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Preface

If there is any one secret to success, it lies in the ability to get the other person’s point of
view and see things from his angle and your own. (Henry Ford)

The importance of the pharmaceutical industry for human society was never in
question. However, the clear and present danger of the COVID-19 pandemic brought
our industry into sharp focus. The world recovered from the pandemic due to the
significant efforts of numerous research institutes, pharmaceutical companies, regu-
latory agencies, government institutions, and many other healthcare agencies. Such
arecovery effort has never happened in human history. However, the post-pandemic
years have also presented unique opportunities to discuss how society can capitalize
on this innovative industry to deliver the safest and most cost-effective medicines
for the myriad of diseases.

For me personally, it all started with a seemingly benign question from a close
family member, “Why do pharmaceutical products cost so much?”. I knew the
answer and tried to frame it in the context of the high costs of innovation and risks
associated with product development. However, the second question was more pro-
found for me: “What is being done to reduce the costs of pharmaceutical prod-
ucts?”. The answer to this question was not as simple and did require me to reflect
on the question a lot more. It made me wonder how the public perceives the innova-
tion potential of the pharmaceutical industry and why all conversations around
pharmaceuticals revolve around the costs. I also realized that being a member of the
pharmaceutical industry for 21+ years may have insulated me from the perception
of the industry in the general public.

There is no doubt that the pharmaceutical industry has done so much good for the
world (and continues to do so). But as a responsible member of the industry, I also
believe that it is my solemn duty to understand and appreciate the perspectives of
the numerous stakeholders and patients for whom we are developing these products
in the first place. Such introspective exercises help build empathy and create safe-
space conversations aiming to appreciate other people’s viewpoints. The quest to
answer these questions led to reviewing numerous topics on global health inequal-
ity, healthcare technology assessment, stakeholder analysis, pharmaceutical
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sciences, and the latest trends, such as Industrial Revolution 4.0. The results of this
research are amalgamated in this book.

More than 750 companies are listed as either biotechnology or major pharma-
ceutical companies on the NYSE and NASDAQ combined. These companies cover
a whole spectrum of business-operating models all the way from fully integrated
research companies with thousands of employees to completely virtual entities that
operate with minimal permanent staff. No matter what their modus operandi may
be, all these companies are developing new drug products for a vast number of
therapeutic indications. From a societal viewpoint, with the amazing number of
resources spent on each new drug candidate, the total costs start to add up quickly!
This further necessitates that any efforts that can help to lower the development time
and costs should be carefully reviewed and, if possible, integrated into the product
development strategy.

Pharmaceutical innovation without integrating economics into product design is
an inherently futile and non-sustainable proposition. Therefore, the time to discuss
how the development of robust and productive healthcare options can be achieved
economically has now come, for, after all, no industry is immune to the laws of
economics. With this premise, this book hopes to spur a conversation that aims to
integrate drug development, economics, and efficient manufacturing in a fashion
that improves the accessibility of drugs to patients. Such conversations allow phar-
maceutical scientists to get a step closer to building an “empathetic bridge” and be
more aware of the patient’s needs.

As the eminent economist Milton Friedman once said, “Only a crisis—actual or
perceived—produces real change. When that crisis occurs, the actions taken depend
on the ideas lying around.” In that spirit, ideas to improve healthcare systems are
regularly discussed in the literature. However, this book hopes to integrate the
opportunities within pharmaceutical R&D with the sustainability of healthcare sys-
tems. Therefore, all this book is doing is collating those ideas and thus offering a
perspective that summates economics, manufacturing sciences, and pharmaceutical
R&D together. It is my sincere hope that the readers find that this book is thoroughly
researched, its approach well-thought-out, and is a manuscript worthy of their time
and consideration.

Irvine, CA, USA Bhavishya Mittal



Acknowledgments

I would like to thank my mentors, Dr. Michael Levin and Dr. Ajaz Hussain, for lis-
tening to my ideas and guiding me toward various critical source materials. I also
sincerely thank the Acquisitions, Editorial Project Management, and Publishing
teams at Springer. In particular, I appreciate the help from Ms. Merry Stuber and
Ms. Charlotte Nunes that made this project come to fruition.

I am also thankful to my parents (Dr. J.P. Mittal and Madhu Mittal), who have
positively influenced my life and have always provided their unbridled support,
blessings, and encouragement. I am incredibly thankful to my loving wife, Shalini,
for her unconditional love, positive attitude, and constant reassurance, which helped
me to complete this project on time. I thank my son, Kern, for patiently proofread-
ing this manuscript and providing critical input. I am also thankful to my daughter,
Ariana, for their perennial encouragement and understanding while I worked on
this book.

ix



Contents

The Need to Introspect . .. ....... ... ... ... ... . . . ...
1.1 A Call for Introspection. . . .......cvuven i
1.1.1 Philosophical Digression: Urgency of Addressing
ClimateChange . .. ...t
1.1.2 Opportunity for Pharmaceutical Scientists:
Rise to a Higher Challenge .........................
1.2 Health Inequity: A Somber Reminder . ......................
1.2.1 Statistics of Global Health. .. .................... ...
1.2.2 Leading Causesof Death...........................
1.2.3  Economic Consequences of Disease . .. ...............
1.3 Pharmaceuticals: Fulfilling A Social Contract. . ...............
1.3.1 Challenges with Access to Medication ................
1.3.2 TImpact of Globalization on Intellectual Property Laws. . . .
1.3.3 Improving the Efficiency of Pharmaceutical Development.
1.3.4 Aligning Pharmaceutical Development to Sustainable
Health Systems. .. ........ . . i
1.4 Summary—Build Our Collective Future Together .............
References. . ... ..o

Sustainable Global Health Systems: Our Collective Responsibility .

2.1 Introduction . ............c.iiiin i

2.1.1 Philosophical Digression: A Humanitarian and Statistician
2.1.2 Opportunity for Pharmaceutical Scientists:

Aspire for Global Health Solutions .. .................

2.2 Global Health Equity ... ...t

2.2.1 Major Global Health Organizations. .. ................

2.2.2 Financing of Global Health .. .................... ...

2.3 Collated Efforts to Address Global Health Inequality...........

2.3.1 Sustainable Development Goals (SDG)................

232 SDG 3. .

2.3.3 Universal Health Coverage (UHC) ...................

26
28
28

31
32
33

Xi



Xii

Contents
2.3.4 Coverage of Essential Health Services (SDG Indicator
38 48
2.3.5 Catastrophic Health Spending (SDG Indicator 3.8.2) . . . .. 48
2.3.6 Challenges Associated with Implementing UHC ........ 50
2.4 Summary—Be a Part of the Solution. .. ..................... 51
References. . ....... .. .. 52
Perspective of Stakeholders: Understanding Viewpoints .......... 55
3.1 Introduction ............ ... 56
3.1.1 Philosophical Digression: Perseverance in Profound
AdVETSItY « .o e e 58
3.1.2  Opportunity for Pharmaceutical Scientists:
True Change Starts from Within ..................... 59
3.2 Government’s Perspective—Improve Access to Medicines . .. ... 60
3.2.1 Provide Best Healthcare—A Potpourri of Options . . . . ... 61
3.2.2  Address Inefficiencies in Healthcare Systems. .......... 65
3.2.3 Curb Excessive Spend—Analyze Markets ............. 65
3.2.4 Regulate Pharmaceutical Pricing. .................... 72
3.3 Insurance Companies—Manage Healthcare Market Efficiently ... 74
3.3.1 Dynamics of the Healthcare Market .................. 75
3.3.2 Functions of Health Insurance. ...................... 77
3.3.3 Administration of the Health Insurance Market ......... 78
3.3.4 Improve Accessibility to Medications . . ............... 80
3.4 Innovative Pharmaceutical Industry’s Perspective—R&D Is
EXPensive. .. ..ot 81
3.4.1 Business Proposition of Pharmaceuticals .............. 82
3.4.2 Hurdles in Pharmaceutical Innovation. . ............... 82
343 Limited MarketSize ............ ... ... . ... 84
3.4.4 Extensive Clinical Trials ........... .. .. ... ... .... 85
3.4.5 Barriers to Commercial Launch. . .................... 88
3.4.6 Patent Protections of Innovative Products . . ............ 89
3.5 Generic Pharmaceutical Industry’s Perspective—Allow
Competition Early .. ... ... . 90
3.5.1 ANDA and Hatch-WaxmanAct...................... 90
352 RacetoFirstGenerics ............. ... ... ... ... ... 91
3.6 Patients’ Perspective—Make Medicines Affordable with Proven
OULCOMES . . o o ettt et et et 92
3.6.1 Triple Aim Framework and PROM .. ................. 92
3.6.2 Build Patient-Centricity and Medicine Adherence
Aspects into Product Design ... ........ .. .. . .. ... 94
3.6.3 Develop New Products for Special Patient Populations ... 96
3.7 Summary—Moderating the Debate......................... 96

References. . ... .. 97



Contents xiii

4  Drug Pricing and Reimbursement. . .. ......................... 101
4.1 Introduction ................o i 102
4.1.1 Philosophical Digression—A Blast from the Past........ 103
4.1.2  Opportunity for Pharmaceutical Scientists: Anticipate the
Dynamics of the Healthcare Marketplace . ............. 105
4.2 Traditional Models of Pharmaceutical Marketplace ............ 107
4.2.1 Establishment of Medicare/Medicaid and Subsequent
Reforms ........ .. .. 107
4.2.2  Pricing and Reimbursement of Pharmaceuticals......... 110
4.2.3 Statistics of Medicare Reimbursements. . .............. 111
4.3 New Economic Evaluation Methodologies in Healthcare. . . . .. .. 113
4.3.1 Application of Pharmacoeconomics in Decision-Making.. 116
432 ICERandCET........ ... . i, 117
4.3.3 Value-Based Pricing Systems .. ..................... 119
4.3.4 Impact of VBP Systems on Pharmaceuticals............ 119
4.4 Summary—Evolving Marketplace for Pharmaceuticals . ........ 121
References. . ... ... .. i 122
5 Evaluation of Pharmaceutical Drug Development Lifecycle . .. .. .. 125
5.1 Introduction ........... ... ... 126
5.1.1 Philosophical Digression: Continuous Innovation
with a Progressive Growth Mindset. . ................. 127
5.1.2  Opportunity for Pharmaceutical Scientists:
Embrace the Advent of Networked Innovation . ......... 129
5.2 Enhancing Value Proposition in Pharmaceutical Product
Development . ... 131
5.2.1 Typical Pharmaceutical Product Lifecycle ............. 134
5.2.2  Enhancement of Pharmaceutical Product Lifecycle . ... .. 136
5.3 Opportunities to Reduce Incubation Time. .. ................. 136
5.3.1 Modern Rational Drug Design. . ..................... 137
5.3.2 Improvements in Clinical Trial Designs ............... 141
5.3.3 Adoptionof QbD....... .. .. .. 146
5.3.4 Patient-Centric Dosage Design and Improved Medication
Adherence ......... ... ... i 149
5.3.5 Adaptation of Digital Strategies and Tools ............. 152
5.4 Opportunities to Enhance Growth by Boosting Productivity . . ... 153
5.4.1 Increase Access to Global Markets . .................. 154
5.4.2 Improved Understanding of Customer Needs .. ......... 156
5.4.3 Reduction in Product Recalls and Manufacturing Issues .. 159
5.5 Opportunities to Extend Post-Peak Returns. . .. ............... 161
5.5.1 Usage of Patent Law to Extend Protection ............. 162
5.5.2  Continued Innovation Through Product Line Extensions .. 164
5.6 Summary—Enhancing the Value Proposition in Healthcare. . . . . . 165

References. . ... .. 166



Xiv

Contents

Enhancing the Value Proposition of Small Molecule
Pharmaceuticals . .......... ... .. .. .. .
6.1 Introduction ............ ... ...
6.1.1 Philosophical Digression: History of Our Roads. ........
6.1.2 Opportunity for Pharmaceutical Scientists:
Keep Innovating and Integrating New Knowledge . ... ...
6.2 Small Molecules-Based Product Development .. ..............
6.2.1 Biopharmaceutical Classification System (BCS)
and Developability Classification System (DCS) ........
6.2.2 Typical Solid Oral Dosage Product Development. . ......
6.2.3 Challenges in Small Molecules Product Development . . . .
6.3 Enhancing Value Proposition in Small Molecule Drug
Development . ...
6.3.1 Enhanced Product Development through Modeling
and Simulation. ........ ... .. L L o
6.3.2 Embracing New Manufacturing Techniques and
Approaches ....... ... ...
6.3.3 Use of Artificial Intelligence . .................... ...
6.4 Summary—What Else Is Possible—Part 1?7 ..................
References. . ... ... .. i

Enhancing the Value Proposition of Biologics ...................
7.1 Introduction .............. ...
7.1.1 Philosophical Digression—HeLa—A Gift for Humanity . .
7.1.2  Opportunity for Pharmaceutical Scientists:
Acknowledge and Appreciate the Patient Interface. . . . ...
7.2 Biologics Product Development . ................. .. ... ....
7.2.1 Statistics of Biologics .......... .. .. .. . . oL
7.2.2 Typical Biological Product Development ..............
7.2.3 Challenges in Biological Product Development . ........
7.3 Enhancing Value Proposition in Biologics Development . . ... ...
7.3.1 Improved Manufacturing Efficiency Through Continuous
Manufacturing .. ...
7.3.2  Better Process Control Through PAT. . ................
7.3.3 Potential for Digital Manufacturing. .. ................
7.3.4 Improving Productivity Through Single-Use Systems . . . .
7.3.5 Understanding the Challenges from Biosimilars. .. ... ...
7.4  Summary—What Else Is Possible—Part2? ..................
References. .. ... ... .. i

Sustaining Innovation in an Age of Disruption ..................
8.1 Introduction ........... ...
8.1.1 Philosophical Digression—Bringing Prosperity
by Tackling Hunger . .......... .. ... .. .. . .. ...
8.1.2  Opportunity for Pharmaceutical Scientists:
Understand the Issues and Own the Problem ...........



Contents XV

8.2 Legal and Regulatory Efforts to Reduce Costs of Prescription

MediCines. . . ....oti i 231
8.2.1 Changes in Medicare Due to the Inflation Reduction
Actof 2022 ..o 231
8.2.2  Support Competitive Marketplace for Generics and
Biosimilars. ........ ... .. . 234
8.3 Sustainable Value Creation Opportunities . .. ................. 235
8.3.1 Integrated Healthcare Networks to Improve
Value Creation . ........... ..., 236
8.3.2 The Juran Trilogy®. ... ... 237
8.3.3 Quality by Efficient Design (QbED) . ................. 239
8.4 Summary—Where Do We Go from Here? ................... 241
References. . ... ... .. i 243



List of Figures

Fig. 1.1
Fig. 1.2
Fig. 1.3
Fig. 1.4
Fig. 1.5
Fig. 1.6
Fig. 1.7
Fig. 1.8
Fig. 1.9

Fig. 1.10

Fig. 1.11

Fig. 1.12

Fig. 1.13

Fig. 2.1
Fig. 2.2

Incremental quality improvement vs. benchmarking breakthroughs

(adapted from ASQ, 2024). . .. .ot 3
Feasibility of climate responses, adaptation, and potential mitigation
options (IPCC, 2023) . . ..ottt e 5
Economic impact analysis through activities of the global
pharmaceutical industry (Ostwald et al., 2020) . . ................ 7
Average R&D intensities for publicly traded US companies

(CBO, 2021). « vttt 8
Total US retail drug spending (in billions of 2019 dollars)

by therapeutic class in 2009 and 2019 (CBO, 2021)............. 10
Estimated global population size and annual growth rate

(1950-2100) (DESA, 2021). . . ot vo e et 12
Estimated global annual number of births and deaths (1950-2100)
(DESA, 2021) o i it e 13
Leading cause of death globally (WHO, 2023a)................ 14

Gold prices from 1929-2017 (Data Source: World Gold Council).. 22
Timeline of global agreements related to IP and access to medicines
(Mermelstein & Stevens, 2021) . . ... i i 23
Decision-making flowchart for usage of compulsory licenses

(Urias & Ramani, 2020) (Reprinted with permission

from Springer Nature) .. ...t 23
Shifting paradigm in drug failures (Khanna, 2012)
(Reprinted with permission from Elsevier) ... ................. 24
Trends in late phase drug failures (Khanna, 2012)
(Reprinted with permission from Elsevier) ... ................. 25
Florence Nightingale’s polar area graph. (Friendly, 2009) ........ 34

Model of human development. (Initially proposed
by Hancock (1993), reproduced from Kjargard et al. (2013))
(reprinted with permission from Oxford University Press)........ 36

Xvii



Xvii

Fig

Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.

Fig.

Fig
Fig

Fig.

Fig.

Fig
Fig

Fig
Fig

Fig

i

.23

24

2.5

2.6

2.7

2.8
29

3.1
32
33
34
3.5
3.6
3.7
3.8
39
3.10
3.11
.3.12
.3.13
3.14
3.15
.3.16
.3.17

.3.18
.3.19

.3.20

List of Figures

Overview of Gavi: The vaccine alliance. (Source: Gavi)

(https://WWW.ZAVI.OTE) . .. oot 40
Total health spending by source of financing (1995-2018).

(IHME, 2021). . .ot e 42
Government spending as a fraction of total health spending in 2018.
(IHME, 2021). . .ot e 43
Relationship between functions and objectives of a health system.
(Papanicolas etal., 2022). .. ... . .ot 44
Sustainable development goals of United Nations. (Source: UN). .. 45
UHC service coverage index for 2019 (WHO, 2022) ............ 49
Three dimensions of UHC. (WHO, 2010)..................... 51
Stakeholders in patients’ care .................coeniiien... 60
Governments’ role in healthcare . ........................... 61
Types of healthcare systems. (World101,2023) ................ 62
Types of global healthcare systems . ......................... 63
Global healthcare system map and number of people served . . . ... 63
Inputs and outputs of the US health market (CMS, 2021)......... 68
Defined Daily Doses (DDD) vs Net National Income in 2019.

(Source: Kleinrock & Mufioz, 2020). .. ... 69
Global medicine market size in constant US billion dollars
(2009-2024). (Source: Kleinrock & Muiioz, 2020) . ............ 70
Expenditure on retail pharmaceuticals by type of financing

(2019 or nearest year) (OECD, 2021) . ....... ..o, 70
Expenditure on retail pharmaceuticals per capita

(2019 or nearest year) (OECD, 2021) . ....... ..o, 71
PCE expenditures (Q1 2020-Q2 2022) in the United States
(BEA,2022). . oot 72
Lifecycle of pharmaceutical pricing (AHP, 2022)............... 74

Complex gaps in financial transparency among transactions
in the US pharmaceutical supply chain (Psotka et al., 2020)

(reprinted with permission from Wolters Kluwer Health, Inc.). . . .. 75
Traditional vs. health economics model (Mittal, 2019)
(reprinted with permission from Elsevier)..................... 77

Hypothetical cash flow over time and milestones for
pharmaceutical companies. (Samanen, 2013)

(Reprinted with permission from Elsevier) . ................... &3
Research areas in top 25 innovative pharmaceutical companies. ... 85
Drug development process and attrition rates. (Burrill, 2014)

(Reprinted with permission from Elsevier) . ................... 86
New drug development process. (Source: FDA) . ............... 87
Declining number of new drugs reaching approval.

(Burrill, 2014) (Reprinted with permission from Elsevier)........ 88
Design of a triple aim enterprise. (IHI, 2022) . ................. 93


https://doi.org/10.1007/978-3-031-50415-0_3#Fig21

List of Figures

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

4.1
42

43

4.4

4.5

4.6

4.7
4.8

4.9

4.10

4.11

5.1

52

53

54

5.5

5.6

5.7

5.8

59

Evaluationof PPFs. . ... . .. .. ..
Prices of Dutch tulip bulbs from 1636 to 1637.

(McClure & Thomas, 2017) (Reprinted with permission

from Cambridge University Press) ........... ... ... ... ....
Benchmarking of selected industries from 2004-2016

(Popa et al., 2018). (a) Net profit margin. (b) R&D expenses

as percentage of gross margin .. .. ...
Medicare beneficiaries in 2021. (CMS, 2024a). . ..............
Total Medicare Part B spending on top 15 prescription drugs
(2017-2021). (Data Source: CMS,2024b) ...................
Total Medicare Part D spending on top 15 prescription drugs
(2017-2021). (Data Source: CMS,2024b) ...................
Various types of economic evaluations in healthcare ...........
QALYs gained from treatment. (Whitehead & Ali, 2010)
(Reprinted with permission from Oxford University Press) ... ...
Possible outcomes when comparing new intervention

to standard-of-care. (Adapted from Turner et al. 2021)..........
Integration of CET with CEA outcomes map.

(Adapted from Turner etal. 2021)......... ... ... ... ... . ...
Taxonomy of performance-based health outcomes reimbursement
schemes. (Adapted from Carlson et al. 2010 with permission from
ElSevier) . . ...

Schematic of simplified pharmaceutical product categories.
(Sarkisetal., 2021) ... ... i
Total number of novel drugs approved by CDER. (Mittal,

2019) (Reprinted with permission from Elsevier)..............
Overview of novel drugs in 2017 by route of administration.
(Mittal, 2019) (Reprinted with permission from Elsevier) .. ... ..
Typical cash flow over time and milestones for pharmaceutical
companies. (Adapted from Samanen (2013)

and CADLOG (2023)) . . o v vttt e
Cost optimized map of cash flow over time and milestones.
(CADLOG, 2023) .ottt ettt e e e
Timeline showing the introduction of new classes of antibiotics
into clinic. (Hutchings etal.,2019) ........ .. ... .. .. ... .. ...
Molecular structure of salicin, salicylic acid, and acetylsalicylic
acid. (Desborough & Keeling, 2017) (Reprinted with permission
from John Wileyand Sons) . ........ .. ... . ... . ..
Flowcharts followed in drug design. (Mandal et al., 2009)
(Reprinted with permission from Elsevier) . ..................
Relationship of potential toxicity and biological response

to dose. (Piantadosi, 2017) (reprinted with permission from

John Wiley and Sons). .. ...

Xix

105

106

109

112

113
114

116

117

118

120

132

133

133

134

136

139

139



XX

Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig
Fig

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig

5.10

5.11

5.12

5.13

5.14

5.15

.5.16

.5.17

5.18

6.1
6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

.6.10

List of Figures

Traditional clinical trial design vs. adaptive clinical design.
(Pallmannetal.,,2018). ....... ... ... .. .. 145
Conceptual model of the relationship between cost-related
non-adherence and mortality., 2014)

(Van Alsten and Harris, 2020) . ... ... oo ... 151
Illustration of lost peak revenue due to delayed

commercial launch. (Hansen, 2014) ........................ 154
Geographical breakdown of sales of new medicines

launched during 2016-2021. (EFPIA, 2022). . ................ 156
Survey results of potential issues impacting pharmaceuticals.
(Fordetal.,2020a). ... ..ot e 158

Timeline of key laws and regulations for drugs and devices in the
United States (1820-2000). (Reprinted with permission

from EIsevier) . ........... . 160
Drug products recalled by FDA (2020-2023).................. 161
Reason for drug products recalled by FDA in 2018.

(Mittal, 2019) (Reprinted with permission from Elsevier) .. ... .. 162
Worldwide revenue profile of Pfizer’s Lipitor®.

(Song & Han, 2016). .. .. ... 163
A long-term timeline of technology. (Roser, 2023)............. 171

Timeline of selected small-molecule drugs from aspirin

onwards. (Beck et al., 2022) (Reprinted with

permission from Elsevier) ............ .. ... ... .. . .. 175
Drug Absorption, Distribution, Metabolism, and

Elimination (ADME). (Mittal, 2016) (Reprinted with

permission from Elsevier) ............ .. ... ... .. . L. 177
Integration of BCS with decision-making process of developing

dosage form design. (Mittal, 2016) (Reprinted with

permission from Elsevier) ............ .. ... ... .. . L. 179
Modification of BCS into DCS (shown in blue).

(Butler & Dressman, 2010) (Reprinted with permission from

Elsevier) . . ... 180
Engineering view of pharmaceutical development.

(Rantanen & Khinast, 2015) ......... ... ... ... ... . ... 186
Continuous manufacturing-based E2E process vs. traditional batch
process. (Wahlich, 2021) . ........ ... .. . . ... ... 187
Classification of AM techniques used in oral tablet fabrication.
(Abacietal,, 2021). . ... oo 189
Different supervised and unsupervised Al learning models/tools

for pharmaceutical applications. (Vora et al., 2023) ............ 190

A cyber-physical system (CPS) for pharmaceutical manufacturing
in industry 4.0. (Arden et al., 2021) (Reprinted with permission
from EIsevier) ........... .. 191



List of Figures xXi

Fig
Fig

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.

Fig.

.11
.12

7.3

7.4

7.5
7.6

1.7

7.8

7.9

7.10

7.11
7.12

7.13
7.14

7.15

7.16

8.1
8.2

8.3

8.4

8.5

8.6

Principal structures of an animal cell. (Alberts et al., 2024) ... ... 197
Structural comparison of a monoclonal antibody vs. aspirin

(small molecule). (FDA, 2023a) ........ccvvvivniiinnnnn.. 202
New chemical entities and biologics approved by FDA

(1997-2021). (de la Torre & Albericio, 2022). ... ............. 203
US net drug spending on biologics and small molecules

(2013-2017). (Roy, 2019) . .. oo e 205
Cell bank production. (Burke, 2023) . ......... ... .. .. ..... 206
Overview of biological product’s manufacturing process.
(Melsheimeretal.,2018). . ....... ... ... ... 207

Typical biologic manufacturing process flow diagram with
appropriate ICH guidance per steps. (Conner et al., 2020)

(reprinted with permission from Elsevier).................... 208
Upstream and downstream biologic manufacturing process.

(Adapted from Gerzonetal. (2022)) . ......... ... .. ... 211
Batch vs. continuous manufacturing process.

(Jacoby etal.,,2015). .. ... 212
Various methods of implementing PAT tools into

bioprocess monitoring (Gerzonetal.,2022) . ................. 214
Various industrial revolutions in human history ............... 215
Schematic design for the implementation of a digital twin in the
biopharmaceutical industry. (Gerzon et al., 2022).............. 216
Definitions of various biological products. (FDA, 2023a). . ...... 218
Number of biosimilars approved in the USA

(Data Source: FDA'’s purple book (FDA, 2023b)).............. 220
Number of biosimilars approved in the USA per year

(Data Source: FDA'’s purple book (FDA, 2023b)).............. 220

Relative prices of biosimilars vs reference products
(Biologics) in the USA, Germany, and Switzerland.

(Carletal.,2022) . ...ttt e 221
The innovation matrix. (Adapted from Satell, 2017)............ 226
The innovation matrix for alleviating global health inequality

that is inclusive of product development scientists . ............ 230
Comparison of prices paid by VA vs. medicare part D for

selected drugs in 2017. (GAO, 2020). . .. ... vviinn. .. 234
Three areas of balanced pharmaceutical value creation

in networked healthcare. (Sobrio & Keller, 2007). . ............ 237
The Juran Trilogy® diagram. (Juran, 1992)

(reprinted with permission from Elsevier).................... 239

Quality by efficient design (QbED). (Mittal, 2019)
(Reprinted with permission from Elsevier) . .................. 242



List of Tables

Table 1.1 Top 25 US drugs by overall expenditures in 2021

(Reprinted with permission from Oxford University Press) . ... .. 9
Table 1.2 CHE as percentage of GDP of selected countries (WHO, 2024) .. 17
Table 1.3 Comparison of workflows in solid oral dosage

productdevelopment ... ........ ... ... i 26
Table 1.4 Industry profile for the healthcare sector of the US stock market.. 28
Table 2.1 Total health spending in 2018 (IHME, 2021) ................. 41
Table 2.2 Targets of UN’s SDG #3 (Good health and well-being) ......... 46
Table 3.1 Ten leading sources of inefficiency in healthcare systems ....... 66
Table 3.2 Programs administered by CMS ......... ... ... ... .. ...... 80
Table 4.1 Timeline of major US healthcare-related laws. .. .............. 108
Table 4.2 US reimbursement rules for insured patients. . ................ 111
Table 4.3 Types of reimbursement schemes .......................... 120
Table 5.1 Major differences between small molecules and biologics . . . . . .. 132

Table 5.2 Main ICH quality guidelines defining the QbD framework
(Destro & Barolo, 2022) (Reprinted with permission from

Elsevier) . . ... e 147
Table 5.3 Minimal vs. QbD approach to product development

(ICH, 2009) . ..ttt 148
Table 5.4 Characteristics for consideration of patient-centric

pharmaceutical drug product design (Stegemann et al., 2016) .... 150
Table 5.5 Factors impacting new product launch performance............ 155
Table 5.6 Types of marketing exclusivity granted by FDA . .............. 165

Table 6.1 Key properties of small molecules impacting

their use in drug discovery (Beck et al., 2022)

(Reprinted with permission from Elsevier) . .................. 176
Table 6.2 Biopharmaceutical classification system..................... 178
Table 6.3 Key considerations or design of solid oral dosage forms ........ 182

XXiii



XXiV

Table 6.4

Table 6.5
Table 6.6

Table 7.1
Table 7.2

Table 8.1

Table 8.2

Table 8.3

Table 8.4

Table 8.5

List of Tables

Commonly used unit operations in solid oral

dosage development. .. .......... .
Sources of drug candidate attrition ............. .. .. ... .....
Benefits of adopting CM (Wahlich, 2021)....................

Selected categories of biological agent structure. . .. ...........

Biologics approved by the FDA in 2021

(de la Torre & Albericio, 2022) . ... ...

Summary of IRA’s prescription drug provisions

(Goldman etal.,2023) . ... ... .

Drugs selected for first cycle of medicare drug price negotiation

program (CMS, 2023) ... ..ot

The Juran Trilogy (Juran, 1992) (Reprinted with p

ermission from Elsevier) .. ........... ... ... ... . ... ... ...

Impact of defect type on product (Mittal, 2019)

(Reprinted with permission from Elsevier) . ..................

Examples of chronic waste in pharmaceuticals (Mittal, 2019)

(Reprinted with permission from Elsevier) . ..................



About the Author

Bhavishya Mittal is the Vice President of Product
Development and Manufacturing at BioDuro-Sundia
(Irvine, CA), where he leads the strategy and operations
for drug product development of client-owned assets
within the portfolio. Before BioDuro-Sundia, Bhavi
worked at Kronos Bio (San Mateo, CA), AbbVie
(Irvine, CA), US FDA (Silver Spring, MD), Takeda
Pharmaceuticals (Cambridge, MA), and Astellas
Pharmaceuticals (Norman, OK). Bhavi is also an
adjunct faculty at the Keck Graduate Institute’s Henry
E. Riggs School of Applied Life Sciences (Claremont,
CA). He has a PhD in Materials Engineering from the
Pennsylvania State University and a BS in Chemical
and Bio Engineering from the National Institute of
Technology, Jalandhar (India).

Bhavi has 21+ years of industrial experience in the
formulation design, process development, and project
management of numerous drug products of small thera-
peutic molecules (oncology, inflammation, GI, and
CNS indications) aimed for NDA and ANDA filings.
His expertise includes product development strategy,
project management, outsourcing management, phase-
appropriate formulation design (immediate and modi-
fied release), process engineering, statistical process
control, QbD implementation, FMEA/risk mapping,
data analytics, and process modeling/simulation of unit
operations for solid oral dosages.

An avid sports enthusiast and a history buff, Bhavi is
a passionate supporter of continuing education and firmly
believes in the noble tradition of passing-on knowledge
to younger generations. He loves to travel, learn about
various cultures, and spend time with his family.

XXV



Abbreviations

AAC
AAM
ADC
ADME
AHRQ
Al
AIDS
AM
AMP
AMR
ANDA
ARV
ASQ
ATMP
AWP
BCS
BEA
BLA
BPCIA
CDER
CET
CHE
CHIP
CHO
CL
CM
CMC
CMS
COG
COPQ
CPP

Actual Acquisition Cost

Association for Accessible Medicines
Antibody Drug Conjugate

Absorption, Distribution, Metabolism and Excretion
Agency for Healthcare Research and Quality
Artificial Intelligence

Acquired Immune Deficiency Syndrome
Additive Manufacturing

Average Manufacturer Price

Antimicrobial Resistance

Abbreviated New Drug Application
Antiretrovirals

American Society for Quality

Advanced Therapy Medicinal Products
Average Wholesale Price

Biopharmaceutical Classification System
Bureau of Economic Analysis

Biologics License Application

Biologics Price Competition and Innovation Act
Center for Drug Evaluation and Research
Cost-Effectiveness Threshold

Current Health Expenditure

Children's Health Insurance Program
Chinese Hamster Ovary

Compulsory Licenses

Continuous Manufacturing

Chemistry, Manufacturing, and Control
Centers for Medicare and Medicaid Services
Cost of Good

Cost of Poor Quality

Critical Process Parameter

XXVii



XXViii

CQA
CSDH
DAH
DALY
DCS
DDD
DMPK
EM
FDA
FDC
FDCA
GATT
GDP
GHG
GHO
HAQ
ICER
1GO
THI
IHME
IND
1P
IPCC
LCM
M&S
mAb
MCB
MDG
NCE
NDA
NDC
NGO
NTD
OBA
OBD
OECD
oTC
P&R
PAT
PBM
PCE
PDM
PDP
PDUFA
PFDD

Critical Quality Attribute

Commission on Social Determinants of Health
Development Assistance for Health
Disability-Adjusted Life Year
Developability Classification System
Daily Defined Dose

Drug Metabolism and Pharmacokinetics
Essential Medicines

US Food and Drug Administration
Fixed-Dose Combination

Food, Drug, and Cosmetic Act

General Agreement on Tariffs and Trade
Gross Domestic Product

Global Health Governance

Global Health Observatory

Healthcare Access and Quality
Incremental Cost-Effectiveness Ratio
Inter-Governmental Organization
Institute for Healthcare Improvement
Institute for Health Metrics and Evaluation
Investigational New Drug

Intellectual Property

Intergovernmental Panel on Climate Change
Life-Cycle Management

Modeling and Simulation

Monoclonal Antibody

Master Cell Bank

Millennium Development Goal

New Chemical Entity

New Drug Application

National Drug Code

Non-Governmental Organization
Neglected Tropical Diseases
Outcomes-Based Agreement

Optimal Biological Dose

Abbreviations

Organization for Economic Co-operation and Development

Over-the-Counter

Pricing and Reimbursement

Process Analytical Technology
Pharmacy Benefit Manager
Personal Consumption Expenditures
Product Design Management
Prescription Drug Plan

Prescription Drug User Fee Act
Patient-Focused Drug Development



Abbreviations

PhRMA
PHSA
PPF
PPP
PROM
PSO
QALY
QbD
QbED
QTPP
R&D
SDG
soC
SPP
THE
TPP
TRIPS
TTM
UN
UNICEF
USAID
USPTO
VA
VBP
WCB
WHO
WAC
WTO

XXiX

Pharmaceutical Research and Manufacturers of America
Public Health Services Act

Production Possibilities Frontier
Public-Private Partnerships
Patient-Reported Outcome Measure
Patient Safety Organization
Quality-Adjusted Life Year

Quality by Design

Quality by Efficient Design

Quality Target Product Profile

Research and Development

Sustainable Development Goals

Standard of Care

Special Patient Populations

Total Health Expenditure

Target Product Profile

Trade-Related Aspects of Intellectual Property Rights
Time-to-Market

United Nations

United Nations Children’s Fund

US Agency for International Development
United States Patent and Trademark Office
Department of Veterans Affairs
Value-Based Pricing

Working Cell Bank

World Health Organization

Wholesale Acquisition Cost

World Trade Organization



Chapter 1 )
The Need to Introspect Qs

No institution should expect to be free from the scrutiny of those
who give it their loyalty and support.

Queen Elizabeth 11
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Abstract Global health inequity is a significant crisis facing humankind and is a
gaping hole in our efforts to achieve a just and equal global society. Significant
efforts have been taken by numerous political leaders, visionaries, and international
organizations over many generations to outline the various actions, approaches, and
recommendations that aspire to close the health inequity gap. Unfortunately, despite
of well-intentioned efforts from stakeholders, access to medicines remains a vexing
issue. Potential solutions include responsible governance, positive cultural shifts,
balanced socioeconomics, infrastructure growth, and increased public awareness.
Another approach could be to improve the efficiency of the pharmaceutical develop-
ment process. From a for-profit company’s perspective, substantial financial risk
must be undertaken without any assurance of economic reward as pharmaceutical
research is complicated, time-consuming, attritive, and costly, with estimated
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