 
salts, crystal 
forms, and 
formulations

When the first drug substance patent is filed, it may not cover 
all potential salts and polymorphs. Sometimes, a new salt and/
or polymorph may have some advantage that can be patented 
separately. These new patents may provide additional life for the 
specific product if they are used adequately. The same applies 
to new formulation patents. They may also include patents on 
reformulated products.

Market expansion 
strategies

As one of the most important strategies for LCM, new drug 
delivery systems provide commercial opportunities through 
intellectual property, product differentiation, and recognition. 
By infusing the drug into an enhanced delivery system, this 
strategy is valuable and cost- effective in the management of 
overall product life cycle resource. It improves the product’s 
therapeutic benefits and patient’s convenience, as well 
as compliance. With extended product’s profitable life, it 
also fends off generic competition and gives back financial 
advantages to pharmaceutical companies. Formulation 
technologies for LCM are numerous. They include modified 
release for oral delivery, taste- masking, orally disintegrating 
tablets, depot formulations, high- strength parenterals, 
inhalation, emerging technologies for bioavailability 
enhancement, etc. Over the years, a variety of technology 
platforms have also emerged, many of which led to the success 
of marketed products.

Adapted from Zannou, E. A., Li, P., & Tong, W. Q. (2009).
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undertakes to defend against competitive erosion of sales. For example, 
in addition to the technical strategies, the company may also employ con-
current marketing strategies to maximize sales, such as direct to consumer 
advertisement, and drug pricing strategies on patent expiration (Zannou, Li, 
& Tong, 2009).

9.5  Case study #5—non- Type 1 NDA approval trends

As discussed in Chapter 2, numerous types of options exist for NDAs (Table 
2.5), and the NDA classification code provides a way of categorizing NDAs. 
The Type 1 NDAs were discussed in detail in Chapter 2. However, there are 
few other important classes of NDAs that warrant further discussion. These 
classes are the Types 3, 4, and 5 NDAs (FDA, 2015). A detailed discussion 
of these three classes of NDA is provided in Table 9.2. As noticed, Type 5 
category (new formulation or new manufacturer) is broad and has numerous 
criteria. Interestingly, if the number of approvals obtained in all these three 
categories is plotted as a function of time, there are a few trends that emerge 
(Fig. 9.5).

 l  The number of NDA’s approved under Type 3 category (new dosage form) is 
typically decreasing over a 20- year period from 1999 to 2018.

 l  In the same time period, the number of NDA’s approved under Type 4 category 
(new combination) is constant at about 10 approvals per year.

 l  The number of approvals under Type 5 category is steadily increasing.

These approval trends are a good indication of the pharmaceutical industry’s 
current operating environment.

FIGURE 9.4 Strategies for additional patent coverage in United States (Zannou et al., 2009).
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TABLE 9.2 Detailed description on NDA classification codes 3, 4, and 5 (FDA, 2015).

Classification codes Description Recent examples

Type 3—new dosage 
form

A Type 3 NDA is for a new dosage form of an active ingredient that has been approved 
or marketed in United States by the same or another applicant but in a different dosage 
form. The indication for the drug product does not need to be the same as that of the 
already marketed drug product. Once a new dosage form has been approved for an 
active ingredient, subsequent applications for the same dosage form and active ingredient 
should be classified as Type 5.

Lumacaftor/ivacaftor 
(brand name: Orkambi 
developed by Vertex 
Pharmaceuticals) was 
approved by the FDA 
in July 2015 under 
breakthrough therapy 
status and under a 
priority review (Type 1 
NDA# 206,038). The 
dosage form was an oral 
tablet. In August 2018, 
a granule in a packet 
oral drug product was 
approved for children 
aged 2–5 years under 
Type 3 NDA# 211,358.

Type 4—new 
combination

A Type 4 NDA is for a new drug–drug combination of two or more active ingredients. 
An application for a new drug–drug combination product may have more than one 
classification code if at least one component of the combination is an NME or a new 
active ingredient. The new product may be a physical or chemical (e.g., covalent ester or 
noncovalent derivative) combination of two or more active moieties.

FDA approved Merck’s 
Delstrigo™ (doravirine/
lamivudine/tenofovir 
disoproxil fumarate), a 
once- daily fixed- dose 
combination tablet as 
a complete regimen for 
the treatment of HIV- 1 
in appropriate patients 
in 2018 under Type 4 
NDA# 210,807.
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Type 5—new 
formulation or other 
differences (e.g., 
new indication, 
new applicant, new 
manufacturer)

A Type 5 NDA is for a product, other than a new dosage form, which differs from a 
product already approved or marketed in United States because of one of the following:
 1.  The product involves changes in inactive ingredients that require either bioequiva-

lence studies or clinical studies for approval and is submitted as an original NDA 
rather than as a supplement by the applicant of the approved product.

 2.  The product is a duplicate of a drug product by another applicant (same active ingre-
dient, same dosage form, same or different indication, or same combination) and

 (a)  requires bioequivalence testing (including bioequivalence studies with clinical 
endpoints) but is not eligible for submission as a section 505(j) application;

 (b)  requires safety or effectiveness testing because of novel inactive ingredients;
 (c)  requires full safety or effectiveness testing because it is (i) subject to exclusivity 

held by another applicant, (ii) a product of biotechnology and its safety and/or ef-
fectiveness are not assessable through bioequivalence testing, (iii) a crude natural 
product, or (iv) ineligible for submission under section 505(j) because it differs in 
bioavailability (e.g., products with different release patterns); or

 (d)  the applicant has a right of reference to the application.
 3.  The product contains an active ingredient or active moiety that has been previously 

approved or marketed in United States only as part of a combination. This applies to active 
ingredients previously approved or marketed as part of a physical or chemical combina-
tion, or as part of a mixture derived from recombinant DNA technology or natural sources.

 4.  The product is a combination product that differs from a previously marketed combi-
nation by the removal of one or more active ingredients or by substitution of a new 
ester or salt or other noncovalent derivative of an active ingredient for one or more of 
the active ingredients. In the latter case, the NDA would be classified as a Type 2,5.

 5.  The product contains a different strength of one or more active ingredients in a previ-
ously approved or marketed combination. A Type 5 NDA would generally be submit-
ted by an applicant other than the holder of the approved application for the approved 
product. A similar change in an approved product by the applicant of the approved 
product would usually be submitted as a supplemental application.

 6.  The product differs in bioavailability (e.g., super- bioavailable or different controlled- release 
pattern) and, therefore, is ineligible for submission as an ANDA under section 505(j).

 7.  The product involves a new plastic container that requires safety studies beyond 
limited confirmatory testing (see 21 CFR 310.509, parenteral drug products in 
plastic containers, and MAPP 6020.2, Applications for parenteral Products in plastic 
Immediate containers).

In February 2004, FDA 
approved International 
Medication System’s 
NDA# 021,594 
for amiodarone 
hydrochloride 500 mg/
mL injection under the 
Type 5 category
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9.6  Case study #6—design of experiments in  
pharmaceutical development

Most of the pharmaceutical unit operations can be understood by applying the 
physical first principles of conservation of mass, momentum, and energy. If 
applied effectively, any process at any scale can be designed, scaled- up, and 
troubleshot. Of course, there will be challenges but the formulator who under-
stands the first principles is more likely to be successful in developing a good 
and robust process. There are some general elements that need to be clarified 
to gain a deeper appreciation of the complexity of these seemingly simple unit 
operations:

 l  Element #1: Understanding of the physical phenomena behind a given unit 
operation

 l  Element #2: Evaluation of how the machinery and its process parameters 
affect the quality of the output material

 l  Element #3: Determination of process endpoint
 l  Element #4: Anticipating the desired state of the output material and 

characterizing it

The connectivity between these rules can be visualized in the form of 
a line diagram as shown in Fig. 9.6. In developing a formulation, product, 

FIGURE 9.5 Approval trends for Types 3, 4, and 5 NDAs from 1999 to 2018.
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or process, pharmaceutical or otherwise, the answer is rarely known right 
from the start. Our own experience, scientific theory, and the contents of 
the scientific and technical literature may all be of help, but we will still 
need to do experiments to learn about the particular product being devel-
oped. Experiments produce quantifiable outcomes that assist in continuous 
improvement in product/process quality and are fundamental to under-
standing the process behavior, the amount of variability, and its impact on 
processes.

In the design of experiment (DoE), or experimental design approach, sta-
tistical thinking and statistical methods play an important role in planning, 
conducting, analyzing, and interpreting data from engineering experiments. 
When several variables influence a certain characteristic of a product, the best 
strategy is then to design an experiment so that valid, reliable, and sound 
conclusions can be drawn effectively, efficiently, and economically. Since the 
introduction of the ICH Q8 (R2) guideline (discussed in Chapter 4), which 
created a favorable environment for the use of DoE, a dramatic increase of 
relevant scientific work and industrial application has been noticed, further 
supported by the introduction of user- friendly software facilitating construc-
tion and analysis of the designs.

One of the biggest challenges in developing DoEs is the selection of the 
experimental design itself. Based on DoE objectives, screening, characteriza-
tion, or optimization of process and formulation, several types of designs can 
be chosen, e.g., factorial or mixture. Decisions on randomization, blocking, and 
replications should be also addressed. There are three main categories of experi-
mental designs, depending on the type of parameters under study (Fig. 9.7).  
Details on these three designs are compiled in Table 9.3. A detailed discus-
sion on the various designs is out of scope for this book, but the reader is  
recommended to review an excellent article by Politis, Colombo, Colombo, and 
Rekkas (2017).

FIGURE 9.6 Elements of a unit operation (Mittal, 2016).
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FIGURE 9.7 Main design of experiment categories (Politis et al., 2017). (A) mixtures; (B) pro-
cess or factorial designs; (C) mixture- process designs.

TABLE 9.3 Designs of experiment (DoEs).

DoE type Details

Mixture designs Mixture designs are used for formulation characterization and 
optimization, applied when the overall amount of a composition 
is defined, e.g., for a tablet with fixed mass. Their scope is to 
rationalize the use of each constituent and its proportion in the 
formulation. Typical applications in pharmaceutical technology 
include the determination of diluent proportions in solid 
formulations, the selection of appropriate solvent–cosolvent 
combinations in liquid forms, etc. An important variant of the 
mixture designs is the extreme vertices design. Extreme vertices 
designs are mixture designs that cover only a subportion or 
smaller space within the simplex. These designs must be used 
when the chosen design space is not an L- simplex design. The 
presence of both lower-  and upper- bound constraints on the 
components often creates this condition.

Factorial designs Factorial experiments for process development refer to parameters 
that can be adjusted independently of each other, such as 
compaction force, temperature, and spraying rate. These are most 
commonly used DoEs and numerous design variants (fractional, 
full, response surface methodology, etc.) existing in the literature.

Mixture- process 
designs

Mixture- process designs are used when it is necessary to 
investigate interactions between formulation and process 
variables. They are rarely used as they require the construction of 
mixture designs at each factor setting, resulting in large numbers 
of experiments. However, if designed effectively, they can be 
extremely powerful in understanding the formulation- process 
design space simultaneously.

Adapted from Politis S. N., Colombo P., Colombo G., & Rekkas D. M. (2017).
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9.7  Case study #7—modernizing drug development

In 2004, the US Food and Drug Administration introduced the Critical Path 
Initiative (CPI) with the intent of modernizing drug development by incorporating 
recent scientific advances (such as genomics, modeling and simulation, advanced 
imaging technologies, etc.), into the drug development process along three dimen-
sions of safety, medical utility, and industrialization (Fig. 9.8). One of the key 
areas of focus that was identified in the CPI was that of translational science. 
Translational science, which is also called “experimental medicine,” or simply 
“clinical pharmacology” in the case of drug development, involves moving a sci-
entific innovation from the laboratory into early clinical studies. Improvement in 
this part of the process was identified as an essential step in modernizing drug 
development (Woodcock & Woosley, 2008). Therefore, CPI proposed the utiliza-
tion of model- based drug development (MBDD) as a major scientific priority area.

MBDD is an approach to improve drug development by using pharmacoki-
netic (PK) and pharmacodynamic (PD) models to describe and predict drug and 
trial behavior, thereby improving drug development and decision- making. PK 
describes the time course of drug concentrations, whereas PD refers the charac-
terization of the drug effect resulting from drug concentrations at the effect site. 
The relationship between drug dose and plasma concentration and drug effect 
or side effects is characterized in the PK and PD models, respectively. Although 
they have long been used in the critical phases of drug development process, 
systemic application of the models into the drug development process has the 
potential to significantly improve it. Decisions taken during a drug develop-
ment program to improve drug performance include go/no- go decisions, dosing 
levels, endpoints, timing of trials, and many more factors, both clinical and 

FIGURE 9.8 The critical path of drug development (FDA, 2004).
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nonclinical. Other decisions that affect the chances of success and the com-
mercial feasibility of a drug candidate include trial design considerations, such 
as country selection, site selection, patient enrollment, drug supply, staffing for 
monitors, among others. Each of these decisions could benefit from appropriate 
statistical models and trial simulation technologies (Kim, Shin, & Shin, 2018).

Modeling and simulation can be applied to all aspects of drug development 
from drug discovery to preclinical, clinical, and LCM (Fig. 9.9). In clinical 
development, modeling and simulation can be used to optimize dosing regi-
mens, design subsequent clinical trials, and efficiently analyze data to aid label 
recommendations. Moreover, it can play a significant role in the design and dose 
recommendations for special populations, such as pediatric, elderly, and obese 
patients. Additional applications of modeling and simulation include evalua-
tion of dosage forms and routes of administration, evaluation of food effects, 
sex effects, and special populations, and characterization of therapeutic index, 
active metabolites, drug–drug interactions (DDIs), drug–disease interactions, 
and tolerance development (Kim et al., 2018).

In the case of LCM, application of modeling and simulation may also be 
helpful during the NDA submission and review, postmarketing surveillance, 
as well as during new formulation development. Modeling approaches inte-
grate information from preclinical and clinical studies, including various 
subpopulations. Thus, modeling allows comparisons of the dose–concentra-
tion–effect relationship across species and subpopulations during the review 
process. Well- defined PK/PD models would further enable simulations 
for various scenarios, leading to deeper understanding of the compound, 
and provide justification for dose selection. PK/PD analysis and modeling 
approaches also can be useful in postmarketing surveillance. Specifically, 
population PK/PD modeling within a structured surveillance may be ben-
eficial to detect DDI, drug–disease interactions, or other covariates such as 
demographics or genetics that interfere with the effect or toxicity of a drug 
(Kim et al., 2018).

There are expanded applications of modeling and simulation technologies 
in the context of evaluation of manufacturing processes. For solid oral dosages, 
the three research areas required to develop powerful simulation tools include 
the following:

 l  Development of constitutive models/equations that describe the mechanical 
behavior of powders.

 l  Design, development, and fabrication of test devices capable of subjecting a 
powder to various stress paths and compression conditions, thereby monitoring 
and quantifying their mechanical responses. The response data form the basis 
for the validation of constitutive models and can be used by engineers to 
understand, measure, predict, and control the various characteristics of the 
bulk powder mixture. Additionally, the data can be used to determine the 
material parameter values of constitutive equations.
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FIGURE 9.9 Modeling and simulation during drug development (Kim et al., 2018).
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 l  Development of validatable simulation codes in finite element modeling 
(FEM), computational fluid dynamics (CFD), and/or discrete element 
modeling (DEM) software that use the constitutive equations and the data 
collected using the test devices for simulating powder behavior under a variety 
of process conditions. Once validated, these simulations can then also be used 
for scale- up operations, process optimization, and quality control.

The interconnection between the experimental technologies and the simula-
tion technologies is shown in Fig. 9.10.

9.8  Case study #8—clinical trial designs

For solid oral dosage forms, the establishment of dosage strength provides the 
parameters (such as formulation strategy, excipient selection, process develop-
ment, packaging choices, etc.) around which the product must be designed. For 
example, an immediate release tablet designed to deliver a 10 mg dose strength 
may look different from an immediate release tablet that is designed to deliver 
200 mg. After all, the larger the dose, invariably the larger is the unit dose. From 
a product presentation perspective, as seen in Fig. 7.6, limited size options are 
available for capsules. However, there is no such limitation on tablets which is a 
potential liability in itself. In general, a large- sized dosage form creates problems 
in patient acceptability as there are certain practical, personal, and cultural pref-
erences on how big physically a dosage form should be for patients to swallow. 
Unfortunately, this question is underappreciated in early product development.

One of the earliest clinical trials that are done in humans has the essential pur-
pose to determine an optimal biological dose (OBD) of the drug. OBD refers to the 
broad concept of an ideal dose that a clinical investigator must conceptually charac-
terize as part of designing dose- finding (DF) trials. For example, the best dose might 
be the one with the highest therapeutic index (maximal separation between benefit 

FIGURE 9.10 Interconnection between experimental and simulation technologies for solid oral 
dosage development (Mittal, 2016).
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and risk). In other circumstances, the best dose might be the one that maximizes 
benefit, provided that risk is below some prespecified threshold. The OBD also 
depends on the clinical circumstances and purposes of treatment. For example, the 
optimal dose of a new analgesic might be the lowest dose that completely relieves 
mild to moderate pain in 90% of recipients. This is a type of “minimum effective 
dose.” In contrast, the optimal dose of a new antibiotic to treat serious infections 
and discourage resistance might be the highest dose that causes major side effects in 
less than 5% of patients. This is a type of “maximum nontoxic dose.” For cytotoxic 
drugs to shrink tumors, it has been thought historically that more is better, leading 
investigators to push doses as high as can be tolerated. Such dose that yields serious 
(even life- threatening) but reversible toxicity in no more than 30% of patients is a 
maximum tolerated dose (MTD). The optimal dose for development of a molecular 
targeted agent might be the dose that suppresses 99% of the target activity in at least 
90% of patients. Until definitive clinical data are obtained, this might be viewed as 
a most likely to succeed dose (Piantadosi, 2005).

Characterizing the OBD is a critical conceptual step that will suggest spe-
cific experimental design features for DF. DF studies are a type of treatment 
mechanism trial and focus on the OBD or schedule of drug, estimating PK 
parameters that relate to dose and safety, and the frequency of side effects. DF 
studies are conducted with sequentially rising doses in successive cohorts and 
terminate when certain predefined clinical outcomes are observed. A poten-
tially more difficult problem arises when balancing the toxicity of a new drug 
against its biological marker response or intermediate outcome. This situation 
is shown hypothetically in Fig. 9.11, where both the probability of toxicity 
(right- hand axis) and biological response (left- hand axis) are plotted against 
dose. The two effect curves are not directly comparable because the respective 
vertical axes are different. An optimum dose would produce low toxicity while 
nearly maximizing the biological response. Such a dose is not guaranteed to 
exist (Piantadosi, 2005).

FIGURE 9.11 Relationship of potential toxicity and biological response to dose for a hypothetical 
drug (Piantadosi, 2005).
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The four most common types of clinical study designs are discussed below 
(White, 2013).

Parallel Dose Comparison: Parallel dose comparison studies are the classi-
cal DF studies and are still one of the most common study designs. In a parallel 
dose escalation study, several potential doses are selected and subjects are ran-
domized to receive one of the doses or placebo for the entire study. At the end of 
the study, each treatment group can be compared with the control group and can 
be examined for both safety and efficacy. Because all treatment groups, includ-
ing the higher dose cohorts, are dosed at the same time, this study design is best 
suited for situations where the researchers have a good idea about the safety 
profile before the study starts. The design is also the basis for some adaptive 
studies1 (such as adaptive randomizations or pruning designs) that can reduce 
the number of subjects exposed to unsafe or ineffective doses.

Crossover: In a crossover design, subjects are randomized to a sequence of 
investigational product (IP) and placebo. Specifically, they are given a dose of 
the IP and then switched to dosing with a placebo or they start dosing with a 
placebo and then are switched to doses of IP. The difference between the sub-
jects’ response to placebo and IP is the result of interest, and by having differ-
ent groups of subjects exposed to different doses, the researchers can pick the 
optimal dose. The value of crossover studies is they can determine efficacy of a 
dose within a subject because subjects act as their own control. This reduces the 
variability and can therefore reduce the number of subjects. However, crossover 
designs only work when the drug is quickly eliminated from the body. It also 
requires a product that is designed to be used multiple times.

Dose Titration: In a dose titration study, the MTD is titrated within a subject. 
This means that each subject will start at a low dose and receive an incrementally 
higher dose until the maximum dose is reached. In some studies, like chemotherapy 
for cancer studies, this dose is determined by the onset of side effects. In other stud-
ies, where the product is less toxic, it may depend on the blood levels of the IP, a 
metabolite, or a maximum dose determined from preclinical studies. Dose titration 
studies work well for treatments of chronic conditions where a drug will be used 
for a long period of time, and where the dose is likely to be tailored to the subject’s 
weight or reaction. This design is also good for situations where it is likely that sig-
nificant differences will be observed in the way each subject reacts. Chronic hyper-
tension medications are a good example of products where dose titration is useful.

Dose Escalation: If researchers are unsure of a drug’s safety profile and 
want to start exposing subjects to lower doses first, a dose escalation study is a 
good design. In this type of study, researchers start with one group of subjects 
(often referred to as a cohort) and give them a low dose. This group is observed 

1. An adaptive design is defined as a clinical trial design that allows for prospectively planned modi-
fications to one or more aspects of the design based on accumulating data from subjects in the trial. 
The readers are encouraged to review FDA’s guidance on “Adaptive Designs for Clinical Trials of 
Drugs and Biologics” for more information (FDA, 2018).
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for a period of time, and, if no safety issues are noted, a new group of subjects 
are enrolled and given a higher dose. This process is repeated until either the 
researchers reach the MTD or they reach the highest dose that is planned. This 
design increases patient safety because you can start by exposing a small num-
ber of subjects to the lowest dose possible.

9.9  Case study #9—process monitoring using control charts

People’s beliefs about quality tend to vary with their background and expecta-
tions. To customers, quality may stand for dependability and desirability of prod-
ucts (or services) for which they have paid. To manufacturers, it is likely to mean 
an excellent consistency of goods and deliveries made by their suppliers. To sup-
pliers, quality is design and specification reliability and promptness of payment 
from the manufacturer (Gehani, 1993). Besides grappling with these different and 
often competing definitions, managers may also wonder how to identify when a 
quality program is needed and whether it changes with time. It is this fluidity of 
the concept of quality that necessitates its continuous evaluation. It goes without 
saying that no matter how one defines quality, the cumulative impact of a high- 
quality product creates favorable stakeholder and employee satisfaction, increases 
market share, reduces risks, increases yields, and improves delivery performance. 
All these attributes enable an organization to pursue its long- term goals in a sus-
tained manner. It is, therefore, an area of continued research and cross- learning 
across all manufacturing and service industries.

The groundbreaking work leading to the inception of manufacturing qual-
ity analysis and control was done in the early 1900s by Dr. Walter A. Shewhart 
(1891–1967). Dr. Shewhart was the first Honorary Member of the American 
Society for Quality. His monumental work, Economic Control of Quality of 
Manufactured Product, published in 1931, is regarded as a complete and thorough 
exposition of the basic principles of quality control (ASQ, 2018b). In 1918, Dr. 
Shewhart joined the Western Electric Company to aid their engineers in improv-
ing the effectiveness of telephone hardware. Dr. Shewhart worked at Hawthorne 
until 1925 when he moved to the Bell Telephone Research Laboratories where 
he remained until his retirement in 1956. During his tenure, Dr. Shewhart 
focused on reducing variation in manufacturing processes to improve quality. 
He found two categories of variation which he called “assignable- cause” and 
“chance- cause” variation. He devised the control chart as a tool for distinguish-
ing between the two. Shewhart reported that bringing a process into a state of 
statistical control—where there is only chance- cause (common- cause) varia-
tion—and keeping it in control was needed to reduce waste and improve quality. 
Through his insightful work, Dr. Shewhart successfully brought together the 
disciplines of statistics, engineering, and economics and became known as the 
“father of modern quality control” (Best & Neuhauser, 2006).

One of Dr. Shewhart’s contributions continues to influence the daily work of 
quality—namely, control charts. Control charts (or Shewhart charts) are a statistical 
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process control (SPC) mapping tool used to determine if a manufacturing (or busi-
ness) process is in a state of control over time. In a control chart, the product quality 
characteristic data are plotted in time order. A control chart always has a central line 
for the average, an upper control limit (UCL), and a lower control limit (LCL). An 
illustrative example of a control chart can be seen in Fig. 9.12. In this figure, the pro-
cess is monitored at a predetermined frequency, and the process output is measured 
and graphed sequentially. The process mean and standard deviation can be calcu-
lated. The UCL and LCL are typically defined as 3 times of the standard deviation 
away from the process mean. The UCL and LCL establish an envelope around the 
process mean, where the majority of the output of a stable process should lie within. 
By comparing current data to these limits, one can draw conclusions about whether 
the variation is consistent (in control) or is unpredictable (out of control) (ASQ, 
2018a). A detailed discussion on the types of control charts, associated process per-
formance indices, and other SPC tools is out of scope for this book, and the reader is 
referred to other resources such as Peng, Hu, Chatterjee, and Zhou (2016).

9.10  Case study #10—integration of operations management 
in decision- making

Operations management refers to the systematic design, direction, and control of 
processes that transform inputs into services and products for internal, as well as 
external, customers. Operations management consists of processes, operations, 
supply chain, and their management. Supply chain management (SCM) is the 
synchronization of a firm’s processes with those of its suppliers and customers to 
match the flow of materials, services, and information with customer demand. In 
reality, operations and SCM underlie all departments and functions in a business. 
The interconnectivity of these processes and operations is shown in Fig. 9.13.

Processes provide outputs to customers. These outputs may often be ser-
vices or tangible products. Every process and every person in an organization 

FIGURE 9.12 Schematic example of individual value- based control chart (Peng et al., 2016).
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has customers that may be external or internal. Similarly, every process and 
every person in an organization relies on suppliers. External suppliers may be 
other businesses or individuals who provide the resources, services products, 
and materials for the firm’s short- term and long- term needs. Processes also have 
internal supplies, who may be employees or processes that supply important 
information or materials (Krajewski, Ritzman, & Malhotra, 2010).

It is widely recognized that advances in technologies in the areas of informa-
tion, manufacturing, and distribution systems have driven much change through 
the supply chain structure (Fig. 9.14) and logistics management services. This 
has particularly been the case with improving information technology enabling 
instantaneous global information sharing with more powerful information pro-
cessing. Thus, as SCM progresses, supply chain managers are realizing the need 
for utilizing improved information sharing and forecasting throughout the sup-
ply chain to remain competitive (Byrne & Heavey, 2006).

With increasing pressure to accelerate drug development and minimize asso-
ciated costs, it has become critical for pharmaceutical companies to optimize 
the clinical trial supply chain. Various tools have, as a consequence, been devel-
oped to improve forecasts of medication requirements, some of them based 
on Monte Carlo simulation techniques. Constraints such as expiration dating, 
bulk availability, and specific country labeling must be taken into account. 
In addition, trial designs (e.g., stratification, randomization, titration), patient 
enrollment, dropouts, and drug distribution are factors that generate significant 
uncertainty in the forecast of material needs. Clinical supplies management is 
based partially on standard supply chain techniques like economic order quan-
tity (EOQ),2 continuous review (Q) system,3 and reorder point. Because of the 
specific constraints and the inherent variability characterizing clinical supplies, 

2. EOQ is the lot size that minimizes total annual inventory holding and ordering costs.
3. The Q system is designed to track the remaining inventory of a stock- keeping unit each time a 
withdrawal is made to determine whether it is time to reorder.

FIGURE 9.13 Interconnectivity of processes and operations.
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these techniques cannot be applied without more sophisticated approaches and 
the use of supporting technology.

Interactive voice response (IVR) systems have been used for many years to 
help manage the clinical supply chain in an automated fashion. Two types of 
automated inventory management methods are typically used in IVR systems, 
with some slight differences between the various systems. In practice, project 
managers—either directly at pharmaceutical companies or through Contract 
Research Organizations—must determine values for the following parameters 
in the IVR system:

 l  Trigger- based method: minimum and maximum stock levels per package type 
and location.

 l  Predictive method: prediction window and in some cases safety stock level per 
package type and location.

The values allocated to these parameters will have a direct impact on 
shipment frequency and volume, overage, and the risk to run out of drug. 
More specifically, the minimum/safety stock level will influence the number 
of stockouts, and this quantity must cover the maximum potential demand 
over the shipping lead time. Similarly, the maximum stock level (or the 
prediction window) will influence shipment frequency (Abdelkafi, Beck, 
David, Druck, & Horoho, 2009). When combined with the value stream 
mapping discussed in Fig. 8.3, the direct impact of all these input values 
will be on the batch size and the total number of batches of drug product that 
need to be manufactured to keep supplying the material needed for clinical 
trials (Fig. 9.15).

FIGURE 9.14 Supply chain structure (Byrne & Heavey, 2006).
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As shown in Fig. 9.15, two types of inventory review systems can be imple-
mented: 1) periodic review in case of stochastic change of demands, and 2) con-
tinuous stock review in case of stochastic replenishment period. In a periodic 
inventory review system, the inventory on hand is reviewed at specific time inter-
vals; e.g. every week or at the end of each business period. After the inventory in 
stock is defined, an order is placed for an amount that will fill the inventory up to 
a predetermined target level. In the case of continuous inventory review system, 
the inventory level is continuously monitored. Whenever the inventory on hand 
decreases to a predefined stock level, a new order is placed to replenish the stock. 

(A)

Periodic review in case of stochas�c change of demands
(B) 

Con�nuous stock review in case of stochas�c replenishment period

Select Symbols: qmax = maximum inventory, qss = safety stock level

FIGURE 9.15 Hypothetical inventory review system (Korponai et al., 2017).
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The ordered quantity is equal in each period that minimizes the total inventory 
management costs. Detailed discussion on both types of systems can be found in 
references such as Korponai et al. (2017) and Deshmukh & Kanda (2018).

List of abbreviations

ASQ American Society for Quality
CPI Critical Path Initiative
DoE Design of Experiment
DF Dose Finding
DDIs Drug–Drug Interactions
HAQ Healthcare Access and Quality
IVRS Interactive Voice Response Systems
IP Investigational Product
LCM Life Cycle Management
LCL Lower Control Limit
MTD Maximum Tolerated Dose
MBDD Model- Based Drug Development
NSAID Nonsteroidal Antiinflammatory Drug
OBD Optimal Biological Dose
ODT Orally Disintegrating Tablets
PDSA Plan–Do–Study–Act
POC Proof of Concept
RCT Randomized Controlled Trial
ROP Reorder Point
ROI Return on Investment
SDI Socio- Demographic Index
SPC Statistical Process Control
SKU Stock- Keeping Unit
SCM Supply Chain Management
USPTO United States Patent and Trademark Office
UCL Upper Control Limit
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