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a b s t r a c t

The process of assembling regulatory documents for submission to multiple global health agencies can
present a repetitive cycle of authoring, editing, and data verification, which increases in complexity as
changes are made for approved products, particularly from a chemistry, manufacturing, and controls
(CMC) perspective. Currently, pharmaceutical companies rely on a workflow that involves manual CMC
change management across documents. Similarly, when regulators review submissions, they provide
feedback and insight into regulatory decision making in a narrative format. As accelerated review
pathways are increasingly used and pressure mounts to bring products to market quickly, innovative
solutions for assembling, distributing, and reviewing regulatory information are being considered.
Structured content management (SCM) solutions, in which data are collated into centrally organized
content blocks for use across different documents, may aid in the efficient processing of data and create
opportunities for automation and machine learning in its interpretation. The US Food and Drug
Administration (FDA) has recently created initiatives that encourage application of SCM for CMC data,
though many challenges could impede their success and efficiency. The goal is for industry and health
authorities to collaborate in the development of SCM for CMC applications, to potentially streamline
compilation of quality data in regulatory submissions.
© 2020 The Authors. Published by Elsevier Inc. on behalf of the American Pharmacists Association®. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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development and regulation must also evolve to fit the changing
needs and demands of a data-rich, global environment. In com-
parison to the automotive, aerospace, computer, and consumer
packaged goods industries, the pharmaceutical industry has his-
torically had low investment in design of novel equipment,
improvement in annual productivity, first-pass yield, and value-
added time for labor, while struggling with long production
times.1 The manufacturing sector has been traditionally slow to
change due in part to rigid regulatory requirements that can
encumber the development of advanced technologies, as inno-
vative approaches carry inherent and potentially unforeseen risks
to product quality. Similarly, manufacturing equipment has
limited adaptability to change and is often designed for a distinct,
predesignated purpose. Although there has been notable inno-
vation in the use of AI, machine learning, and automation to
improve the efficiency of data analysis and management during
the drug discovery process, there has not been as much progress
in automating the collection, organization, storage, and analysis
of pharmaceutical manufacturing and quality data used for reg-
ulatory submissions.2 Introduction of new methodologies for
storing, analyzing, authoring, and reviewing data may aid in the
introduction of new technologies, as machine learning and AI are
most easily applied when data are in a “structured” format.
Ideally, changes in how information is stored, analyzed, authored,
and reviewed should be enacted collaboratively between global
regulatory agencies and industry.

In this review, we will specifically examine structured content
management (SCM) systems as potential solutions for enabling
mobilization of data, enhancing content reusability, reducing data
integrity concerns, and providing opportunities to integrate auto-
mation and machine learning technologies. Though few significant
advances toward using SCM for CMC data management have been
publicly disclosed to date, SCM has been previously applied to
support other functional areas within the pharmaceutical industry,
such as clinical data management, supply chain management, and
labeling. SCM has the potential to address a variety of current
concerns in CMC data management. We will also discuss a number
of challenges associated with its development and implementation
that will need to be overcome to realize its potential.

Overview of Regulatory Challenges Faced Within the
Biopharmaceutical Industry

Many of the methods and assays currently used during phar-
maceutical manufacturing to evaluate product quality generate an
abundance of data, as in-process testing as well as specification and
stability testing parameters must be closely monitored and data
recorded throughout the process. Depending on the company, a
variety of in-house and commercially available information sys-
tems are used to capture these data. For some companies, much of
this in-process, validation, and batch release data are destined for a
datawarehouse or a “data lake,” a relatively new system for pooling
structured and unstructured data directly from its source for stor-
age on a cloud-based server.3 Although “data lakes” represent a
significant improvement in data storage by creating a single, uni-
fied repository, not all of the raw data are easily accessible, and the
structured data that are accessible may still require manual
querying.

Once collected and validated, the data generated by all
manufacturing processes as well as quality assessments must
subsequently be condensed and compiled into regulatory sub-
missions to health authorities around the globe to obtain or
maintain marketing approval for commercialization of human
therapeutics or to initiate clinical trials with experimental thera-
peutics (Fig. 1). From a regulatory perspective, much of these data
are destined for the Common Technical Document (CTD), an
internationally recognized format created by the International
Council for Harmonisation of Technical Requirements for Pharma-
ceuticals for Human Use (ICH) for submitting documents for reg-
ulatory review. Use of the CTD is increasingly becoming a
requirement in major markets, and in some regions, the CTD must
be submitted electronically through an online portal.3-5 This format
is referred to as the electronic CTD (eCTD), and while the first
version of eCTD was developed in 2002, eCTD did not become
mandatory in select regions until 2016. As of 2019, many agencies
are still accepting paper submissions, with some regions predom-
inantly utilizing paper submissions. Both the CTD and eCTD sepa-
rate product regulatory information into 5 modules with
predetermined, numbered, and itemized sections and subsections.
Module 3 displays all quality and chemistry, manufacturing, and
controls (CMC) data, pertaining to product manufacturing, analyt-
ical methods, process development, specification testing, and sta-
bility of drug substance and drug product. This information is then
summarized in the Quality Overall Summary (QOS), which appears
in module 2.

The aforementioned “data lakes” where validated experi-
mental data are stored can be designed to make data organi-
zation and input into eCTD more effective. A critical design
factor that ought to be considered in the development of a “data
lake” is building meta-data and associating the raw data
through semantic relationships via related ontologies and data
models. What semantically enabled data allow is significantly
increased ease of accessibility and task automation. In other
words, finding the data and information one is looking for is
made easier and more effective. Another crucial enabling aspect
of the semantically enabled data is to insert hooks, tags, and
labels to mark the necessary elements (such as raw data tables,
specifications, and graphs) that will end up in eCTD ahead of
time, allowing the elements of eCTD to be automated or queried
more efficiently. Although data lakes can be improved via in-
ternal data modeling, there are also consortia specifically
focusing on publishing data standards that can be leveraged
across biopharmaceutical companies. The Allotrope Foundation,
Pistoia Alliance, and QUDT.org are among the key organizations
that have membership or utility across companies that publish
agreed upon data standards regularly for companies to adopt.6-8

Although these technologies are still emerging, they carry sig-
nificant potential for automating data management, organiza-
tion, and analysis.

Even with assistance from a “data lake,” the process of pro-
cessing and entering data into the eCTD still requires substantial
human oversight. Written narratives or descriptions are required
along with justifications for specification criteria and shelf-life that
are based on the data that have been collected and analyzed during
drug substance and drug product development, scale-up, and
clinical and commercial manufacturing. Once the required infor-
mation has beenwritten and appropriately formatted, a submission
is made to a health authority for review. When submissions reach
health authorities, agencies are required to collate and reassemble
information submitted by the industry applicant, providing feed-
back in the form of data tables copied from the applicant's sub-
mission with accompanying text-based assessments authored by
the reviewer. The submission and review processes, in their current
format, require repetitious use of content through multiple cycles
of retyping and reorganizing data, decreasing the workflow effi-
ciency of both sponsors and health authorities, while increasing the
chances of transcription errors. Every editing step requires sub-
stantive validation from the authors before publishing to ensure
consistency across documents and data sets. Thus, the processes of
maintaining data integrity and version control across documents

https://qudt.org/


Figure 1. The current workflow for managing CMC regulatory submissions starts with output from experimental studies that is assembled into internal documents and reports.
From these internal documents, the data are summarized and repurposed for product quality system (PQS) documentation, technical reports, and regulatory filings. Regulatory
filings vary based upon region and are sent to global health authorities (black lines). The initial submission process begins a series of back-and-forth submissions between health
agencies and industry (red lines), until the submission is approved. Once finalized, the documents can then be organized as a series of regionally variable core dossiers.
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are intensive and time consuming for both the preparation and
review of regulatory submissions.

Global Harmonization of Regulatory Requirements

If submitted marketing applications are approved for product
commercialization, additional adjustments will likely need to be
made to accommodate inevitable changes in manufacturing pro-
cesses and facilities throughout a product's lifetime. From a CMC
regulatory perspective, perhaps the most complex and labor-
intensive aspect of managing regional regulatory submissions oc-
curs after approval, once the product has entered the commer-
cialization stage. When postapproval changes are made, the
required reporting steps to health agencies vary by country. For
drugs approved in the United States, when major changes are
made, such as those that are highly likely to adversely affect the
identity, strength, quality, purity, or potency of the product, a
formal amendment must be filed and approved before the change
is enacted.9 While the United States, Canada, and EU have some-
what similar requirements for submission of major, moderate, or
minor risk changes, Japan's regulatory body, the Pharmaceuticals
and Medical Devices Agency (PMDA) has a different system that
requires submissions for all changes, including low-risk changes.10

More detailed comparisons of global postapproval change regula-
tory mechanisms in select major markets are presented in Table 1.

The need to submit modified versions of the same application to
global regulatory agencies increases review burden for each indi-
vidual health agency, in addition to increasing the workload of
industry regulatory affairs personnel and other authors within the
pharmaceutical industry. When assembling CMC submissions,
many authors across departments and outside of regulatory affairs
who can impart technical knowledge on drug substance, drug
product, and manufacturing procedures may be required to
contribute to authoring. These personnel may also be integrally
involved in document change management and must re-review
documents as they are revised and provide input even if changes
are minimal. The process of building documents tailored to the
varying requirements of each country is currently an intensive
manual process, which is time consuming, requires substantial
human involvement with little automation, and presents a risk of
introducing errors.

Expedited Review Pathways

The lack of international regulatory harmonization can delay
worldwide patient access to products that fulfill unmet medical
needs. Accelerated regulatory pathways that grant expedited re-
view and approval are of increasing relevance as global health au-
thorities continue to establish new programs intended to reduce
review times for these therapeutic agents.12 In the United States,
Priority Review was first introduced in 1992. Within the past 20
years, the FDA has since expanded the number of available accel-
erated designations to include Fast Track, Accelerated Approval,
Breakthrough Therapy, and Regenerative Medicine Advanced
Therapy. Globally, a variety of expedited review pathways are now
available for impactful therapies for serious and rare diseases,
including but not limited to the EMA's Accelerated Assessment of
Priority Medicines (PRIME); Sakigake in Japan; Notice of Compli-
ance with Conditions (NOC/c) in Canada; and Priority Review
programs in Australia, India, Russia, and China. Accelerated
pathway requirements often differ between regions and can create
disparities in application materials between countries, though the
CMC/Quality development aspects are frequently on the critical
path to gainingmarketing authorization approval.13 There is overall
less time during development to generate product quality data,
including key aspects such as stability data, product characteriza-
tion studies, scale-up, and process characterization and validation.
As a result, reduced product development timelines require a larger
number of postapproval variations, adding to the complexity of
regulatory submission management in the lifecycle phase. More-
over, products that qualify for expedited review in one country may
notmeet requirements in another country, putting the product on a



Table 1
Summary of Regulatory Requirements in Major Markets for Postapproval Change Notification

Change-Associated Risks US-FDA EU-EMA Japan-PMDA Canada-HEALTHCANADA

High: Significant potential
to impact product
quality and safety

Major change: requires prior
approval supplement (PAS)
before changes can be made

Type II variation: requires
application for approval of
variation

Partial change: requires
application for approval of
variation

Level Idsupplements: requires
application for approval of
variation

Medium: Moderate
potential to impact
product quality and
safety

Moderate change: requires
notification via Changes
Being Effected in 30 Days
(CBE30) Supplement;
changes can be made 30
d after notifying FDA

Type IB variation: requires
notification; changes can be
made 30 d after notifying
EMA

Minor change, 30-d
notification: requires
notification within 30 d of
change

Level IIdnotifiable changes:
requires notification and
issuance of a no objection
letter (NOL)

Moderate change: requires
Changes Being Effected (CBE)
Supplement at time of
change

Type IAIN variation: requires
immediate notification

Low: Minimal to no
potential to impact
product safety and
quality

Minor change: requires
notification in annual report,
no notification at time of
change

Type IA variation: requires
notification within 12 mo of
change

Level IIIdannual notification:
requires notification in
annual report, no notification
at time of change

Level IVdrecord of changes:
requires manufacturer or
sponsor to maintain a record
of changes, no submission
required

Partially adapted from.11
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different schedule with respect to manufacturing and validation
data needs.

New Modalities

Drug developers have achieved significant progress toward
innovating novel therapeutic modalities beyond traditional small-
molecule synthetic compounds and well-characterized biologic
products, as demonstrated by the first gene therapy approvals in
the United States in 2017, approval of 9 oligonucleotide-based
therapies as of 2019, the first allogenic stem cell therapy
approval in Europe (AlofiseleTakeda), approval of oncolytic viral
therapies (IMLYGIC® e Amgen), and a variety of other accom-
plishments in cell and gene therapy.14 Many of these therapies are
also examples of personalized medicines, which are designated
for patient-specific disease biomarkers that may be heteroge-
neously expressed across patient population (e.g., HER2 or PD-L1
in cancer subsets; CYP2D6 in Huntington's disease and tardive
dyskinesia). Alternatively, personalized medicines may be autol-
ogous cell products that are manufactured in individual lots by
using the patient's own cells to target unique cancer cell surface
markers.

As drug modalities advance beyond the scope of current
knowledge and continue to incorporate personalized approaches,
manufacturing processes will shift away from well-characterized
approaches, adding additional uncertainties and complexities to
risk assessment and mitigation strategies. A dynamic data storage
solution and an accompanyingmachine learning algorithm that can
utilize scientific concepts and historical product data to infer risk
could be developed into a valuable toolkit for use by the manu-
facturer throughout the risk management assessment process. An
information technology (IT) solution capable of organizing and
distributing data on all manufacturing processes in a holistic
manner could also be integrated within future data management
systems, with the potential to inform industry on future process
development for novel products. Innovation in data management is
becoming increasingly necessary for accommodating an expanding
landscape of complex data. More specifically, organizing informa-
tion into reusable content blocks using an SCM-based organiza-
tional framework may assist industry in providing the necessary
infrastructure for optimizing collection, storage, and submission of
CMC data for regulatory applications by allowing for enhanced
synchrony and establishing connections across documents.

SCM for Regulatory Documents

Current authoring and publication conventions across phar-
maceutical companies and regulatory bodies require written doc-
uments, including data files, to undergo review, verification, and
approval before distribution. The approved information, often
required in multiple internal and external documents, must be
manually imported into separate documents and then reverified
and reapproved. This compiling process limits a company's ability
to compare data collected for different products and submissions.
For example, if a company is interested in viewing a regulatory
submission for a legacy product in the process of the creation of a
new submission, the data often have to be queried manually,
typically by requiring personnel to physically find, view, and
interpret the older documents to establish a frame of reference for
creating a new document. It is similarly challenging for health au-
thorities to provide consistent, objective feedback for products
within the same modality or mechanism of action, as accessing
sources documenting prior decisionmaking and review documents
is a laborious task. In addition, if information provided by the
sponsor changes or requires updates or is sent to different regula-
tors, it must be manually updated and reverified in each document
in which it appears, as information is not linked across documents
to enable real-time editing. As a result of this process, there are
multiple versions of a document that must be maintained,
increasing opportunities for error and distribution of outdated
information.

SCM solutions offer opportunities for enhancing review and
organization of documents by providing the framework for
authoring content that is easy to adapt into multiple documents
and standardize. SCM systems store information on a single server
and group blocks of information into content libraries to allow for
uniform importation of approved data across documents. If the
imported data are edited, changes can be tracked electronically,
allowing for the generation of a digital data trail, which provides
insight into who revised the document and how it was changed.



M. Algorri et al. / Journal of Pharmaceutical Sciences 109 (2020) 1427-1438 1431
The resulting edits can then be validated and automatically applied
to all documents in which that content block appears, allowing for
increased consistency and uniformity across documents. Typically,
SCM systems allow for content that is both human and machine
readable, increasing the potential flexibility for conducting down-
stream tasks. For example, data can still be browsed and analyzed
manually if desired, but a crucial advantage of SCM is the ability to
assess and compile large amounts of data automatically, in different
configurations, as needed. The content management software
company, DitaExchange, has fittingly compared SCM solutions to
Legos®: SCM categorizes information into sets of connectable
“bricks” that are capable of structural remodeling and repurposing
based on specific needs.11

Many SCM systems are built around and extensively utilize a
Web-based programming language and file format known as
eXtensible Markup Language (XML). XML provides, in addition to
body text or content, built-in meta-descriptions of the content
within its framework, thereby conferring structure to a document
or group of documents by labeling their parts, enhancing catego-
rization and searchability. XML files offer innate flexibility for
organizing different types of elements and manipulating data
because the language contains few defined tags, or labels for
different types of information, and allows users to develop their
own tags.15 In addition, XML is compatible with plain text files and
can be edited using basic word-processing software, including
Microsoft Word. The current eCTD application uses an XML-based
backbone to organize PDF submission components.

Advanced SCM solutions are not the industry standard and have
not been universally adopted across companies, as substantial re-
sources are required for their development and implementation. If
pursued, use of SCM creates a sizable change in the existing
workflow and requires authors and IT-personnel to adapt to new
methodologies and potentially unfamiliar technology, which can
present logistical difficulties. Several biopharmaceutical companies
are currently navigating these challenges by exploring XML-based
SCM technologies to manage aspects of their data handling and
document authoring operations. Notably, most prior forays into
SCM utilization for data management have focused on clinical data
or labeling, as opposed to CMC, quality, and manufacturing data.
Several examples of SCM use in pharmaceutical companies will be
explored in the following sections.

Select Examples of SCM for Pharmaceutical Labeling & Package
Inserts

Sanofi, an international pharmaceutical company head-
quartered in France, has undertaken multiple endeavors to struc-
ture data using Darwin Information Typing Architecture (DITA), an
XML-based SCM system created in 1999 by IBM that allows for
information classification and grouping, mapping, and reuse of
content and contains descriptive metadata to aid in structuring and
presentation of data elements.16 Sanofi partneredwith the software
company, DitaExchange, and the IT integration consulting firm,
ArborSys, to engineer a structured approach for managing global
postmarketing labeling data.17 Labeling information is maintained
as a core dossier that is then modified based on region-specific
requirements. These documents are living documents that are
subject to change based upon, for example, the emergence of a new
serious adverse event or approval of a new indication or dose. The
same “copy-paste” document management problem described
previously also applies here, creating problematic inconsistencies
between sequential versions of documents. ArborSys's SCM tech-
nology divided components of the labeling document into content
blocks and created a branching model to demonstrate interactions
between blocks. DitaExchange provided a Microsoft
Wordeaccessible platform for writing and editing of content
blocks. The results of this pilot project resulted in significant time
savings due to more efficient document validation and publishing,
as well as a reduction in time and effort needed to respond to
health authority feedback.

In another example, Medtronic, an international medical device
company, has used SCM to generate labeling-related documents to
accompany medical devices. Medtronic partnered with Vasont
Systems, a content management software company, to optimize
document authoring across therapeutic areas and business units.
Medtronic began using Vasont's XML-based component content
management system (CCMS) as early as 2003 for neuromodulation
device data and has subsequently expanded across several different
departments from 2005 to 2013. Types of data managed include
package inserts, instructions for use, device and software manuals,
and patient guides. Owing to diversity in document formats and
intended audiences for these documents, the CCMS needed to be
sufficiently flexible. For example, although the user information for
neuromodulation devices, such as deep brain stimulators, is tar-
geted toward surgeons andmedical professionals, devices managed
by the diabetes group must include patient-accessible labeling as
most of these devices are used by the patient. Different product
needs may result in discrepancies between necessary sections in
documents. In addition, the CCMS is compatible with multiple
different word-processing tools to accommodate departmental
preferences. Medtronic has also seen benefits in increasing lan-
guage translation efficiency and consistency when managing doc-
uments using CCMS.18

Select Examples of SCM for Clinical Data Management

There are multiple ongoing efforts across companies to use SCM
for different aspects of clinical data management to maximize data
reusability and reduce authoring time. For example, Amgen, a
global biopharmaceutical company headquartered in the United
States, has been exploring SCM solutions since 2012 for manage-
ment of clinical data. Most recently, in 2018, Amgen partnered with
ArborSys and Greenwich Biosciences to develop a proof-of-concept
(POC) framework for authoring and organizing clinical protocol,
statistical analysis plans, and clinical study reports.19 Before
implementation, Amgen had been using SMART templates, which
provide an XML backbone and allowmetadata tagging of content to
aid facilitate reusability within documents and manual export of
approved content for insertion into separate documents. However,
the content in SMART templates does not connect directly to a
central database for interdocument connectivity, which is a sig-
nificant limitation. The POC SCM system expanded upon the
capability of SMART templates by allowing for more connectivity
through storage of content blocks within a central database,
creating opportunities for content reuse without requiring authors
to manually export and import content sections. The POC studymet
the key functional requirements of conferring reusability, enabling
tracking of content origin and changes, maintaining prepopulated
document templates, and establishing searchable content libraries.
The success of the POC study leads to the recommendation of a
larger production pilot study before future implementation of SCM
for clinical data management.

As discussed previously, Sanofi has collaborated with experts at
ArborSys and DitaExchange to implement SCM solutions for a va-
riety of functions, including clinical data management. The part-
nering organizations collaboratively developed a prototype tool
with an accessible user interface for more efficient authoring of
patient narratives, a component included in clinical trial reports
that provides details on individual patients who experienced
serious adverse events, adverse events of interest, or
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discontinuation in the study.11 The resulting tool was constructed
using a SharePoint-based platform that allowed authoring in
Microsoft Word and included a plug-in to enable conversion of text
into XML format, permitting the DitaExchange software to inte-
grate content into its management system, which incorporated
existing features of SharePoint.20 The overall results of the pilot
project indicated that use of a SCM system saved time, reduced
costs, and allowed for reuse of information for other documenta-
tion. Notably, authoring time for a single patient narrative was
reduced to 30 min versus 6 h before SCM integration and 65% of
patient narrative content was reusable for other documents.11

Because many of the previously discussed data management
challenges are common across industry, collaborative efforts be-
tween companies for generating standardized, structured docu-
ments have also emerged with relative success. TransCelerate
BioPharma, a nonprofit organization with representation from 20
multinational companies, has established several key initiatives
toward data standardization for regulatory submissions and
mobilization of data from cloud-based servers, focusing primarily
on clinical trials data and associated documents.19 Among Trans-
Celerate's key accomplishments is the creation and implementa-
tion of the Common Protocol Template (CPT), intended to
harmonize and standardize clinical trial protocols. Importantly, the
CPT provides structure for clinical trials protocol through a Micro-
soft Wordebased authoring format with an XML-backbone tem-
plate containing standardized headings and accompanying defined
variables. In addition to 47 built-in variables, the CPTallows users to
create unique variables to meet the specific needs of the user. The
content generated within the CPT is reusable across documents and
can be used to generate registries on Clinicaltrials.gov. CPT was
created in collaborationwith the National Institutes of Health (NIH)
and FDA, which have formally endorsed the CPT eProtocol tool for
NIH-funded phase 2 and phase 3 IND studies.20

Select Examples of SCM for CMC Data Management

In comparison to the numerous examples of SCM use for clinical
and labeling data, there are relatively few publicly disclosed in-
stances of SCM application for management of CMC data. Accord-
ingly, there is substantial unrealized potential for CMC data
adaptation into SCM format, and particularly, a system that allows
for programmable elements that are human and machine readable
for data input and analysis of quantitative quality specifications.

Although supply chain management is a distinct function and
not considered to be an integral aspect of CMC regulatory affairs, it
is a factor related to product manufacturing for which SCM solu-
tions have been used. For example, Amgen is currently utilizing the
MarkLogic database platform, which provides an SCM framework,
to manage supplier and product information, organize carrier
routes and information, and track temperature control data and
methods.21 Using MarkLogic, Amgen has been able to connect data
located in disparate documents to observe a more complete model
of product shipping and batch distribution, allowing the company
to evaluate patterns within their supply and distribution methods.

From a regulatory perspective, the FDA, EMA, and ICH have also
made strides toward conceptualizing standardized systems that
incorporate the use of SCM for management of CMC components of
regulatory dossiers. However, many of these changes are in their
ideological infancy and lack formal structure, including IT platforms
for mobilizing efforts toward standardization. The lack of a current,
defined framework confers significant ambiguity toward the ease
of applicability and implementation of these proposed programs on
behalf of industry. Although SCM represents a potentially revolu-
tionary method for collecting and analyzing data, global harmoni-
zation of SCM strategies utilized across regulatory submissions is
paramount to leveraging its success. The following sections will
focus primarily on new FDA initiatives in the United States that
focus on developing SCM solutions for submission and review of
regulatory applications.

The FDA's KASA Initiative

In the United States, the FDA is taking the initial steps to inte-
grate an SCM-based approach for data collection and review of CTD
Module 3 quality and CMC data. The agency is piloting several
initiatives that will facilitate a shift away from the unstructured
narrative summary format for review of regulatory submissions
and amendments in favor of quantitative, data-rich entries that are
machine readable and human accessible. Among the most concrete
actions that have been taken toward this forward-reaching goal is
the creation of FDA's Knowledge-Aided Assessment and Structured
Application (KASA) initiative, announced in June 2018 by former
FDA Commissioner Scott Gottlieb and spearheaded by the Office of
Pharmaceutical Quality (OPQ).22,23 KASAwas created in response to
increasing numbers of Abbreviated New Drug Application (ANDA)
submissions and mounting public pressure to increase availability
of affordable medications, as the presence of generic medications
on the market increases competition and decreases costs for con-
sumers. Additional details were provided in a public FDA meeting
in September 2018 and at the 2019 Fourth Annual Product Quality
Research Institute (PQRI)/FDA Conference.24,25

In addition to consumer benefits, there are elements within
KASA that aim to reduce the workloads of health agency regulators
and submission authors in industry. While the backlog of generic
applications awaiting review has markedly improved, decreasing
from 1154 unreviewed ANDAs in 2012 to 148 unreviewed ANDAs in
2018, the agency continually aims to improve and increase its ef-
ficiency.26,27 The FDA has indicated that the structured application
system proposed by the KASA initiative will help sponsors sub-
mitting ANDA applications for small-molecule drugs to provide
high-quality, complete data to avoid multiple review cycles that
create lengthy delays in the commercialization approval process. A
more structured application will reduce ambiguities in regulatory
expectations and increase the likelihood of approval during the
initial review cycle.24 Conversely, KASA's application is associated
with a variety of critical challenges that adversely affect its success
and productivity, which will be discussed in greater detail in the
Section SCM Implementation Challenges.

KASA and the Future of Module 3 eCTD Data

The current review process for CMC data relies heavily upon the
expertise and experience of the agency reviewer in interpreting the
data presented in the submission. Although historical data can be a
powerful tool for determining risk and evaluating regulatory stra-
tegies, it is difficult to access, as the format of submissions and
reviews complicates the act of comparing across products, com-
panies, and regions.28 Conducting risk assessment can also present
significant challenges, as summaries are lengthy and can fail to
reach a concise and well-defined conclusion.24,28 KASA attempts to
automate and standardize risk assessment by mobilizing raw data,
automating risk assessment based on an algorithm, and providing
prefilled content selection tools for the reviewer to recommend risk
mitigation strategies. The approach is represented symbolically
through a “house” schematic, where 3 distinct “pillars” of risk
assessment rest on a “knowledge base” foundation and support an
automated and standardized “knowledge-aided assessment” roof
(Fig. 2).

Although the FDA has established a theoretical model for its
KASA initiative, it has not yet provided an IT framework for industry

http://Clinicaltrials.gov


Figure 2. The Knowledge-Aided Assessment and Structured Application (KASA) schematic describes the 3-pillared approach. FDA has conceptualized to innovate and standardize
its ANDA review process for small molecule generic drugs. Adapted from Yu et al.28
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stakeholders to interface with, raising numerous questions
regarding what KASA's implementation will look like, and how
established manufacturing data reporting systems will need to
change. Though the FDA is aiming to move toward automated risk
assessment during review, industry must remain primarily in
control of decision making regarding product-specific risk man-
agement. The Agency's plans for integration of KASA with previ-
ously announced FDA initiatives, such as PQ/CMC data standards,
the QOS, as well as international guidelines, such as ICH Q12, are
ambiguous, but there is potential for consensus between these
regulations, as well as industry considerations, if proposed regu-
lations are properly managed.29,30

Lifecycle Management

While KASA is intended to impact US ANDA applications, with
probable impacts upon novel entity submissions in the future, the
successful implementation of FDA's KASA will require significant
global collaboration. Because the US-based KASA system will pre-
sent a departure from the current workflow for interfacing with
regulatory agencies, in an ideal situation, other regions would
adopt similar systems. If this global element is neglected, industry
will be required to submit fundamentally different applications in
the United States versus the rest of the world, which may delay
approval. As a potential partial remedy, the recently endorsed
harmonized guideline ICH Q12: Technical and Regulatory Consid-
erations for Pharmaceutical Product Lifecycle Management pre-
sents opportunities for incorporating key elements of KASA into
submissions across regions. Specifically, ICH Q12 provides outlined
strategies for implementing harmonized regulations for post-
approval change management throughout a given product's life-
cycle.31 It establishes a variety of related documents to be included
with the original MA that describe planned changes to the
manufacturing process, thereby establishing a prearranged agree-
ment between industry and health authorities that specific changes
will be implemented and simplifying the review process for pre-
dicted postapproval changes. In addition, ICH Q12 suggests global
harmonization of risk classifications (high, moderate, low) across
countries for postapproval change requests that require prior
approval or notification, or those that can be managed within the
pharmaceutical quality system. To the same effect, the guideline
introduces the concept of established conditions (ECs), which seeks
to define critical process parameters that impact quality and, if
modified, would require postapproval amendments or notification.

ICH Q12 also provides guidelines for Post-Approval Change
Management Protocols (PACMPs), which are written protocols with
validated acceptance criteria describing future changes to ECs that
pharmaceutical companies intend to implement during the
commercialization phase. The PACMP represents a structured
approach to manage EC changes and can span multiple changes for
multiple products, or single changes for one product, which can be
submitted at the time of the MA or any time thereafter. Both ECs
and PACMPs are integral components of the product lifecycle
management (PLCM) plan, which intends to provide a centralized
platform for predicting and informing regulatory authorities about
planned changes to manufacturing processes for products in the
commercialization phase. The PLCM is a living document that will
require modification if postapproval CMC change submissions are
filed. The proposed harmonized approach to managing
manufacturing and analytical procedure changes will encourage
unification of postapproval submission requirements across re-
gions, enabling more effective change management solutions to
provide faster access to higher-quality products. Integration of an
SCM solution (such as discussed in this article) to track EC changes
and PACMP modifications within the PLCM would assist in opti-
mizing the global maintenance of this continually changing
document.

PQ/CMC Standardization and Implementation of QOS

In the United States, the FDA indicated their interest in
increasing standardization in regulatory submissions by releasing
draft documents on standardizing pharmaceutical quality/chem-
istry manufacturing controls (PQ/CMC) data.29,32 While KASA in-
tends to change how submissions are evaluated by the FDA, the PQ/
CMC initiative aims to transform how industry presents CMC data
in submissions by harnessing a structured data approach. A draft
document describing the FDA's plans to standardize select PQ/CMC
data elements was published for public comment in the Federal
Register on July 11, 2017.32 This program would require module 3
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data to be submitted in structured data elements, rather than in
narrative and data table format in multiple PDFs, as the current
eCTD format necessitates.

The draft documents released in 2017 identified specific CMC
data elements and proposed formatting for future standardized
submissions. For example, standards for specifications, such as the
name, version, version date, and approval status date of the spec-
ification, and any additional comments, would be provided in text
format, whereas the specification type (i.e., drug substance, drug
product, raw material) and approval status would be provided in
code. Although there is not much available information to date
regarding the actual infrastructure required to implement the PQ/
CMC system, as draft guidance documents are not targeted for
release until 2020, the FDA has begun a proof-of-concept PQ/CMC
project using Health Level Seven International's (HL7) Fast
Healthcare Interoperability Resources (FHIR) that may provide
preliminary insight on how the PQ/CMC data entry system could
function, as described in the following.

FHIR & PQ/CMC

FHIR is an international standards framework that was con-
structed using a Web-based architecture and is based upon struc-
tured blocks of information known as “Resources.” It was created to
facilitate sharing of information across different health care en-
tities, such as hospitals, clinical laboratories, physician's offices, and
radiology laboratories, to provide more complete information
about patients and enable searchability and filtering capability for
electronic medical records. FHIR is compatible with XML files and
JSON file formats. In its original context as a tool for clinicians,
patient personal and clinical data are more likely to be displayed in
JSON files, whereas laboratory results may be stored in XML files,
creating additional steps for health care providers to compile pa-
tient data. FHIR provides a standardized format for viewing both
file types.

The resources that comprise the FHIR framework are both hu-
man and machine readable and contain common definitions and
metadata to provide descriptions, structure, and context.33 These
standardized Resource blocks (comprising categories such as “pa-
tients” and “medications”) cannot be directly altered but can be
modified through extension content blocks that can be created by
users based on their specific needs. Resources and their extensions
can refer and link back to one another and all content will be
accessible across the FHIR network. The FDA is piloting a project
using FHIR to collect and exchange PQ/CMC data from industry to
regulatory agencies.29,34 Although the project is still in POC stages,
if it is implemented as a part of future FDA submissions for module
3 data, this will allow for potential direct linkages to other sectors of
the health care industry and facilitate submission of data that is
both machine and human readable, augmenting potential oppor-
tunities for automation.

As published on the software development platform Github in
June 2019, the currently identified Resources being utilized in the
initial draft of the PQ/CMC FHIR pilot are MedicationKnowledge,
Substance, and PlanDefinition, which are previously existing re-
sources integratedwithin FHIR that were not developed specifically
for the pilot.35 MedicationKnowledge is a Resource block that col-
lates descriptive information about drug product (names, dosage
forms, dosage strengths) and Substance is, accordingly, a Resource
used to manage nonquantitative drug substance information
(names, company codes). PlanDefinition is an adaptable Resource
block that can be used to describe actionable events within a
plandmeaning that it provides definitions for when specific ac-
tions are performed.36 In this case, PlanDefinition is being used to
group and define quality specifications, which are effectively
planned actions (analytical tests) that must fall within fixed defi-
nitions or ranges. PlanDefinition can link out to either Medi-
cationKnowledge or Substance to define specifications for either
drug product or substance, respectively. Within PlanDefinition, the
primary action is referred to as Test, which can be used to refer to
categories of testingmethods for determining substance or product
identity, potency, physical state descriptions and properties, bio-
logical and chemical properties, and impurities. The action within
the resource can have its own identity descriptors, references to
other elements, titles, extensions, and “reasons,” which provide
context for why the action is being performed, such as for stability
testing and batch release. Actions can also have subactions within
(represented as action action). Within the PQ/CMC pilot, these
subactions are known as “Stages,” which provides structure for
inputting multiple timepoints or replicates for Acceptance Criteria
data. Within the Resource framework, Acceptance Criteria are
defined as the action action goaldor the ideal specifications criteria
set for the analytical testing methods for each “Stage.” Once the
logic and relationships between Stages are established, Test output
data can be defined in values. Interpretation codes can then describe
the relationship between observed values and the acceptance
criteria. Interpretation codes are linked to literal text, which allows
for text-based narrative description of the acceptance criteria
defined in the interpretation code. Figure 3 provides a simplified
graphical representation of quality specifications structured in FHIR
format in the PlanDefinition Resource as detailed previously.

QOS Integration With KASA & PQ/CMC

The QOS appears in module 2 of the eCTD and as a result is a
current requirement for NDA, BLA, and ANDA submissions in the
United States and in other ICHmember countries. The QOS provides
a summary of quality data to provide context and assist the
reviewer in understanding information presented in module 3.
While the QOS has been a requirement since the introduction of the
eCTD, in 2018 the FDA authored a white paper setting agency ex-
pectations for QOS content as there was insufficient guidance
regarding its contents. The white paper indicates the agency's
desire to further leverage the efficacy of the QOS as a tool.16 The FDA
indicated that the QOS should facilitate the reviewer's ability to
clearly relate quality information to potential risks to patient safety,
while also briefly summarizing risk mitigation and control plans.

The FDA has affirmed that the QOS does not alter or replace
module 3, as it is meant to serve as an accompaniment.30 Similarly,
the KASA, PQ/CMC, and QOS initiatives can be complementary and
coexist within the eCTD and beyond. For example, it can be envi-
sioned that the QOS could provide summary data in a structured
format that can refer directly to and provide context for raw PQ/
CMC data entered in module 3. Some aspects of module 3, as it is
currently defined, would still require traditional narratives but this
kind of structured format for cross-referencing data has definite
advantages in the context of data integrity and ability to quickly
incorporate new data as it becomes available.

SCM Implementation Challenges

While KASA, PQ/CMC, and QOS have great potential for long-
term benefit on behalf of industry, regulators, and patients, there
are significant challenges to overcome in ensuring the effective
implementation of SCM systems. Although KASA and PQ/CMC are
being promoted as time-savers for all stakeholders involved, the
necessary steps for establishing the infrastructure and systems
needed for collecting and structuring data will be lengthy, be
complex, and require substantial resources, particularly from in-
dustry. In addition, these initiatives partially destabilize significant



Figure 3. The FDA's PQ/CMC pilot uses HL7's FHIR data standards framework to structure aspects of CMC documents. The figure depicts a theoretical framework for the organization
of specification data in the defined Resource element, PlanDefinition. It also describes how the specification Resource (PlanDefinition) can connect to other data elements, such as
MedicationKnowledge, which contains drug product information. Created based upon FHIR PQ/CMC Implementation Draft documents.34-36
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efforts toward global harmonization of regulatory submission
content and format. While SCM solutions similar to those discussed
in this article would transform and modernize industry's data
collection methodology, advance opportunities for data mining,
and promote the development of machine learning algorithms to
improve manufacturing efficiency, the added workload in man-
aging increasingly segregated global regulatory requirements could
be substantial enough to negate any potential time saving, partic-
ularly for postcommercialization filings.

Although KASA and PQ/CMC may result in a more effective re-
view system for the FDA in the United States, the efficiency of
pharmaceutical companies to produce high-quality, globally avail-
able therapeutics and implement needed manufacturing changes
may suffer significantly in the absence of harmonization, increasing
filing time on a global scale, and eventually slowing patient access
to medicines. Notably, the EMA has made progress in using struc-
tured approaches for managing regulatory submission data. Article
57 (2) of Regulation, issued in 2012, required the EMA to assemble a
repository of all approved medicines for use in humans in Europe,
which also subsequently required companies to provide structured
electronic information on their products via a Web-based data
portal to support the EMA's repository-building efforts. This portal
system, known as EVWeb, was a crucial component in establishing
an electronic exchange system between regulatory agencies and
industry and may be the first step toward expanding requirements
for structured electronic data submission.37 Accordingly, the long-
term success of the EMA's structured data initiatives, such as
EVWEB, holds significant implications for the future success of the
FDA's KASA. Ideally, these conceptually similar initiatives would
establish concurrence for application to submissions within the EU
and US, providing additional incentives for industry to invest time
and resources into developing SCM systems.

Making Connections: Future Goals of SCM for CMC Data

Data Integrity

Beyond KASA and PQ/CMC, the integration of SCM solutions to
manage holistic pharmaceutical datadfrom clinical to CMC,
nonclinical, discovery, and beyonddcould have profound positive
impact upon business operations overall across the global phar-
maceutical industry. Introducing SCM has great potential to aid in
authoring high-quality, accurate, consistent documents and
significantly improve data integrity throughout product lifecycles.
Maintaining data integrity should be of particular concern to all
industry stakeholders, as deficiencies in ensuring data integrity are
cited as a frequent cause of violations, leading the FDA to issue
warning letters, consent decrees, and import alerts.38

Employing SCM solutions for data management will allow for
greater confidence in maintaining data integrity by eliminating
many of the current review and verification cycles that are a vital
aspect of the current regulatory document maintenance workflow.
As discussed previously in greater detail, if a data point changes, it
will only need to be edited once within its content block, and the
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change will be automatically applied to all documents that the
edited content block is linked to, across a central data repository.
Accordingly, this also means that the data will only need to be
verified within the content block, rather than made individually
across all documents in which the change appears, which can be
cumbersome and difficult to track.

Increasing Automation and Opportunities for Machine Learning

In addition to maintaining data integrity, integration of SCM
solutions within data collection and authoring systems in the
biotechnology and pharmaceutical industries is a productive initial
step toward increasing overall automation, allowing for opportu-
nities to leverage process-improving techniques in machine
learning. Other functions within the pharmaceutical industry have
utilized machine learning to their great advantage. A particular
project of interest within the drug discovery space is the creation of
the Machine Learning Ledger Orchestration for Drug Discovery
(MELLODDY), a collaborative effort between 11 pharmaceutical
companies that utilizes preclinical data and chemical libraries from
multiple companies, while maintaining confidentiality of assay
specifics and company interests, to build models that aim optimize
compound and target development.39 A similar machine learning
technology that facilitates both connectivity and confidentiality
could be used to optimize manufacturing procedures andminimize
risk, particularly as companies become increasingly interested in
novel drug delivery systems and formulations, for which all col-
lective experience is valuable, as these new technologies have
comparably less historical data.

Enhancing automation is central to reaching the goal of oper-
ating at Industry 4.0 standards. Major components of Industry 4.0,
defined as the upcoming revolution in automation in
manufacturing, include human-machine communication and net-
works of Cyber-Physical systems, in which machines use software
algorithms to communicate with a network of other machines and
respond to feedback from humans.40 The machines working in this
system can be capable of improving processes over time. Currently,
many operations within the pharmaceutical industry fall short of
Industry 4.0 standards, as equipment requires significant manual
input and is not versatile enough to allow for machine learning
capabilities. Although the current IT initiatives appear to propose a
submission-based system that shows a manually submitted, static
view of captured data, a futuristic perspective of such an initiative
may allow for continual, updated submissions of real-time data to
various health authorities to enhance transparency and availability
of data.

In the distant future, one could even envision a central sub-
mission point or portal for global health authorities, who could
“reach in” to the secured portal and “pull” the data that they require
for review, while also having access to information requests and
approval status for that application from other regulators. This is
favorable for regulators, who will have ongoing and real-time ac-
cess to quality data, as well as for industry, as staff will not have to
organize and restructure large dossiers of data, repetitively, for
multiple rounds of review and multiple jurisdictions. Risk-based
assessments could be performed essentially in real time concur-
rently by individual health authorities around the world. This also
presents another possibility to leverage the principles outlined in
ICH Q12 through the implementation of PQ/CMC by using the
structured format of data managed through FHIR to establish and
maintain PLCM documents and to enable industry to make
informed changes to process data in real time. In this high-tech
paradigm, lifecycle management could be built-in and the system
will maintain itself without requiring manual formatting and
reformatting into different documents.
AI Data Mining of Structured Data

Currently, AI technology and machine learning, in particular,
works most efficiently with structured data, which is typically re-
petitive, pattern-based, and more amenable to the development of
“training data sets” that are used to train computers to work with
specific types of data.41 However, AI is becoming increasingly adept
at converting unstructured data, such as photographs, audio files,
and more, into structured data, providing potentially dynamic ad-
vantages for adoption of SCM systems. For example, in 2017, Box, a
cloud storage and content management service, began developing
an image-recognition platform in collaboration with Google that
will automatically add text “tags” to photos based on their content
and enable transcription of text in images, allowing for machine-
aided image identification and sorting of archived images.42 In
the context of CMC data, an image tagging system could work
alongside image sensor technology, which could, for example,
identify product defects (discoloration, solution turbidity, damaged
vials, etc.). The images collected by the image sensor could then be
cataloged, stored, and queried using SCM applications. Although
these technologies, as described, are not presently in use and likely
face numerous logistical barriers before successful implementation,
creative opportunities to integrate a variety of AI strategies are
continually increasing in number and should be taken advantage of
to enhance the quality and efficiency of pharmaceutical
manufacturing and analytical procedures, in addition to simplifying
regulatory oversight responsibilities.

Facilitating Direct Connections to Health Care

The health care industry generates exabytes of data, which can
be used meaningfully to track product quality, collect real-world
data, design biomarkers, and more. For example, the regional U.S.
health network system, Kaiser Permanente, has generated between
25 and 44 petabytes of data from its 9millionmembers.43 However,
the pharmaceutical industry currently has no way of meaningfully
harnessing these data and is relatively disconnected from the
health care system outside of its own clinical and pharmacovigi-
lance studies. Therefore, the use of FHIR in FDA's PQ/CMC program
may confer a significant advantage in linking the quality aspects of
the pharmaceutical industry with patient care, as patient data are
already being tracked using this system. Linkages between the
pharmaceutical industry and patient care have the potential to
enhance adverse event tracking, which is currently submitted into
separate databases, allowing for better understanding and resolu-
tion of potential quality-related issues in real time. Harnessing
linkages to telehealth and digital health tools can also help to
inform regulatory and quality decision making by providing real-
time data outside of clinical spaces, such as physician's offices
and hospitals.

Conclusions

SCM solutions offer dynamic benefits for managing regulatory
submissions, while also leveraging potential for enhancing
modernization by facilitating machine learning algorithms, data
mining, and connections to real-time patient data for monitoring of
safety and efficacy. Several pharmaceutical companies and industry
working groups have made efforts to standardize and automate
data collection. Such efforts have been met with some success in
enhancing time saving, ensuring data reusability, and integrating
with existing authoring systems for ideal usability and user
friendliness. However, most of these prior ventures toward SCM
systems have occurred in the context of clinical data management
and labeling, with few applications for CMC-specific data. The FDA
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is attempting to catalyze industry investment and participation in
the collection and submission of structured CMC data through its
KASA and PQ/CMC initiatives.

Although KASA and PQ/CMC conceptually represent a pre-
liminary effort toward use of SCM for CMC data in the United States,
many unique roadblocks and hurdles can slow or preclude the
timely adoption of SCM on an international scale. Global harmo-
nization of regulations plays a pivotal role in predicting the success
of SCM implementation across industries and health agencies. If
other regions do not agree to adopt similar standards and ap-
proaches as the FDA, companies may face significant burden in
tailoring their applications to meet regional needs. Though the
intended goal is to grant consumers earlier access to high-quality,
safe, and effective pharmaceutical products, KASA and PQ/CMC
may create a wider discrepancy between global regulatory appli-
cations, conceivably delaying global access to life-saving thera-
peutics. Currently, most ICH regions are leveraging the eCTD format
with a small number of regions still working with paper sub-
missions. Health authorities would need to revise their current
operational plans and develop a complex IT framework to accom-
modate an SCM-submission format. Even regions that have
formally adopted eCTD format will face initial high investment
costs in developing the IT systems necessary to support these
initiatives.

Ideally, SCM solutions can integrate as drivers for upholding ICH
quality guidelines to promote global adaptation and foster
industry-wide acceptance of an upgraded data management
structure. There are similar concepts in KASA and ICH Q12 for
organizing CQAs and ECs into predefined categories, suggesting a
collective interest in increasing standardization of data and risk
assessment. If successfully implemented, SCM may confer benefits
to regulatory agencies and industry on a global scale by eliminating
unnecessary paperwork, decreasing manual document interfaces,
and allowing for easy comparison between data sets, thereby
improving regulatory decision making and knowledge across
product lines, which translates to providing a direct benefit to pa-
tients in need of therapies worldwide.
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