Advances in Experimental Medicine and Biology 1031

Manuel Posada de la Paz
Domenica Taruscio
Stephen C. Groft Editors

Rare Diseases
Epidemiology:
Update and
Overview

Second Edition

@ Springer



Advances in Experimental Medicine and
Biology

Volume 1031

Editorial Board

IRUN R. COHEN, The Weizmann Institute of Science, Rehovot, Israel

ABEL LAJTHA, N.S. Kline Institute for Psychiatric Research, Orangeburg, NY, USA
JOHN D. LAMBRIS, University of Pennsylvania, Philadelphia, PA, USA
RODOLFO PAOLETTI, University of Milan, Milan, Italy

NIMA REZAEI, Tehran University of Medical Sciences Children’s

Medical Center, Tehran, Iran



More information about this series at http://www.springer.com/series/5584


http://www.springer.com/series/5584

Manuel Posada de la Paz * Domenica Taruscio
Stephen C. Groft

Editors

Rare Diseases Epidemiology:
Update and Overview

Second Edition

@ Springer



Editors

Manuel Posada de la Paz Domenica Taruscio

RDR and CIBERER Centro Nazionale Malattie Rare
Instituto de Salud Carlos II1 Istituto Superiore di Sanita
Madrid, Spain Roma, Italy

Stephen C. Groft

National Center for Advancing
Translational Sciences
National Institutes of Health
Bethesda, MD, USA

ISSN 0065-2598 ISSN 2214-8019 (electronic)
Advances in Experimental Medicine and Biology
ISBN 978-3-319-67142-0 ISBN 978-3-319-67144-4  (eBook)

https://doi.org/10.1007/978-3-319-67144-4
Library of Congress Control Number: 2017959193

Ist edition: © Springer Science+Business Media B.V. 2010

© Springer International Publishing AG 2017

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the Editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
Editors give a warranty, express or implied, with respect to the material contained herein or for any errors
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Printed on acid-free paper
This Springer imprint is published by Springer Nature

The registered company is Springer International Publishing AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-319-67144-4

Preface

The Power of one and the Power of Many: Patient Advocacy and its Influence
on Rare Disease Research — Evolutionary and Revolutionary Factors

In this updated book, the Editors have invited John Forman to discuss patient
advocacy in rare diseases through the actual history of a family affected by a rare
disease. The Preface provides experiences and accomplishments of one family with
heightening the awareness of a rare disease, mucolipidosis type III (ML3), following
the birth of their first child. The necessity of the individual and the family to meet the
needs of a family member has led many individuals to become the leader in the field
to develop a research emphasis and provide information to the public on a specific
rare disease. The role of patient advocacy in promoting research into rare diseases,
like most aspects of our society, has changed over time. From volunteering, as
largely passive subjects in studies, or donating samples for research, there have been
evolutionary changes through many stages of development. Loose collections of
families coalesced into support organizations and engaged with health professionals
and researchers to promote disease knowledge, clinical care improvements, and a
search for effective treatments or cures. Alongside this evolutionary growth in capac-
ity and involvement, revolutionary changes spurred the impact of patient advocacy
into new levels. One such change was the impact of human rights in society and the
flow-on effect this had in the health field, with patients gaining explicit rights in
consent in health care and research, plus rights to consultation on public policy.

The communications revolution from the 1990s meant patients could connect
and share more easily with each other and build more effective advocacy groups
while also gaining unprecedented access to medical and research information that
had been effectively locked away from them. The move from passive recipients to
active partners took some years to achieve. But this combination of evolutionary
and revolutionary forces made it a present-day reality. The momentum continues, as
patient advocacy moves from subject to participant, to partner, and then to financial
supporter and leader in rare disease research. This Preface addresses a range of
these issues in the context of one patient advocate’s long-term commitment to
research and better care for the very rare disease two of her children have. It offers
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a message of hope and encouragement that much more can be achieved through
additional contributions by more patient advocates.

Introduction. When invited to write this Preface, I referred to the first edition
where authors associated with NORD, the US National Organization for Rare
Disorders, wrote about patient advocacy and research against a backdrop of the
remarkable and inspirational work of Abbey Myers, the founder and first chief exec-
utive of NORD. I considered extending this theme by addressing some other high-
profile advocates and their organizations and the far-reaching impact they had on
research into a wide range of rare diseases. But many of those stories are likely well
known to most readers of this chapter. Instead, I decided to focus on the work of just
one patient advocate who is not so widely known, but has achieved significant
accomplishments over the past 30 years. I believe her story is important as a recog-
nition of what she has done largely “under the radar” for so long and the wide range
of impacts her work has achieved. It is also important as a source of inspiration to
others who may wish to work toward similar aims, but feel perhaps daunted by the
tasks or uncertain about their ability to make a difference in such a challenging and
often mysterious area of activity. This could be especially so, if they do not have
access to large sources of funds or lack knowledge of medical or scientific terms.
She is, in my view, a fine example of what can be achieved with focus and determi-
nation and with very limited resources. I believe her story will also offer reassurance
and support to many patient advocates who are operating at various points along the
spectrum of advocacy activities. Not every advocate can aspire to nor reach the
highest levels of achievement in research on their disease. The work of thousands
who do unsung work at different levels remains vitally important to successfully
progress in rare disease research.

In the Beginning. The parenting world of Jenny Noble and her husband Paul,
living at the time in Nelson, New Zealand (NZ), had a very typical beginning with
the birth of their first child Hayden, in 1981. What is still quite typical for many on
the journey into the world of rare diseases was true for them too. Symptoms of a
possible problem began when Hayden was just 5 years old, by which time Hayden
had a brother David and a sister Sarah. The surprising fact for those times was the
quick delivery of an accurate diagnosis after those first signs. Within 2 years, a cor-
rect diagnosis of mucolipidosis type III (ML3) was given, and as so often happens
when the first child is diagnosed with an inherited disease, Sarah was soon found to
be affected by the disease also, while David was not affected.

Lack of information and isolation were significant problems. There was no other
family in New Zealand with the same disease, and in the pre-Internet age, it was
very challenging to get information. In 1989, faced with significant surgery indi-
cated and a range of other symptoms presenting, Jenny and Paul decided to borrow
against their house and travel to an international meeting on MPS and related dis-
eases (the closest umbrella gathering for ML3 families, researchers, and clinicians),
to learn as much as they could about the disease and meet experts in the condition.

Making Connections and Finding Information. Finding at that meeting the
doctor who first described this condition and, on that journey, finding others who
had managed patients with the disease gave them important information about
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surgical options and risks, plus information about other complications to be expected
with ML3. Some of this unpublished information was vital to the surgery facing
their family and allowed Jenny and Paul to effectively engage with the treating doc-
tors to ensure the best outcomes for Hayden and Sarah. These connections were
maintained and these experts regularly consulted by the family and their doctors
back in NZ, though there were sometimes challenges regarding the acceptance of
information found by them. Throughout the 1990s, both Sarah and Hayden had
several major surgeries, and the work done to connect with relevant experts in dif-
ferent countries undoubtedly led to much better outcomes for both of them.

It was in these early times on the journey that Jenny committed to sharing the
knowledge gained by networking with other families here and overseas, and
throughout the 1990s, she worked closely with families, health professionals, and
researchers in the disease and began building connections for related diseases too.
This task was greatly assisted by the Internet which began spreading from the mid-
1990s and by Paul’s unwavering support. By the turn of the century, improving
disease knowledge for health professionals and families, and ensuring best medical
care and optimal social support systems, became her unpaid career.

Building the Networks. In 1999, my role as a parent of twins with a related dis-
ease, alpha-mannosidosis, led to my path crossing with Jenny, and we joined forces
on the development of Lysosomal Diseases New Zealand (LDNZ), as an umbrella
support group for all lysosomal diseases, to give structure to efforts to support and
inform affected families and to work to improve scientific research, medical care,
and social support. We knew from our experience that research had to go beyond
basics of the disease-causing mechanism. Research into best clinical care for our
children was a vital need for ours and many other affected families. Families also
need help to navigate the complexities of social support programs. Jenny took on
the role of field officer for LDNZ, and after several years of operating without funds,
we managed to scrape together the first grants to pay her modestly, for her signifi-
cant contribution.

Within the next 2 years, Jenny played a pivotal support role in the development
of the New Zealand Organisation for Rare Disorders, which I set up, and soon after
she accepted a board role alongside me, with ISMRD, the International Advocate
for Glycoprotein Storage Diseases, based in the USA. Through these roles, Jenny
could make a contribution to information, research, and policy relating to rare dis-
eases in NZ, as well as attend to the needs of the very rare subset of lysosomal dis-
eases under the umbrella of ISMRD. Seventeen years later, she is still actively
working in these roles.

Doing the Business. Since 2000, Jenny has participated in and often led signifi-
cant efforts toward research on her children’s disease and on related diseases. In
addition, she has worked hard to influence policy for all rare diseases — all of this
with no formal training in science or medicine. Starting as a secretary in the insur-
ance company where she met Paul, she has worked hard to develop an extensive lay
knowledge of the diseases and their needs, so she could advocate effectively for
them and support research and clinical care for them.
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Patient Advocacy Role. In 2000, she gave evidence to NZ’s Royal Commission
on Genetic Modification to describe her family’s experience and to successfully
advocate for the continuation of experiments that might lead to treatments for
mucolipidosis and other rare diseases.

Scientific Conferences and Workshops. In 2002, she coauthored “The osteodys-
trophy of mucolipidosis type III and the effects of intravenous pamidronate treat-
ment” (J Inherit Metab Dis 25 (2002) 681-693). She has since presented at family
and scientific meetings on the results of this research from 2005 to 2015. She has
been the central fundraiser and program organizer of four ISMRD conferences in
the USA and is working on another later this year, 2017, in Europe. Each of these is
designed to bring the scientists, health professionals, and families together to share
experiences and learn from each other. Numerous research efforts had their genesis
through connections made at these events.

In 2003 and again in 2008, she did the fundraising and central organizing role for
a family and scientific conference in NZ for all lysosomal diseases. The 2008 meet-
ing included a special workshop she organized for expert consideration of bone
disease in mucolipidosis, and several research projects have sprung from this
discussion.

In 2010, she repeated these fundraising and organizing roles for the International
MPS Conference held in Adelaide, South Australia.

Support for Basic Research. Through fundraising efforts that Jenny has led,
LDNZ has been able to support NZ researchers. We funded a study on treatment
outcomes for patients with Gaucher disease and funded teams studying animal
models of lysosomal diseases. Our small grants have provided important bridging to
larger grants for work on Batten disease in sheep and Sanfilippo A disease in hunt-
away dogs. These research projects have made significant progress toward the
development of therapies for both diseases.

Research Partnerships. In 2013 and again in 2016, Jenny’s central role in
ISMRD’s fundraising efforts led to a partnership with other advocacy groups and
foundations to provide a grant of $40,000 in 2013 for research into heart issues in
mucolipidosis, and a sum of $150,000 was raised in 2016 funding exploratory gene
therapy for the disease in cell culture and animal models and a separate study into
potential therapy for the bone problems in the disease.

Clinical Care. On several occasions over these years, Jenny has worked closely
with me on problems with clinical care coordination for those with complex and
chronic diseases, especially those who leave the relatively well-organized world of
pediatric care and graduate into the “black hole” of adult services. Case studies have
been used in conjunction with the Pediatric Society, health officials, district health
boards, and the Health and Disability Commissioner (HDC), to identify failings and
make improvements. Success in this work is frustrated by the tendency of adult
specialists and their hospital managers to slip back into their traditional methods of
“silo” delivery and to lose sight of the collaboration and coordination that is indi-
cated by the patient needs and which is in fact their right under our HDC Code of
Rights. These experiences highlight the related need for research into health service
delivery, which this work has contributed towards.
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Natural History Study. In 2005, Jenny provided leadership and fundraising sup-
port for the development of a natural history study into the nine glycoprotein dis-
eases in partnership with a US medical center, from which mutation discoveries,
genotype/phenotype correlations, nomenclature changes, transplant outcomes, and
diagnostic techniques have been published. And she’s not finished yet!!

The Broader Context of Rare Disease Research. Patient advocates can contrib-
ute to research in many ways, including as passive participants and donors, as part-
ners with clinicians and researchers in specific studies, as planners of conferences
to build interest in disease research, by influencing legislators and funding agencies
about rare disease research, by raising funds to make research happen, by develop-
ing biobanks and registries, by funding natural history studies, by sitting “at the
table” when plans and priorities are devised, by influencing clinical trial design and
consenting processes and how research is evaluated by regulators, by debating
research priorities, and by influencing screening and diagnosis policies and
practices.

Individual advocates may be daunted by the tasks and the scale of work needed.
But all can make a meaningful contribution in some way or another. It is not neces-
sary to aim to be in the top echelon of movers and shakers. Start with what you
know and what you can do. Every contribution is valuable. Build a network of like-
minded people. Network with the scientists and clinicians at conferences. Ask ques-
tions and seek answers. Don’t be scared to show the limits of your knowledge. If
you have anxieties about this, remember that I personally have asked the most naive
question ever asked by any patient advocate at a scientific and medical conference.
Remember that the experts are invariably helpful and considerate, and they will
value your experience of dealing with the practical aspects of the disease on the
day-to-day life of patients and families. Your experience is something they don’t
know enough about, and they are keen to learn from you.

Conclusion. Personal stories provide a compelling angle to this discussion, I
believe, and I have used Jenny Noble’s story because I see it as a very informative
example of what can be achieved by an individual with commitment and determina-
tion for the cause and a willingness to be in it for the long haul. She has been
involved in many areas relevant to rare disease research, but not all of them. She
played to her strengths and did what she could. She learned more when she needed
to. But she did not aim to become a medical geneticist or research scientist. She did
more at her level than she could likely have achieved if she had gone down that path.
She deserves great recognition for her commitment for the cause, but perhaps the
greatest accolade for her would be that her story has inspired patient advocacy read-
ers to feel motivated to do more to support research and to feel comfortable that
getting started at a level they feel confident with will be welcomed and valued. The
power of one can be multiplied many times over, if we all do our bit.

125 Cuba St, Petone, 5012, New Zealand John Forman
john@johnforman.nz
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Chapter 1

Rare Diseases: Joining Mainstream Research
and Treatment Based on Reliable
Epidemiological Data

Stephen C. Groft and Manuel Posada de la Paz

Abstract Despite growing acceptance of patient registries and natural history stud-
ies to provide useful information, the rare disease community suffers from the
absence of reliable epidemiological data on the prevalence and incidence of most
rare diseases in national and global populations. Likewise, the patients and health
care providers lack adequate information on the pathophysiology of rare diseases
and expected outcomes of these disorders. The rare diseases community includes all
of the stakeholders involved in the research and development and dissemination of
products and information for the diagnosis, prevention or treatment of rare diseases
or conditions. To replace many of the perceptions with realities, several global
efforts have been implemented to sustain and increase the reported progress with
the thousands of rare diseases. The first efforts is to develop a global research infra-
structure of qualified investigators to stimulate and coordinate research efforts by
seeking ways to provide access to clinical trials at multi-national research sites with
common protocols and multi-disciplinary research teams. Next, is the continued
identification and expansion of worldwide partnerships and collaborations of Patient
Advocacy Groups (PAGs), research investigators, the biopharmaceutical and medi-
cal devices industries, and the government research and regulatory agencies for a
specific rare disease or group of related diseases. Gaining access to information
about rare diseases, patient advocacy groups, ongoing and planned research studies
and products in research protocols continue to improve the lives of patients and their
families. Many basic, clinical and translational research investigators, public and
private sector funding organizations, patient advocacy groups, foundations, and the
pharmaceutical, biotechnology, and medical devices industries are committed to
translating research discoveries that will be useful in the treatment and care of
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patients with rare diseases over their lifespan. Evidence from well-constructed epi-
demiological studies will provide the evidence that point to the value of additional
clinical studies to increase the understanding of rare diseases.

Keywords Rare diseases * Clinical research networks ® Epidemiology ¢ Information
systems © Patient advocacy groups ® Orphan drugs ¢ Orphan products

1.1 Introduction

The rare disease community suffers from the absence of reliable epidemiological
data on the prevalence and incidence of rare diseases in the national and global popu-
lations to support additional public health measures to address these tremendous
needs. The rare diseases community includes all of the stakeholders involved in the
research and development and dissemination of products and information for the
diagnosis, prevention or treatment of rare diseases or conditions. Translation of basic
research discoveries and information gained from patient registries and natural his-
tory studies continues to occur at a relatively rapid rate and is leading to research
hypotheses generation in clinical research studies and trials of products for rare dis-
eases. Despite this increased emphasis by the private and public sectors and success-
ful research accomplishments leading to increased regulatory approval for orphan
products, approximately 95% of rare diseases lack an adequate intervention.
Reluctance to become involved in research and development efforts is frequently
attributed to the need for more reliable information about the rare diseases from epi-
demiological and natural history studies. Significant efforts have been made by the
rare diseases community to develop procedures and methods to enable rare diseases
to enter mainstream research and provide better information for treatment options.
The majority of rare diseases are inherited conditions but a significant number are
acquired through various interactions including the effects of environmental factors.
As perceptions are replaced by reliable data and information from the community
we can address these needs more appropriately. We know there are an ever increas-
ing number of disorders falling under the term rare disease. The exact number of rare
diseases remains unknown. Estimates approaching and exceeding 8000 conditions
have been expressed. As sophisticated analytic capabilities continue to improve to
identify genetic variability, more and more diseases will be subcategorized into dis-
tinct rare disorders and conditions. The proposed International Classification of
Diseases -11 from the World Health Organization provides the opportunity to
increase the number of Rare Diseases with specific classification codes to approxi-
mately 5400 in their nomenclature [2, 31, 32]. Expanded genomic analyses will
explain many of the phenotypic differences observed in patients. Frequently, those
involved with larger numbers of patients in their practice or in their research proto-
cols recognize the phenotypic expression of a rare disease varies from patient to
patient. In many instances, it is the active patient advocacy group leader who
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describes the differences in patients. Data from appropriate epidemiologic studies
are required to confirm the opinions offered by clinicians, patients, and families.
The discussions that follow address many of the perceptions, barriers and the suc-
cessful activities responding to these needs. The lack of access to appropriate infor-
mation to aid in the informed decision making process remains a major barrier to an
improved quality of life for patients and their families, and caregivers. High costs of
products to treat rare diseases are now viewed as a barrier to ready access to care.
When no interventions are available for treatment, most patients and families with
rare diseases are extremely happy to have a product available regardless of the costs
of the products. They are often reluctant to voice concern about the costs of treat-
ments for rare diseases. Collaborative research efforts involving academic investiga-
tors, government research and regulatory scientists, the biopharmaceutical industry
and patient advocacy groups are vital in all phases of research for rare diseases.

1.2 Very Few People Have the Rare Condition

One of the first issues a patient encounters at the time of obtaining a diagnosis is the
conclusion presented that very few patients are diagnosed with their disease. The
response is usually based on the publication of results in very narrowly defined
populations from a single or a few studies. Unfortunately, most of the results pub-
lished do not include a sufficiently large population to draw realistic conclusions
about the incidence or prevalence of a particular disorder. Only after an individual or
a family becomes aware of the availability of services from a patient advocacy group
or a link to a social media group with other families are they convinced there are
many others living with the same disease. These patients frequently provide vital
information about the symptoms and anticipated outcomes of the disease and how
best to live with their condition. The lack of ready access to patient advocacy groups
is troubling to many patients who are lacking such representation. These connec-
tions help eliminate the stigmatization that frequently occurs, whether they are
developmental, psychological or physical expressions of the disease. Stigmatization
of children with rare diseases remains a major concern. In recent years, we are see-
ing a reduction of the problem due to the willingness of the families, patients, or
parents to address the disease openly and to educate the public about their disease.
One of the major barriers to removing the stigmatization is the lack of adequate
incidence and prevalence data for the thousands of rare diseases. Estimates of between
6% and 8% of the population may experience a rare disease [29]. In the USA, an esti-
mated 25-30 million patients have a rare disease. Estimates from the European Union
are even higher of between 27 and 36 million people due to a larger population base.
Global estimates have been reported as high as 350 million people with a rare disease.
When a multiplier of 3—4 people who are affected significantly by rare diseases includ-
ing family members or caregivers, the number of people directly affected by rare dis-
eases begins to approach and may even exceed 100 million people in both the USA
and the European Union and approximately 1.05 to 1.4 billion people worldwide.
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Most rare diseases do not recognize geographical, historical or political borders.
However, some diseases may occur more frequently in selected populations or in
individual countries. The possible occurrence of different inherited conditions
points to the need for families to establish and maintain an extensive family history
of the health and illnesses of their family members through multiple generations. In
the absence of information from longitudinal or natural history of diseases studies,
extensive family history studies and environmental exposure studies may be very
good predictors of the occurrence of genetic and acquired disorders until the time
when large data sets of information from significantly larger patient cohorts can be
mined for more reliable information [10]. One of the confounding issues is the
occurrence of co-morbidities affecting patients with rare diseases. This can contrib-
ute to the increased difficulty to obtain the correct diagnosis.

If a diagnosis is obtained through genetic testing, whole genome or exome
sequencing, it is critical for the individual and the family to receive adequate inter-
pretation of the results and an explanation of the health implications for the indi-
vidual, related family members, and future generations. Access to genetic counseling
services is essential to maintain emotional and psychological well-being of the fam-
ily members whether affected by the genetic disorder or not. Counseling services
should be made available prior to the decision of whether or not to have the diagnos-
tic procedure done and after the results are received regardless of the outcomes.
Each individual and family must be considered separately and the resulting decision
must be respected by other members of the family and the health care providers.

1.2.1 Precision or Personalized Medicine

Genomic Information and Genomic Medicine is now an integral part of patient
recruitment and enrollment in clinical trials and study design. This integration of
data has led to the development of compounds with a greater likelihood of success
in selected patient populations. In Precision Medicine, it is important to engage in
research with each product and patient as an individual. Development of specific
clinical endpoints and appropriate bio-markers and companion diagnostics is lead-
ing more quickly into the full integration of research and product development.
Major pharmaceutical breakthroughs continue to facilitate the development of pre-
cision medicine products for the care of individuals with rare diseases and condi-
tions. NIH has provided significant resources to develop research partnerships and
infrastructure to implement a Precision Medicine Initiative (PMI) emphasized by
former USA President Barack Obama [1, 20]. Funds have been provided for cohort
projects and to include a Data and Research Support Center to gain access and help
organize access to information from more than 1 million Americans. There will also
be a Participant Technologies Center to support enrollment of patients in the study.
Current product approvals such as for Vertex’s Lumacaftor and Ivacaftor suggest the
level of specificity of products for patient populations with specific genetic vari-
ability. With the sophistication of information presented to patients, a greater
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understanding of the principles behind genetics and genomics and precision medi-
cine will require a greater public education effort to increase science and health lit-
eracy in the global populations [27].

1.2.2  International Classification of Diseases

One of the persistent requests from the rare disease community has been the need
for appropriate classification of rare diseases in standard diagnostic coding resources.
Having this information readily available is a key to many of the uncertainties
related to an absence of reliable prevalence data. These codes are available and uti-
lized by the health care providers and are essential for reimbursement from third-
party payers and national governments after establishing medical necessity. A Rare
Diseases Technical Advisory Group for the World Health Organization’s (WHO)
efforts assisted in the revision of the International Classification of Diseases (ICD).
Obtaining an appropriate ICD classification and coding will assist in determining
the prevalence of rare diseases. Adopting these codes and integrating them into
medical records system will increase the ability to obtain useful data from summary
information in patient records and particularly from those using an electronic health
record format. Adequately designed natural history studies of rare diseases should
also benefit from the improvements to be offered in coding revisions. However, the
difficulty of obtaining the correct diagnosis may require several years of visits to
practitioners, clinics, and hospitals. In many cases, coding of symptoms of a disease
may continue until an agreed upon diagnosis is obtained. At the time of obtaining
the correct diagnosis, clinicians need to have a diagnostic code to address the
uniqueness of individual patients. The assignment of an appropriate code for rare
diseases is also crucial if we are to monitor global health trends by the use of reliable
statistical data as mentioned previously. As mentioned previously, a Beta version of
ICD - 11 is available for public review and comment at the website of the WHO.

1.3 Gaining Access to Available Information About the Rare
Disease or Condition

With ready access to the Internet and World Wide Web and social media connec-
tions, patients and their families now have ready access to the extensive collection
of information available from numerous sources including disease-specific PAGs.
Even though there are significant sources of educational materials available to most
people in the developed nations, lack of ready access to these resources remains a
major need for millions of individuals and families in the developing nations around
the world. Developing methods to convey the increased body of knowledge avail-
able from groups around the world is a key to increasing access to the
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ever-increasing, reliable and useful information developed by numerous sources.
These sources include the National Institutes of Health, the National Library of
Medicine, the Office of Rare Diseases Research, the Genetic Alliance, Global
Genes, the National Organization for Rare Disorders (NORD), Eurordis, Orphanet,
Office of Orphan Products Development (OOPD) at the United States Food and
Drug Administration (FDA), European Medicines Evaluation Agency (EMEA),
patient organizations, industry, foundations, health care provider organizations, and
other government sources.

Extensive use of data sources is sought by the public MEDLINE/PubMed. The
NLM'’s database recorded almost a 2.8 billion searches in FY 2015. On an average
day in April 2015, approximately 3.5 million searches were performed on the
PubMed Web site. (9) [14] An additional 5.2 million searches were done by scripts,
e.g., by application programming interfaces (APIs).The NLM indexes 5618 bio-
medical journals for the MEDLINE/PubMed database to assist users in identifying
articles on specific biomedical topics. A combination of staff, contractors, and coop-
erating USA and international institutions indexed 806,000 articles in FY201S5,
bringing the total number of MEDLINE citations to over 22 million. A growing
number of Medline citations contain an active link to the free full text articles con-
tained in Pub Med Central or other sites such as the publisher of the articles. Many
of these articles may be freely available depending upon the publisher’s access
requirements. Considerable information on rare diseases is readily available to
those with access to the world-wide-web from the Genetic and Rare Diseases
Information Center and Orphanet [8, 23].

The most recent figures from the Genetic and Rare Diseases Information Center
supported by the ORDR/NCATS and NHGRI reveal that information has been made
available for over 6800 rare and genetic diseases to requests from 120 countries in
their 14 year history. Orphanet, located in France’s INSERM, continues to provide
useful and reliable information to the European Union member states and world-
wide from multiple sources for over 5600 different rare diseases. Recently, GARD
and Orphanet announced plans to share information gathered from their resources to
increase the amount of information readily available from their websites [3].

New sources of useful information appear regularly from help-lines established
by individual countries and organizations to supplement currently available infor-
mation. Traditional sources of information continue to expand their information
base as improved search engines enable the identification and collection of more
information from many sources and presented in a more systematic fashion to
potential users. For some rare diseases, it is not a lack of information, but informa-
tion overload that can be overwhelming to patients and their families. It is important
with multiple sources presenting information to the patients or their families to
remain aware that not all patients are capable of accepting and absorbing the same
amount of information and at the same pace as others. Facilitating or guaranteeing
access to useful information is a major step to assist and to enable patients to under-
stand their disease better, to live with their disease, and to learn about the numerous
aspects of their disease on their time schedule. When accomplished on each indi-
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vidual’s own schedule, it is expected to improve the understanding and acceptance
of the disease with or without available treatments.

Types of information generally recognized as significant for patients and health
care providers are available from numerous other sources such as academic centers,
patient advocacy groups and foundations, the biopharmaceutical industry, health
care providers, and information services, hotline and social media resources with
individual and group interactions. Lack of ready access to information frequently
leads to other misunderstanding about the disease and anticipated outcomes. The
information falls into several major categories and include but are not limited to
information about the disease, expected cause of the disease, prognosis, inheritance
potential, available treatments approved by regulatory agencies or products in inves-
tigational status, and ongoing or planned research studies. As more clinical trials
and natural history studies are completed, results from completed studies presenting
both positive and negative results in understandable terms to patients and families
are helpful. Gaining access to knowledgeable health care providers or specialty
clinics is essential, Availability of links to patient advocacy groups and social media
organizations provide real life or real world experiences with a rare disease are ben-
eficial to patients and families and treating physicians and other health care provid-
ers. Results from Phase 4 or post marketing surveillance studies conducted by
biopharmaceutical industry sources are required more frequently by regulatory
agencies as part of the regulatory approval of products prior to entering the market-
place. This information is extremely useful to monitor safety and efficacy in larger
patient populations.

1.4 Generating Research Interest

Because there are so many disorders under the rare diseases umbrella, it is fre-
quently suggested there is little research interest in a particular disease. For most of
the rare diseases there continues to be a major need for increased research emphasis
in both the public and private sectors. However, we are observing shifts in emphasis
in research portfolios to include a focus on rare diseases and orphan products. We
continue to see a growing global emphasis on research of rare diseases. For exam-
ple, the ClinicalTrials.gov database, developed and made available by the NIH
National Library of Medicine and the US Food and Drug Administration, presents
information on approximately 234,500 planned, ongoing and completed studies for
rare and common diseases reported from more than 195 countries throughout the
world [15]. This database highlights completed, planned and ongoing interventional
phase 1, 2, 3, 4 of drugs, biologicals and devices, surgical procedures, observa-
tional, longitudinal, behavioral, and expanded access studies. In September 2016,
results from completed studies receiving support from the USA government and the
pharmaceutical industry are required to be provided in a timely fashion to
ClinicalTrials.gov after the completion of the clinical studies. In an effort to make
information about clinical trials widely available to the public, the U.S. Department
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of Health and Human Services (DHHS) issued a final rule that specifies require-
ments for registering certain clinical trials and submitting summary results informa-
tion to ClinicalTrials.gov. The new rule expands the legal requirements for
submitting registration and results information for clinical trials involving U.S. Food
and Drug Administration-regulated drug, biological and device products. The NIH
issued a complementary policy for registering and submitting summary results
information to ClinicalTrials.gov for all NIH-funded trials, including those not sub-
ject to the final rule. Requirements under the final rule apply to most interventional
studies of drug, biological and device products that are regulated by the FDA. The
requirements do not apply to phase 1 trials of drug and biological products, or small
feasibility studies of device products. The final rule specifies how and when infor-
mation collected in a clinical trial must be submitted to ClinicalTrials.gov. It does
not dictate how clinical trials should be designed or conducted, or what data must
be collected [19, 25].

1.4.1 Access to Research Funding Sources

Evidence exists that the research community will investigate special groups of rare
diseases if priority is given by funding agencies. Research efforts have been known
to follow research funds. As an example, 10 research consortia requiring multiple
research sites and investigators received funds from five research NIH Institutes
when the Rare Diseases Clinical Research Network was first funded in 2003. In
2016, 22 consortia received support from the ORDR and ten of the research insti-
tutes of NIH (NCATS, NINDS, NIAID, NICHD, NIDDK, NIDCR, NIAMS, NEI,
NIDCR and NHLBI and the Office of Dietary Supplements) [18].

The European Union (EU) through their Framework Programs 6 and 7 and
through the General Directorate of Health and Consumers (DG SANCO) funded
different types of networks such as fundamental research consortia, European
Reference Networks (ERN), surveillance networks, and translational networks.
Member States of the EU have also funded at national level several consortia on rare
diseases. It is important to mention the interesting experience of E-RARE action, a
consortium of international European, Australian and USA agencies for funding
rare diseases projects. E-RARE has funded in their two previous calls for proposals
in 2007 and 2009 13 and 16 different rare diseases consortia respectively. The cur-
rent emphasis is on the repurposing of existing products for rare diseases. The sig-
nificance of the benefit offered by multi-institutional collaborative efforts and an
expanded role of the patient advocacy groups has gained acceptance as a model for
research of rare diseases. This is a desirable method to gain access to a critical mass
of research investigators and patients. Many investigators and organizations are
working to direct their efforts to establishing common protocols which ultimately
increase the scientific understanding of the disease and the pathophysiology of spe-
cific diseases and molecular pathways of many other disorders. It is anticipated that
the future expansion of these consortia and networks will compare favorably to the
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sophisticated research and treatment networks developed in oncology and infec-
tious diseases, and other more common diseases such as arthritis, diabetes, HIV/
AIDS, and hypertension.

1.4.2 Identifying Rare Diseases Research and Orphan Product
Development Projects

NIH provides ready access to a coded and monitoring system for selected rare dis-
eases and orphan drugs. The Research, Conditions, and Disease Categorization
(RCDC) system can now be easily found [17]. This system provides ready access to
information on basic and clinical research projects receiving support from NIH,
FDA, HRSA and CDC. This information is often the starting point to developing a
systematic research agenda by identifying ongoing research projects and helps indi-
viduals and organizations identify the missing gaps in research. In 2015, NIH pro-
vided funding resources for numerous research projects research on rare diseases
and conditions

e Rare Diseases ~ 9400 Research Projects ($3.639 Billion USD)

e Orphan Drugs ~ 1650 Research Projects ($785 Million USD)

e Gene Therapy ~ 615 Research Projects ($238 Million USD)

e Stem Cell ~ 3900 Research Projects ($1.429 Billion USD)

* Regenerative Medicine ~ 2500 Research Projects ($862 Million USD)

The NIH Clinical Center Hospital (CCH) also provides considerable resources
and support for rare diseases research through the Intramural Research Programs of
the 17 research Institutes and Centers (ICs)

e Number of Rare Diseases Under Investigation — 568

e Number of Active Rare Diseases Protocols and Total Study Protocols — 799/1630
e Number of NIH Investigators with Rare Diseases Focus — 315/495

¢ Patients with Rare Diseases in Studies at NIH — 15,653 (65% of all CCH Patients)

One observation from the experience gained with the focus on rare diseases is the
relative lack of information from natural history studies of diseases to provide a bet-
ter understanding of the disease across the lifespan. Knowledge from these studies
is essential for the development or research hypotheses, identification of potential
biomarkers, and phenotypic variations in patients. Due to the high costs of initiating
and maintaining studies for many years, there has been a reluctance to support these
studies. Only in recent years has the value of these studies been accepted by the
research and regulatory communities as a generator of new research hypotheses and
information for research and treatment for rare diseases. The FDA now considers
adequately developed and implemented Natural History Studies with appropriate
analysis and interpretation of study results to be one of the most essential steps in
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generating information about clinical endpoints or to identify appropriate biomark-
ers to be developed and validated prior to initiating a clinical trial [24].

Frequently, research of rare and common cancers leads to the development of
novel approaches to clinical trial design, patient recruitment, and analyses of results
for both common and rare diseases. Rare diseases research benefits from these inno-
vative approaches as they are adapted and adopted by the research community. Rare
tumors like most rare diseases provide significant financial, physical, and emotional
disease burden and present unique challenges in the research and development of
potential interventions. Increased knowledge of the pathophysiology at the molecu-
lar level from basic research studies leads to potential new therapeutic treatments.
Newer clinical trial designs such as BASKET or umbrella trials are leading to the
evaluation of multiple potential agents in one trial or multiple different but
molecularly-related disorders in trials of single agents or a combination of potential
treatments. There are similarities in the requirements for the evaluation of oncology
therapies and in the investigation of products for rare diseases that need to be
explored, considered and implemented when appropriate [5].

1.5 Limited Access to Treatments for Rare Diseases

Even with the significant emphasis placed on rare diseases research and orphan
products development by national governments, drug, biological and medical
devices industries and foundations, adequate treatments for approximately 95% of
rare diseases do not exist. Approximately 4045 Orphan Product Designations have
been made by USA FDA since 1983 with 595 approved orphan product designa-
tions made during the same period. In recent years, an increase in orphan product
designations and approvals in the USA and European Union have been noticed.
There were 39 approvals in 2016 and 48 approvals in 2015. This is quite different
from the two approvals in 1983, the first effective year of the Orphan Drug Act in
the USA. The Pharmaceutical Research and Manufacturers of America (PhRMA)
reported approximately 560 Compounds in Development for Rare Diseases and 836
Compounds and Vaccines in Clinical Trials for Common and Rare Cancers. The
increase in approved products is likely to continue. There were 333 designations
provided in 2016 and 354 designations in 2015 Again, this contrasts dramatically
with the 26 designations provided in 1983. This lack of treatment can be traced to
numerous causes including high costs of research and development, the high risk of
failure of most potential compounds to reach the marketplace, the large number of
diseases, small patient populations for many rare diseases, better return on invest-
ment with other projects and different regulatory requirements around the world.
More recent evidence from data points to a different landscape for products for rare
diseases. Nearly one-third of products approved for rare diseases have annual sales
greater than $1 Billion USD [6, 12, 21, 22].

In recent years, FDA and EMA have initiated novel review programs to expedite
review of New Drug Applications (NDA) and Biological License (Applications
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Table 1.1 Expedited programs for serious conditions — drugs and biologics (2015 = 21/45 novel
drugs approved or 47% for rare diseases)

Program

Qualifying criteria: Serious
condition and...

Features

Fast track (14/45 = 31%)

Nonclinical or clinical data
demonstrate potential to meet an
unmet medical need

Actions to expedite
development and review

E.g., meetings

Or, QIDP (qualifying infectious
disease product)

Rolling review

Breakthrough therapy
(10/45 = 22%) (EU
PRIority MEdicine
(PRIME)

Preliminary clinical evidence
indicates drug may demonstrate
substantial improvement on a
clinical significant endpoint over
available therapies

All Fast Track features

Intensive guidance on efficient
drug development

Organizational commitment

Accelerated approval
(6/45 = 13%) (EU
Conditional marketing
approval)

Provides meaningful advantage
over available therapies

Demonstrates effect on surrogate or
clinical endpoint that can be
measured earlier than IMM
(irreversible morbidity or mortality)

Approval based on a surrogate
or intermediate clinical
endpoint reasonably likely to
predict clinical benefit

Priority review
(24/45 = 53%) (EU

Would provide a significant
improvement in safety or

Shorter review clock goal for
marketing applications

Accelerated Assessment) | effectiveness (6 months vs. 10 months)

Or, other qualifying programs
(*27/45 = 60% Used Expedited
Programs)

(BLA). Separate programs in the USA FDA and the EMA such as Fast Track,
Breakthrough Therapy (EU Priority Medicine or PRIME) Designation, Accelerated
Approval (EU Conditional Marketing Approval), and Priority Review Status (EU
Accelerated Assessment). Table 1.1 provides highlights of the emphasis placed on
the expedited regulatory review and approval processes. These programs have
increased efficiency of drug development and regulatory review approaches for seri-
ous conditions, including rare diseases and rare cancers.

1.5.1 Repurposing Drugs: Gaining Access to Treatments
and Investigational Products for Rare Diseases

The rare disease community still experiences some difficulty in gaining access to
possible treatments through the development of new chemical entities. Other poten-
tial compounds could be identified by a global coordinated and systematic approach
to the repurposing or repositioning of products approved for other rare or common
conditions that might be useful for different rare diseases and conditions. To expand
existing regulatory product approval processes, it would be necessary to develop
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research and regulatory pathways to identify potential new uses from astute clinical
observations and a systematic review of the published literature. Information on
potential uses of products other than approved products may be gathered from well-
constructed patient registries and Natural History Studies and even data gathered
from PAGs and social media interactions of patients and families. Clinical trials
may follow if clinical improvements are noticed in patients. Adopting this approach
will require expanded efforts of the traditional pharmaceutical industry research and
development activities. This process will also require a much broader approach to
identify potential new uses for products other than existing indications for marketed
products or products of little commercial interest. The magnitude of this approach
for over 8000 rare diseases requires a globalization of efforts.

Repurposing of approved products and those previously included in clinical trials
could entail a collaborative pooling of research and development assets with a shar-
ing of research results and possible sharing of benefits to a number of potential com-
mercial sponsors in emerging niche markets for specific rare diseases. In some
respect this activity requires a re-visiting to the origins of the USA Orphan Drug Act
looking at drugs of limited commercial value for the prevention, diagnosis and treat-
ment of rare diseases and conditions not from a perspective of the 1970s but of the
capabilities offered in the twenty-first century. These efforts could be assisted by
more robust and powerful tools from information technology advances in searching
large datasets over a very short time periods to determine potential uses from larger
patient population samples. These processes would also be assisted by gaining access
to chemical libraries and compounds not under development or not of further interest
to the members of the biopharmaceutical industry. The transfer of compounds
between the inventor and a company or between two companies is dependent upon
successful completion of negotiations related to intellectual property and liability
issues. This approach frequently requires an analysis of the current status of the com-
pound and the completion of the necessary studies that will meet the requirements of
the regulatory agencies. Absence of information for regulatory approval will be iden-
tified as noticeable gaps of required data. To fill these gaps, collaborative efforts
require expanded utilization of resources from the public and private sectors.

The estimated costs of developing new indications for the 2nd and 3rd indica-
tions would be expected to drop dramatically from the costs of developing a new
molecular entity for the first approved indication. Current estimates suggest costs
for developing a new molecular entity exceed $1.2 Billion USD.

1.5.2  Recruiting for Clinical Trials and Managed Access
Programs

About 1.7 million people participate in 80,000 drug company-sponsored clinical tri-
als each year. It remains an extremely difficult task to recruit and retain an adequate
number of study participants to meet the needs of opening and completing the
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clinical trial in a timely fashion and within the proposed budget [28]. Increasingly,
patient advocacy groups and social media groups are contributing to recruitment of
patients into clinical trials. Meeting recruiting goals for all clinical studies is essential
if we want to draw accurate conclusions from the clinical studies and if we want to
make progress in the diagnosis, prevention, and treatment of rare diseases. Changes
in clinical trial design such as a crossover design have improved the likelihood of
obtaining active treatment for all patients during the clinical trial. Other trials have
increased the ratio of patients expected to receive the investigational intervention.

The biopharmaceutical industry has maintained an emphasis on providing indi-
vidual patient access to approved interventions when they are unable to pay for the
treatments. Managed Access Programs include many different programs from dif-
ferent pharmaceutical companies and may be recognized with terms such as Named
Patient, Compassionate Use, Early Access, Expanded Access and Pre-Approval
Access programs. They may be defined differently in various countries but are gen-
erally for products not commercially available or approved by regulatory agencies.
These programs enable the collection of Real World Data from a wider pool of
patients who may or may not be included in a clinical trial. There are indications
that regulatory agencies will utilize Real World data to assist in regulatory decision-
making actions in the future [11].

1.6 Gaining Access to Experienced Rare Diseases Clinicians
for Diagnosis and Care

Obtaining the diagnosis is not an easy task and often represents the first frustration
encountered by patients and their families. Until a diagnosis is obtained, patients will
continue to face barriers to obtain adequate information and treatments for their rare
disease. The appropriate diagnosis of a particular rare disease may result after numer-
ous visits to specialists at multiple locations. The difficulty in obtaining the correct
diagnosis in the presence of co-morbidities is particularly challenging. For many
patients ending the diagnostic odyssey is an accomplishment and relief to finally have
a name for the constellation of symptoms that frequently leads to a separation and
isolation from the traditional medical care systems. In a survey of patients with a rare
disease, reported by the USA National Commission on Orphan Diseases (NCOD),
15% of patients indicated it took more than 5 years to obtain the correct diagnosis.
The NCOD patient study results also indicated that gaining access to appropriate care
can be very difficult to obtain and adequate information and clinical expertise is often
insufficient to meet the unmet needs of patients and their families [16].

Eurordis reported in 2006, the results of a survey of diagnostic delays for patients
with eight diseases in 17 European countries (Crohn’s Disease, Cystic Fibrosis,
Duchenne Muscular Dystrophy, Ehlers-Danlos Syndrome, Marfan Syndrome,
Prader-Willi Syndrome, Tuberous Sclerosis and Fragile X Syndrome) [7]. Between
5 and 30 years had elapsed between the appearances of the first symptom to obtain-
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ing the correct diagnosis for 25% of the patients. 25% of the respondents traveled to
a location outside of their home region to obtain the confirmatory diagnosis. A
review of inquiries completed by the Genetic and Rare Diseases Information Center
supported by the USA ORDR and NHGRI at NIH discovered 6% of inquires related
to undiagnosed diseases.

1.6.1 Undiagnosed Diseases

The Undiagnosed Disease Program (UDP) was initiated at the National Institutes of
Health (NIH) through a partnership consisting of the National Human Genome
Institute (NHGRI), the Clinical Center (CC) Hospital, the Office of Rare Diseases
Research (ORDR) and other NIH Institutes and Centers (ICs). Since that time, with
funds provided by the NIH Common Fund, the UDP has expanded considerably and
now includes the Undiagnosed Diseases Network and Undiagnosed Diseases
Network International. These programs are now contributing their coordinated
efforts to gather considerable information from the many organizations attempting
to obtain the diagnosis for rare and common diseases [9, 13, 30].

After a diagnosis is obtained, patients and their families continue to search for
specific information about their diseases. The quest for information about the cause,
expected outcome, heritability, possible future manifestations, the availability of an
investigational or approved treatments, learning how to live, cope and manage the
condition over their lifespan is an important goal in the pursuit of optima care.,
Information on planned, ongoing, and completed research studies is considered
essential. Recommendations from review committees in the USA and Europe have
indicated the need to identify knowledgeable clinicians and locations of research
and treatment centers with expertise in their disease.

1.7 Reference Centers of Excellence for Rare Diseases

In the European Union, with approval by the High Level Group on Health Services
and Care, the European Rare Diseases Task Force has defined general criteria for
Reference Centers of Excellence for Rare Diseases. DGSANCO designates refer-
ence centers for rare diseases. Identifying these centers should increase public
awareness of possible centers of treatment and research excellence. Many research
centers have transformed into treatment centers of excellence as information is
gained from research and translated into clinical care as a result of having access to
relatively large patient populations. Research or treatment centers of excellence fre-
quently are considered regional or even national referral centers. Many centers of
excellence provide active genetic counseling services to help educate the patient,
their families, and public and health professionals about the rare diseases in their
center. These research centers of excellence frequently serve as the optimal training
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program for the new rare disease research investigator [4, 26]. The European
Commission recently announced plans for the 24 European Reference Networks
(ERNs) approved by The Commission in late December 2016. Through these net-
works, over 370 hospitals and nearly 1000 rare disease centers of expertise will be
linked, connecting thousands of experts, researchers and doctors, across 25 EU
Member States.

Resistance to the identification of reference centers of excellence is often heard
due to concerns of appearances of inclusion or exclusion of one institution over
another. This lack of access may impede gaining access to optimal care for many
patients with rare diseases by not making information readily available to the patients
in need of specialized treatments. There is recognition that due to current limitations
on treatments, cures for most diseases are difficult to obtain. For many disorders, the
staffs at these centers have assisted in the development of better care through a team
approach to address all of the symptoms resulting from a multi-systemic disease
treatments and an improvement in the quality of care of symptoms and the quality of
life of patients. The patient advocacy groups have played a major role in improving
the care of patients with rare diseases as well as educating health care providers
about optimal care of patients. Frequently, the patient advocacy groups, utilizing
their experiences with patients and health care providers, are able to identify the
most skillful and knowledgeable clinicians who are able to provide the best services
for their patient community. Developing and providing this information to the rare
diseases community indicates the need for increased collaboration of patient advo-
cacy groups, clinicians, and research investigators on a global basis. A major defi-
ciency exists in identifying and addressing the needs of the many patients who do
not receive benefits from the support of an organized patient advocacy effort for their
diseases. Likewise, in developing nations, it has been suggested to provide centers of
expertise at tertiary medical centers in each country to expand the knowledgebase
for rare diseases and provide more ready access to expertise with rare diseases.

1.8 Training of Rare Diseases Research Investigators

To address the needs of training the next generation of research investigators, tradi-
tional research and training funding mechanisms from government and industry are
used to foster the development of young investigators deciding on career choices or
experienced clinicians who are seeking a career change. Continued emphasis on the
value of research emphasis on rare diseases needs to be provided to pre-doctoral
students, postdoctoral trainees and physician scientists.

Many patient advocacy organizations have found that a useful mechanism to
initiate or expand research interest in their disease is to support research fellows
who are seeking funds to support their continued research training or initiation of
pilot projects. After receiving funding support, sufficient data can be gathered from
pilot studies and proof-of-concept studies to support a grant application for an
expanded research project that requires considerably more funds and more stable
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funding. Generating interest with a particular disease can lead to a very rewarding
career as new information is discovered and shared with others.

Consortia in the Rare Diseases Clinical Research Network supported by the
ORDR/NCATS and other research ICs at NIH are required to have an active clinical
research training component for new and usually younger investigators. In several
of the research consortia the trainees have completed their research fellowships,
moved to a different academic institution, and opened a new research site as part of
the consortia.

The individual consortia are expected to offer a unique environment for clinical
research in rare diseases for new investigators, post-doctoral or clinical fellows,
junior faculty or established scientist investigators to re-direct their research careers
to emphasize rare diseases research. Support from the academic institution or other
outside organizations is allowed. The consortia are required to have two trainees in
these positions at all times during the grant period. It is possible after the training
period has been completed, the new rare diseases clinical research investigator
assumes a position at a different institution and can join the consortia as a new
research site as part of the anticipated expansion of the individual consortia. As men-
tioned previously, this has occurred and is an expected outcome of the research plan.

1.9 Conclusions

To establish realistic goals for the rare diseases community, numerous global efforts
are required to sustain and increase the existing progress with the thousands of rare
diseases.

The first is the identification and expansion of worldwide partnerships and col-
laborations of Patient Advocacy Groups (PAGs) for individual rare diseases and
umbrella organizations representing numerous PAGs such as NORD, Eurordis,
Genetic Alliance, Global Genes, Faster Cures, New Zealand Organization for Rare
Disorders, IORD and ORDI in India, Korean Organization for Rare Diseases, Japan
Patients” Association and ASrid (Japan), Rare Voices Australia, Taiwan Foundation
for Rare Disorders, China Organization for Rare Diseases, Canadian Organization
for Rare Disorders, the Geiser Foundation, Rare Africa and many others. Improving
communication among the PAGs will also eliminate the feelings of isolation, loneli-
ness or stigmatization that are reported by patients around the world. Knowing there
are others with the same condition and connecting these individuals regardless of
language barriers is often helpful to learn to live with a rare disease and maximize
the quality of the life of the individual and their families and friends.

The next requirement is to develop a global research infrastructure of qualified
investigators to stimulate and coordinate research efforts by seeking ways to provide
access to clinical trials at multi-national research sites with common protocols and
multi-disciplinary research teams. Several rare diseases organizations have discov-
ered the value of encouraging these global interactions such as the Treat-NMD
Network, Prader-Willi Syndrome Association and Progeria Research Foundation.
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Many excellent research teams exist in individual countries. Expansion into global
research networks will improve recruitment of patients into studies and increase the
number of patients in research studies. The end result is increased access for all
patients to clinical trials and the facilitation of the speedy completion of clinical tri-
als. Partnering for Cures, Re(ACT), and organizations such as IRDiRC and ICORD
are committed to expanding global and integrated research infrastructures and tools
needed to meet the research needs of the rare diseases community. Activities such as
those recently announced by NCATS and the Office of Rare Diseases Research such
as the development of the Biomedical Translator and the Tool Kit with an emphasis
on research tools are keys to future advances through research.

To provide easy access to useful and reliable information for patients, families,
health care providers and the public is the goal of many government and non-
government organizations. The development and dissemination of information
through information centers, help lines, clearinghouses, government organizations,
individual PAG, multi-disease organizations and the industry is a costly, but very
helpful, process in terms of time, personnel and financial support. Excellent sources
are readily available and provide information on a regular and updated basis in
numerous countries. To avoid duplication of effort, organizations are encouraged to
seek these sources of information and determine the usefulness of available infor-
mation for their constituent members and then identify and fill in the missing gaps
of information for their constituents. It is desirable to have the consolidation of
information sources to ease the burden of the rare diseases community in their pur-
suit of information about their diseases.

Gaining access to research investigational studies frequently leads to an improve-
ment in the quality of care available to patients from knowledge and experiences
gained by the clinic staff treating many patients with rare diseases in the study.
Improving communication and exchanging best practices information available
between a referring physician and a rare disease specialist will increase the spread
of best-care information to the local treatment facility or practitioner. It will also
increase the likelihood of patients gaining access to approved treatments more
quickly after approval by regulatory agencies.

For many rare diseases, the distinction between research and clinical care is very
narrow and there is not always a bright line separating the two. The most novel treat-
ments and most recent information from coordinated care efforts provided by health
care teams from multiple countries and multiple medical and clinical specialties
may be gained from research studies as part of the clinical care of larger populations
of patients participating in clinical trials of rare diseases.

Providing ready access to the information about rare diseases practitioners
knowledgeable about a particular rare disease, ongoing or planned research projects
will help the patients, their families and practitioners gain a better understanding of
their disease. By removing the existing misperceptions, patients and their families
can adopt a realistic approach to the treatment of a rare disease that is based on the
hope that others do care about their disease. Many scientists, government, private
sector, and patient organizations, foundations and the pharmaceutical, biotechnol-
ogy, and medical devise industries are committed to research discoveries that will
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be useful in the care of patients with rare diseases over their lifespan. Evidence from
well-constructed epidemiological studies will measure disease frequencies, distri-
bution, and changes over time by identifying those affected, their location, when the
diseases occur, and causes. They also will help to identify interventions that might
affect outcomes and improve quality of life. Epidemiological studies will provide
the evidence that point to the value of additional clinical studies to increase the
understanding of rare disease. Perhaps our long—term goal should be incorporation
of rare diseases into the mainstream of all research and development activities and
not require a special emphasis to meet individual disease needs.

The future presents considerable optimism for the rare diseases community. At
the heart of this optimism is data and information gathered from well-constructed
patient registries, and natural history studies generating research hypotheses to be
tested in clinical trials, and the continued emphasis on rare diseases research and
orphan products development utilizing appropriate statistical methods and data
analysis of results. Contributing to a better understanding of individual rare diseases
from epidemiological studies will require collaborative efforts of all individuals and
organizations involved in the public and private sectors.
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Chapter 2

Undiagnosed Diseases: Italy-US Collaboration
and International Efforts to Tackle Rare

and Common Diseases Lacking a Diagnosis

Domenica Taruscio, Giovanna Floridia, Marco Salvatore,
Stephen C. Groft, and William A. Gahl

Abstract Rare diseases (RD), according to European Union criteria, affect 5 per
10,000 persons, or 30 million people, in the EU; in the USA, RD are defined as
conditions that affect fewer than 200,000 individuals in the population (320 million).
Most known rare disorders are severe and chronic, with many being degenerative
and life threatening. There are roughly 5000-8000 rare diseases (European
Commission, DG Health and Food Safety, Public Health, Rare Diseases, Policy.
http://ec.europa.eu/health/rare_diseases/policy/index_en.htm.  Accessed 19
December 2016; NORD-The National Organization for Rare Diseases: https://rare-
diseases.org/). Patient populations for individual RD are small and scattered; inter-
national collaborations are crucial to pool resources fragmented across individual
countries for better diagnosis and treatment. Undiagnosed RD (URD) are condi-
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tions that elude diagnosis; some patients wait years for a definitive diagnosis. URD
may include groups of unnamed disorders with common characteristics, phenotypi-
cally well described diseases, diseases with an unknown molecular basis, or those
due to unknown, non-genetic factors.

The US NIH Undiagnosed Diseases Program arose in 2008 to provide a diagno-
sis for individuals who had long sought one without success; in 2013 a nationwide
Undiagnosed Diseases Network was established in the United States. In 2015, the
Undiagnosed Disease Network International (UDNI) was established and includes
US, Australia, Canada, Japan, Italy and other European countries. Other national
initiatives have also been undertaken and are in progress all over the world.

Keywords Undiagnosed diseases ® Networks ¢ Programs ° Initiatives  Platforms ¢
Databases

2.1 UDN Initiatives in the US

In 2008 The National Institutes of Health (NIH) Undiagnosed Diseases Program
(UDP) was launched to address an unmet need in the US health care system, i.e., the
diagnosis of mysterious, often multisystem diseases [17]. A prime mover in initiat-
ing the program was the recognition by the NIH Office of Rare Diseases Research
that it took 1-5 years to reach a proper diagnosis for 33% of patients with rare dis-
orders and more than 5 years for 15% of these patients. Moreover, at least 6% of the
inquiries to the Genetic and Rare Diseases Information Center were from individu-
als still seeking a diagnosis. A second critical motivation for establishing the pro-
gram was to discover new diseases that would provide medically relevant insights
into biochemistry, physiology, and cell biology.

Individuals whose conditions have eluded medical diagnoses may apply to
become UDP participants and, if accepted, are admitted to the NIH Clinical Center
in Bethesda, MD. Applications to the UDP require a summary letter from the refer-
ring clinician and complete medical records, including imaging and histologic
slides of biopsy material. This material is reviewed by 1-5 consultants representing
25 different specialties, who offer opinions on the applicant’s suitability for admis-
sion. Accepted patients undergo a week of diagnostic tests, and expert consultations
are provided for free. The patient is examined by a multidisciplinary medical team
with a deep knowledge base in the fields of both rare and common diseases. The
team, drawn from various NIH institutes and centers, studies a patient’s clinical and
laboratory results for diagnostic clues while the patient is in the Clinical Center and
in the weeks and months following their visit.

The UDP offers patients the hope of a diagnosis and the possibility of therapeutic
strategies. In return, patients provide UDP researchers the opportunity to gain new
insights into genetic and biochemical mechanisms of disease and into normal cell
biology, biochemistry and physiology. So far, UDP researchers have encountered
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patients with uncommon presentations of known disorders, multi-systemic complex
disorders and new disorders that have never before been diagnosed.

UDP clinical researchers are using advances in DNA sequencing to detect
defects in genes that point to known disorders. These tools offer the potential for
discoveries about the role of molecular and biochemical events that can cause disease
and, eventually, the development of diagnostic and therapeutic approaches for rare
and common diseases [12, 13].

The caseload of the UDP is steadily growing, with more than 100 pediatric and
adult patients added each year. In the period between May 2008 and May 2014 there
were 9300 inquiries, 3100 applications, 750 acceptances, 700 patients seen or
scheduled with an annual patient visit rate of 130. Between 25 and 50% of cases
were resolved with a either a clinical, molecular or biochemical diagnosis; approxi-
mately 25% of cases were closed with no diagnosis.

Of the total number of cases applying to this program, approximately 30% were
invited to proceed in the study following careful review by the program’s medical
team. In general, it takes 8—12 weeks for the UDP to evaluate an application, and the
waiting list for admission is 2—6 months.

Diagnostic investigations include specialized, commercially available tests
focused on candidate diagnoses, as well as generic studies using next-generation
genetic analyses, e.g., single-nucleotide polymorphism arrays and whole-exome
sequencing. UDP participants may receive consultation regarding their treatment
after their evaluation, but treatment is usually not provided as a component of the
program. The treatment recommendations that NIH clinicians may offer remain the
responsibility of the patient and the referring clinician.

In 2013 the Common Fund of the US NIH supported a nationwide Undiagnosed
Diseases Network (UDN) that was established in order to bring together clinical and
research experts in centers located throughout the United States to solve the most
challenging medical mysteries using advanced technologies. The aim is both help
individual patients and families and to contribute to the understanding of how the
human body works. The UDN is made up of a Coordinating Center, Clinical Sites,
and Core Facilities. The Coordinating Center, which coordinates the work of the
UDN and manages the Network’s database, is loacated in the Department of
Biomedical Informatics at Harvard Medical School [18].

The Clinical Sites, where UDN participants are evaluated, are at the Baylor
College of Medicine, Duke Medicine, Harvard Teaching Hospitals (Brigham and
Women’s Hospital, Boston Children’s Hospital, Massachusetts General Hospital),
the National Institutes of Health (NIH) Clinical Center, Stanford Medical Center,
University of California at Los Angeles Medical Center, and Vanderbilt University
Medical Center. The two Sequencing Cores, where genetic testing for the UDN is
performed, are at the Baylor College of Medicine and HudsonAlpha with Illumina.

The UDN Metabolomics Core offers a comprehensive array of analyses, includ-
ing quantitative targeted and untargeted measurements, as well as structural deter-
mination of novel metabolites, which can be combined to generate a unique
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molecular profile for each patient being evaluated. In addition, the metabolomics
core works closely with the UDN Clinical Sites to integrate metabolomic and
genomic data with clinical signs and symptoms, in order to generate hypotheses
regarding pathophysiology that can be translated into specific clues regarding the
etiology of the undiagnosed disorders being evaluated. It will provide the UDN
with advanced tools to study biological markers that might be related to disease.
The Model Organisms Screening Center helps the network to understand how spe-
cific genetic changes might contribute to disease by studying those changes in dro-
sophila and zebrafish [18].

2.2 UDP Initiatives in Europe: Austria, Bulgaria, Hungary,
Sweden, Spain, Italy

2.2.1 Austria

In Austria, the Ministry of Health has formed the National coordination point for
rare diseases (NKSE) to propose a national strategy for the best possible diagnostics
and treatment of rare diseases. The strategy consists of creating a communication
network of local clinicians, regional healthcare institutions and national clinical
centers, to provide efficient infrastructure to investigate rare diseases. Within the
network, the Vienna Center for Rare and Undiagnosed Diseases (CeRUD) [24] acts
as an operative “Best point of Service” for rare and undiagnosed diseases by provid-
ing information not only to the affected individuals and families, but also to the
general practitioners, clinicians, and coordinating medical professionals with ade-
quate expertise.

The CeRUD was established in 2014 to pool resources and competencies and to
provide affected individuals with the best possible interdisciplinary diagnostic anal-
ysis and care. This includes clinical care involving many disciplines represented on
the campus of the General Hospital Vienna and the Medical University Vienna. At
the same time, CeRUD is involved in various internationally competitive research
activities to promote the development of new strategies for diagnosis and treatment
of these diseases. The main goals of CeRUD are to: (a) provide interdisciplinary
translational research for development of innovative diagnostic tools and improve
therapy options while optimizing cost efficiency; (b) develop interdisciplinary diag-
nostics by connecting required expertise tailored to the specific case; (c) increase
the number of healthy years of life and reduce secondary damage to patients; (d)
perform research into novel diagnostic tools and therapies.

On February 2016, the 1st Symposium of the Vienna Center for Rare and
Undiagnosed Diseases was held in a joint session together with the 3rd International
Rare and Undiagnosed Diseases Meeting. Several aspects of rare diseases were cov-
ered, from diagnostic options, molecular disease characterization, data analysis and
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safe sharing, advancement of patient tailored therapeutic approaches and the chal-
lenge to modern society.

2.2.2 Bulgaria

BAPES (the Bulgarian Association for Promotion of Education and Science) is a
non-government non-profit organization, established in 2003, working to raise the
awareness of rare diseases among the medical community and the society of
Bulgaria as whole. BAPES helps to stimulate fundamental, clinical and public
health research on rare diseases in Bulgaria, as well as the development and provi-
sion of care and services for people with rare diseases and their families [2].

BAPES has consecutively launched the Information Centre for Rare Diseases
and Orphan Drugs, ICRDOD (2004) and the “RareDis” Medical Centre (2009), as
activities explicitly designed to meet the needs of rare disease patients for reliable
information and accurate diagnoses, treatments, follow-up and rehabilitation.
BAPES is an active participant in all major European public health projects in the
field of rare diseases (e.g., Orphanet, EUROPLAN, EPIRARE, BURQOL-RD,
RARE-BESTPRACTICES, STORE). In this respect, BAPES has developed a high
level of expertise on the national and regional levels, fostering rare diseases activi-
ties in each area. BAPES works closely with other Balkan and Eastern European
patient organisations and medical societies from Russia, Turkey, Ukraine, Romania,
Serbia, Georgia, Armenia and Macedonia.

BAPES launched a third new project in 2013 — the Centre for Health Technology
Assessment and Analysis, CAHTA. This would assume responsibility for the
dynamic area of health technology assessment, particularly in the field of rare dis-
eases and orphan drugs. Beginning in September 2013, the three units, ICRDOD,
“RareDis” and CAHTA were territorially and functionally united into a single insti-
tution — the Institute for Rare Diseases, the very first and only interdisciplinary and
multifunctioning rare disease organisation in Eastern Europe. The Institute gives a
comprehensive and coherent framework for rare diseases and orphan drugs in the
country, helping to achieve the most important objective of BAPES — modern,
accessible and quality care for people with rare diseases [15].

2.2.3 Hungary

The National Rare Disease Centre (NRDC) was established in 2008. The NRDC
network participates in preparing recommendations for Governmental health
authorities and is supported by an advisory group. The member experts are appointed
by the Chief Medical Officer. Its members are from the four Hungarian medical
universities (nominated by the deans), governmental institutions, and patient
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organisations. This group has a key advisory function of strategic planning, but does
not influence or control implementation.

NRDC initiated a collaboration with the National Health Insurance Fund for the
listing and transparent accreditation of centres of expertise, hospitals, and laborato-
ries working in the field of rare diseases. They considered existing resources and
their concentration, as well as eliminating parallelism and formalising existing
informal relationships and determining patients’ pathways. The NRDC also works
with the National Rare Disease Research Coordination Centre established in 2009
under the umbrella of OSZMK, National Public Health Institute, and the University
of Pecs. The goal of this centre is to coordinate the development of existing and
future networking of all centers dealing with diagnosis and treatment of rare inher-
ited diseases.

In addition, the National Register of Congenital Anomalies (VRONY) operates
countrywide according to the EUROCAT protocol. The former case definition of
VRONY (congenital anomalies diagnosed from conception to the end of the first
year of the newborn) has been extended by eliminating the age limit. Consequently,
all diagnosed congenital anomalies are to be reported from 2013 in an obligatory
manner. The NRDC has initiated the establishment of an overall registry for rare
diseases. Currently, the clinical centres of rare diseases maintain registries of cared
patients: these registries do not report their cases to a national data collecting sys-
tem, and their registration methodology is developed according to the local need of
care management and to the research requirements. All of these registries are in line
with the Hungarian laws on genetic data handling and on the personal data protec-
tion. Hungary contributes to European Registries such as TREAT-NMD, EUROCAT,
SCNIR and EUROCARE CF [8, 10].

2.2.4 Sweden

Sweden established the first centre of expertise for rare diseases in 1990 and a rare
disease database and information centre in 1999.

In the context of Orphan Drugs, the Swedish Medical Products Agency (MPA)
adheres to the European Orphan Drug Regulation definition of a prevalence below
1 in 2000 individuals. However, the information database of the Swedish National
Board of Health and Welfare defines rare diseases as “Disorders or injuries resulting
in extensive handicaps and affecting no more than 100 individuals in one million
inhabitants”. The Department of Women’s and Children’s Health (KBH) has par-
ticipated in several EU projects on rare diseases, such as Orphanet, EUROPLAN
and Rare Best Practices. Orphanet and the Secretariat of ICORD (International
Conference on Rare Diseases and Orphan Drugs), which were previously at KBH,
have now been transferred to the Centre for Rare Diseases (KCRD) at the Karolinska
University Hospital. The aim of KCRD is to improve the situation for children,
adolescents and adults with rare diseases. This will be achieved through improved
coordination, increased cooperation (regional, national and international) as well as
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through increased information, education and research. Centres for rare diseases are
now being established at other university hospitals across Sweden.

In 2005, KBH and the Karolinska Institute (KI) organised the first international
conference on rare diseases and orphan drugs (ICORD). Conferences have since
then taken place annually in many different countries in different continents, including
Europe, USA, South America and Asia.

KT is a partner in the EU project on treatment guidelines (RARE Best Practices)
project through KBH. Areas of focus are: (i) The collection, evaluation and dissemi-
nation of existing treatment guidelines; (ii)) Common methodology for developing
and updating treatment guidelines; (iii)Training of relevant stakeholders for the dis-
semination of expertise and knowledge; (iv) A forum for exchange of information
and experiences and the development of partnerships.

Furthermore, the Swedish Information Centre for Rare Diseases aims to raise
awareness and increase knowledge about rare diseases. The Swedish Information
Centre for Rare Diseases produces and updates The Swedish Rare Disease Database.
Leading experts on each disease provide informational material, which is reviewed
by a scientific advisory board before publication. Patient associations and organiza-
tions for the disabled are also important partners. The centre is funded by The
Swedish Board of Health and Welfare. The Centre also assists in the retrieval of
information on rare diseases and mediates contacts with medical experts and patient
associations [9, 16].

With respect to undiagnosed rare diseases, the Wilhelm Foundation is devoted to
supporting research aimed at better understanding children who suffer from undiag-
nosed brain diseases, regardless of whether they are degenerative or non-degenerative
[25]. The Wilhelm Foundation organizes congresses with researchers from all over
the world, and actively collaborates in an international network for undiagnosed
diseases, the Undiagnosed Diseases Network International [22], which was formed
at the first World congress for undiagnosed diseases (Rome 2014). Three more con-
gresses were held within this network: in Budapest (2015), in Vienna (2016), and in
Tokyo (2016).

2.2.5 Spain

The Spanish Undiagnosed Rare Diseases Program (SpainUDP) has been imple-
mented by the Institute of Rare Disease Research, IIER, ISCIII. The Institute of
Health Carlos III is the governmental organization for health research, acting also as
a Funding Agency for Health Research at the National Health System; it is a full
member of IRDiRC.

In 2015 Spain UDP became fully established after a pilot phase and an agree-
ment was signed between I[IER-ISCIII and the Foundation for Biomedical Research
of the University Hospital Puerta de Hierro, Madrid (HUPH) for supporting detailed
clinical examinations and to perform complementary studies in very complex undi-
agnosed cases. At the same time, after many years of collaboration in different top-
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ics (included undiagnosed cases), a closer collaboration with the Spanish Federation
of Rare Diseases patients (FEDER) was established through their help line, namely
the Information and Orientation System (SIO), which provides help to rare diseases
patients (14 and Manuel Posada, personal communication).

Spain UDP aims to offer a multidisciplinary approach to those patients who have
long sought a diagnosis without any success. It is linked to other IIER’s national
programs, such as: the National Biobank of Rare Diseases (BioNER), which is a
founder of EuroBioBank; the Spanish National Rare Diseases Registry — Spain
RDR; and the Spanish National Mutations Database (Spain MDB). IIER is also a
full member of RD-CONNECT since its inception, contributing their undiagnosed
cases to the platform of this project, and fulfilling all the international standards for
these purposes. In a first phase of the study, which consists of cases sent to the pro-
gram by FEDER, all clinical information available must be provided by clinicians
and/or by patients and their families. Spain UDP also invites patients entering the
Spanish National Rare Diseases Registry without a definite diagnosis. All docu-
ments for each patient are carefully reviewed by IIER’s professionals, and missing
documentation is requested. In addition, a close collaboration with local healthcare
services is established.

If actions carried out during the first phase do not achieve a diagnosis, the most
appropriate genetic analyses are performed. When necessary, a full week of inpa-
tient clinical testing is organized. Specific meetings between IIER’s experts and
hospital experts are organized to discuss how to understand the clinical phenotype
of complex cases and to plan complementary tests, with administration of sedation
if necessary.

IIER centralizes data management by means of a new, secure information system
based on SharePoint 2013, which has been specifically implemented to share, store
and manage clinical data collected, as well as laboratory tests, images, etc. In addi-
tion, the “Phenotips” software is used to store an accurate and standardized descrip-
tion of patients’ phenotype (through HPO—Human Phenotype Ontology), and
“Phenome Central” allows communicating specific case details within a larger
shared international network. Finally, the genotype-phenotype correlation is man-
aged by using the RD-CONNECT platform.

Spain UDP aims to make appropriate diagnoses in rare diseases patients who still
have not had a confirmed diagnosis, usually for a long time. At the same time, this
multidisciplinary program, linked to a research institute, aims to foster the discov-
ery of new diseases through a translational approach (14 and Manuel Posada, per-
sonal communication).

An Undiagnosed Rare Diseases Programme-ENoDis carried-out by CIBERER
that is a centre of collaboration and cooperation between biomedical and clinical
research groups focusing on aspects of genetic, molecular, biochemical and cell
research of rare, genetic or acquired diseases.
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The program aims to discover the genetic causes of rare diseases. With a struc-
ture based on transversal committees and endowed with its own resources, it man-
ages undiagnosed cases referred by research groups for the following purposes: (a)
diagnostic orientation and expert advice; (b) reinterpretation of complex data; (c)
generation of new evidence [6].

2.2.6 Italy

The unmet needs of patients with undiagnosed RD are a global issue: joint actions
are crucial to help patients and professionals to share expertise and information
across borders.

Recently, the National Center for Rare Diseases of Istituto Superiore di Sanita
contributed actively to International conferences on undiagnosed diseases spon-
sored by the United States NIH, and continues to lead the activities of the
Undiagnosed Diseases Network International [22], which aims to meet the needs of
undiagnosed patients worldwide.

Furthermore, a two-year, bilateral project Italy-USA, focused on Undiagnosed
Rare Diseases, has been funded in 2016 by the Italian Ministry of Foreign Affairs
and International Cooperation. The main aims of this project are: (a) to collect data
from Italian patients with URD through the Italian Network of RD promoting the
use of common standards and terminologies for classification; (b) to develop a
national database and bioinformatics tools to facilitate data sharing at the interna-
tional level; (c) to strengthen collaborations between Italy and USA by sharing best
practices, genomic and phenotypic data and expertise.

Italian clinical centres involved in the project are: IRCCS, Istituto di Ricerche
Farmacologiche Mario Negri, Centro di Ricerche Cliniche per le Malattie Rare,
Bergamo; Centro Regionale di Coordinamento per le Malattie Rare, AOU “Santa
Maria della Misericordia” di Udine; Genetica Medica, Universita degli Studi de
L’Aquila, I’Aquila; Centro Multidisciplinare e documentazione su malattie rare,
Torino; U.O. Logistica Genetica Medica, Dip. Scienze mediche, Universita Ferrara,
Ferrara; UOC Genetica Medica, Policlinico Tor Vergata, Rome [5].

Moreover, since 2016 the Telethon Foundation, a non-profit organization recog-
nised by the “Ministry of the University and Scientific and Technological
Research”(Ministero dell’ Universita e della Ricerca Scientifica and Tecnologica)”,
is conducting a three-year project, “Undiagnosed Disease Program”, with the goal
of providing a diagnosis to pediatric patients with a genetic disease but without a
name. This project involves three Italian medical genetics clinical centres (Ospedale
Pediatrico Bambino Gesu in Rome, Ospedale San Gerardo in Monza and Azienda
Ospedaliera Universita Federico II in Naples) plus a research centre, the Istituto
Telethon di Genetica e Medicina, with a considerable experience in the field of Next
Generation Sequencing [11].


http://www.ospedalebambinogesu.it/en/home
http://www.ospedalebambinogesu.it/en/home
http://www.fondazionembbm.it/i-nostri-reparti/clinica-pediatrica/pediatria.aspx
http://www.policlinico.unina.it/flex/cm/pages/ServeBLOB.php/L/IT/IDPagina/1
http://www.policlinico.unina.it/flex/cm/pages/ServeBLOB.php/L/IT/IDPagina/1
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2.3 Other Worldwide Initiatives: Japan, Australia,
Korea, Canada

2.3.1 Japan

The Japan Agency for Medical Research and Development launched a project to
refer patients with undiagnosed diseases to a centralised network of specialists for
genome analysis. The Initiative on Rare and Undiagnosed Diseases (IRUD) is
designed to help people suffering from medically unidentified conditions to find a
diagnosis and receive expert consultation, taking advantage of advances in genetic
testing techniques [20]. The project is patient-centric and patients are referred to
one of 17 hospitals around the nation with doctors expert in rare diseases. If a diag-
nosis is not obtained at that level, the patients will be referred to one of four desig-
nated institutions-the National Center for Child Health and Development and Kelo
University, both in Tokyo; Tohoku University in Sendai and Yokohama City
University.

These institutions carry-out genome testing using state-of-the-art genomic anal-
yses in order to identify genetic abnormalities that cause rare diseases, including
ones involving developmental delays and accompanying physical signs and symp-
toms in internal organs and limbs.

The IRUD project is funded by the AMED (Agency for Medical Research and
Development), a government medical research and development body launched in
April, follows the model of the Undiagnosed Diseases Program by the US NIH and
the Deciphering Developmental Disorders project in the United Kingdom. Japan’s
project will allow the nation’s doctors to strengthen their network and to share infor-
mation at an international level. The project includes the establishment of a genome
database of people with rare diseases.

2.3.2 Australia

The Department of Health Western Australia (WA) is promoting, within the WA
Rare Diseases Strategic Framework 2015-2018, actions for undiagnosed diseases.
The Rare and Undiagnosed Diseases Diagnostic Service (RUDDS) refers to a
genomic diagnostic platform operating within the Western Australian Government
clinical services delivered through Genetic Services of Western Australia (GSWA).

GSWA has provided a state-wide service for clinical genetic care for 28 years,
and it serves an integrated genomic diagnostic platform in partnership with other
public health system managers and service providers, including but not limited to
the Office of Population Health Genomics, Diagnostic Genomics (Path West
Laboratories), with executive level support from the Department of Health. The
platform: (i) offers multiple options including non-genetic testing; monogenic and
genomic (targeted in silico filtered and whole exome) analysis and matchmaking;
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(i1) is delivered in a patient-centric manner that resonates with the patient journey;
(iii) has multiple points for entry, exit and re-entry to allow people access to infor-
mation they can use, when they want to receive it; (iv) is synchronous with precision
phenotyping methods; (v) captures new knowledge, including multiple expert
review; (vi) is integrated with current translational genomic research activities and
best practices; and (vii) is designed for flexibility for interactive generation of, and
integration with, clinical research for diagnostics, community engagement, policy
and models of care. The RUDDS has been established as part of routine clinical
genetic services and is thus sustainable, equitably managed and seeks to translate
new knowledge into efficient diagnostics and improved health for the entire com-
munity [1].

A complementary initiative that dovetails with the RUDDS is the Undiagnosed
Diseases Program of Western Australia (UDP-WA). This program has been mod-
eled after other Undiagnosed Diseases Programs, such as the US program. Its pur-
pose is to find answers for children with long-standing, very complex, usually
multi-system disorders that are undiagnosed despite intensive efforts. Other key
partners include the Western Australian Register of Developmental Anomalies; the
Telethon Kids Institute, including through its Centre for Precision Medicine in
Children; and the Garvan Institute of Medical Research, including Genome. One, in
New South Wales. The critical input and support for initiatives to address undiag-
nosed diseases of Syndromes Without A Name, Australia; the Genetic and Rare
Diseases Network, WA; Tea Lake and the Rare Disease Foundation; Rare Voices
Australia and others is highly valued. An Australia-New Zealand UDP Executive
has been established to further promulgate the UDP in Australia and New Zealand
(Baynam G., personal communication).

2.3.3 Korea

The Genetic and Rare Disease Center tries to establish clinical networks for rare
diseases to collect clinical data for patients, increase knowledge of pathophysiology
and natural history of rare diseases and, finally, diagnose the rare disease. The
Korean Mutation Database is a country-specific database of human gene mutations
that was established in September, 2009 [23].

Rare Genomics Korea was initiated to help rare disease patients in South Korea,
with a model similar to that of RG USA. It is currently developing an open-source
software and analysis pipeline in order to establish and stabilize Next Generation
Sequencing (NGS)-based diagnostic services for undiagnosed rare disease
patients [21].
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2.3.4 Canada

CARE for RARE is a nation-wide research program focusing on the improvement
of both the diagnosis and treatment of rare diseases; it is led out of the Children’s
Hospital of Eastern Ontario (CHEO) Research Institute in Ottawa and includes 21
academic sites across the country. The program is recognized internationally as a
pioneer in the field of genomics and personalized medicine. DNA sequencing tech-
nology is used to identify new rare disease genes for patients across Canada and
around the world, and to develop novel therapeutic approaches. Overall, there are 80
physicians and 50 scientists working to advance rare disease research as part of the
program; to date, eighty-five novel genes have been discovered [4].

2.3.5 Phenome Central Database

The Phenome Central portal includes records of patients with a phenotypic descrip-
tion and relevant genetic information (exome sequence or candidate genes).
Phenome Central identifies similar patients in the database based on semantic simi-
larity between clinical features, automatically prioritized genes from whole-exome
data, and candidate genes entered by the users, enabling both hypothesis-free and
hypothesis-driven matchmaking. Users can then contact other submitters to follow
up on promising matches. Phenome Central incorporates data contributed by sev-
eral major rare disease research programs including the FORGE and Care4Rare
Canada projects, the US NIH Undiagnosed Diseases Program, the EU Neuromics,
the RD-Connect Project and ANDDI rare projects, as well as numerous independent
clinicians and scientists. Though the majority of these records have associated
exome data, most lack a molecular diagnosis. Phenome Central has already been
used to identify causative mutations for several patients, and its ability to find
matching patients and diagnose these diseases will grow with each additional patient
that is entered [3].

2.4 UDNI: The Undiagnosed Diseases Network International

The unmet needs of undiagnosed patients remain a global issue. To begin to address
this, the Common Fund, within the Office of the NIH Director, along with the
Wilhelm Foundation, Sweden, has sponsored four International Conferences
(Rome, September 29-30, 2014; Budapest, June 26-27 2015; Vienna, February
18-19 2016; Tokyo, November 16-17, 2016). In attendance were representative of
up to 22 countries and 4 continents. Based upon these meetings, an international
network was formed, the Undiagnosed Diseases Network International-UDNI [22].
The UDNI is modeled in part after the NIH UDP, and has built a consensus frame-
work of principles, best practices and governance. The Board of Directors reflects
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its international character, since it includes experts from Australia, Canada, Hungary,
Italy, Japan and the USA; other countries are now joining the network. UDNI
involves centers with internationally recognized expertise, and its scientific
resources and know-how aim to fill the knowledge gaps that impede diagnosis.
Consequently, the UDNI fosters the translation of research into medical practice.
Active patient involvement is critical; the Patient Advisory Group is expected to
play an increasing role in UDNI activities. All information for physicians and
patients is available at the UDNI website.
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Chapter 3
Intellectual Disability & Rare Disorders:
A Diagnostic Challenge

Malin Kvarnung and Ann Nordgren

Abstract Rare disorders constitute a large and heterogeneous group of diagnoses
of which many cause chronic disabilities with significant impact on the lives of
affected individuals and their families as well as on the health-care system. Each
individual disorder is rare, but when considered as a group, rare disorders are com-
mon with a total prevalence of approximately 6—-8%. The clinical presentation of
these disorders includes a broad diversity of symptoms and signs, often involving
the nervous system and resulting in symptoms such as intellectual disability, neuro-
psychiatric disorders, epilepsy and motor dysfunction. The methods for establishing
an etiological diagnosis in patients with rare disorders have improved dramatically
during recent years. With the introduction of genomic screening methods, it has
been shown that the cause is genetic in the majority of the patients and many will
receive an etiological diagnosis in a clinical setting. However, there are a lot of chal-
lenges in diagnosing these disorders and despite recent years’ advances, a large
number of patients with rare disorders still go without an etiological diagnosis. In
this chapter we will review the etiology of rare disorders with focus on intellectual
disability and what has been learned from massive parallel sequencing studies in
deciphering the genetic basis. Furthermore, we will discuss challenges in the etio-
logical diagnostics of these disorders including issues that regard interpretation of
the numerous genetic variants detected by genomic screening methods and chal-
lenges in the translation of massive parallel sequencing technologies into clinical
practice.
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3.1 Introduction

Rare disorders constitute a large and heterogeneous group of diagnoses. Each indi-
vidual disorder is rare, but when considered as a group, rare disorders are common
with a total prevalence of approximately 6-8% [56, 10].

The clinical presentation of these disorders includes a broad diversity of symptoms
and signs, ranging from mild features affecting only part of the body to severe manifes-
tations involving multiple organ systems. The nervous system is commonly affected,
resulting in symptoms such as intellectual disability (ID), neuropsychiatric disorders,
epilepsy and motor dysfunction. Age of onset ranges from the prenatal period into late
adulthood and it is estimated that half of the affected individuals are children [56, 10].
Many of the rare disorders cause chronic disabilities with significant impact on the lives
of affected individuals and their families as well as on the health-care system. In order
to optimize treatment and care as well as counseling regarding prognosis and recurrence
risks, it is crucial to determine the specific etiology of these disorders. The diagnostic
methods for establishing an etiological diagnosis in patients with rare disorders have
improved dramatically during recent years. With the introduction of genomic screening
methods, it has been shown that the cause is genetic in the majority of the patients and
many will receive an etiological diagnosis in a clinical setting. However, there are a lot
of challenges in diagnosing these disorders and despite recent years’ advances, a large
number of patients with rare disorders still go without an etiological diagnosis.

3.2 Rare Disorders

The term “rare disorders” is widely used for disorders or diseases that affect few
people and there are currently two definitions or cut-off levels regarding what
should be considered as rare in this context;

— In Europe, a disease or disorder is defined as rare when it affects fewer than 1 in
2000 [40].

— In the USA, a disease or disorder is defined as rare when it affects fewer than
200,000 Americans at any given time [42]. Considering a population of 319 mil-
lion people in the USA, this definition can be translated into a disease or disorder
that affects fewer than approximately 1 in 1600.

Despite the rarity of these disorders, many people are affected. The high total
prevalence of 6-8% is explained by the large number of rare disorders, which today
equals nearly 8000 [1, 36]. The prevalence distribution within the group of rare
disorders is skewed. A few of these disorders are relatively common with a preva-
lence above 1/20,000, while the vast majority of the disorders are very rare [35]. It
has been estimated that 80% of all rare disease patients are affected by approxi-
mately 350 rare diseases [46], while the rest of the patients are affected by a plethora
of very rare disorders. At the extreme end, there are disorders that have been
described only in one or a few patients or families.
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3.3 Intellectual Disability

Intellectual disability (ID) is a feature in many rare disorders as well as in more
common disorders such as Down syndrome. The world-wide prevalence has been
estimated at approximately 1% [30].

According to “Diagnostic and Statistical Manual of Mental Disorders, Sth
Edition” (DSM-5), ID is defined as a neurodevelopmental disorder that begins in
childhood and is characterized by significant limitations in both intellectual func-
tioning and in adaptive behavior (Fig. 3.1) [12].

Intellectual functioning refers to general mental capacity, such as learning, rea-
soning and problem solving. A way of measuring intellectual function or intelli-
gence is via a standardized test with a resulting 1Q score. Generally, an 1Q test score
below 70 indicates deficits in intellectual functioning. However, DSM-5 does not
use specific 1Q scores as a diagnostic criterion, but instead there is a general notion
of functioning two or more standard deviations below the general population.

Adaptive behavior is the collection of conceptual, social, and practical skills that
involve the ability to carry out age-appropriate daily life activities. According to
DSM-5, this criteria is met when at least one domain of adaptive functioning (con-
ceptual, social or practical) is impaired to such a degree that support is needed.

Depending on the severity, ID can be classified as mild, moderate, severe or pro-
found. In DSM-5, the severity is defined upon the level of support required. This
basis for determining severity emphasizes the adaptive functioning rather than 1Q
scores, as support-needs are directly linked to adaptive functioning. A general guide
to assessment of severity is given in Table 3.1.

ID can occur in isolation (non-syndromic) or in combination with associated
features (syndromic), such as congenital malformations, facial dysmorphology, dis-
proportionate stature, visual/hearing impairment or additional neurological and

Criteria for 1D according to DSM-5:

1

Deficits in intellectual functioning—"reasoning, problem solving, planning,
abstract thinking, judgment, academic learning, and learning from
experience” —confirmed by clinical evaluation and individualized standard 1Q
testing;

£

Deficits in adaptive functioning that significantly hamper conforming to
developmental and sociocultural standards for the individual's independence
and ability to meet their social responsibility; and

3.
The onset of these deficits during childhood.

J

Fig. 3.1 Ceriteria for intellectual disability. The figure shows a schematic overview of the criteria
for intellectual disability as defined according to DSM-5
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Table 3.1 Severity of intellectual disability

Severity of ID | Level of support

Mild Can live independently with minimum levels of support

Moderate Independent living may be achieved with moderate levels of support, such as
those available in group homes

Severe Requires daily assistance with self-care activities and safety supervision

Profound Requires 24-hour care

The table serves as a guide for assessment of severity of intellectual disability

neuropsychiatric diagnoses. Frequently co-occurring diagnoses are autism spectrum
disorders (ASD), attention deficit and hyperactivity disorders (ADHD) and epilepsy.
The co-morbidity spectrum indicates that there may be underlying etiological fac-
tors that are common to ID and other neurological/neuropsychiatric disorders.

3.4 Etiology of Rare Disorders and ID

During the course over the last 25 years there has been enormous advances in deci-
phering the etiology of rare disorders and ID. It has been shown that the majority of
these disorders have a genetic basis, while others have non-genetic causes such as
infections, auto-immunity and environmental factors. For a proportion of the disor-
ders, the etiology is still unknown [56].

3.4.1 Non-genetic Causes

A number of non-genetic factors may harm human development, either during the
pre-, peri-or postnatal period. Maternal infections during pregnancy (e.g. toxoplas-
mosis, rubella, cytomegalovirus), toxic substances (e.g. prenatal alcohol exposure,
prenatal or postnatal lead exposure, prenatal exposure to harmful pharmaceuticals
such as valproate), nutritional deficiencies (e.g. prenatal iodine deficiency), perina-
tal asphyxia, complications of prematurity (e.g. hypoxemia and periventricular
hemorrhage), brain radiation, encephalitis and traumatic brain injuries are all fac-
tors that may cause damage to the development in general and neurodevelopment in
particular. In some patients, the association between one or several of these factors
and a diagnosis of ID is evident, while in others causation is difficult to assess. For
the latter cases, a genetic etiology should also be considered.
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3.4.2 Genetic Causes
3.4.2.1 Different Types of Genetic Causes

Traditionally, disease-causing genetic variants have been divided into chromosomal
abnormalities, deletions/duplications (also known as copy number variants (CNVs))
and monogenic variants. Division into these groups is still useful, but with advanced
understanding of the mechanisms behind genetic disorders, the boundaries between
the groups have become blurred. Genetic variants could be regarded more as a con-
tinuum ranging from small changes in the DNA sequence (single nucleotide vari-
ants (SNVs) or insertions/deletions of a few nucleotides) and repeat expansions to
structural variants of varying sizes. Structural variants can be either balanced or
unbalanced with the latter also referred to as CNVs [48]. The size cut-off for what
should be defined as a CNV was originally set at deletions or duplications >1 kb, but
a more recent size definition is >50 bp [29]. Most of the rare genetic disorders are
caused by variants that reside either within a protein-coding gene or include one or
several such genes, but in some cases the underlying defect may be localized to a
non-coding region [41, 51]. In addition, there are other types of rare variants such as
uniparental disomy that may cause disease.

3.4.2.2 Genetic Causes of Rare Disorders

Recent years’ advances in the field of genetics are reflected in the increasing num-
ber of known disease genes and disease-causing chromosomal aberrations as well
as in the number of diseases or disorders with a known molecular cause [3, 31, 39].
These data are recorded in the catalogue “Mendelian Inheritance in Man” (MIM),
available online as “Online Mendelian Inheritance in Man” (OMIM), which lists
more than 8000 phenotypes or diseases with a presumed genetic cause. Since 1990,
the molecular etiology of more than 4500 of these disorders has been identified and
the number of known disease genes is 3075 as of February 1, 2016 (Fig. 3.2a) [36,
2]. Despite the enormous progress in recent years, the basis is still unknown for
nearly half of the diseases.

For disorders that have a known molecular cause, the inheritance pattern is auto-
somal recessive in about half of the cases, autosomal dominant in 43% and X-linked
in 6% (Fig. 3.2b) [36].

3.4.2.3 Genetic Causes of ID

Similar to what is known about genetic etiology in the rare disease group as a whole,
the etiology of ID is characterized by an extreme heterogeneity. However, there are
a few frequently occurring causes of ID — the most common ones being Down syn-
drome (trisomy 21), occurring in approximately one out of 700 live births [38],
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Fig. 3.2 Number of entries in MIM/OMIM over time and inheritance of genetic diseases. (a)
Diagram showing the cumulative number of entries into MIM/OMIM regarding known disease
genes, genetic diseases with a known molecular cause and total number of described diseases (with
a presumed genetic etiology), over the last 30 years. (b) Pie chart showing the inheritance patterns
for diseases with a known molecular cause

Fragile X syndrome (trinucleotide expansion in the FMRI gene) with an estimated
frequency of 1 in 5000 males [6] and a few ID syndromes caused by recurrent
CNVs (e.g. 22q11 deletion).

Etiological studies on cohorts of patients with ID indicate that up to 40% of the
patients are affected by monogenic disorders. Most patients with a monogenic form
of ID are affected by an autosomal dominant disorder, while some are affected by
X-linked (5-10% of all patients) or autosomal recessive (2—4% of all patients) dis-
orders [8, 11, 16, 43, 53]. The number of genes with an established association to ID
is steadily increasing and now exceeds 700 genes [53]. Some of the more frequently
affected genes are SETD5, ADNP, ARIDIB, GRIN2B, SCN2A, CHD7, KAT6B,
TCF4 (autosomal dominant) and ATRX, CUL4B, ILIRAPLI, POBPI (X-linked)
[18]. Still, none of these genes individually explains more than 0,1-0,5% of the ID
cases. Many of the genes implicated encode proteins for synaptic, transcriptional,
and chromatin remodeling pathways. These pathways are commonly affected also
in other neurodevelopmental disorders, such as autism and epilepsy and there is a
genetic overlap where many of the genes can cause multiple phenotypes [9, 49, 53].

Another 20% of all ID patients are affected by disorders caused by deletions or
duplications that span >500 bp of the genome, so called copy number variants
(CNVs) [16, 53]. On a population basis, CNVs can be either recurrent or non-
recurrent. Recurrent CNVs generally arise by nonallelic homologous recombination
(NAHR) during meiosis with essentially identical breakpoints even in unrelated
individuals [26]. Frequently recurring CNVs associated to known disorders include
15q11—q13 deletion associated with Prader—Willi and Angelman syndromes, 7q11
deletion associated with Williams—Beuren syndrome, 22ql1 deletion associated
with velocardiofacial syndrome and 17p11 deletion or duplication associated with
Smith—Magenis and Potocki—Lupski syndromes, respectively [55]. In contrast,
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non-recurrent CNVs do not result from a predisposing genomic architecture and can
thus occur anywhere in the genome. The individual breakpoints in non-recurrent
CNVs are often unique. However, overlap between similar CNVs in different indi-
viduals may occur, which make clinical comparisons and delineations of specific
syndromes possible also for a few of the non-recurrent deletions or duplications.

In addition, 11% of the patients have larger chromosomal aberrations, including
aneuploidies and the remainder of all patients, approximately 30%, suffer from dis-
orders that are still of unknown etiology or due to non-genetic factors. These figures
contrast to what was known on the etiology of ID ten to fifteen years ago when 80%
of the patients were considered to be affected by a disorder of unknown origin or
due to non-genetic factors [50]. The etiology of ID is summarized in Fig. 3.3.

Taken together, the data from 2003 and 2015 illustrate the tremendous progress
within this field, which has been enabled by the rapid advances in methodology; the
introduction of microarrays and more recently massive parallel sequencing, during
the same time period.

Through etiological studies it has also become clear that for the vast majority of
all ID patients with an identified genetic cause, the genetic variant is not inherited,
but instead de novo in origin. This is true not only for ID patients with aneuploidies
and microdeletions/microduplications but also for those who are affected by mono-
genic disorders. In fact, for cases with sporadic, severe ID, de novo variants are
believed to account for approximately 60% of the etiology in an unselected popula-
tion [53]. Notably, these figures are different in specific populations such as those
where consanguinity is prevalent. In these populations, autosomal recessive disor-
ders account for a much larger proportion of the ID cases [34].

Monogenic
5%
0y
4% L CNV

11% 5

. Chromosomal

Wl Unknown/non-genetic

2003 2015

Fig. 3.3 Established causes of intellectual disability in 2003 and 2015
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3.5 Genetic Diagnostics in Rare Disorders and ID

The diagnostic routine for most patients with rare disorders and/or ID includes a
medical history (prenatal — present), physical examination, metabolic screening,
neuroimaging and genetic investigations.

A first tier genetic analysis is often a chromosome microarray (array comparative
genomic hybridization (aCGH) or single-nucleotide polymorphism (SNP) genotyp-
ing array) which detects copy-number changes, including aneuploidies. The resolu-
tion of this method is approximately 50 kb, while smaller aberrations may go
undetected by this method. However, microarrays can detect CNVs that are several
orders of magnitude smaller than those visible by standard karyotype analysis and
have now replaced the G-banded karyotype as the first tier analysis in rare disorders
and ID. In a clinical setting, the diagnostic yield is approximately 15% [32].

In addition, many patients undergo targeted analysis of the FMRI gene (Fragile
X syndrome).

Based on clinical findings, targeted analyses of other monogenic disorders are
considered for those with a distinct phenotype. However, the symptoms and signs of
many rare disorders and ID are unspecific and linking the phenotype to a certain
gene solely based on clinical findings is often difficult or even impossible.

With the introduction of massive parallel sequencing (MPS) methods into clini-
cal diagnostics, it is now possible to sequence the whole genome or selected parts,
such as the exome, which makes it possible to achieve an etiological diagnosis even
for disorders with an extreme heterogeneity and/or unspecific phenotypes.
Sequencing all genes (the exome) in an individual will detect approximately 30,000
genetic variants [25]. In order to reduce the number of potentially disease-causing
variants that need manual assessment, the data is filtered by using databases with
known normal variants, tools that predict the functional effect of the variants and,
importantly, genetic data from the parents and other family members for segrega-
tion analysis and correlation to inheritance. Since the majority of patients with ID
are affected by disorders that are due to de novo variants and thus not present in
parental samples, filtering against genetic data from the parents facilitates the analy-
sis. By the approach of whole exome sequencing with DNA-samples from the
patient and both parents (trio), the diagnostic yield in a clinical setting is approxi-
mately 30% [33, 52].

Development of bioinformatics methods for the detection of structural variants,
including CNVs, from data generated by whole genome sequencing is underway.

In the near future, as costs continue to decline and analytical methods evolve,
MPS technologies are likely to replace chromosome microarrays as the first tier
genetic analysis in rare disorders and ID. Not only would this approach increase the
resolution for CNV detection, it would also enable a concurrent analysis of small
sequence variants and different types of structural variants. There is reason to
believe that a proportion of the patients that go without an etiological diagnosis
today are affected by disorders that are caused by a combination of different genetic
variants, which require a simultaneous analysis of the total burden of disease-
causing variants in order to establish the etiology.
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3.6 Challenges in Genetic Diagnostics

Despite the advances in technology over the last years and the increase in diagnostic
yield for patients with rare disorders and ID, there is still a large proportion of
patients in whom the etiologic diagnosis remains unknown. Improving diagnostic
yield, while minimizing false positive results and doing this in a time- and cost-
efficient manner, is challenging. In a clinical diagnostic setting, there are a number
of issues regarding the translation of modern technologies into clinical practice.
Major challenges are interpretation of the numerous genetic variants detected and
further development of methods to improve detection rates and diagnostic yield.
Furthermore, there is a need to develop standards for best practices in analysis,
interpretation and reporting clinical genome sequencing results.

3.6.1 Improving Detection Rates for CNVs and Sequence
Variants

By applying WGS instead of WES, the diagnostic yield increases significantly. For
a population of patients in whom no etiology was established by a combination of
microarray and WES, the molecular etiology could be identified in 42% by
WGS. The etiologies detected by WGS were small CNVs (38% of the diagnosed
cases) and sequence variants in coding regions (62% of the diagnosed cases) [16].
In other words, some of the sequence variants in coding regions are missed by WES
and small CNVs are difficult to detect on microarray or WES. WGS would therefore
be the method of choice in a clinical setting, if cost was not an issue. In the future,
costs are likely to drop, enabling a more widespread use of WGS.

3.6.2 Interpretation of Genetic Variants

A major challenge, in addition to detecting genetic variants, is interpreting these
variants and establishing a causal relation to a specific disease phenotype. Genetic
screening methods such as chromosomal microarrays and MPS have the potential
of detecting millions of genetic variants in a single individual. For most patients
with a rare disorder or ID, only one or a few of these variants are pathogenic (i.e.
causative of the disease-phenotype), while the remainder is part of normal genetic
variation. Identification of the disease-causing variant(s) in a particular patient
requires a process that includes measures for filtering and interpretation of detected
variants.
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3.6.2.1 Normal Variation in the Human Genome

The different types of genetic variants that may cause rare disorders and ID are
outlined above, with the most common ones being small changes in the DNA
sequence (SN'Vs or insertions/deletions of a few nucleotides) or structural variants
of varying sizes. During the past ten to fifteen years, it has become increasingly
clear that the same types of genetic variants are present all over the genome in any
human and account for normal inter-individual genetic variation [14, 24, 57]. The
genomes from two individuals are 98-99% similar, while the remainder differs
between the two. A large study on human genetic variation estimates that the differ-
ence between the genome of one individual and a reference genome is 0.1% due to
SNVs and 1.2% due to CNV/indels.[37] These figures correlate to findings that
individuals carry on average 3 million SNVs and more than 1000 CNVs (>500 bp)
when compared to a reference genome [7, 25].

Furthermore, recent studies have shown that the genome from a healthy indi-
vidual may contain as many as 100 seemingly deleterious variants, mostly in a
heterozygous state, but also some (0-20) bi-allelic variants [21, 27]. There are sev-
eral possible explanations for the absence of a disease phenotype despite these vari-
ants. It has been shown that many human genes are haplosufficient [19], so for
heterozygous variants, there may be sufficient expression from the wild type allele.
Regarding bi-allelic variants, there may be residual protein function, compensation
by similar genes/proteins, variants that only affect non-essential transcripts or vari-
ants in genes that are dispensable [21].

Some of the variants that are seen in an individual have arisen de novo. All
humans carry a number of SN'Vs that are not present in samples from the parents.
The number is estimated at approximately 70 SN'Vs per individual genome [4] or
approximately one non-synonymous SNV per individual exome [43]. These figures
correlate to the age of the father with an increase of 2 SN'Vs per year [23]. De novo
CNVs or indels are not as prevalent as de novo SNVs. Large de novo CNVs (>50 kb)
occur in approximately one out of 50 individuals [20] while smaller de novo vari-
ants (indels <50 bp) occur in all individuals at a rate of approximately 9 per indi-
vidual genome [4].

3.6.2.2 Disease-Causing Genetic Variants Versus Normal Genetic
Variants

As stated above, each human genome contains millions of variants that are not pres-
ent in a reference genome and some of these are seemingly deleterious and/or de
novo variants without pathological effects on the phenotype. For this reason, pre-
dicting the functional effect of a genetic variant and identifying the causative genetic
variant in a patient is sometimes very challenging.

In order to achieve this, measures for filtering, prioritization and evaluation of
the detected variants are required (Fig. 3.4) [28].
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Fig. 3.4 Overview of the process for interpreting genetic variants detected by genomic
screening

Filtering and prioritization are facilitated by comparison of patient data to data
from additional family members (most often the parents), the use of databases for
normal variants and disease-causing variants as well as tools for predicting the func-
tional effect of genetic variants. Great efforts have been made in creating useful
databases with collections of normal variants and/or disease-causing variants to aid
in the interpretation of variants identified in patients. Databases that collect disease-
causing variants are for example DECIPHER [15], which traditionally have focused
on CNVs and the Human Gene Mutation Database (HGMD) [47], whose main
focus has been on SNVs. However, both databases now include different types of
variants. Regarding normal variants, these are recorded in, for example, Database of
Genomic Variants (DGV) [29] with main focus on CNVs, and dbSNP [45] or ExAc
[13], who both focus on SNVs.

A fraction of the variants in disease databases may be incorrectly annotated as
pathogenic [54] and normal variant databases may contain pathogenic variants,
making false positive and false negative results a reality. Further development and
use of databases may facilitate the process and improve the outcome in clinical
diagnostics.

For predicting pathogenicity of genetic variants there are numerous programs
using different algorithms and hence, the outcome may differ between different
programs. These programs should be regarded only as an aid in prioritization and
should not be used to determine pathogenicity of a variant.

After narrowing down the number of potential pathogenic variants by filtering
and prioritization, manual evaluation of the variants is possible. Evaluating the
potential pathogenicity of a variant largely depend on the phenotype observed in the
individual as well as in other members of the family. Additional targeted clinical
investigations based on the genetic findings may be warranted.

Comparison of the observed phenotype to other cases with variants affecting the
same gene or genes in the same pathway is informative. Recording of phenotype data
in databases has become increasingly important for assisting in the interpretation of
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variants and assigning pathogenicity to variants. The comparison of phenotypes in
different patients who have variants affecting the same gene or genes is highly infor-
mative in the process of assessing genetic variants. Many databases, such as
DECIPHER, have included phenotype data in a standardized format based on the
Human Phenotype Ontology (HPO) [22]. Other databases such as OMIM, include
phenotype data in a less strict manner.

3.6.3 Detection and Interpretation of “Alternative” Genetic
Variants

A proportion of the patients in whom routine genetic diagnostics fail to identify the
etiology may be affected by disorders caused by alternative types of genetic variants
and mechanisms.

Genome wide screening for alternative variants or mechanisms include search
for somatic mosaicism, variants in non-coding regions of the genome, balanced
structural variants, repeat expansions, epigenetic aberrations such as imprinting
defects and uniparental disomy (UPD). For some of these, there are numbers on
their frequency in cohorts of patients with rare disorders, e.g. mosaicism for CNVs
can be detected in 0.5-2% of the patients [5, 11] and UPD in <1% of the patients
[11]. One concern is the interpretation of variants in non-coding regions of the
genome including variants that affect genomic structure and transcription.
Development of methods, including bioinformatic methods, to detect all of these
variants and to interpret them is likely to increase diagnostic yield in a clinical
setting.

3.6.4 Challenges in Translation of MPS Technologies
into Clinical Practice

3.6.4.1 From the Point of the Genetic Lab

In addition to the more technical challenges outlined above, there are many issues
regarding the translation of novel genetic diagnostic methods into the health care
system. These issues regard infrastructure, regulatory standards, training and best
practice guidelines for reporting. Numerous computational analytical approaches
are currently in various stages of development and clinical use. A standardization of
these programs as well as protocols focusing on the bioinformatic analyses and data
storage are required. Guidelines for reporting genetic results, including incidental
findings, should be used to facilitate the dialogue between the genetic laboratories
and the clinicians. Furthermore, the need for personnel who is trained and qualified
regarding MPS technology and data analysis has to be met and multidisciplinary
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teams that include molecular biologists, bioinformaticians, physicians, IT engineers
and software developers need to be established in order to optimize the results.

3.6.4.2 From the Point of the Clinician

With the introduction of MPS methods for the diagnostics of rare disorders and ID,
there has been a shift in the diagnostic approach, which in a way warrants a novel
way of looking at clinical genetic diagnostics. Much of this change concerns the
way phenotypic data is used for establishing a diagnosis in patients. Historically,
time and money were spent on gathering clinical information that could be used to
group patients together, sometimes followed by targeted genetic analyses, in order
to establish a diagnosis. As of today and in the future, clinical data may instead be
used to facilitate the interpretation of variants generated by genomic screening
methods, in order to achieve a diagnosis. Targeted genetic analyses based on an
extensive phenotype would thereby be replaced by targeted clinical investigations
based on an extensive genetic analysis. However, cost is a limiting factor when
applying these analyses in a clinical setting. In order to reduce cost, alternatives
such as analyzing only selected genes in an individual may be an option, rather than
analyzing all genes in a trio setting (patient and parents). By doing this, diagnostic
yield will go down, but studies show that the yield still remains at a level that war-
rants clinical utility of gene panels. Analyzing panels of up to 565 genes implicated
in neurodevelopmental disorders in a patient-only setting leads to a diagnosis in
approximately 11-25% of the cases [18, 44]. The difference in yield between differ-
ent studies reflects differences in inclusion criteria for patients rather than a correla-
tion to the number of genes in the panel.

3.6.4.3 Ethical Considerations

It is difficult to anticipate the full range of uses, consequences and impact of imple-
menting MPS in routine clinical diagnostics. Ethical issues, both in research and in
clinical practice are diverse, complex and may change over time as methods develop
and implementation progresses. Today, ethical considerations regarding WES and
WGS mainly concern different aspects of informed consent, data handling and the
return of results. The latter includes issues related to incidental findings, i e findings
that are not related to the phenotype/diagnosis that prompted the genetic analysis. If
and how to report these findings is still under debate. Often it is suggested to only
return incidental findings that regard diseases that can be prevented or cured. An
active search for specific incidental findings is recommended by the American
College of Medical Genetics, who states that clinical labs should be required to
analyze 56 genes that increase the likelihood of diseases for which there is an inter-
vention [17]. The debate on how to handle incidental findings will probably con-
tinue in the future and local guidelines may be developed to ensure patient autonomy
and protection.
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3.7 Concluding Remarks

Despite the numerous challenges in clinical diagnostics of rare disorders in general
and intellectual disability in particular, there has been enormous progress in the field
in recent years and this will most likely continue in the near future with wide spread
clinical applications of massive parallell sequencing technologies. The benefit to the
patient of recieving an etiological diagnosis is tremendous, which justify huge
efforts to overcome the challenges that are faced when introducing MPS into clini-
cal practice. Altogether, the use of MPS leads to significantly improved diagnostics
in rare disorders and ID, which is crucial for optimizing treatment and care as well
as for counseling regarding prognosis and recurrence risks.
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Abstract Public health relies on technologies to produce and analyse data, as well
as effectively develop and implement policies and practices. An example is the pub-
lic health practice of epidemiology, which relies on computational technology to
monitor the health status of populations, identify disadvantaged or at risk popula-
tion groups and thereby inform health policy and priority setting. Critical to achiev-
ing health improvements for the underserved population of people living with rare
diseases is early diagnosis and best care. In the rare diseases field, the vast majority
of diseases are caused by destructive but previously difficult to identify protein-
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coding gene mutations. The reduction in cost of genetic testing and advances in the
clinical use of genome sequencing, data science and imaging are converging to
provide more precise understandings of the ‘person-time-place’ triad. That is: who
is affected (people); when the disease is occurring (time); and where the disease is
occurring (place). Consequently we are witnessing a paradigm shift in public health
policy and practice towards ‘precision public health’.
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Patient and stakeholder engagement has informed the need for a national public
health policy framework for rare diseases. The engagement approach in different
countries has produced highly comparable outcomes and objectives. Knowledge
and experience sharing across the international rare diseases networks and partner-
ships has informed the development of the Western Australian Rare Diseases
Strategic Framework 2015-2018 (RD Framework) and Australian government
health briefings on the need for a National plan.
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The RD Framework is guiding the translation of genomic and other technologies
into the Western Australian health system, leading to greater precision in diagnostic
pathways and care, and is an example of how a precision public health framework
can improve health outcomes for the rare diseases population.

Five vignettes are used to illustrate how policy decisions provide the scaffold-
ing for translation of new genomics knowledge, and catalyze transformative
change in delivery of clinical services. The vignettes presented here are from an
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Australian perspective and are not intended to be comprehensive, but rather to
provide insights into how a new and emerging ‘precision public health’ paradigm
can improve the experiences of patients living with rare diseases, their caregivers
and families.

The conclusion is that genomic public health is informed by the individual and
family needs, and the population health imperatives of an early and accurate diag-
nosis; which is the portal to best practice care. Knowledge sharing is critical for
public health policy development and improving the lives of people living with rare
diseases.

Keywords Public health ¢ Policy ¢ Translation ¢ Information sharing ¢ Translation
* New knowledge * Community engagement

4.1 Background

Rare diseases (RD) are a public health priority [35, 45, 106]. There are an estimated
5000-8000 rare diseases, which when combined, affect up to 6-8% of the popula-
tion. Globally, this amounts to over 400 million people living with a rare disease,
making rare diseases a major global public health issue [35, 45, 106]. While more
than 80% of rare diseases are genetic, most of which are due to pathogenic protein-
coding mutations, others are caused by infections, auto-immune disorders and
exposure to harmful substances.! Nevertheless, there are common features across
the range of rare diseases and common health needs experienced by those living
with a rare disease. These features include the fact that many RD: first manifest in
childhood and then continue across the life-span; cannot be prevented or cured
(although early diagnosis can result in early intervention); are complex, multi-sys-
temic conditions resulting in considerable dysfunction and disabilities; and have no
effective treatment [45, 61, 62].

The collective impact of rare diseases on the community is the impetus driving
governments to develop coordinated policy and operational health service
approaches to address the significant health needs of the individuals, and families
living with a rare disease. These approaches must acknowledge the idiosyncratic
nature and varied aetiology of rare diseases, and aim to improve management and
reduce the associated human, community and system cost. An effective mechanism

'Nearly all genetic diseases are rare diseases, not all rare diseases are genetic diseases. There are
also very rare forms of infectious diseases, auto-immune diseases and rare cancers. To date, the
cause remains unknown for many rare diseases. http://www.orpha.net/consor/cgi-bin/Education_
AboutRareDiseases.php?Ing=EN
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for addressing these challenges is through the development of policy frameworks by
governments, which integrate a range of initiatives across the health care system
into a single policy approach. Through their clear direction, policy frameworks help
ensure that health systems translate and optimize the application of new knowledge
and rapidly advancing technologies in a coordinated and strategic fashion, to
improve the patient journey and outcomes for all people living with a rare disease
[35, 45, 105]. The common element catalyzing the transformation of global rare
diseases is the people engaged in this enterprise and their commitment to leaving a
better future for all people living with rare diseases. The authors contributing to this
chapter have, with their teams and colleagues, committed hard won knowledge,
expertise and individual perspective to making a difference to people world-wide
living with a rare disease. They are witnesses to the impact of the government policy
on improving the health system experience for a group of people at most need in our
communities (Table 4.1).

The international landscape for rare diseases has changed significantly since
Posada del la Paz and Groft first published Rare Diseases Epidemiology in 2010
[53, 85] including increasing government recognition globally. This is particularly
evident in the European Commission actions, US legislation and more recently

Table 4.1 The power of a diagnosis

Benefits Comments

Certainty The power of knowing the cause of the condition at the
end of the diagnostic odyssey, including improved
prognostication.

Reduced isolation Offering the possibility of connection for shared
experience.

Reduce unnecessary investigations No further need for investigations which may be

invasive, time-consuming and/or costly.

Access to improved or best practice Targeted follow-up and surveillance by what is known

medical care, including reducing from the diagnosed condition and biologically related

inappropriate management disorders; and possibility of drug repurposing.*

Clarify recurrence risk To increase certainty and restore reproductive
confidence.

Provide additional reproductive A molecularly confirmed genetic diagnosis provides

options options for prenatal or pre-implantation genetic
diagnosis.

Access to social and educational Available for selected other rare disorders.

services

aDrug repurposing: using a given drug for a new indication (disease)
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Japan’s identification of rare and undiagnosed diseases as a major focus under a
structural realignment in their health research [2].> This progress has led to the
ascertainment of global priorities, the development of a number of international
plans for rare diseases [41, 46, 95], and the formation of global networks and inter-
national partnerships [60]. These global partnerships are a key to driving high level
policy, and establishing guidelines and position statements that provide the interna-
tional context for the development of national and local rare disease policy frame-
works and plans.

WA Health provides care to more than 2.5 million Western Australians across the
vast 2.5 million km? geographical area of the State; a land mass approximately one
third of the Australian continent; and making it the largest single jurisdictional
health system in the world. The geographical isolation, including the distance to
other Australian State and Territory borders, limits cross-border movement in the
population and means that health service needs are generally accessed within the
state health system. These characteristics promote population based studies and
approaches to public health issues.

In 2001, in response to a report on the potential impact of genomics health ser-
vices, the Department of Health, Government of Western Australia (WA Health)
established the Office of Population Health Genomics (OPHG) as a policy unit to
translate new genomics knowledge into the public health system. In 2010, WA
Health made a decision, informed in-part by contemporaneous policies and recom-
mendations in the European Union [42, 43, 45, 47, 95], USA [5, 8, 44], and the UK
[31, 103, 104], to identify the issues and begin to map the key unmet needs of peo-
ple in Australia living with a rare disease [33, 80]. OPHG worked successfully to
influence the WA Health Executive to support the WA Rare Diseases Strategic
Framework 2015-2018 (RD Framework) and adopt the attending implementation
plan [36, 37]. The RD Framework was built on input from stakeholders including
consumers, medical specialists, allied health professionals, health planners, health
administrators, researchers and policy-makers through multiple engagement oppor-
tunities and approaches [77, 78, 80]. The outcomes were communicated to stake-
holders and the broader public through multiple media and government channels
[32, 33, 36, 37, 80]. The RD Framework provides a mechanism for the coordination
of WA Health initiatives for rare diseases and is structured around four priorities,
which are to:

* advance rare diseases planning in Western Australia and Australia;
e promote a person-centric approach throughout WA Health for people living with
a rare disease;

>The expanding role of genetics in medicine and health necessitates international collaborative
efforts to create sound and just frameworks from which to build and further the research and appli-
cations of genomic technologies. Policy makers have a significant role to play in the redirection of
local and global resources into genetic research and development to target the specific health needs
of their communities. Their advocacy can advance genomics research and technologies, enhance
the transfer and exchange of genomic information, encourage global collaborations, and improve
health services worldwide. http://www.who.int/genomics/policy/Genomicsandpolicy/en/
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e contribute to a high-quality health system for people living with rare diseases;
and
¢ foster world-class research on rare diseases [37].

A key component of the RD Framework is the need to ensure that genomics
knowledge and technologies are effectively translated from research and develop-
ment into the WA health system, to achieve health benefits for people living with
rare diseases. Such translation is expected to lead to health system improvements
such as more precise diagnosis, early intervention, treatments and secondary pre-
vention strategies that slow or prevent the progress of disease and disability. In this
way, the RD Framework is an example of a ‘precision public health’ framework.
Precision public health is an emerging field that relates to the use of new and exist-
ing technologies to more precisely identify and describe individuals and their envi-
ronment, so that clinical services and public health practices can be more precisely
tailored, for example to at-risk groups, and improve the overall health of the popula-
tion® [29, 65, 66]. This is achieved by extending the focus of precision medicine on
individuals to acknowledge that technological advances may also contribute to
improvements in health status at the population level [6, 7, 88]. The data and infor-
mation produced by the use of new and existing technologies may result in more
precise: epidemiology; knowledge of the determinants of health; targeting of health
disparities; population-based screening; population-wide diagnostic and secondary
prevention services; and surveillance of, and responses to, communicable diseases
[29, 63]. In addition to genomics technologies, other technologies contributing to
precision public health include applications in: other ‘omics’ fields such as phenom-
ics and exposomics [64]; bioinformatics; health informatics; information communi-
cations technology; spatial technology; data linkage capability; and predictive
analytics [6, 7, 63, 66, 88].

In this chapter we present five vignettes, reflecting whole-of-health system
examples, to illustrate policy initiatives within the RD Framework that are being
implemented. This demonstrates the role precision public health frameworks can
play to support the translation of technology and new knowledge into a public health
setting. We describe how policy initiatives, while implemented locally, have been
informed by international partnerships and global consortia. We demonstrate some
of the unmet needs for people living with RD, the continuing need for evidence to
inform healthcare decision making, and translational clinical and research outcomes
arising from the implementation of the RD Framework. It also highlights the depen-
dence of transformation on the international interplay of people sharing knowledge
and experiences. These vignettes are:

1. Population-wide evidence-building approaches to inform public health policy

(a) Experiences and health system needs of people living with RD [Vignette 1]
(b) Epidemiology of RD to quantify the impact on the health system [Vignette 2]

Shttp://journal.frontiersin.org/researchtopic/4526/precision-public-health
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2. Population-wide clinical genetic diagnostic services

(a) Towards achieving a diagnosis for most rare diseases [Vignette 3]
(b) Solving the unsolved, the Undiagnosed Diseases Program (UDP) [Vignette 4]

3. Research translation for population-wide improvements in care and public health

(a) International partnerships fostering world-class translational RD research
[Vignette 5]

4. What next.... development, and sharing of population wide infrastructure and
resources

(a) Objective phenotyping

(b) Disease classification, coding and RD Ontologies

(c) Knowledge Management Platforms

(d) Population-based reference and representative data, including from healthy
and affected indigenous people

Through these vignettes we demonstrate the application of various technologies,
in areas such as data linkage, genomics (e.g. MPS), bioinformatics and information
technology. These are enabling the production of data that is being used to trans-
form health systems in terms of diagnosis and care. While the vignettes shared are
local, they were enabled by the generous and open sharing across the globe that is a
mark of the success and achievements made in rare diseases over the years.

4.2 Population-Wide Evidence-Building Approaches
to Informing Public Health Policy

To date, there is a relative paucity in the literature of studies to demonstrate the col-
lective impact of rare diseases on individuals, the health system and society. As
such, the RD Framework includes the objective of building epidemiology and health
system evidence for RD. A solid foundation of evidence is required so that policies,
programs and services effectively respond to the needs of those living with rare
diseases. Evidence provides contextual information within which decisions can be
made about the responsible translation of knowledge and technologies, including
that arising from genomics, into the health system, to achieve improved health out-
comes for those living with RD. WA Health has recently conducted two studies that
explore the experiences and needs of people living with RD, and the collectively
impact of RD on the WA Health system. These studies are included as vignettes in
this Chapter as they illustrate how such evidence is needed to inform the appropriate
implementation of technological advances into health systems.
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4.2.1 VIGNETTE 1: Australian Rare Disease Patient
Experiences

The Australian public health system strives to provide excellent care to all Australians
including those living with a rare disease. Consequently ahead of any plans to
improve services for people and families living with RD, it was important to under-
stand their healthcare priorities and identify gaps in an otherwise high standard
Australian health system [37, 80]. There are still very few studies that use whole
population approaches to examine whether the healthcare needs of people living
with rare diseases are being met. Furthermore, the Australian literature has been
almost silent on the experiences of Australian adults living with rare diseases in
relation to diagnosis, information provision at the time of diagnosis, use of health
and support services and involvement in research on their condition [79].

In an online survey of Australian adults (aged 18 years and over) there were 810
eligible responses from people with a confirmed rare disease diagnosis [79]. Of the
respondents, 92% had a confirmed molecular diagnosis. To receive a diagnosis,
30% waited five or more years, and 66% had seen three or more doctors. Of those
achieving a diagnosis, 46% had received at least one incorrect diagnosis. These data
mirrored European findings, in which 25% of individuals waited 5-30 years for a
diagnosis and 40% had an initial diagnosis that was wrong [46].

This illustrates the shared experiences of people living with rare diseases and the
magnitude of the global RD public health issue. In the Australian study, almost three
quarters (72%) reported that they received insufficient or no information at the time
of diagnosis [79]. In the 12 months prior to the survey, over 80% of respondents had
used the services of a general practitioner and a medical specialist while around a
third had been inpatients at a hospital or had visited an emergency department.
While in the adult survey only 15% of respondents had ever used paediatric ser-
vices, of those over half (53%) experienced problems in the transition from paedi-
atric to adult services [79].

These data strongly suggested to WA Health policy makers that structural
changes to Australian healthcare systems may be required to improve the integra-
tion and coordination of diagnosis and care for people living with a rare disease.
Such changes are likely to improve the patient journey and create opportunities for
increased efficiencies within the health system. The data further highlighted that
health professionals may need greater awareness of rare diseases to improve the
diagnostic process and support to provide information to meet the needs of people
newly diagnosed with rare diseases (Fig. 4.1).
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Patient experiences: The Australian Rare Disease Survey

746 adults living with a rare disease in Australia shared their experiences through an online survey between July and
September 2014, Responses were received from patients with over 185 different rare conditions.

<3 Months 3-12 Months 1-5 years 5 to >20 years

1-2 doctors 3-5 doctors 6 to 10* doctors

Time from first seeking
medical help to diagnosis

Number of doctors seen
before receiving diagnosis

Patients who received at
least one incorrect diagnosis

Incorrect diagnosis

Fig. 4.1 Infographic showing findings in Australia that reported approximately 30% of patients
waited for more than 5 years to receive a diagnosis, a similar number saw more than six doctors
before receiving a diagnosis and half had at least one incorrect diagnosis [79]

4.2.2 VIGNETTE 2: Health System Impact

Despite the single health system for all Western Australians and the exceptional
health data collections and other whole-of-population record systems, RD in
Western Australia remain largely invisible. This is, at least in part, due to the inad-
equate RD codes in the International Classification of Diseases Australian
Modifications (ICD-10AM) used in our public health record systems.

The situation in WA resembles that of other health jurisdictions across Australia
and internationally. The issues faced by all governments in relation to RD are to
delineate and understand the impact on their community and the health system. The
barrier is the lack of reliable and robust data and evidence, epidemiologic and health
economic data, describing the true burden of RD. Intuitively, it is recognized that
RD have a disproportionately larger impact on the health system in Western Australia
than patient numbers would predict. The outcomes of the experiences of adults liv-
ing with a RD [79], outlined in Vignette 1, supported this presumption, since it
appeared that health service use would likely be higher for people living with rare
diseases than for the general population. This outcome identified the need for
whole—of-population epidemiological and data-linkage studies on the impact of rare
diseases on the healthcare system. In order to provide evidence of the burden of rare
diseases on the WA Health system and to help guide the implementation plans of the
RD Framework, WA Health led a study using data linkage methodologies to iden-
tify a cohort of RD in our extensive health data collections [59].
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Data linkage is a technique for connecting pieces of information that are
thought to relate to the same person, family, place or event. Information is created
when a person comes into contact with certain services, for example, when they
visit an emergency department, are admitted to a hospital or register the birth of
their child. If these different bits of information can be connected to a person,
then privacy-preserving data linkage approaches it can be used to produce evi-
dence for improvements in the health of the WA community. The Data Linkage
Branch (DLB) situated within WA Health links many data collections from WA
Health system and other agencies enabling precise chains of data relating to an
individual in Western Australia to be aggregated and analyzed. Studies using
linked data methods have demonstrated population based trends and identified
causal links to disease, such as the importance of ensuring adequate folic acid
levels in women of childbearing age to reducing the incidence of neural tube
defects in babies [11, 26, 27]. Western Australia has been recognized internation-
ally for data linkage* innovation over many decades, and for population health
research [59]. Projects and research using linked data have contributed to a range
of policy, legislative and investment measures that have improved the health and
well-being of Western Australians.

A privacy-preserving data-linkage study was devised to investigate hospital
service use to better understand the collective health and economic impacts of
RD on the WA health system [109]. To achieve this, a novel methodology was
developed, which entailed constructing a set of diagnostic codes to select a rare
disease cohort from hospital administrative data alongside advanced data link-
age methodologies. Outcomes included health service use and hospitalization
costs for the rare disease cohort.

The results showed that in 2010, the cohort members alive represented approxi-
mately 2.0% of the Western Australian population. The cohort accounted for 4.6%
of people admitted to hospital, 9.9% of inpatient admissions and a greater average
length of stay than the general population. The total cost of hospitalizations for the
cohort represented 10.5% of 2010 state hospital admission costs; a five-fold greater
per capita hospitalization cost, at a price tag of AU$395 million for that year alone
[109] (Fig. 4.2).

A further approach to generate data on rare diseases to assess the impact of
rare diseases to inform public health system planning is to take advantage of
genomic sequencing’s ability to uncover the carrier status of disease alleles.
Since this carrier status is typically unrelated to the phenotype for which the
assay was performed, tested patients can serve to inform the calculation of the
burden of autosomal recessive diseases by exploiting the Hardy-Weinberg equi-
librium. Even in populations where Hardy-Weinberg equilibrium is skewed due
to inbreeding, statistical methods can be used, to accommodate this when making
such calculations [53].

“http://www.datalinkage-wa.org.au/data-collections. Accessed 31 August 2016
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Collective Impact of Rare Diseases on the WA Health System

Thereis a

marked disparity
between the proportion
of the population with a rare disease and the combined cost to

the state health system

In 2010 the study cohort accounted for:

o

2.0% 4.6% 9.9% 10.5%
of the WA of the people of WA hospital of WA hospital
population admitted to hospital admissions expenditure

Fig. 4.2 Infographic representing the marked disparity between the proportion of the population
with a rare disease and their combined health system costs [109]

4.2.3 Summary

Implementation of the RD Framework is being informed by data on the patient
journey and the impact of RD on health services. In concert with the RD Framework,
these data are identifying key unmet needs and helping to inform system changes in
WA Health for improving the patient journey. This includes the need to increase
diagnostic capability to better manage health service use.

4.3 Clinical Genetics Diagnostic Service Improvements

The Australian data on the patient journey [79] and the impact on WA Health [39,
40, 109], identified the importance to people living with a rare disease of obtaining
an early, accurate confirmed diagnosis.® This highlights the position statement by
Sorenson [97] that accurate diagnosis—and the appropriate use of diagnostic
tools—is a key driver toward the successful transformation of our healthcare
system. Recognising this, the RD Framework includes the objective of building on

3“In just 4 years, more than 1000 families with different undiagnosed rare diseases have had their
causal genes identified, often with direct and immediate clinical impact. Advancement in this area
has led to substantial changes to patient management, including tailoring of medications and halt-
ing invasive procedures.” Dr. Kym Boycott http://www.cihr-irsc.gc.ca/e/49244 . html. Accessed 31
August 2016.
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existing WA Health services for the screening and diagnosis of RD. The RD
Framework acknowledges that systemic changes will contribute to this including
improved integration of health care services across the public health system.

Improved RD health systems’ integration requires, among other things, two pub-
lic health pillars to be addressed [24]:

(i) Monitoring health status, including genetic factors, to identify health prob-
lems within the community: Incorporating knowledge and awareness of the
genetic contribution to health problems to enable refined decision -making
about resource allocation and provide a basis for prioritizing and targeting
public health program objectives; and

(ii)) Ensuring the availability and accessibility of diagnostic tests and services
and associated interventions to improve health and prevent disease; includ-
ing assuring access to high-quality genetic testing programs and management
services.

Genetic Services of Western Australia (GSWA) has provided a state wide, com-
prehensive, genetic service for the population of Western Australia for nearly
30 years and was established around the service flow model of clinical assessment,
and genetic counselling, followed by investigations that may include sequential
monogenic testing where deemed clinically appropriate. Similar to other whole
population-based clinical genetic referral services, not enriched by highly selected
disease cohorts, a definitive diagnosis with a high level of certainty with or without
a molecular confirmation has been reported at around 9-10% [18, 19].

The advent of chromosomal microarray, followed by the clinical application of
massively parallel sequencing (MPS) has resulted in a markedly increased geneti-
cally confirmed yield for rare diseases [3, 18, 19, 28, 69]. This is modifying the
diagnostic paradigm, creating the opportunity for clinicians to more precisely
make diagnostic recommendations. The impact of this will be outlined in Vignettes
3 and 4 which focus on improving the genetic diagnostic service through the
implementation of the Rare and Undiagnosed Diseases Diagnostic Service
(RUDDS); and the introduction of an Undiagnosed Diseases Program in Western
Australia (UDP-WA).

4.3.1 VIGNETTE 3: Rare and Undiagnosed Diseases
Diagnostic Service (RUDDS)

GSWA in collaboration with OPHG and PathWest the laboratory arm of the WA
Health, embarked on a translational program to implement MPS into clinical ser-
vice. The approach was built on accumulated successes and agile capacity building
by the PathWest MPS laboratory team from early 2011. Based on deep technical
experience, which was further informed and guided by the RD Framework [37]
and patient experiences, the GSWA and PathWest began the implementation of
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the Rare and Undiagnosed Diseases Diagnostic Service (RUDDS) in 2013 [39,
40, 79, 109].

The target group for the RUDDS is complex undiagnosed cases using the ser-
vices of GSWA. This is particularly the case when in silico filtered or whole exome/
genome analysis is being considered as an approach to diagnosis. Cases are pre-
sented weekly at multi-clinician meetings of GSWA geneticists and genetic coun-
sellors to achieve consensus for further investigations. Fig. 4.4 shows the service
flow. Briefly, if available, a single diagnostic test is undertaken. If no diagnosis is
obtained at this stage, in silico targeted exome analysis is considered and offered
to the patient if the phenotype of the disease is consistent with this type of analysis.
If no diagnosis is achieved here, whole exome analysis is considered, and offered to
the patient if the phenotype of the disease is consistent with this type of analysis.
Furthermore, to help obtain a diagnosis, data may be shared with international
matchmaking platforms such as Patient Archive and Phenome Central (see [84] and
Sect. 4.5 of this chapter). Whether or not a genetically confirmed diagnosis is
obtained, at any stage through the service, patients are ultimately referred to appro-
priate clinical pathways or management and/or available clinical trials.

The RUDDS is established as an integral part of routine clinical genetic services
and is sustainable and equitably managed. Provision of the RUDDS pipeline within
a public health setting and with multi-expert review was an approach tailored to
local circumstances, including optimal use of limited health resources targeted to
the unmet need of a population most likely to have immediate clinical utility and
deliver patient benefits. The RUDDS pipeline is consistent with fundamental public
health genomics tenants within a clinical state-wide public health service [24].
Specifically, the RUDDS is implemented under best practice standards of clinical
genetic service delivery, aligned to the patient journey and patient needs, provides
equitable access and achieves aspirational aims to deliver an optimized health out-
come for each family. Furthermore, the RUDDS service is extended through out-
reach clinics to meet the needs of the Aboriginal and non-Aboriginal Australians
living in rural and remote regions within WA Health’s 2.5 million km? spread.

The major achievement following the introduction of the RUDDS was the cre-
ation of an agile and iteratively improving, diagnostic platform within the WA pub-
lic health system. This platform aligned to the diagnostic needs of the rare diseases
community. The RUDDS ensures that new genomics knowledge and technology are
able to be translated in a timely and cost effective manner into the broader genomic
diagnostic settings. The RUDDS supports equitable state-wide diagnostic health
care provision through the integration of genomic diagnostics. By iterating within
the clinical service, known or unanticipated real-world bottlenecks were identified
and were pragmatically addressed.

In the first 12 months (2014-2015) after implementation, the RUDDS improved
the causative monogenic detection rate from a historical service baseline of 9% to
30%, for this heterogeneous and diagnostically challenging clinical cohort [18, 19].
This is comparable to international experience with the clinical implementation of
genomic sequencing across the diversity of presentations typical of clinical genetic
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practice, which reported diagnostic yields around 25-30% [23, 69, 87, 111].
Therefore the service efficiency gains as experienced through RUDDS are at the
upper end of this range in diagnostic yield. This transformative change was achieved
within existing service as a result of the intergovernmental collaboration across
PathWest Diagnostic Genomics Laboratory, GSWA and the policy development and
translational work undertaken by the OPHG within the Public Health Division, WA
Health (Figs. 4.3 and 4.4).

Case study 4.1: An illustrative case summary from a family whose child received
a molecularly confirmed diagnosis as a result of being referred into the RUDDS:

4.1 Case Study 1

A child was initially referred with craniosynostosis and the query of possible
Saethre-Chotzen syndrome based on craniofacial phenotype. Following
genetic consultation, and building on accurate phenotyping through the iden-
tification and specifics of his multisystem presentation, the possibility of a
diagnosis of Noonan syndrome was raised. Sequential monogenic testing of
individual RASopathy genes (PTPN-11, SOS-1, RAF-1, HRAS, KRAS), as
well as analysis sequencing and MLPA of the gene most commonly associ-
ated with Saethre-Chotzen syndrome (TWIST), did not identify a mutation.
Massively parallel sequencing with in-silico filtering to the phenotype identi-
fied a novel NRAS mutation confirming Noonan Syndrome. The relevant
paternal investigations such as cardiac echocardiogram and renal ultrasound
were organised. This case highlights the increased capacity to achieve a con-
firmed molecular diagnosis and the potential relevance to family medical
care.

4.3.2 Summary

The RUDDS pipeline presented in Vignette 3 demonstrated a 3 fold improvement in
molecular confirmation, from 9 to 30%, for a diagnostically challenging group of
patients entering the RUDDS. This is consistent with recent publications from other
clinics [3, 19, 93] and cohort studies. It is anticipated this will increase to 40% or
higher in the intermediate term through experience and addition of new tools to
assist clinical decision-making. Key to improving the diagnostic yield is the need
for studies to benchmark the ‘diagnostic yield’ of genomic sequencing tools. Recent
studies addressing the critical gaps in our knowledge of the yield of diagnostic
genomic tools by revisiting the analysis of autosomal recessive diseases facilitated
by the unbiased approach of positional mapping demonstrate very significant
improvements that can achieved for diagnostic rates through improved analysis of
existing data [94]. It is hoped this promising study, and others in progress, will lead
to improved variant calling, critical for improved diagnostic yield in clinical set-
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tings, and it further highlights the need for a range of analytic refinements
that will inform improved representation and use of phenotypic and familial
information.

Given the heterogeneity of presentations and inheritance patterns represented in
clinical genetic practice, currently and likely in the intermediate term, the majority
of RD patients will be remain undiagnosed and so, complementary approaches are
required. Accordingly, an approach targeted to those who have especially complex
presentations and that are particularly extensive users of health services was estab-
lished, the Undiagnosed Diseases Program in Western Australian (UDP-WA).

4.3.3 VIGNETTE 4: The Undiagnosed Diseases Program WA
(UDP-WA)

In 2008, the USA National Institutes of Health (NIH) established the first
Undiagnosed Diseases Program (UDP). The UDP was established through the con-
certed efforts of the National Human Genome Research Institute, the NIH Clinical
Center, the Office of Rare Diseases Research, and other NIH research institutes and
centers. The UDP was conceptualized and developed specifically to provide a diag-
nosis for individuals who had long sought one without success. A second critical
goal was to obtain insights into novel disease mechanisms and pathways [48, 49].

The success of the initial NIH UDP prompted a significant expansion under the
NIH Common Fund to establish an Undiagnosed Diseases Network (UDN) through
an extramural initiative comprising seven premier clinical research institutes across
the USA. More recently the UDP model has expanded as a global network.
The Undiagnosed Diseases Network International (UDN-I) [99] is supported by a
position statement from clinicians, researchers and patient organizations, across
four continents, with the expressed mandate to support global improvements in RD
diagnosis through core principles and implementation approaches [45].

GSWA piloted WA Health’s Undiagnosed Diseases Program in 2015, before
formally launching the program as the UDP-WA in April 2016.

The UDP-WA has an initial focus on children who remain undiagnosed despite
numerous hospital admissions and specialist assessments across multiple disciplines.
Eligible patients: are generally at least 6 months old; have chronic, complex and
typically multisystem diseases; and have clinical factors supporting the possibility
of obtaining a diagnosis with current approaches.

Initially cases are referred to the Program Director by specialists at either GSWA
or the local children’s hospital and then triaged to be involved in the program. A
interdisciplinary Expert Panel of specialists, drawn from GSWA and the children’s
hospital, review the existing medical history of program patients and make recom-
mendations for further clinical assessment. If recommended by the Expert Panel,
the patient attends a day facility at the children’s hospital for up to 5 days where
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they undertake the range of tests and examinations set out by the Expert Panel. This
may or may not include MPS. With patient consent, data is shared with national and
international partners to maximise the opportunity for finding a diagnosis. Based on
the findings of all tests and examinations the UDP-WA team determines whether a
definitive diagnosis can be made. The parent/caregiver then attends a meeting with
the Program Director to discuss the findings, including recommended treatment and
management options. A written report is prepared and a copy given to the parent/
caregiver.

The UDP-WA is the first program to be implemented entirely within a public
health clinical service stream budget. To date other UDPs rely to a greater or lesser
extent on research funds and/or benefactors. The UDP-WA is driven by the com-
bined and focused power of clinical experts from multiple disciplines operating
contemporaneously in real-time; as compared to being based around a single organ
system or clinical specialty, or being chronologically disparate. The resultant clini-
cal phenotype is the key to helping inform investigations. This includes MPS
sequencing provided through the Diagnostic Genomics arm of WA Health’s
PathWest Laboratories which uses the clinical phenotypic data provided to priori-
tize relevant candidate pathogenic genetic changes. It also includes whole genome
sequencing conducted by the program partner Garvan Institute for Medical
Research’s Kinghorn Center for Clinical Genomics and Genome One.S

The UDP-WA has so far involved a small numbers of patients and is therefore
unlikely to make an immediate significant impact on the overall definitive diagnos-
tic rates. However, it is anticipated that the benefits to families, and to the health
system, of an accurate diagnosis are likely to be significant. To understand the
patient needs in managing the information and outcomes from the program OPHG
has established interview protocols to capture the experiences of parents of children
with an undiagnosed condition as they enter and progress through the UDP-WA. To
understand the benefits from the public health policy framework perspective OPHG
is evaluating the impact of cases on the health system where a diagnosis is achieved.
The findings of the qualitative and quantitative studies will help inform continuous
improvement identifying and refining the patient-centred outcomes measures for
the UDP-WA for future monitoring of the program. By integrating policy develop-
ment with the clinical flow of the UDP-WA, WA Health is ensuring it can respond
to the needs of the families entering into the program, and also analyze the program
and build further evidence based on 3-5 years’ of experience. To serve the needs of
RD families, these data are crucial to ensuring a sustainable ongoing clinical ser-
vice. WA Health proposes to use this process to identify indicators and implement
ongoing monitoring and linkages with the appropriate models of best practice
(Figs. 4.5 and 4.6).

Shttps://www.genome.one/; also see http://www.garvan.org.au/news/news/new-era-in-genetic-
disease-diagnosis-with-australia2019s-first-whole-genome-testing-service-to-be-launched-today


https://www.genome.one
http://www.garvan.org.au/news/news/new-era-in-genetic-disease-diagnosis-with-australia2019s-first-whole-genome-testing-service-to-be-launched-today
http://www.garvan.org.au/news/news/new-era-in-genetic-disease-diagnosis-with-australia2019s-first-whole-genome-testing-service-to-be-launched-today
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Fig. 4.5 Case files of the
first two children seen
through UDP-WA (both
stacks of patient folders
were missing three
volumes at the time of the
meeting)
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Fig. 4.6 Schematic of the UDP-WA pathway
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4.2 Case Study 2

The first child seen through UDP-WA child was a 7 year old girl, who prior to
the UDP had experienced a 7 year diagnostic odyssey with nearly 50 hospital
admissions, multiple different specialist clinic appointments and referrals to
international experts and a virtual international expert network. The UDP-WA
cross-disciplinary approach led to a definitive diagnosis of a condition, tricho-
hepatoenteric syndrome, with a prevalence of about one in 1 million people.
Because of the diagnosis the family has been referred into the appropriate
management pathways, which reduces unnecessary and expensive service,
and provides the family and medical system with increased certainty. It also
allowed the family to connect with other families for support and to reduce
isolation.

4.3.4 Summary

The UDP-WA is one of a complementary suite of approaches that is being iterated
as a cohesive part of the clinical diagnostic services in WA to address the need of
those with undiagnosed diseases. To date the UDP-WA has provided diagnoses
for those in metropolitan and regional areas to deliver improved clinical care; is
creating a dynamic platform for in-service genomic and phenomic education that
traverses a diverse range of specialties; is retaining and recapturing clinical expertise,
including from retired clinicians; and is supporting the education of junior medical
staff.

4.4 Research Translation for Population-Wide
Improvements in Care and Public Health

Western Australia has a world-class academic and research sector, which has
resulted in innovations in technology that have improved the efficiency and effec-
tiveness of the health system. As outlined in the RD Framework, it is important that
local expertise is complemented with multi-disciplinary international collaborations
and partnerships as this will enable progress for RD research. A key facet of this
collaborative approach is to support and develop capacity for clinical and transla-
tional research that will ultimately improve healthcare for people living with
RD. The focus of translational research is to progress the transfer of knowledge
beyond “bench-side” research into validated and appropriate technologies that are
incorporated within the health system and public policy practice, to improve care
and population health.
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In recent years, several international collaborations and partnerships have
emerged to build capacity in translation research and thereby facilitate the transla-
tion of knowledge into health benefits for populations. Several of these are dis-
cussed in the next vignette.

4.4.1 VIGNETTE 5: International Partnerships Fostering
World-Class Translational RD Research

In Europe, beginning in 2006, a group of funding agencies established a transna-
tional program E-Rare,” fostering rare diseases research funding. The E-Rare
consortium grew from 6 to 26 funding bodies and expanded beyond European
countries by integrating Canada, Israel and Japan. Together, E-Rare partners
invested more than €80 million across almost 100 transnational research consortia,
significantly advancing rare diseases research through partnerships and collabora-
tions and laying the foundations for establishing a sustainable funding model to
support targeted international rare diseases funding program.

In 2009, the European Commission’s Directorate-General for Research and
Innovation (DG RTD) and the USA National Institutes of Health (NIH) met to
discuss the need for expanded and further integrated efforts to address the global
imperative for governments to collect public health data on rare diseases. This meet-
ing led to conceptualization of the International Rare Diseases Research Consortium
(IRDiRC)? [11]. Formally launched in 2011 to foster international research collabo-
ration and investment in the field, IRDiRC had two aspirational objectives: (i) to
contribute to the development of 200 new therapies, and (ii) to develop the means to
diagnose most rare diseases by the year 2020 [34]. IRDiRC was founded with 25
members and three international patient organizations. It has since expanded glob-
ally to include over 40 members and through this global reach, has the potential to
drive the policy changes that enable the collection of data on patients living with
rare diseases across Europe, North America, Asia, Australia, and the Middle East.’
IRDiRC members and the groups funded by IRDiRC members emphasize the need
for collaboration in rare diseases research, the involvement of patients and their
representatives in all relevant aspects of research, and the importance of sharing of
data and resources. The work of this group is critical for the development of new
rare disease knowledge, which is in turn vital for governments to develop informed,
collaborative and evidence-based policy and for industry to be guided in the devel-
opment of new therapies for rare diseases [9, 10, 66, 67].

"The management of E-Rare programme is financed by the European Commission. In addition, in
2015 under the E-Rare3, the EC contributed for the first time in co-financing of research projects.
E-Rare consortium is a founding IRDiRC member.

$www.irdirc.org
°http://www.irdirc.org/about-us/members/. Accessed 31 August 2016.


http://www.irdirc.org
http://www.irdirc.org/about-us/members
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More broadly from a genomics policy perspective, the IRDiRC partnered with the
Global Alliance for Genomics and Health (GA4GH)!° to develop policy and guide-
lines around consent, data sharing and frameworks for ethical and secure data shar-
ing, as well as promoting standards for nomenclature. Similarly, IRDiRC work is
linked with the Global Genomic Medicine Collaborative (G2MC),'' a USA National
Academies of Sciences, Engineering, and Medicine initiative to capture and dissemi-
nate best practices for genomic medicine (in bioinformatics, education, evidence,
pharmacogenomics and policy) across the global genomic medicine community.

Other partnerships and global initiatives specifically targeting rare diseases that
are linked with the IRDIRC include, but are not limited to, RD-Connect'?;
TREAT-NMD Alliance'*; RARE Bestpractices'4; RD-Action'3; European Reference
Networks (ERN)'®; the USA Office of Rare Diseases Research with its Rare

"GA4GH was formed to help accelerate the potential of genomic medicine to advance human
health. It brings together over 400 leading institutions working in healthcare, research, disease
advocacy, life science, and information technology. The partners in the Global Alliance are work-
ing together to create a common framework of harmonized approaches to enable the responsible,
voluntary, and secure sharing of genomic and clinical data. http://genomicsandhealth.org/.
Accessed 31 August 2016.

""G2MC is an action collaborative among global leaders in the implementation of genomic medi-
cine in clinical care. The primary purpose is to identify opportunities and foster global collabora-
tions for enabling the demonstration of value and the effective use of genomics in medicine.
Engaging multiple stakeholders across the globe, under the auspices of the Roundtable on
Genomics and Precision Health, to improve global health by catalyzing the implementation of
genomic tools and knowledge into health care delivery globally. http://www.nationalacademies.
org/hmd/Activities/Research/GenomicBasedResearch/Innovation-Collaboratives/Global _
Genomic_Medicine_Collaborative.aspx Accessed 31 August 2016.

2RD-Connect is a unique global infrastructure project funded by the EU that links up databases,
registries, biobanks and clinical bioinformatics data used in rare disease research into a central
resource for researchers worldwide. http://rd-connect.eu/. Accessed 31 August 2016.

STREAT-NMD is a EU-funded network for the neuromuscular field that provides an infrastruc-
ture to ensure that the most promising new therapies reach patients as quickly as possible. Since its
launch in January 2007 the network’s focus has been on the development of tools that industry,
clinicians and scientists need to bring novel therapeutic approaches through preclinical develop-
ment and into the clinic, and on establishing best-practice care for neuromuscular patients world-
wide. http://www.treat-nmd.eu/. Accessed 31 August 2016.

“RARE-Bestpractices is a global platform, funded by the EU, to improve the management of
rare disease patients with the primary aim to promote communication on the management of rare
diseases by disseminating peer validated guidelines and tools globally. http://www.rarebestprac-
tices.eu/. Accessed 31 August 2016.

SRD-Action is a European Commission Joint Action to improve knowledge on rare diseases,
disease classification and orphan drugs and to support the development of national and European
policies in the field, RD-ACTION will ensure that there is an integrated, European approach to the
challenges faced by the rare diseases community. http://www.rd-action.eu/. Accessed 31 August
2016.

1"ERN’s for rare diseases are being developed to serve as research and knowledge centres, updat-
ing and contributing to the latest scientific findings, treating patients from other Member States,
and with international partners, to ensure the availability of information and pathways to inform
best care and therapies. http://ec.europa.eu/health/rare_diseases/european_reference_networks/
erf/index_en.htm#fragment0. Accessed 31 August 2016.


http://genomicsandhealth.org
http://www.nationalacademies.org/hmd/Activities/Research/GenomicBasedResearch/Innovation-Collaboratives/Global_Genomic_Medicine_Collaborative.aspx
http://www.nationalacademies.org/hmd/Activities/Research/GenomicBasedResearch/Innovation-Collaboratives/Global_Genomic_Medicine_Collaborative.aspx
http://www.nationalacademies.org/hmd/Activities/Research/GenomicBasedResearch/Innovation-Collaboratives/Global_Genomic_Medicine_Collaborative.aspx
http://rd-connect.eu
http://www.treat-nmd.eu
http://www.rarebestpractices.eu
http://www.rarebestpractices.eu
http://www.rd-action.eu
http://ec.europa.eu/health/rare_diseases/european_reference_networks/erf/index_en.htm#fragment0
http://ec.europa.eu/health/rare_diseases/european_reference_networks/erf/index_en.htm#fragment0
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Diseases Clinical Research Network (RDCRN)!7 and the Undiagnosed Diseases
Network-International (UDN-I)!® [99].

Through the efforts of IRDiRC members, and other concerted efforts, there have
been marked improvements in disease classification and coding [12, 14, 82, 83, 86]
with a growing acceptance of standard nomenclature and development of policies
for ethical and secure privacy- preserving data sharing for rare and genetic diseases
[51, 74, 75, 76]. This is being complemented by significant developments in
genomics knowledge and technologies, which are driving faster and more accurate
diagnoses [18, 19, 23, 48, 99] and the development of personalized treatments,
labelled as ‘precision medicine’ [52, 72, 110]. While the benefits to individuals of
such targeted approaches are clear, the same knowledge and technologies are also
providing opportunities to better understand and assess the impact of disease at a
population level. In line with this, the emerging precision public health paradigm is
leading to the development of policies and programs targeted to at-risk groups, in
order to improve the overall health of the population'® [66]. The use of genomics in
such public health approaches is a key to driving improvements in healthcare
delivery for people living with rare diseases.

The integral component of international partnerships for research is patients and
families living with rare diseases. They are the single most transformative aspect of
the RD sector, in areas that include but are not limited to: research and clinical net-
works; the new approaches to therapies and clinical trials; the gene and disease
pathway discoveries unlocking new knowledge; the sharing of data and creation of
matchmaking platforms; and through to the translation of this new knowledge for
the benefit of all by translation into the public health setting.

In partnerships around the globe, patients and patient organizations have joined
with governments, industry, clinical academia and philanthropic organizations to
speak with one voice. People living with a RD, and their families, seek a diagnosis
which will enable the doctors and other professionals to provide the best care in
their setting which in turn will improve their journey. To achieve these outcomes,
and the equitable care all citizens expect of their health system, RD patients under-

""RDCRN is designed to advance medical research on rare diseases by providing support for clini-
cal studies and facilitating collaboration, study enrolment and data sharing. Through the RDCRN
consortia, physician scientists and their multidisciplinary teams work together with patient advo-
cacy groups to study more than 200 rare diseases at sites across the USA. http://www.ncats.nih.
gov/rdern. Accessed 31 August 2016.

'8Tn 2008, the National Institutes of Health’s (NITH) Undiagnosed Disease Program (UDP) was
initiated to provide diagnoses for individuals who had long sought one without success. Following
three international meetings (Rome, Budapest and Austria), the Undiagnosed Diseases Network
International (UDNI) was established, modelled in part after the NIH UDP. Undiagnosed diseases
are a global health issue, calling for an international scientific and healthcare effort. To meet this
demand, the UDNI has built a consensus framework of principles, best practices and governance.
The UDNI involves centers with internationally recognized expertise, and its scientific resources
and know-how to fill the knowledge gaps that impede diagnosis. Consequently, the UDNI fosters
the translation of research into medical practice. Active patient involvement is critical.

Yhttps://cvp.ucsf.edu/PPHS-Summit-Report-For-Posting.pdf; and http://journal.frontiersin.org/
researchtopic/4526/precision-public-health
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take to willingly lay open their lives and the lives of their loved ones. This, in and of
itself, might seem to be a higher price to pay than others in the community with a
smaller health burden are expected to pay. However, the reality is that the RD com-
munity has increasingly become self-organized through patient organizations, many
of which are international and a number of newer organizations are truly global and
provide voice to more than 300 million people living with RD.?

In this Chapter, the authors are not able to do justice to the phenomenal drive and
patient empowerment derived from the national and international patient organiza-
tions and networks. However, the two recent global developments below serve as a
testament to the escalation in the international networks of patient organizations and
also to the many decades of accumulated and expanding influence of RD patients
and their families in driving change.

(i) Rare Diseases International (RDI)*' is a EURORDIS-led initiative, in partner-
ship with the National Organization for Rare Disorders (US), the Canadian
Organization for Rare Disorders, the Japanese Patient Association, the Chinese
Organization for Rare Disorders, the Indian Organization for Rare Diseases, the
Ibero-American Alliance for Rare Diseases (ALIBER), the French Alliance for
Rare Diseases (Alliance Maladies Rares), the International Patient Organization
for Primary Immunodeficiencies (IPOPI), Rare Voices Australia, Dystrophic
Epidermolysis Bullosa Research Association International (DEBRA
International), among other groups. RDI brings together national and regional
rare disease patient organizations from around the world as well as international
rare disease-specific federations to create the global alliance of rare disease
patients and families. RDI’s mission statement is to be a strong common voice
on behalf of the people living with a rare disease around the world, to advocate
for rare diseases as an international public health priority, and to represent/
enhance the capacities of its members.

(ii) Rare Diseases International®* will represent the global rare disease patient com-
munity through a Board presentation to the newly formed NGO Committee for
Rare Diseases,? established under the umbrella of the Conference of NGOs
with Consultative Status to the United Nations Economic and Social Council
(CoNGO).

The purpose of the NGO Committee for Rare Diseases will be to serve as an
advocacy platform that unites a diversity of constituents around the issue of rare

2Ohttp://icord.se/wp-content/uploads/2016/10/Helen-Clark-UNDP-Administrator-to-ICORD-
Cape-Town-Oct-2016.pdf?bcsi_scan_c221d61a0ead4ff4c=4DVH7IWrWvIIYuVp5dgOBmGuzA
QmAAAAuiRi8A==&bcsi_scan_filename=Helen-Clark-UNDP-Administrator-to-ICORD-Cape-
Town-Oct-2016.pdf
2Ihttp://www.eurordis.org/sites/default/files/press-release-ICORD-RDI-Collaboration-Final.pdf
2http://www.rarediseasesinternational.org/actions/ngo-committee-for-rare-diseases/

#The creation of the NGO Committee for Rare Diseases was approved by a vote of CONGO mem-
ber organisations in April 2014. Its inception meeting as a Substantive NGO Committee within
CoNGO took place in October 2015 in New York. The formal inauguration of the Committee is
currently scheduled for early November 2016 at the United Nations headquarters in New York.
Accessed October 2016 http://www.ngocommitteerarediseases.org/about-us/
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http://www.eurordis.org/sites/default/files/press-release-ICORD-RDI-Collaboration-Final.pdf
http://www.rarediseasesinternational.org/actions/ngo-committee-for-rare-diseases
http://www.ngocommitteerarediseases.org/about-us
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diseases. This further enables the RD community to be more closely connected
and encourages collaboration with each other, including: the international NGO
community, major UN agencies, national governments, the academic and sci-
entific world as well as the private sector.

The NGO Committee for Rare Diseases shall endeavour to improve the vis-
ibility and understanding of rare diseases within the United Nations system and
at the global level, but also to help extend the current body of knowledge about
the spread and impact of rare diseases across the world. It will also help to open
up new avenues for cooperation with international NGOs in other fields with
which connections with rare diseases can be identified — e.g. disability, chil-
dren’s rights, to name but a few.

In a separate recent statements, Helen Clark, Administrator of the United Nations
Development Programme and Chair of the United Nations Development Group*
has highlighted the importance of empowered lives in building resilient nations®
and further reinforcing this message in relation to RD stating that “No country can
claim to have achieved universal healthcare if has not adequately and equitably met
the needs of those with rare diseases” .

Within her powerful statement were the observations that: rare diseases are an
important part of the development agenda and the sustainable development goals;
greater investments are required from governments to address the absence of ade-
quate market incentives for unmet health needs such as rare diseases; and sustain-
able development requires whole of government and society responses®.

These statements recognised and specifically identified that the RD sector was a
multi-stakeholder community that offers a model of the collaboration that is needed
to achieve important health-related targets in the UN Sustainable Development
Goals.

4.5 What Next...... Development, and Sharing of Population
Wide Infrastructure and Resources

Despite the growing incorporation of genomics into public health and clinical
practice, for most of those people living with a rare disease, too much remains
unchanged today. There is still a great deal that needs to occur to further improve
our understating of the impact of rare diseases and to develop cohesive national

24 United Nations Development Group, a committee consisting of the heads of all UN funds, pro-
grammes and departments working on development issues United Nations Development
Programme.

Z http://www.undp.org/content/undp/en/home/presscenter/speeches/2013/01/31/helen-clark-
empowered-lives-resilient-nations-why-health-matters-to-human-development-.html

2 http://icord.se/wp-content/uploads/2016/10/Helen-Clark-UNDP-Administrator-to-ICORD-
Cape-Town-Oct-2016.pdf?besi_scan_c221d61a0ea4ff4c=4DVH79WrWvIIYuVp5dgOBmGuzA
QmAAAAuiRi8A==&bcsi_scan_filename=Helen-Clark-UNDP-Administrator-to-ICORD-Cape-
Town-Oct-2016.pdf
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policies to support translation of the new knowledge into public health strategies.
More explicitly, there are still too many families for whom a diagnosis has yet to be
provided [3, 19, 93], so they can access evidence-driven best care, a core pillar of
our health systems. There remains a data deficiency, and consequently a knowledge
gap, in terms of disease classification; disease coding; international adoption and
integration of phenotyping standards and standard ontologies. As a consequence,
there is also a paucity of evidence and public health data on the impact of rare dis-
eases on the health system, and the true impact on the families living with the condi-
tions and the wider community. Moreover, while the efforts of the IRDiRC are a
first step [9, 10], there is still not a shared global agenda, from government and
funding agencies, designed to maximize the impact and benefits that may be derived
from the limited funds available for rare disease research. A number of emerging
technologies and approaches are providing opportunities to address some of these
deficits.

4.5.1 Data Acquisition, Storage and Linking Tools

The availability of low-cost MPS has revolutionized the discovery pipeline for
determining the aetiology of genetic disorders leading to new avenues for diagnos-
tics and treatments [38]. The next translation horizon for the clinician, and for
informing RD public health policy, is for secure clinical (phenotypic) and genomic
data storage and tools that enable the smoother linking of diagnostic genomic
pathology services to families and clinicians [70, 71]. These developments will fur-
ther democratize the public health benefits arising from the new genomics knowl-
edge and are becoming increasingly enabled by advances across data science fields.

Capturing structured phenotype-disorder knowledge is critical for maximizing
the understanding of RD. Achieving this in the context of the real-time clinical data
acquisition is essential to enable clinical and research breakthroughs in disease
identification.

One of the main challenges and first steps towards a confirmed molecular diag-
nosis is for the medical scientists to interpret and prioritize candidates from the
millions of variants in the patient genome. In particular, amongst the 55,000 vari-
ants in protein coding regions, and approximately 250,000 variants affecting the
estimated 5% of the genome that represent promoters and enhancers [89].

There are varied paths to achieving a diagnosis and sometimes this occurs with
little phenotypic information being conveyed to the laboratory, even if sometimes
extensive phenotyping has been performed prior to selection of a patient for molecu-
lar analysis. However, phenotype has been the clinical mainstay to determine the
underlying genetic aetiology of RD in patients, and now in the genomics era to
substantially reduce the search-space for genomic variation [55, 58]. Paradoxically,
phenotype acquisition and phenotype driven analyses also represent the major
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limitation to accurate and rapid diagnosis. More specifically, the incomplete linking
of detailed phenotypic terms to genomic variants presents a limitation in providing
clinical confidence around variant calls. The subtext to these limitations is the need
to adopt standardized phenotypic nomenclature, and disease classification terms and
coding, to facilitate genotype—phenotype reference data bases and privacy-pre-
serving data sharing.

4.5.2 Objective Phenotyping

Phenotyping is a key component of precision medicine initiatives for improved rare
diseases diagnosis and care. 3D facial analysis (3DFA) is one domain enabler [17].
The RD community has collectively nominated key issues to be addressed to
improve the lives of people with rare diseases [80]. These include timely and accu-
rate diagnosis and improved therapeutic options. The latter requires objective means
to monitor existing and novel therapies Amongst promising approaches to this is
3DFA. Following proof of principle studies, deeply precise 3DFA is being increas-
ingly implemented in the RD domain, currently through expert clinical feedback
cycles [18, 19, 20, 22, 56].

3DFA is non-invasive, non-irradiating and provides a precise objective tool for
clinical evaluation across a broad range of, typically rare, conditions with well-
established facial dysmorphic patterns [21]. Additionally, it provides insights into
undetected or under-appreciated facial diagnostic signatures [56]. Hundreds of dis-
orders that are collectively and variably described as ‘dysmorphic syndromes’ or
‘developmental disorders’ have characteristic facial features.”” Furthermore, a sig-
nificant proportion of congenital anomalies, also referred to as birth defects, and
which collectively affect 5-6% of the population, are associated with facial dysmor-
phology. Many congenital anomalies are associated with rare diseases [100]. This
occurs either through the presence of congenital anomalies in known syndromes
with well documented facial dysmorphology (e.g., cardiac anomalies in Noonan
syndrome), or as is evident in the recurrent co-coding of individual congenital
anomalies and facial dysmorphism in individuals [108].

The RD Framework has enabled 3DFA to be implemented within the RUDDS
[19] and the UDP-WA. 3DFA is also is aligned to state-wide rare diseases policy
[33, 36, 81] and is being used as part of engagement programs aimed at improving
models of genetic health care provision for Aboriginal Australians.?®

2"Possum [Internet]. 2016 [cited 5th August 2016]. Available from: www.possumcore.com

Bhttps://www.royhill.com.au/wp-content/uploads/2016/08/World-First-New-WA-Initiative-to-
Improve-Health-Outcomes-for-Aboriginal-Children-1.pdf
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4.5.3 Disease Classification, Coding and RD Ontologies

The analysis of phenotypic abnormalities provides a translational bridge from
genome-scale biology to a patient-centered view on human disease pathogenesis.
Computer standardized descriptions of the human phenotype, such as Human
Phenotype Ontology (HPO) [25, 55, 68, 90, 91, 92], have become a key element in
a number of algorithms being used to support genomic diagnostics. Further devel-
opment and integration of the HPO into clinical data sets is critical to advancing
diagnostics.

Human Phenotype Ontology

HPO is a structured, comprehensive and well-defined set of 116,000 pheno-
typic annotations for over 7000 rare diseases that describe the abnormalities
seen in human disease. In addition, the HPO project provides a collection of
disease-phenotype annotations, i.e., computational assertions that a disease is
associated with a given phenotypic abnormality. For instance, the disease
Marfan syndrome [MIM:154700] is annotated to the HPO terms
Arachnodactyly [HP:0001166], Ectopia lentis [HP:0001083], and 46 other
HPO terms. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4572507/

Genetic and rare diseases are significantly under-represented in healthcare
coding systems [15] contributing to a lack of ascertainment and recognition of their
importance for healthcare planning and resource allocation. System inadequacies
in coding of RD results in a poor understanding of RD epidemiology and natural
history; which in turn prevents clinical research and knowledge translation from
occurring in the public health setting.

The uncertainty around the number of rare diseases, with estimates from 5000 to
more than 8000 partly reflects that underlying lack of broad adoption of granular
classification and coding for rare diseases.

Systematic efforts to establish an inventory of rare disorders began in 1966 with
the Mendelian Inheritance in Man (OMIM) which documents genetic defects based
on knowledge of genetic phenotypes as a proxy for genes, and then on human genes
when identified [4]. Orphanet, an initiative of the French National Institute of Health
and Medical Research (INSERM) and the French Ministry of Health [86], was
established in 1997 to create a systematic rare disease database and knowledge base
for all rare diseases. Furthermore, The Orphanet Rare Disease Ontology (ORDO),
developed by Orphanet and the European Bioinformatics Institute, integrates differ-
ent information technology resources to provide a common framework for compu-
tational analysis of rare diseases; it thereby presents a structured vocabulary for rare
diseases, capturing relationships among diseases, genes and other relevant features


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4572507/
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[107]. In 2015 Orphanet was elevated, under a European Commission Joint Action,?
as a knowledge base for rare diseases across the European Union [83]. The value of
the Orphanet knowledge platform was further realized by the World Health
Organization decision to use of the Orphanet classification and coding to update
ICD-10 and design ICD-11 [12]. These classifications and disease codes need to be
embedded in knowledge management platforms that support curation and that
enable combination with other data types, e.g., genomic data, to unlock knowledge
for discovery and clinical utility.

4.5.4 Knowledge Management Platforms

The curation of disease-phenotype annotations has been, to date, performed manu-
ally [86]. There is a critical unmet need to develop automated methods of curating
and managing the increasingly complex and expanding RD databases, and linking
the literature and Electronic Health Records (EHRs) to conceptual systems like
HPO. Automated systems would help to coalesce the vast amount of information
contained in scientific publications on the association of mutations to phenotypes,
and from millions of existing patient records to enable health system and service
planners to observe and record the temporal manifestations of clinical disorders.
Moreover, it would advance the ability to classify and code most rare diseases, and
better inform precision public health policy development. More recent, and ongoing,
developments include the introduction of a new knowledge management platform
to support data curation.® These developments are also in concert with the
International Consortium of Human Phenotype Terminologies establishing standard
terms to enable interoperability between phenotype and genotype databases, critical
for interpretation of genomic variants in rare diseases [13].

Patient Archive®' and PhenoTips* [50] are two examples of phenotype-centric
genomic knowledge platforms developed to support rare disease diagnosis and care.
Developed independently, but with a mutual commitment to ensure interoperability
and knowledge sharing, both Patient Archive and PhenoTips have developed unique
features and data visualization that share the common underlying phenotypic
standards.

One feature of Patient Archive that is proving useful in the clinical setting is its
natural language enabled concept recognition tool. The concept recognition tool
uses intelligent natural language text processing techniques that translate pheno-
typic nomenclature from unstructured patient case notes, reports and other text into
ontological entities and represents it in standardized HPO terms [54]. Furthermore,

2 www.rd-action.eu

3http://rd-connect.eu/platform/registries/orphanet-knowledge-base/

3T http://www.garvan.org.au/research/kinghorn-centre-for-clinical-genomics/clinical-genomics/
about-kccg/teams/phenomics-team#Patient_Archive

https://phenotips.org/
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Patient Archive uses the HPO captured phenotypes to provide the connection points
for integrating cross-species phenotype knowledge bases such as those being
assembled under the Monarch Initiative [67].

Patient Archive tools are being further underpinned by rare disorders knowledge
sources, such as Orphanet and the Orphanet Rare Diseases Ontology (ORDO),
which has utility in helping to guide the clinical interpretation of whole genome
sequencing.

Both Patient Archive and PhenoTips are being embedded for clinical implemen-
tation in research and clinical settings internationally. In Australia, Patient Archive
is being installed in the WA Health system as well as a number of premier rare dis-
ease research sites across Australia. It is our goal to embed this system into system-
atic data collections and clinical environments to further support rare disease
diagnosis and care.

In the Asian Pacific region, the Japanese Agency for Medical Research and
Development (AMED), a newly launched funding agency for medical R&D?* has
established the Initiative on Rare and Undiagnosed Diseases (IRUD) [2]. Since
IRUD launched in 2015, the program has successfully grown to a nation-wide reg-
istry of over 1500 undiagnosed patients with 7 families of “N-of-2” case matching
and greater than 500 families of “N-of-1” in a collaborative network of more than
170 hospitals across Japan (AMED personal communication, 28 October 2016).
The IRUD Registry, IRUD Exchange, is a bespoke modification for AMED of the
Patient Archive platform.

Relatedly, these platforms are being implemented in diverse nodes of the
Undiagnosed Diseases Network International (UDNI), which currently includes
premier research and clinical institutions across four continents with funding from
multiple jurisdictional institutes of health. More recently, Patient Archive has
enabled the informatics platform in the clinical accreditation process of the Genome
One,* and the Garvan Institute for Medical Research a premier clinical diagnostic
centre in Australia. Patient Archive is supporting electronic capture of phenotypic
data that is interfaced with existing clinical processes and with evolving electronic
health records. AMED are currently using the phenotype enabled IRUD Exchange
platform, with the suite of enabling tools for sharing data and the MatchMaker
Exchange API, to improve their genetic diagnosis of rare diseases. Furthermore they
aim to collect and integrate over 40 years of retrospective clinical data on rare dis-
eases that have been accumulated by Ministry of Health Labor and Welfare of Japan.

30n January 11, 2016 JST (January 11 EST), the Japan Agency for Medical Research and
Development (AMED) signed a Memorandum of Cooperation with the National Institutes of
Health (NIH) in Washington D.C. The agreement covers cooperative research projects, joint semi-
nars, symposia and other scientific meetings, and the exchange of personnel and researchers.
AMED expects the agreement to lead to collaboration in areas such as research into rare and undi-
agnosed diseases. AMED established three overseas offices in FY 2016 in the United States
(Washington D.C.), United Kingdom (London), and Singapore.

3 https://www.genome.one/; also  see  http://www.garvan.org.au/news/news/
new-era-in-genetic-disease-diagnosis-with-australia2019s-first-whole-genome-testing-service-to-
be-launched-today
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The inbuilt interoperability of the IRUD Exchange platform with the Patient
Archive, MatchMaker Exchange, PhenomeCentral via PhenoTips and the UDNI
will enable increased analytical power to help solve intractable diseases.

Integrating phenotypic data using HPO terms with genomics data on an indi-
vidual patient level and exchanging such data in a safe, ethical and efficient privacy-
preserving way is increasingly important [57, 74, 75], and the European Commission
has established the RD-Connect platform within the 7th framework programme
aligned to the IRDiRC framework and including strong international contributions,
spearheaded by Western Australia [51, 101]. RD-Connect allows privacy-preserv-
ing data linkage according to the FAIR principles (Findable, Accessible,
Interoperable, Reusable) extending to Rare Disease biomaterials (via biobanks) and
patient data (via registries), with the potential to integrate other —omics (transcrip-
tomics, proteomics, metabolomics) [101]. While genomics data in combination
with deep phenotypes are usually sufficient for diagnosis or gene identification, the
other —omics will be required to understand the full spectrum of severity (modifier
genes), explain variability and progression (biomarker) and support the develop-
ment of treatments.

The majority of patients with rare disease lack a molecularly confirmed diagno-
sis after exome and genome sequencing. Finding one or more additional case(s)
with a deleterious variant in the same gene and overlapping phenotype may provide
sufficient evidence to identify the causative gene, however this data is frequently
siloed. The ‘Matchmaker Exchange’ project is addressing this challenge and it
involves an expanding collaboration towards a federated platform (Exchange) to
facilitate the matching of cases with similar phenotypic and genotypic profiles
(matchmaking) through standardized application programming interfaces (APIs)
and procedural conventions [84]. Both PhenoTips, via PhenomeCentral [30], and
Patient Archive, directly, enable this through their ability to support the integration
of phenotypic and genomic data that is federated with Matchmaker Exchange [84].

4.5.5 The Population Basis for Reference and Representative
Data to Achieve a Diagnosis

Genomic and phenomic innovation when aligned to patient need, and enabled by
policy frameworks, are improving the lives of people with rare diseases. The global
community must implement these advances equitably to reduce existing and poten-
tial health disparities, including between non-Indigenous and Indigenous peoples,
such as Aboriginal Australians [16, 73, 96, 98]. Since clinical genomics is still in the
early stages of translating the new knowledge generated across genetic and rare
diseases through precision medicine initiatives [102] and precision public health
frameworks [6, 7] we have a unique opportunity, and indeed an imperative, to
embark on this journey in partnership with Indigenous people. This journey requires
the generation of appropriate genomic reference ranges, and improved models of
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culturally safe and appropriate genomic health care delivered through community
engagement. Examples of the beginning of this journey and its implementation in
clinical service are described in Chapter XX. The establishment of large variome
databases that have sufficient representation of diverse ethnicities is critical to the
proper interpretation of variant significance. Recent examples include that numer-
ous mutations that had been reported among Arabs could be challenged, and gener-
ally revised down from ‘pathogenic’, using an Arab-specific variome database
rather than commonly used databases, which currently have poor representation of
people of Middle Eastern ancestry [1].

4.6 Conclusion

Herein we have described how initiatives and government decisions in other coun-
tries informed the Western Australian Department of Health in developing the WA
Rare Diseases Strategic Framework 2015-2018. We outline how this policy initia-
tive is an example of a precision public health framework, aligned with the need to
translate new and emerging technologies into more precise diagnostic and treatment
approaches to achieve improved health outcomes for the population of people living
with RD.

Five vignettes written in a narrative style have demonstrated how application of
the precision public health paradigm, and the resulting policies, are providing an
overarching framework for sustainable translation (transformation) within the pub-
lic health system and ensuring equitable access to clinical best practice. Importantly
this Chapter relays that such transformation is already upon us, and precision public
health frameworks need to reflect this. New knowledge and technologies are already
being translated into public health systems, enabling improved diagnostic and treat-
ment approaches. This has been, and continues to be, driven by the experiences and
unmet needs of people living with RD, in particular regarding the need for early,
accurate diagnosis, which is the bedrock of good clinical practice. It is important to
remember that the needs of people living with RD and their families should under-
pin the implementation of technologies into public health systems, not the technol-
ogy per se.

While the RD Framework policy initiatives are implemented locally, they are
informed by collaborations nationally, internationally and globally. In particular,
multi-disciplinary international collaborations and partnerships have enabled and
been catalysis for significant progress in RD clinical and translational research. A
key facet of the success of collaborative networks is the patient organisations and
their networks working with medical researchers, clinicians, government policy
makers and industry to identify needs and seek solutions in understanding, manag-
ing and treating rare diseases. This approach has been fundamental in providing the
support and in developing capacity for clinical and translational research that will
ultimately improve healthcare for people living with RD.
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Chapter 5

Natural History, Trial Readiness and Gene
Discovery: Advances in Patient Registries
for Neuromuscular Disease

Rachel Thompson, Agata Robertson, and Hanns Lochmiiller

Abstract Inherited neuromuscular diseases (NMDs) are genetic disorders that
affect the skeletal muscles or the nerves controlling muscle function. With a new
generation of diagnostic options and recent advances in translational research
improving the opportunities for therapy development for these rare conditions,
capturing patient information in databases collecting a range of clinical and genetic
data together with contact details has assumed an increasingly important role in
trial planning and recruitment as well as natural history data collection. Here we
provide an overview of a decade of patient registration activities in the NMD field,
with a particular focus on patient registries set up with trial readiness in mind. A
summary is provided of databases collecting precise genetic information focused
on confirming the causative mutation and their evolution into registries that com-
bine genetic data with additional clinical information useful for trial feasibility
and recruitment. Use of these systems for a range of purposes beyond trial recruit-
ment, including natural history assessment, care standards monitoring, genotype-
phenotype correlation and disease burden evaluation is also described within the
context of research networks (TREAT-NMD) and European Reference Networks
(ERN-EURO-NMD). New initiatives including registries using controlled vocabu-
laries for computational accessibility that focus on phenotypic data capture for
gene discovery are analysed, and examples of the lessons learned at every stage are
provided in order to allow new patient registration initiatives to benefit from the
extensive experience gained.
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5.1 Introduction

The neuromuscular field provides a comprehensive case study for exploration of the
evolving concept of the rare disease patient registry. Neuromuscular diseases are a
broad group of rare genetic disorders that are characterised by impaired function of
the skeletal muscles as a result of defects either in the muscles themselves or the
nerves that control them. Although individually rare, there are now almost 800
NMDs associated with over 400 genes [28], and the disorders collectively affect
37 in 10,000 of the population [42]. While most NMDs share the common feature
of muscle weakness, there is such a wide variation in other phenotypic features, age
of onset, rate of progression and severity that a detailed clinical workup has long
been the mainstay of diagnosis and management. Much of this clinical and pheno-
typic data has typically remained within the treating clinician’s centre, but formal
capture of disease-related features in national or international systems has been
essential to understand these conditions in detail and has expanded over the years
and evolved through several stages.

Since the elucidation of the genetic cause of the first NMDs, gene-specific muta-
tion databases have been established to record the range of variation in many of the
more common genes associated with the neuromuscular phenotype [3, 21]. With the
advent of potential therapies for some NMDs, recognition that the natural history or
course of progression of the disease is crucial as a baseline measurement against
which treatments could be assessed led to the establishment of standardised out-
come measures for a range of functional characteristics and their capture in natural
history databases [39, 46]. The development of highly mutation-specific therapies
such as antisense-mediated exon skipping resulted in an understanding of the need
to capture the causative mutation alongside the clinical data and to retain the link
back to the patient to allow trial recruitment [4]. Most recently, the rapid expansion
of new sequencing approaches allowing the entire genome or the entirety of the
protein-coding region of the genome (the exome) to be analysed has revealed the
true extent of inter-individual genetic variation and resulted in a new breed of patient
registry focused on gene discovery through standardised and computer-accessible
phenotypic data collection that facilitates contextualisation of the genomic data
[56]. Valuable lessons have been learned at each stage of evolution of neuromuscu-
lar registries and future developments will need to take advantage of the best prac-
tice developed for each purpose while continuing to evolve to reflect the advances
in the field.
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5.2 Locus-Specific Databases: Foundations for Reliable
Diagnosis

After the completion of the human genome project in 2001, the need for systems
that enabled carefully curated reporting of genetic data to assess the range of
sequence variation within specific genes and its connection with disease became
more pressing. Locus-specific databases (LSDBs) such as the Leiden Open Variation
Database (LOVD) [21] and Universal Mutation Database (UMD) [3] systems were
developed to meet this need, and neuromuscular disease gene databases such as the
Leiden Muscular Dystrophy Databases were pioneering examples of disease-
focused locus-specific systems that continue to be used by diagnostic labs to this
day to establish whether a particular variant has previously been reported as caus-
ative of the disease phenotype. On the arrival of mutation-specific therapies for
some NMDs such as antisense-mediated exon skipping for Duchenne muscular dys-
trophy [63], LSDBs also proved valuable for predicting the proportion of patients
amenable to skipping of each exon in the DMD gene, enabling pharmaceutical com-
panies to focus development on the compounds that would treat the largest number
of individuals [2]. However, since the overall number of patients in whom a particu-
lar variant is seen is dependent on reporting by diagnostic labs back into such sys-
tems, which is not universal, establishing reliable prevalence estimates is challenging
with this approach. In addition, phenotypic data collection in LSDBs is typically
minimal, so opportunities for genotype-phenotype correlation are limited, and there
is no link back to the patient for recruitment into clinical trials. Translational
research projects such as TREAT-NMD therefore advocated a combination of the
locus-specific approach to collecting precise genetic details with the collection of
additional data useful for trial recruitment.

5.3 Registries for Trial Readiness: The TREAT-NMD
Experience

TREAT-NMD [62] is a global neuromuscular network that aims to facilitate transla-
tional research in NMDs [27]. Initially funded in 2007 as a ‘network of excellence’
under the European Union’s Sixth Framework Programme, TREAT-NMD was
launched at a time where genetic therapies for neuromuscular diseases were just
starting to move into human trials. The network thus recognised the need for [51]
and importance of [11] patient registries as a means to recruit potentially eligible
participants for clinical trials. The gene-specific registries developed under the aus-
pices of TREAT-NMD have become a key mechanism for the collection of genetic
and clinical information securely linked back to the individual in a manner that not
only facilitates clinical trial recruitment and trial feasibility planning but also pro-
vides a valuable resource for epidemiology studies, genotype—phenotype correla-
tion, and natural history and care standards evaluation. Within its broader remit of
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readying the NMD field for clinical trials, TREAT-NMD also further developed a
range of other resources, including standards for animal model assessment [68],
international sharing of biosamples through the EuroBioBank network [40], and a
network of clinical sites with specialist expertise in NMD care and research [47].

Owing to the state of therapy development at the time, the TREAT-NMD patient
registry initiative initially focused on Duchenne muscular dystrophy (DMD) and
spinal muscular atrophy (SMA); however, from the outset it was intended that the
model could be replicated and applied to other inherited muscle disorders. Prior to
the establishment of TREAT-NMD, independent registries for DMD containing a
total of around 2500 registered patients already existed in the Czech Republic,
France, UK and USA [4]. However, an analysis of the data elements collected
revealed that not all registries collected data suitable for trial planning, and a com-
parison of the differences in data elements between registries revealed that that
cross-registry comparisons would be virtually impossible. Bringing together the
registry owners to harmonise and agree datasets enabled consensus to be reached on
the priorities for the field and the data items most useful to be captured internation-
ally and proved a strong catalyst for global patient registration — from the four pre-
existing databases in 2007, there are now 65 national DMD registries at various
stages of maturity and development. A conservative estimate of the total number of
individuals registered in these databases based on an internal TREAT-NMD survey
in 2015 is that there are substantially more than 15,000 patients with DMD across
all affiliated registries (personal communication).

5.3.1 Flexible Models and Data Federation

Working with pre-existing registries meant that the TREAT-NMD model needed to
be designed for flexibility. The federated system in which national registries exist
independently and contribute to a central hub allows registries to retain ownership
of their own data, while still enabling aggregation of data on an as-needed basis to
answer cross-resource questions. This also allows flexibility in the data collection
method to take account of national and cultural differences. In some countries,
patient organisations have taken the initiative to establish registries for NMDs [25,
49, 65], while in others they are set up within the healthcare system or academia [7,
31]. Data may be reported by the patients themselves, by healthcare professionals,
or by a combination of the two. Depending on the prevalence of the condition, a
national or international setup may be most appropriate. For the more common
neuromuscular conditions such as DMD, SMA, myotonic dystrophy type 1 (DM1)
and facioscapulohumeral muscular dystrophy (FSHD), national registries have been
established [20], and these have the advantage of in-country support and local con-
tacts, which helps to increase uptake. For the rarer conditions such as congenital
muscular dystrophies [54] and limb-girdle muscular dystrophies [58], individual
national registries may not be justifiable because the number of patients in each
country is so low, perhaps numbering in the single figures for each genetically
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Table 5.1 Disease-specific registries by type

Abbreviated | Type of

Disease name name registry More info

Congenital muscular CMD International www.treat-nmd.eu/resources/

dystrophies patient-registries/list/cmd/

Congenital myasthenic CMS International www.treat-nmd.eu/resources/

syndromes (under patient-registries/list/cms/

construction)

Charcot Marie Tooth CMT International www.treat-nmd.eu/resources/

Disease patient-registries/list/cmt/

Duchenne/Becker DMD/BMD | National www.treat-nmd.eu/resources/

muscular dystrophy patient-registries/list/dmd-bmd/

Facioscapulohumeral FSHD National www.treat-nmd.eu/resources/

muscular dystrophy patient-registries/list/fshd/

GNE myopathy HIBM/GNE | International www.treat-nmd.eu/resources/

(hereditary inclusion Myopathy patient-registries/list/gne-hibm/

body myopathy)

Limb girdle muscular LGMD International www.treat-nmd.eu/resources/

dystrophy type 2A, 2B, patient-registries/list/lgmd/

21

Myotonic dystrophy DM National www.treat-nmd.eu/resources/
patient-registries/list/dm/

Myotubular and MTM and International www.treat-nmd.eu/resources/

centronuclear myopathy | CNM patient-registries/list/mtm-cnm/

Spinal muscular atrophy | SMA National www.treat-nmd.eu/resources/
patient-registries/list/sma/

distinct disease entity. In such cases a single global registry may be established.
International registries face additional challenges that national registries do not,
such as the need to cater for different languages and legal jurisdictions, and the
potential lack of local contact points to engage patients, answer queries and promote
registration. Successful models for such international systems do exist, and have
dealt with these challenges by making the registry interface accessible in multiple
languages and by working closely with clinicians and patient organisations in each
country in order to ensure awareness of the registry and provide support for uptake.
Table 5.1 provides an overview of the various national and international registries
working with TREAT-NMD.

5.3.2 Common Datasets Focused on Trial Planning, Feasibility
and Recruitment

At the time the TREAT-NMD registry initiative began, it was evident that lack of
knowledge of where patient populations eligible for trials were located was a major
bottleneck in the clinical trials process, resulting in individual trials taking several
years to meet recruitment goals [29]. The DMD registries brought together through
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the TREAT-NMD initiative therefore agreed that their primary focus would be the
facilitation of planning, feasibility studies and recruitment for clinical trials, and the
data items they collect were harmonised to reflect this goal. The common dataset
was agreed internationally and comprises a list of mandatory and highly encouraged
items that all registries affiliated with TREAT-NMD agree to collect [4]. Both man-
datory and highly encouraged datasets are stored nationally and subsequently
aggregated globally in anonymised form through the global DMD registry, while
each national registry remains free to collect any additional data desired for its own
purposes. The genetic and clinical data collected by the registries through the man-
datory and highly encouraged items act as a first-pass filter of inclusion criteria for
clinical trials, providing companies running trials with an accurate source of patient
numbers by region and thus enabling them to assess trial feasibility and calculate
the number of sites they might need to open to meet recruitment targets. Capturing
contact details and consenting patients for recontact then allows potentially eligible
patients to be informed about trials for which they may be eligible through the reg-
istry as a trusted intermediary, facilitating recruitment while ensuring that compa-
nies never receive patient contact details directly. The model has proved highly
successful: since 2008 the global DMD registry has facilitated 20 feasibility enqui-
ries and four recruitment enquiries from pharmaceutical companies and academic
groups running clinical trials (see Table 5.2) and the model has been reused for
several other neuromuscular conditions (see Case Study 5.1). The enquiries operate
on a fee-for-service or partial cost-recovery basis, with academic enquiries being
free of charge and commercial enquiries incurring a small fee which is used for run-
ning costs and funding training and meetings for registry curators.

5.3.3 Data Quality and Fitness for Purpose

The TREAT-NMD system allows data entry through a wide range of mechanisms,
including patient self-report. At the time the initiative was launched, there was some
concern among academics over whether patient-entered data would be as reliable as
clinician-entered data. The TREAT-NMD experience has shown that where ques-
tions relate to patient ability, symptoms or daily experience, for example age when
certain motor milestones were gained or lost, patient-reported data is at least as reli-
able as data entered by clinicians. In the clinical trial and regulatory fields more
broadly there has also been substantial recent focus on the value of patient-reported
outcomes as indicators of the utility of a drug or intervention [13]. However, two
key factors to consider when selecting data items are who is the person most likely
to have the information, and who is able to review or curate the entry. The patient
and the treating clinician may not always have access to the genetic report or have
the expertise to enter it using standard HGVS nomenclature; the geneticist may not
have details of the patient’s natural history; the patient may not know the outcomes
of lab or clinical tests that have been performed. To address these issues, the TREAT-
NMD registries have taken several steps. Depending on the data elements required,
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Case Study 5.1: Developing a Common Core Dataset for Myotonic
Dystrophy Type 1 (DM1)

As the number of clinical trials in DM1 began to increase, it was recognised
that systems capturing standardised patient data would be of value for trial
planning and recruitment. In 2009 the DM1 community came together in a
dedicated workshop devoted to natural history and trial readiness [57]. Based
on the successful experience with DMD and SMA, an internationally har-
monised core dataset was agreed, and all pre-existing registries agreed to
make their datasets compatible with this approved dataset. The DM field had
several pre-existing registries with rich natural history and clinical data
including longitudinal data capture, and proponents of these systems stressed
the added value of these comprehensive datasets. The final decision for the
core dataset to be a more streamlined one was taken for pragmatic reasons,
understanding that comprehensive data collection usually requires dedicated
staff and dedicated funding, and that for successful trial recruitment a smaller
dataset with greater participation is more feasible and more valuable. In 2016
a follow-up ENMC workshop entitled Developing a European Consortium
for Care and Therapy was able to reassess the success of the DM1 registry
initiative and core dataset 7 years later. In the intervening period several new
registries were established and existing registries showed increased participa-
tion, revealing that patient registration in DM1 continues to be of significant
importance. These registries have successfully been used for patient recruit-
ment into research including clinical trials, and the comprehensive registries
(DM-Scope) run by the French and French Canadian groups [14] continue to
provide valuable additional data beyond the core dataset. Overall compliance
with the core dataset is relatively high, with exceptions for certain items. The
overall conclusion is that the core dataset was a valuable first effort at har-
monisation and that future efforts should work towards a better integrated
international system with attention paid to computational interoperability
(manuscript in preparation).

some registries may allow combined data entry by clinicians, geneticists and
patients, each answering the questions they are best equipped to answer [20]. In all
cases, registries have a dedicated curator responsible for verifying the data entered.
Where registries use the patient self-report mechanism but require the causative
genetic mutation as a mandatory item, the curator will usually receive the genetic
report from the patient or the genetics lab and enter it directly. This curation stage is
a key quality assurance step and an additional factor that adds to the reliability of the
TREAT-NMD registries and makes them a dependable resource for trial planning,
feasibility and recruitment.

When making use of data from any registry it is important to take into account
how the data were collected and any biases and restrictions this may give rise to. As
an example, the streamlined core dataset collected by the TREAT-NMD DMD



5 Natural History, Trial Readiness and Gene Discovery: Advances in Patient... 105

registries was not designed with detailed natural history studies in mind and there-
fore cannot replace the detailed longitudinal data collection of a registry like the
North Star database [53]. However, capturing the North Star dataset on an ongoing
basis requires funding for trained physiotherapists to administer standardised tests
and for data entry technicians to enter the longitudinal data, which requires signifi-
cant resources and is available only to those patients seen in specific clinics. The
North Star dataset is therefore currently only collected in a limited number of coun-
tries for a subset of patients seen in a small number of expert centres, with extensive
funding from patient organisations and the national health system. The DMD regis-
tries, in contrast, collect a restricted number of data items of relevance for natural
history, but these data items are collected on 15,000 patients worldwide and can in
most cases be reported by patients themselves. While limited in scope, the size of
the cohort and standardisation of data items nevertheless allows valuable and statis-
tically significant conclusions to be drawn from a combination of the data items, and
this has been used to good effect in a number of studies to make correlations between
e.g. steroid use and age of loss of ambulation [66]. In summary, registry data may
not only be valuable for its original purpose but may have substantial value for
reuse, but when making use of data from any patient registry, it is important to
understand the original rationale for its collection and assess its reliability and fit-
ness for purpose in the new context.

5.3.4 Funding and Sustainability

Whatever the precise setup of the registry, capturing patient data on an ongoing basis
inevitably comes with setup and running costs. These include costs for the software
solution and the secure server to host it, and personnel costs for the curator and any
other staff responsible for communicating with patients and entering data. A survey
by the EPIRARE project in 2013 [55] found that registry funding in Europe comes
from a wide range of regional, national, academic and charitable sources and that
almost 50% of registries have no long-term sustainability solution. A similar situa-
tion is found in the neuromuscular registries: a survey of the national SMA registries
affiliated with TREAT-NMD in 2013 found that only 25% were set up with funds
from national authorities, while the majority obtained funding from patient organ-
isations, other foundations or multiple sources [6]. In general, therefore, the funding
situation for most registries is somewhat insecure. While it could be argued that a
single global system would minimise duplication of effort and reduce the need for
multiple national systems to find their own funding, the federated system does have
benefits from the sustainability perspective because lack of funding for one indi-
vidual registry does not threaten the viability of the others, and national initiatives
often have recourse to regional and national research and healthcare-related funding
sources that international initiatives cannot access. As described above, the TREAT-
NMD-affiliated registries operate a fees-based model for enquiries and recruitment
for commercial studies, and this is a valuable source of revenue for facilitating the
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international networking and training for registry staff, but by no means covers full
operating costs for the individual registries.

5.3.5 Registries as Conduits for Information and Best-Practice
Sharing

Patient registries that collect contact details for participants can also be used as
communication tools to keep participants informed about research activities and
other news about the disease of interest. This concept was explicitly set out in the
TREAT-NMD registry charter and internal surveys suggest that receiving relevant
updates and being informed about clinical trials ongoing in their condition is wel-
comed even by those individuals who may not themselves be eligible for the trial,
since it provides a sense of community and allows patients to feel they are being
kept up to date about advances in the field.

The TREAT-NMD patient registries also take the concept of training and
information-sharing for registry managers and curators very seriously, providing
regular electronic updates designed for further dissemination to registry participants
and hosting annual meetings and training sessions for the curators themselves to
receive research news and share best practice. Support in setting up a new registry
is provided in the form of a toolkit on the TREAT-NMD website [61] which pro-
vides advice on registry design, data items, ethics submissions, consent documenta-
tion, promotion, and governance. Although some items are NMD-focused, this
resource is available for the RD community as a whole. The TREAT-NMD regis-
tries have also received recognition from the International Rare Diseases Research
Consortium (IRDiRC) as ‘IRDIRC Recognized’ resources [35], a label that acts as
a quality indicator showing that the resource has been evaluated against a specific
set of criteria and marks them as resources of importance for the international rare
disease research community.

5.4 Use of the Neuromuscular Patient Registries: A Decade
of Experience

At the time of writing there are over 100 registries affiliated to or working with
TREAT-NMD, covering 10 diseases or disease groupings (see Table 5.1). These
registries have been used for a wide variety of purposes, from trial planning and
recruitment to further studies on burden of illness, natural history and care standards
implementation. Here we discuss a selection of uses to which the registries have
been put since 2007.
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5.4.1 Patient Identification and Recruitment and Selection
of Clinical Trial Sites

All inherited NMDs are classed as rare diseases — defined in the EU as conditions
with a prevalence of less than 1 in 2000 [50] and in the USA as those affecting fewer
than 200,000 US citizens. Trials in rare diseases can be challenging for a number of
reasons, including the limited number of patients available for recruitment and the
resulting need for trials to be run in multiple countries simultaneously to meet
recruitment targets, as well as the lack of trial experience in the clinical community
and lack of validated outcome measures to assess treatment response. For many
NMDs, the natural course of progression is not well characterised, which makes
establishing clear clinical endpoints difficult. Patient registries not only help with
finding patients fulfilling the eligibility criteria but also speed up the process of get-
ting in touch with them to inform them about the trial.

Identification of suitable clinical centres with the required specialist expertise
and personnel can be another challenging aspect of clinical trials in rare NMDs.
TREAT-NMD established a Care and Trial Site Registry (CTSR) to facilitate selec-
tion of clinical trial sites. The CTSR is an online self-registration database for neu-
romuscular clinical centres hosted by the University Medical Center Freiburg,
Germany [47]. The information collected by the CTSR is based on details that the
pharmaceutical companies would typically request from sites at the feasibility stage
of clinical trial planning, as well as the European Union Committee of Experts for
Rare Disease (EUCERD) quality criteria for centres of expertise for rare diseases in
member states [17]. The information collected encompasses details on patient
cohorts, care settings, research and education, and clinical trial infrastructure. By
combining information on clinical centres from the CTSR with details on the num-
ber of potentially eligible patients within travelling distance of a particular site from
the patient registries, a company planning a trial can more accurately establish
which sites will meet its recruitment targets and how many sites are likely to be
needed in total to power the trial. The registries and CTSR are regularly used by
pharmaceutical companies for such enquiries (see Table 5.2). The model has also
been extended through the EU-funded NeurOmics project to cover a range of neu-
rodegenerative diseases, which has resulted in the integration of a number of new
centres responsible for cohorts of patients with neurodegenerative conditions [24].

5.4.2 Working with the Pharmaceutical Industry — The Need
Jor Transparent Governance and Oversight

International translational research and associated infrastructural development per-
formed within academia has to take into account the needs and expectations of
pharmaceutical and biotech companies engaged in therapy development. The major-
ity of the TREAT-NMD affiliated registries have been set up with trial facilitation as
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their primary goal, so working closely with industry is essential. The regular use of
the TREAT-NMD registries by third parties (industry and academia) seen in
Table 5.2 demonstrates that they have gained recognition as a valuable resource for
clinical trials. These collaborations with industry have been made possible thanks to
careful consideration of governance and oversight from the early planning stages.
The process of third party access to the data within the registries has been developed
with the best interest of patients in mind — protecting confidentiality while facilitat-
ing the trials that for many participants are the primary reason for registering. The
mechanism for oversight developed within TREAT-NMD is designed to be respon-
sive and effective and compliant with industry timelines. All participating registries
sign up to the TREAT-NMD Registries Charter [59] and nominate a representative
to the TREAT-NMD Global Registry Oversight Committee (TGDOC) [60]. When a
company makes a request for data or wishes to use the registries for recruitment, the
TGDOC as a whole reviews the request and decides whether it is in line with the
registries charter and in the patients’ best interests. The aim is to be as light-touch
as possible and not to replace the work of an ethics committee, but simply to ensure
due procedure is followed. The TGDOC also monitors and reviews the cost-recovery
payments that are requested from commercial entities who contract the registries for
data and recruitment enquiries.

Case Study 2: Recruitment for an International SMA Trial

In 2010 a feasibility enquiry from a pharmaceutical company was received to
identify patients and trial sites for a phase II/III clinical trial in non-ambulant
patients with SMA type II and type III (age 3—25). Thanks to the CTSR, 38
appropriate sites with SMA expertise were identified in 19 countries in Europe
and through the patient registries 641 genetically confirmed patients were
identified as potentially eligible for the trial. This was followed in 2011 by the
opening of trial sites in six countries and recruitment of patients supported by
the patient registries in those countries. To assist with recruitment, the regis-
tries sent targeted information on the trial and the contact information for the
local trial site to patients in the registry who appeared to meet the basic inclu-
sion criteria for the trial. For information and transparency purposes, all
enrolled patients were also informed that the trial was taking place, which
helped ensure that even those patients unlikely to be eligible had confidence
that they were still being kept up to date and that all patients were aware that
this research was going on. The target of recruiting 150 patients was reached
within less than 9 months, and the company concerned acknowledged that
support from the registries and CTSR was a major contribution to this result
at both the feasibility (planning) and recruitment stages of the clinical trial.



5 Natural History, Trial Readiness and Gene Discovery: Advances in Patient... 109
5.4.3 Reuse of Registry Data for Additional Studies

The secondary aim of the TREAT-NMD patient registries beyond facilitation of
clinical trial feasibility studies and recruitment is to facilitate research into epidemi-
ology and natural history, establish genotype-phenotype correlations, enable muta-
tion analysis and assess standards of care. At both a national and international level
the registries have been used for a range of additional purposes and some examples
are presented here.

5.4.4 Natural History and Genotype-Phenotype Correlations

A detailed understanding of the natural history of the disease is essential to facilitate
drug development in rare diseases. With the increasing number of clinical trials, it
is critical to consolidate the data available to the scientific community to understand
the natural history of NMDs and also to use the available data from registries and
natural history studies to evaluate outcome measures for planned efficacy studies
[8]. As already described, the data collected through recruitment-focused registries
can provide valuable information about certain natural history milestones despite
the restricted core dataset. However, some registries do also collect additional infor-
mation of interest such as quality of life, outcomes related to pain and fatigue and
other aspects that increase understanding of the condition and its progression, par-
ticularly if this data is collected longitudinally.

The particular strength of genetic registries such as those affiliated with TREAT-
NMD is that they collect information about the causative mutation, something that
is often lacking in natural history studies, and therefore enable better understanding
of genotype-phenotype correlations. Having an understanding of the type as well as
the frequency of causative mutations and their correlation with the associated phe-
notypes is invaluable for research and diagnosis as well as clinical care. Particularly
since a number of therapies currently under development (e.g. antisense-mediated
exon skipping or stop-codon suppression in DMD) are mutation-specific, meaning
that only a certain sub-population of diagnosed patients will benefit, the need to
capture the precise mutation that causes the condition alongside the clinical data is
becoming increasingly crucial for the development of new treatments. Thanks to the
harmonised dataset and the fact that HGVS (Human Genome Variation Society)
nomenclature is used by the TREAT-NMD affiliated DMD registries, it was possi-
ble to carry out a mutational analysis of the data from the global system. The analy-
sis demonstrated the allelic heterogeneity of the DMD gene in a cohort of over 7000
patients [5], providing valuable data on the range and prevalence of mutations that
can potentially benefit from novel therapies.
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Case Study 3: Global FKRP Patient Registry

The Global FKRP Registry is an international registry that collects genetic
and clinical data about people affected by conditions caused by mutations in
the FKRP (Fukutin-Related Protein) gene, namely limb girdle muscular dys-
trophy type 2I (LGMD2I) and the rarer conditions congenital muscular dys-
trophy MDCI1C, Muscle Eye Brain Disease (MEB) and Walker-Warburg
Syndrome (WWS). The registry includes a combination of patient-self-
reported and clinician-reported data and includes elements chosen with clini-
cal trial readiness in mind such as demographics, genetic mutation, motor,
respiratory and cardiac function alongside other measures such as pain and
quality of life questionnaires [58]. Data collection is repeated annually, which
provides a longitudinal source of information contributing to the understand-
ing of the natural disease course of each condition. Collecting genetic details
together with this detailed clinical information provides a valuable mecha-
nism for ascertaining genotype-phenotype correlations in those affected by
FKRP-related conditions.

5.4.5 Disease Prevalence and Epidemiology

The small numbers of people affected by individual NMDs can discourage pharma-
ceutical companies from investing in drug development programmes for these con-
ditions. Having an accurate understanding of prevalence and incidence of the
condition and an understanding of the patterns, causes, and effects of health and
disease conditions in defined populations assists companies in planning their drug
development and marketing programmes as well as providing information useful
for research. There are limitations to utilising the registries for prevalence estimates
due to their incomplete coverage of the population and bias towards research-active
patients. Nevertheless, the registries have been utilised as one source of information
to estimate disease prevalence, and a recent public-private partnership between a
pharmaceutical company and TREAT-NMD performed a study of SMA prevalence
taking information gathered through the SMA registries and cross-referencing it
with information gathered through other sources such as genetic laboratories and
hospital records to provide an overview of patients who might benefit from future
therapies for SMA currently in development [69].

5.4.6 Development, Assessment and Dissemination
of Standards of Care

For neuromuscular conditions such as DMD where no curative therapies yet exist,
it has been known for some time that receiving multidisciplinary care in line with
best practice guidelines results in greater life expectancy and quality of life [16, 44],
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but the way in which clinical care is implemented in practice particularly across
various range ages and in different countries was until recently not widely explored.
With the increase in international clinical trial activities for rare NMDs, there was a
recognition not only that best-practice care benefited patients even in the absence of
curative therapies, but also that multinational trials required a standard baseline of
care in order for patients recruited at different sites to be comparable as a trial popu-
lation. Registries have been a valuable mechanism for disseminating information
about care standards, helping to inform patients about the care they should expect to
receive from their doctors, as well as for recruiting patients for studies assessing the
extent to which such standards are applied in practice [34].

Case Study 4: Using Registries to Assess Care Standards
Implementation: The CARE-NMD Project

CARE-NMD was a three-year EU-funded project launched in 2010 that stud-
ied implementation of best-practice care guidelines for DMD across Europe
[48]. Comprehensive international clinical care guidelines for DMD were
published in 2010 [9, 10] and their subsequent widespread dissemination
included a family guide translated into over 30 languages and dissemination
through patient organisations and through national DMD registries. As part of
CARE-NMD, a multinational study exploring the extent to which the care
guidelines were adhered to in seven European countries — Bulgaria, the Czech
Republic, Denmark, Germany, Hungary, Poland and the United Kingdom —
was carried out. The use of the patient registries in the distribution of the
questionnaires provided a valuable mechanism for reaching the patients and
families directly, allowing the anonymity of the respondents to be maintained,
but ensuring that the age-appropriate and language specific questionnaires
were distributed to the respondents. This study showed substantial inter-
country variation in adherence to the guidelines, with adherence generally
lower in Eastern European countries, but with substantial gaps in care provi-
sion across all countries studied and greater disparities in the adult than the
paediatric population, showing the need for further work to integrate the
guidelines within national healthcare systems [64].

5.4.7 Socioeconomic Studies on Burden of Illness

Cost-of-illness studies are a means of quantification of the economic burden of a
disease on the individual, their family and society as a whole. Such studies help to
gain a better understanding of the full scope of the financial burden associated with
the disease because they can demonstrate indirect costs associated with patient or
carer productivity losses and not simply the direct healthcare costs [32]. This is
valuable information for pharmaceutical companies bringing a product to market,
since an intervention that modifies the disease course can also affect the financial
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burden, for example enabling a parent to keep working rather than having to give up
work to look after their affected child. While the TREAT-NMD registries do not
capture sufficient data to perform such studies directly, they have been used to
recruit families for the in-depth studies, and at a subsequent stage, milestones at
which burden of illness increases, for example at loss of ambulation, can be corre-
lated with the relevant data elements captured in the registry in order to provide
statistical information about the cost:benefit ratio of a treatment intervention.

Case Study 5: DMD Burden of Illness

In 2012, a multinational health economics study for DMD was conducted
with the support of the DMD patient registries [33]. The aim of the study was
to understand the real costs of DMD from the perspective of person with the
condition, caregivers and society. Patients with DMD were identified through
the national DMD registries from Germany, Italy, UK, and the USA. A total
of 770 patients and their primary caregivers in Germany (173), Italy (122), the
UK (191) and the USA (284) completed a questionnaire on their experience
of living with DMD and its impact on medical care, employment, leisure time
and quality of life.

Use of the registries to contact families enabled the researchers to reach the
required study population in a very streamlined way and guaranteed that that
only people with the condition and their carers were approached. In this way
the registries and the registered patients contributed to the first international
study of its kind, enabling researchers to quantify the many different costs
accompanying a rare condition such as DMD and showing that there is a con-
siderable financial burden carried by affected families. This is important data
when assessing cost versus benefit when a drug receives marketing approval
and showed that registries that are able to recontact patients for additional fol-
lowup can be a highly effective mechanism for gaining such detail even when
it is not part of the original registry dataset.

5.4.8 Postmarketing Surveillance

The need to perform a Phase IV clinical verification study (postmarketing surveil-
lance) is a condition that may be set by the regulatory authority (EMA or FDA) at
the time it grants a pharmaceutical company a license to market a drug/therapy.
Postmarketing surveillance may include collection of data on the safety of the ther-
apy, including unexpected side effects, and efficacy of the therapy, for a period of
time after the drug is available on the market. Pharmaceutical companies typically
set up drug-specific postmarketing registries to fulfil this regulatory requirement.
For rare diseases, there has been a steer from the regulators towards disease-specific
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instead of drug-specific surveillance registries, i.e. registries for individual diseases
that would receive data from multiple studies/companies. As well as being more
cost-effective than setting up a new registry for each new therapy, this would have
the advantage of enabling non-proprietary data such as natural history from control
cohorts to be reused by the community. However, setting up a disease-specific sys-
tem is a complex issue with many stakeholders to be considered, including patients,
patient organisations, patient registries, clinicians, regulators and the relevant phar-
maceutical companies. The need to firewall certain proprietary data items while
enabling others to be shared has made commercial partners wary of this approach,
but the concept is being piloted in a number of neuromuscular conditions, and the
aim is to link the data with cohorts from the patient registries in order to provide
control data from individuals not receiving the therapy.

Case Study 6: GNE Registry Platform

To address the challenges of studying the natural course and heterogeneity of
GNE myopathy, a rare adult-onset muscle disease, a public-private partner-
ship was established between Newcastle University, TREAT-NMD and
Ultragenyx Pharmaceutical to run a longitudinal disease monitoring program
(NCTO01784679) [23]. This project combines an international online registry,
a linked natural history study (selected clinics) and potentially in future post-
marketing data collection under one umbrella. Over 3 years over 80 patients
have taken part in the natural history study and 230 in the online registry. The
registry has enhanced understanding of the epidemiology of GNE myopathy
and genotype distribution and has enabled the estimation of a progression
timeline of reaching milestones in the natural course of the disease. Within the
associated natural history study, a comprehensive longitudinal physiotherapy
assessment was conducted in ambulant and non-ambulant patients. The find-
ings have resulted in better understanding of yearly decline in upper and lower
extremity power.

Several clinical trials are currently ongoing in GNE myopathy and there-
fore a solution for postmarketing data collection is anticipated to be needed in
the future. This platform may become part of the overarching registry as an
additional postmarketing platform to collect medication-specific information,
allowing parallel data collection and comparison with natural course of the
disease, safety and efficacy and comparison with other methods of treatment
if and when available. Where patients are enrolled in the registry and natural
history study and then enrolled in a therapeutic trial, the speed of disease
progression before and after the treatment could be compared in the same
individual, meaning that the patient can become their own control. This
approach has the potential to avoid data fragmentation and allow efficient
analysis of the data and knowledge obtained over the years.
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Lessons 1: Trial Readiness Lessons

* Reach clear consensus on the primary purpose of data collection and select data
items accordingly.

* Do not make the dataset comprehensive at the expense of usability, especially
where data entry is voluntary. If the registry aims for maximal uptake, minimis-
ing the number of items collected should be considered, particularly for clinician-
reported systems.

e Capturing clinical data items that frequently form the basic inclusion criteria for
clinical trials enables registries to be used to calculate numbers of eligible
patients in a particular region, thus helping with trial planning and trial site
selection.

* Where registries are used by pharmaceutical companies for feasibility studies
and recruitment, cost recovery models can help recoup some of the registry run-
ning costs.

» For registries focused on trial recruitment, collecting personal data is essential in
order to recontact the patient, but such data must be stored securely in line with
national data protection legislation, and the patient must provide informed con-
sent for recontact.

* Best practice developed within TREAT-NMD mandates that potentially eligible
patients are always contacted for recruitment by registry staff as a trusted inter-
mediary, avoiding providing sensitive patient data to third parties such as phar-
maceutical companies.

5.5 Registries for Genomic Research

The rapid advances in next-generation sequencing (NGS) in recent years have
resulted in new requirements for patient-level phenotypic data capture. In neuro-
muscular disease, the gene-based registries described above — predicated on the
association of clinical data with the precise disease-causing variant — remain the
most useful entry point for patient recruitment for therapeutic trials, but gene-
specific registries naturally cannot capture data on patients in whom the primary
pathogenic variant is not known. Across neuromuscular disease, around 30% of all
patients presenting at a specialist clinic may remain without a confirmed genetic
diagnosis after gene-by-gene testing for the most plausible genetic defects linked to
the phenotype. Such undiagnosed patients are with increasing frequency either
referred for NGS-based diagnostics within the healthcare system or enrolled into
genomic research projects for gene discovery. Here they may undergo diagnostic
gene panel sequencing, in which a targeted set of genes already associated with the
phenotype are analysed; whole-exome sequencing (WES), in which the entirety of



5 Natural History, Trial Readiness and Gene Discovery: Advances in Patient... 115

the protein-coding part of the genome is sequenced; or whole-genome sequencing
(WGS), in which the entire genome including non-coding and regulatory regions is
sequenced. Given that there may be as many as 50,000 points at which one indi-
vidual’s exome sequence differs from another, and a significant number of these
variants may be predicted as potentially pathogenic by in silico prediction tools,
analysis of the genetic information in isolation does not usually provide sufficient
evidence to home in on the likely causative variant amid this ‘noise’. Using a highly
detailed clinical phenotype to inform the genomic analysis therefore remains essen-
tial. However, to allow new bioinformatics tools to reach their full potential in this
process, clinical data collection must undergo a standardisation procedure even
beyond the harmonisation created through the use of common data elements
described above. Across the rare disease field, the Human Phenotype Ontology
(HPO) [30] has become a leading means to achieve a ‘computationally accessible’
phenotype for gene discovery, and has been extensively used in neuromuscular gene
discovery projects. In the NeurOmics project [41], sets of phenotypic common data
elements or case report forms devised by disease experts for ten neuromuscular and
neurodegenerative diseases were ‘mapped’ to HPO terms and the resulting data
capture forms were made available in a dedicated instance of the PhenoTips soft-
ware solution, a user-friendly online system that facilitates clinical data entry using
the HPO. These data capture forms have been reused for phenotypic data collection
for several additional neuromuscular projects totalling over 2000 patients.

5.5.1 Finding Similar Patients to Solve Unsolved Cases —
The Matchmaker Paradigm

The major advantage of computationally accessible phenotypes for gene discovery
is that the hierarchical structure of the ontology enables a computer to assess simi-
larity between different cases that may have been annotated with more or less gran-
ular phenotypic descriptors, while the standardisation provided by the ontology also
enables computer-based queries across multiple databases that make use of the
same system. This ‘matchmaking’ approach [43] is now allowing combined
genotype-phenotype queries to be made across different resources holding genomic
and phenotypic information about undiagnosed patients — enabling, for example,
the undiagnosed patients with a neuromuscular phenotype held within the
RD-Connect system to be compared with the cohorts of neuropathy patients held
within the Genesis database [24] or the undiagnosed paediatric cases sequenced in
the Canadian Care4Rare program [52] and increasing the likelihood of finding a
‘match’ or confirmatory case that after the necessary validation steps can result in
these two patients receiving a genetically confirmed diagnosis.
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Lessons 2: Genomics Lessons

* Phenotypic data collection remains essential in the genomic era to contextualise
inter-individual genetic variation and establish the causal mutation.

* To enable computers to assist with assessment of phenotypic similarity, an addi-
tional data standardisation step such as use of the Human Phenotype Ontology is
required.

e Patient registries collecting clinical phenotypic data together with genomic
information at an individual patient level in a standardised, interoperable manner
provide a wealth of valuable data for research into disease mechanisms and
genotype-phenotype correlations.

5.6 Ethical and Consent Issues and Patient Participation

Patient registries contain personal and medical information that is considered ‘sen-
sitive data’ under many forms of national legislation as well as under the new EU
General Data Protection Regulation (GDPR) that was adopted in 2016 and is due to
enter into application in 2018 [1]. Ensuring that data are handled in accordance with
legal and ethical best practice and taking patient expectations into account has been
an important aspect of the NMD experience from the start. Several EU-funded proj-
ects including TREAT-NMD have involved the patient voice and active discussion
of ethical, legal and social issues (ELSI) through mechanisms such as the Project
Ethics Council, a high-level board with diverse expertise that provides a forum for
open discussion of issues arising from project activities [38]. Such mechanisms are
felt to be valuable ways of ensuring open and transparent dialogue on often complex
issues and also of guiding researchers who may not be familiar with the ELSI
domain. Importantly, these questions are not purely about restricting data use: it has
been shown that patients do have an advanced understanding of the benefits of data
sharing and often expect their data to be reused for the benefit of research into their
condition. However, they do expect to be informed about the ways their data will be
used [37]. In 2007 the TREAT-NMD registries charter set out the need for all par-
ticipating registries to gain explicit informed consent from all participants on the
use of their data for research purposes and also established the key principle of
return of benefits to patients [52]. New genomics projects such as RD-Connect have
further developed these same ideals in the context of genomic data, and a charter of
principles for data sharing has been published to enshrine the values of enabling
data sharing for the benefit of patients with rare diseases [36]. Best practice guide-
lines suggest that the informed consent process for research involving capture of
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sensitive patient data should explicitly involve this discussion [22] and place the
risks and benefits in context [26].

5.7 The Future for Neuromuscular Disease Registries

5.7.1 Approaches for Data Linkage and Computational
Analysis

The recognition of the need for full interoperability of datasets held in different
systems and different locations is perhaps one of the most significant lessons learned
from the neuromuscular experience. The need for harmonisation of the items cap-
tured by different national registries was recognised by the TREAT-NMD registry
efforts at an early stage, and the ‘mandatory’ and ‘highly encouraged’ items defined
by the consortium went some way to addressing this. Nevertheless, bringing together
datasets from 65 different countries, as in the case of the DMD registries, exposed
numerous differences in the way the harmonised data items had been interpreted by
local systems. Each difference, while not insurmountable, adds an extra burden for
data integration. Does the system collect age at loss of ambulation as an age in
years, or does it collect date of birth and date of loss of ambulation? Is steroid use
collected as a Boolean yes/no, as a drug name, or as dates treatment started/fin-
ished? Harmonising these kinds of differences requires additional calculation steps
that cannot be automated by a computer but need manual intervention. Then, if
several people want to reanalyse the same data, each may end up re-doing the same
manual intervention. Data experts working with large-scale research data have pro-
posed guiding principles for making data Findable, Accessible, Interoperable and
Reusable (FAIR) [67], and these principles are being piloted on several neuromus-
cular registries as mechanisms for making data linkable ‘at the source’ so that the
harmonisation step only has to be done once and not each time the data are reanal-
ysed. FAIR data resources use best practices for storage and annotation of the data
they hold, with the goal that they should be discoverable and reusable for further
analysis. Since many patient registries are hosted using bespoke software solutions
developed with ease of data capture but not necessarily interoperability in mind, this
process requires buy-in from the solution developers themselves as well as commit-
ment from the registry curators and disease experts to accurately annotate and
describe their data using appropriate semantic models. A number of NMD registries
are now becoming part of this initiative under the auspices of TREAT-NMD and
RD-Connect, and this is likely to significantly improve the ability to perform
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queries across multiple registries in different countries, as well as adding value to
the data held within each resource by providing the opportunity to link data on the
same individual across multiple databases, for example associating a genomic data-
set in a genomic repository with a phenotypic dataset in a registry and a biosample
stored in a biobank.

Lessons 3: Data Management Lessons

 Interoperability of data collected in a registry dramatically increases its value for
reuse and is of particular benefit in the rare disease domain, where every dataset
has value.

* Interoperability should ideally be considered during registry setup rather than
‘retrofitting’ onto an existing registry — but even the latter is possible and should
be advocated in cases where there is a benefit to bringing together data across
resources to answer aggregated queries.

e Development of common data elements or common case report forms/question-
naires for data capture is a valuable first step towards harmonisation, but it is also
important to consider interoperability at a deeper computational level through
semantic modelling and use of ontologies in a comprehensive assessment of
compliance with the FAIR principles.

* To achieve full interoperability of a registry dataset, multidisciplinary collabora-
tion between disease/clinical domain experts and data interoperability experts is
essential, since neither side possesses the full understanding alone.

5.7.2 European and Global Policy and Infrastructure Issues
and Cross-Border Healthcare

The TREAT-NMD-affiliated registries were largely initiated as research cohorts:
collections of individuals interested in participating in clinical trials, or patients
seen by clinicians with a research interest in NMDs. Many were instigated because
national and local healthcare systems simply did not capture the data items that
began to assume new importance in the clinical trial era. However, the value of
patient registration is gaining increasing recognition in the rare disease healthcare
context, with the realisation that registries are valuable repositories of data that can
inform healthcare planning, gather data on levels of implementation of care stan-
dards, provide epidemiological and statistical information, assist with patient out-
reach, and provide a link between healthcare and research [18]. In this area too, data
interoperability at a computational level is important, since many medical informa-
tion or electronic health record (EHR) systems capture valuable patient data that
often cannot easily move outside the healthcare ‘firewall’ to be reused for research
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[12]. National initiatives have approached the patient registry challenge from a vari-
ety of perspectives, from the comprehensive and labour-intensive manual data inte-
gration that has taken place in the UK to develop first a national cancer registry and
now a rare disease registry within the public health system, [45], to innovative meth-
ods to bring the research to the data in initiatives such as the ‘Personal Health Train’
run under the auspices of the Dutch Techcenter for the Life Sciences in the
Netherlands [15]. These two examples offer differing solutions to the same underly-
ing integration challenge: recognising the heterogeneity of data sources and under-
standing that data integration simply will not happen if the data submitter has to
bear too onerous a burden, the former solution aims to minimise the burden on the
submitter to provide data and relies on registry staff to take on the integration bur-
den through centralised processing, while the latter aims to make the underlying
data stores FAIR, so that reuse can be far more automated while still allowing the
data to remain in their original secure location.

At a disease-specific level, patient registration will be an important part of the
new European Reference Networks for rare diseases due to be launched in 2017
[19]. ERN-NMD, the network for the neuromuscular field, has taken on board the
lessons of the TREAT-NMD and RD-Connect experience and will use this knowl-
edge as the starting point for patient registration in the context of the network in
order to facilitate the network’s diagnostic and translational research goals in addi-
tion to the cross-border healthcare activities.

5.8 Conclusion

Over the past decade, the neuromuscular field has shown that patient registries cap-
turing key clinical and genetic information are an important resource for transla-
tional research. The rare disease field benefits particularly from such infrastructure
owing to the scarcity of patients meeting inclusion criteria for trials and the need to
gather multinational cohorts to enable research to better define natural history, epi-
demiology and genotype-phenotype correlation. The TREAT-NMD experience has
clearly demonstrated that enrolment into clinical trials is facilitated by registries
that have been set up for this purpose and collect contact details together with key
inclusion-related clinical data items, and has also shown that such data can not only
be used for its original purpose but also mined for valuable additional correlations
that are made possible by such large-scale data acquisition. The limitations of the
streamlined datasets collected in the TREAT-NMD registries must be acknowl-
edged (dedicated studies will always provide more data points per patient for analy-
sis) and the recruitment bias taken into account (unlike healthcare or population-based
registries, trial recruitment registries may not be representative of the population as
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a whole and contain a higher proportion of participants explicitly interested in tak-
ing part in research). Nevertheless, the data gathered provide enormous value for
research in themselves as well as the opportunity to go back to the patient for addi-
tional study, and the lessons learned from the neuromuscular community may also
be extrapolated to other rare disease areas. These include practical questions about
best practice in registry setup as well as conceptual questions about purpose and
scope. Clearly defining the purpose of the registry and its recruitment targets at the
start of the process and using this to guide setup and definition of the data items
collected improves the chances that the registry will be fit for purpose, collecting the
optimal dataset from the optimal number of participants. Consideration of resources
and funding will help avoid issues with lack of time for data entry and issues of
long-term sustainability. Patients and families are able to provide reliable data entry
for many data items in recruitment-focused registries and are often highly motivated
to do so. Regardless of the original source of the data entry, including curation/veri-
fication of the data entered is an important reliability step. The needs of all stake-
holders who may make use of the data should be explicitly addressed during the
registry setup phase in order to prevent later mismatches: pharmaceutical stakehold-
ers may have requirements for particular mechanisms to secure regulatory compli-
ance, while clinicians, patients and researchers may have differing views on the
essential data to collect, and going through a consensus process prior to launch
helps iron out these differences. Registries should explicitly benefit the patients
whose data they contain and must continue to evolve in order to remain relevant as
research advances. In this regard, interoperability and linkage with other data
sources (biobanks, omics data, imaging, and clinical trial records) adds value to the
data collected in an individual registry, and registries should be encouraged to be
aware of the broader international context in which they operate in order the maxi-
mise the utility of the data they collect, maintain its currency, and prepare for future
advances.
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Chapter 6
Facilitating Clinical Studies in Rare Diseases

Rashmi Gopal-Srivastava and Petra Kaufmann

Abstract In recent years, there have been many scientific advances and new col-
laborations for rare diseases research and, ultimately, the health of patients living
with rare diseases. However, for too many rare diseases, there still is no effective
treatment, and our understanding of the incidence, prevalence, and underlying etiol-
ogy is incomplete. To facilitate the studies needed to answer the many open ques-
tions there is a great need for the active involvement of all stakeholders, most
importantly of patient groups. Also, the creation of streamlined infrastructure for
performing multi-site clinical studies is critical, as is the engagement of multi-
disciplinary teams with shared focus on a group of diseases. Another essential com-
ponent of such efforts is to collect standardized data so that downstream
meta-analyses and data sharing can be facilitated. To ensure high-quality protocols
and datasets, a central data management and coordinating center is important. Since
there are more than 6000 rare diseases, instead of focusing on single rare disease, it
is more impactful to create platforms and methods that can support a group of rare
diseases.
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In this chapter we describe the Rare Diseases Clinical Research Network (RDCRN)
program as an example for performing such multi-site studies. The RDCRN consists
of several consortia focusing on a group of related rare diseases with patient advo-
cacy groups (PAGs) as research partners, and a single Data Management Coordinating
Center (DMCC) providing clinical research tools, support, and resources.

The RDCRN program is an initiative of the National Center for Advancing
Translational Sciences (NCATS) at the National Institutes of Health (NIH),
USA. The objective of this network is to facilitate clinical research in rare diseases
through support for 1) collaborative clinical research, including longitudinal studies
of individuals with rare diseases, clinical studies and/or phase trials; (2) training of
clinical investigators in rare diseases research; (3) pilot and demonstration projects
(4) a test bed for distributed clinical data management that incorporates novel
approaches and technologies for data management, data mining, and data sharing
across rare diseases, data types, and platforms; and (5) access to information related
to rare diseases for basic and clinical researchers, academic and practicing physi-
cians, patients, and the lay public. In addition, we describe how the RDCRN DMCC
is beginning to collaborate with the Clinical and Translational Science Awards
(CTSA) program at NCATS, so that rare disease studies can take advantage for the
NCATS SMART IRB Reliance Platform allowing for the review of a multi-site
protocol by a single IRB.

6.1 Introduction and Background

It is estimated that there are more than 6000 rare diseases or conditions that lead to
significant morbidity and mortality, and that approximately 30 million people in the
United States are affected by rare diseases. Through an Amendment to the Orphan
Drug Act of 1983 [15] a rare disease is defined as a condition affecting less than
200,000 Americans or a disease with a greater prevalence but for which no reason-
able expectation exists that the costs of developing or distributing a drug can be
recovered from the sale of the drug in the United States.

A Special Emphasis Panel was convened in 1999 [2] by the NIH Office of Rare
Diseases, now known as the Office of Rare Diseases Research (ORDR) at the
NCATS. This panel was comprised of academic scientists, representatives of volun-
tary patient support groups, pharmaceutical, biotechnology and device industries,
and other Federal agencies. The recommendations made by this panel were focused
on the special research opportunities and health care issues posed by rare diseases.
These recommendations included four major areas: (1) Stimulating Research on
Rare Diseases and Conditions with specific emphasis on clinical research and train-
ing of clinical research scientists, establishing diagnostic and treatment centers with
informatics support, and promoting the collaboration of the voluntary patient support
groups, health care systems, and industry; (2) Utilizing other NIH-funded research
resources and the development of a centralized information database containing
research resources, made available to research investigators, physicians, and patients
for their use; (3) Coordination of Rare Diseases Research and Development Activities,
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with a primary responsibility of ORDR to coordinate activities and act as a liaison
between the rare diseases community and the NIH, including the public, and intra-
mural and extramural investigators at the NIH Institutes/Centers (ICs) and other
Federal agencies, manufacturers, and voluntary organizations; and (4) Identifying
Emerging Opportunities in Rare Diseases Research, specifically through the estab-
lishment of specialized research and diagnostic centers to attract the interests of
industry to promote advances and products for the prevention, diagnosis, and treat-
ment of rare diseases.

In November 2002, ORDR at NIH was directed by the Rare Diseases Act of 2002
(Public Law 107-280) [16] to support regional centers of excellence for clinical
research into, training in, and demonstration of diagnostic, prevention, control, and
treatment methods for rare diseases. This law provided the legislated mandate for
publishing funding opportunity announcement in order to address the needs of and
facilitate clinical research for rare diseases. In response, ORDR created a program
called Rare Diseases Clinical Research Network (RDCRN Program) which is
described below [8]. In addition to the RDCRN program, the ORDR has added
since 2002 an information center for rare diseases and a registry program. ORDR
was located within the office of NIH Director, and now has been part of the National
Center for Advancing Translational Sciences (NCATS) for past 5 years.

Genetic and Rare Diseases Information Center (GARD) This information center
[6] was created in 2002 by the ORDR in partnership with National Human Genome
Research Institute (NHGRI) to provide the public with access to current, reliable,
and easy-to-understand information about rare or genetic diseases.

GARD provides comprehensive information about rare and genetic diseases to
patients, their families, health care providers, researchers and the public. The online
database for this program, in English and Spanish, provides accurate, up-to-date
information about ongoing research, symptoms, treatment options and other details.
In addition, GARD information specialists are also available through this program
to discuss questions by phone in English and in Spanish. Sources for GARD and
other hard-to-find information include the National Library of Medicine, scientific
conferences, support groups, and clinical trials and research.

The Global Rare Diseases Registry (GRDR) Program GRDR [7] was also recently
developed by ORDR, NCATS. The goal is to build a Web-based resource that inte-
grates de-identified patient information from many different registries for rare dis-
eases. The GRDR program aims to create a number of related tools and resources,
including common data elements, data policies, and informed consent templates.

6.2 Challenges for Clinical Research in Rare Diseases

There are several challenges associated with performing clinical studies including
natural history studies in rare diseases [17]. There is a need for identification and
coordination of experts in the field, and for research resources for small populations
of rare diseases patients geographically dispersed around the country and globe.
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There remain challenges in getting to a diagnosis for rare diseases, to implementing
clinical studies and to designing trials for small samples. Such challenges continue
to make it difficult to translate scientific advances into health benefits for rare dis-
eases. Many rare diseases are not well characterized and their pathophysiology is
unknown. There are not many therapeutic options and treatment can be challenging.
In rare diseases research, it is critical that researchers establish collaborations of
scientists at multiple sites sharing tools and protocols. Also needed are rigorous
characterization and longitudinal assessment of rare diseases in order to facilitate
discovery of biomarkers of disease risk, disease activity, and response to therapy. In
addition, high quality longitudinal data are needed for the development of meaning-
ful clinical outcome measures. Because of the geographic dispersion of rare dis-
eases patients, it can be challenging to recruit participants for research studies.

6.3 Goals of RDCRN Program

To address some of these challenges, the RDCRN program was established in 2003
to facilitate research into the identification of biomarkers for disease risk and dis-
ease severity/activity, and measures of clinical outcome applicable to clinical trials.
It also encourages development of new approaches for preventing, diagnosing, and
treating rare diseases. The specific goals of RDCRN program are to facilitate clini-
cal research by

e Creating multi-site consortia comprising of a multi-disciplinary team focused on
a group of at least three related diseases.

* Making meaningful large-scale clinical studies possible (longitudinal studies,
Natural History Studies are required) by establishing uniform protocols for data
collection, by cost sharing infrastructure; utilizing centralized data repository
and data sharing for rare diseases.

* Collaborating with patients advocacy groups (as research partners).

e Training new investigators.

e Supporting pilot projects program.

* Providing Website resource for education and research in rare diseases.

* In addition, depending on the state of knowledge of the particular diseases, some
RDCRN consortium projects include strategies for assessing current therapeutic
interventions, or new clinical trials.

Description of RDCRN Program The Rare Diseases Clinical Research Network
(RDCRN) program is comprised of 22 multi-site rare diseases consortia (consor-
tia) and a single Data Management and Coordinating Center (DMCC). The
RDCRN program is an initiative of NCATS and it supports collaborative and coor-
dinated network of multi-site consortia comprised of investigators at multiple insti-
tutions/sites and patient advocacy groups committed to investigation of rare
diseases working in partnership to enhance communication and sharing of resources
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in a multidisciplinary approach [21]. The NCATS has partnered up with ten ICs of
NIH to provide funding and scientific partnership for the cooperative agreement
awards for these consortia and DMCC. The RDCRN program focuses on the col-
lection of clinical information to develop biomarkers and new approaches to diag-
nosis, prevention, and treatment and promote the training of new clinical
investigators in rare diseases research. In addition, this program supports an inte-
grated and comprehensive approach to data collection, storage, and management,
and the integration of clinical data with other unique data, including genetic, imag-
ing, pathologic, and laboratory data.

Each consortium is led by a physician-scientist and consists of clinical investiga-
tors at multiple institutions and a multi-disciplinary team including biostatisticians
at multiple, and relevant organizations, including patient advocacy groups and
focuses on at least three related rare diseases, disorders, conditions or syndromes [1,
4, 5] (Table 6.1).

6.3.1 Special Features of RDCRN Program

e The RDCRN is unique in its approach to addressing rare diseases as a group.
Each consortium studies a group of minimum three related rare diseases.

e The direct involvement of PAGs as research partners is a major feature of this
network.

* Collaboration with ten NIH ICs is also a critical component to facilitate research
on multiple rare diseases.

6.3.2 Focus on Observational (Longitudinal or Natural
History) Studies

In each RDCRN multi-site consortium clinical research projects are conducted at
multiple sites that characterize and more completely define the disease and its
course for the rare diseases that are encompassed in their consortia. These, in gen-
eral, are observational (non-interventional) such as longitudinal or natural history
studies of patients with the given disease. Many of these studies are clinical trial-
readiness projects (e.g., development of biomarkers for clinical trials, clinical out-
come measures, etc.) and/or clinical trials (at least two projects are required, and
one of them must be a longitudinal study). The study design and objectives take into
consideration what information regarding the rare disease population would be
needed in order to pursue clinical trials in that rare disease. The longitudinal studies
are approached with the question: what knowledge/tools are needed regarding the
rare disease in order to design efficacy trials for this rare disease? Even if there are
no treatments currently proposed for the rare diseases under study, the longitudinal
study is designed with the consideration that if a treatment were available for this
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Table 6.1 Rare Diseases Clinical Research Network Program

Consortium/diseases studied Principal investigator/institution

Tuchman, Mendel, M.D.

Urea Cycle Disorders Consortium

N-acetylglutamate synthetase (NAGS) deficiency

Carbamoyl phosphate synthase 1 (CPS) deficiency

Ornithine transcarbamylase (OTC) deficiency
argininosuccinate synthetase deficiency (classic
citrullinemia)

Citrin deficiency (citrullinemia type 2)

Argininosuccinate lyase deficiency (argininosuccinic
aciduria)

Arginase deficiency (hyperargininemia)

Ornithine translocase deficiency syndrome (HHH)

Children’s National Medical Center,
Children’s Research Institute,
Washington, DC

Clinical Research in ALS & related disorders for
Therapeutic Development

Benatar, Michael, M.D., Ph.D

Amyotrophic lateral sclerosis (ALS)

Frontotemporal dementia (FTD)

Henoch—Schonlein purpura (HSP)

Primary lateral sclerosis (PLS)

Progressive muscular atrophy (PMA)

University of Miami, Coral Gables, FL

The Frontotemporal Lobar Degeneration Clinical
Research Consortium

Boxer, Adam L., M.D., Ph.D.

Corticobasal degeneration syndrome (CBS)

Frontotemporal Lobar Degeneration (FTLD)

Frontotemporal dementia (FTD)

Primary progressive aphasia (PPA)

Progressive supranuclear palsy syndrome (PSPS)

Sandler Neurosciences Center, San
Francisco, CA

Primary Immune Deficiency Treatment Consortium

Cowan, Morton, M.D.

Primary immune deficiencies: severe combined
immunodeficiency (SCID)

Wiskott-Aldrich syndrome (WAS)

Chronic granulomatous disease (CGD)

University of California, San Francisco,
CA

Porphyrias Consortium

Desnick, Robert J., Ph.D., M.D.

Porphyrias: Acute Intermittent Porphyria (AIP)

Variegate porphyria (VP), hereditary coproporphyria
(HCP)

Aminolevulinate dehydratase deficiency porphyria
(ADP)

Porphyria cutanea tarda (PCT)

Eerythropoietic protoporphyria (EPP)

Mount Sinai School of Medicine of
New York University, New York, NY

North American Mitochondrial Diseases Consortium

Hirano, Michio, M.D.

(continued)
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Consortium/diseases studied

Principal investigator/institution

Mitochondrial encephalopathy lactic acidosis with

stroke-like episodes (MELAS)

Mitochondrial neurogastrointestinal
encephalomyopathy (MNGIE)

Leber’s hereditary optic neuropathy (LHON), LHON

and dystonia, Leigh syndrome

Encephalomyopathy

ALS-like syndrome of encephalomyopathy

Neuropathy, ataxia and retinitis pigmentosa
syndrome (NARP)

Maternally inherited Leigh syndrome (MILS)

Familial bilateral striatal necrosis (FBSN)

Leukodystrophy

CoQ deficiency

Encephalopathy

Cardioencephalomyopathy

Leukodystrophy/tubulopathy

Fatal infatile encephalomyopathy

Columbia University Medical Center,
New York, NY

Dystonia coalition

Jinnah, Hyder A., M.D.

Focal dystonias

Cervical dystonia

Blepharospasm

Spasmodic dysphonia

Craniofacial dystonia

Limb dystonia

Emory University, Atlanta, GA

Genetic Disorders of Mucociliary Clearance
Consortium

Knowles, Michael R., M.D.

Primary ciliary dyskinesia (PCD)

Cystic fibrosis (CF)

Pseudohypoaldosteronism (PHA)

University of North Carolina at Chapel
Hill, Chapel Hill, NC

Nephrotic Syndrome Study Network

Kretzler, Matthias, M.D.

Focal and segmental glomerulosclerosis (FSGS)

Minimal change disease (MCD)

Membranous nephropathy (MN)

University of Michigan, Ann Arbor,
Ann Arbor, MI

Brain Vascular Malformation Consortium

Lawton, Michael, M.D.

Familial Cavernous Malformations (CCM)

Common Hispanic Mutation

Sturge-Weber Syndrome (SWS)

Leptomeningeal Angiomatosis

Hereditary Hemorrhagic Telangiectasia (HHT)

Brain Arteriovenous Malformation

University of California, San Francisco,
CA

Brittle Bone Disorders Consortium

Lee, Brendan, M.D., Ph.D

(continued)
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Consortium/diseases studied

Principal investigator/institution

Osteogenesis Imperfecta (OI)

Baylor College of Medicine, Houston,
X

Chronic Graft Versus Host Disease

Lee, Stephanie J., M.D., MPH

Cutaneous sclerosis

Bronchiolitis obliterans

Late acute graft versus host disease (GVHD)

Fred Hutchinson Cancer Research
Center, Seattle, WA

Vasculitis Clinical Research Consortium

Merkel, Peter A., M.D., Ph.D.

Vasculitides:

Wegener’s granulomatosis (WG)

Microscopic polyangitis (MPA)

Churg-Strauss syndrome (CSS)

Polyarteritis nodosa (PAN)

Takayasu’s arteritis (TAK)

Giant cell (temporal) arteritis (GCA)

Hospital of the University of
Pennsylvania, Philadelphia, PA

Rare Kidney Stone Consortium

Milliner, Dawn S., M.D.

Rare hereditary stone diseases:

Primary hyperoxaluria,

Cystinuria

Dihydroxyadeninuria,

Dent’s disease

Mayo Clinic College of Medicine,
Rochester, MN

Rett, MECP2 Duplications and Rett- Related
Disorders Consortium

Percy, Alan K., M.D.

Rett syndrome

Prader-Willi syndrome

University of Alabama at Birmingham,
Birmingham, AL

Sterol and Isoprenoid Diseases Consortium

Rizzo, William B., M.D.

Smith-Lemli-Opitz Syndrome

Sjogren-Larsson Syndrome

Niemann-Pick Disease Type C

Mevalonate Kinase Deficiency

Hyperimmunoglobulinemia D Syndrome (HIDS)

Mevalonic Aciduria

Cerebrotendinous

Xanthomatosis

Sitosterolemia

University of Nebraska Medical Center,
Omaha, NE

Autonomic Disorders Consortium

Robertson, David M.D.

Multiple system atrophy (MSA)

Baroreflex failure, autoimmune autonomic
neuropathy

Pure autonomic failure (PAF)

Hypovolemic postural tachycardia syndrome
(hPOTS)

Dopamine beta hydroxylase deficiency (DBHD)

Vanderbilt University, Nashville, TN

(continued)
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Consortium/diseases studied

Principal investigator/institution

Consortium of Eosinophilic Gastrointestinal Disease
Researchers

Rothenberg, Marc, M.D., Ph.D.

Eosinophilic esophagitis (EoE)

Eosinophilic gastritis (EG)

Eosinophilic colitis (EC)

Cincinnati Children’s Hospital Medical
Center, Cincinnati, OH

Developmental Synaptopathies Consortium

Sahin, Mustafa, M.D., Ph.D.

Autism spectrum disorder and intellectual
disability (ASD/ID)

Children’s Hospital Corporation,
Boston, MA

Inherited Neuropathies Consortium

Shy, Michael E., M.D.

Inherited peripheral neuropathies: Charcot-Marie-
tooth diseases (CMT) including

CMT1, the dominantly inherited demyelinating
neuropathies,

CMT?2, the dominantly inherited axonal
neuropathies,

CMT4, the recessively inherited neuropathies

University of Iowa, Carver College of
Medicine, Iowa City, IA

Rare Lung Diseases Consortium

Trapnell, Bruce, M.D., M.S.

Hereditary Interstitial Lung Disease (hILD)

Lymphangioleiomyomatosis (LAM)

Pulmonary Alveolar Proteinosis (PAP)

Alpha-1 Antitypes (Alpha-1)

Cincinnati Children’s Hospital Medical
Center, Cincinnati, OH

Lysosomal Disease Network

Whitley, Chester B., M.D.

Mucopolysaccharidosis (MPS)

MPS bone disease

Pompe disease

Niemann-Pick disease type C

Glycoproteinoses

Wolman disease

Late infantile ceroid lipofuscinosis, (LINCL)

Mucolipidosis type IV

Hexosaminidase deficiency

Fabry disease nephropathy

Batten-Turner muscular dystrophy

University of Minnesota Twin Cities,
Minneapolis, MN

Data Management and Coordinating Center (DMCC)

Krischer, Jeffrey P., Ph.D.

University of South Florida, Tampa, FL.

rare disease, what knowledge (outcome measures, features of disease course, mark-
ers of disease or subpopulations of the rare disease that may alter disease course,
etc.) about the rare disease over time would be important to have in order to design

an appropriate treatment (efficacy) trial.
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6.4 About RDCRN Program

Collectively, the RDCRN is studying 200 rare diseases in natural history and clini-
cal trials at more than 400 clinical sites located in the US and in 24 countries. There
are more than 90 active protocols (observational studies and clinical trials). Since
2009 more than 44,000 patients have enrolled in these clinical studies. Two hundred
and sixty four young investigators have been trained through the training program.
There are 3261 collaborative consortium members of this Network including prin-
cipal investigators, multidisciplinary scientists, project coordinators, NIH ICs proj-
ect scientists and representatives of PAGs. There are 144 PAGs as research partners
that have collectively formed a Coalition of Patient Advocacy Group (CPAG). The
RDCRN-CPAG looks over the issues common to rare diseases.

6.5 Value of PAGs as Research Partners

Research partnership with PAGs is a unique feature of RDCRN program. PAGs help
with recruitment of patients in clinical studies. They participate regularly in all
activities of individual consortium and provide educational materials for patients
and many help with training of young investigators. Since 2004 PAGs within
RDCRN program are involved in more than one of the following roles as research
partners (Table 6.2).

6.6 The DMCC of RDCRN Program

The DMCC is an integral part of RDCRN and provides a coordinated clinical data
management system for the collection, storage, and analysis of diverse data types
from clinical researchers working on many different types of rare diseases [12]. The

Table 6.2 Expanded Roles of Various PAGs in RDCRN Program

Recruit patients for clinical studies, encourage participation in NHS.

Identify cohorts of patients with range of phenotypic expression.

Educate patients, public, media and health care providers.

Identify research efforts and translate research results to communities.

Organize and fund research based scientific conferences and meetings for patients/families/
caregivers.

Provide financial support for research and training programs of RDCRN (consortia) and patient
registries.

Provide financial support for travel clinics to facilitate patient access to investigators and
studies.

Establish global partnership.
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DMCC provides the administrative core to the whole network and statistical support
to several consortia. It also makes available technologies, tools, on line protocol
management system, and support of study design and data analysis. In addition, it
provides clinical research expertise, operating policies and procedures, and moni-
tors Network compliance while addressing privacy and confidentiality issues related
to database management, and multi-level data sharing. To enhance recruitment in
clinical studies the RDCRN consortia utilize a Contact Registry developed by
DMCC [18, 19].

6.7 RDCRN Contact Registry

The RDCRN Contact Registry is an Efficient and Effective Tool for Conducting
Survey Research Large numbers of rare disease patients can be enrolled in survey-
based studies in a short period of time. The RDCRN Contact Registry has been
utilized to conduct 14 studies. Median study duration is only 2.5 months and median
enrollment is 296 rare disease patients. Three of the studies conducted through the
RDCRN Contact Registry are described below:

e The Vasculitis Clinical Research Consortium (VCRC) conducted a study [3] on
the reproductive health of men and women with vasculitis. The objectives of the
study were to compare the rate of infertility with and without prior cyclophos-
phamide and to compare the rate of pregnancy complications in pregnancies
delivered before and after vasculitis diagnosis. The study enrolled 467 partici-
pants in approximately 2 months.

e The Inherited Neuropathies Consortium (INC) conducted a study [10, 11] to
identify the symptoms and issues which have the greatest impact on quality of
life for patients with CMT in order to facilitate development of a disease-specific
quality of life measure for adult CMT. A second objective of the study was to
determine the frequency of muscle cramps in adult patients with CMT and their
impact on quality of life. The first phase of the study enrolled 243 participants
over approximately 3 months. The second phase of the study enrolled 168 par-
ticipants over approximately 3 months.

* Another Consortium is currently conducting a study to explore the patient per-
spective of disease burden in a rare disease. The DMCC activated the protocol on
June 8, 2016. Within 24 h, the original enrollment goal of 100 participants was
achieved. Due to the overwhelming response, the protocol was amended to
increase the enrollment goal to 300 participants, as the study team would like to
achieve 30% (25-30 individuals) of the 2—4 age group in the rare disease Contact
Registry population. As of early 2016, 275 participants were enrolled in the study.

RDCRN Program’s Public Website The RDCRN Public Website (http://rarediseas-
esnetwork.epi.usf.edu/) serves as a portal for the rare diseases community, includ-
ing patients and health care professionals, to provide information on research on
rare diseases, consortium activities, RDCRN protocols and practice guidelines, the
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individual consortia websites and the over 240 diseases currently available through
the RDCRN Contact Registry. All consortia are publicly represented on the RDCRN
public website through a web page dedicated to each consortium that contains key
information such as: diseases being studied, open protocols, participating sites, site
contact information and PAGs associated with the consortium.

RDCRN Program’s Members’ Website The RDCRN Members’ Website is a secure,
password-protected website for Network members that includes announcements,
calendars, protocol management tools and electronic case report forms. Among the
functions supported include systems for adverse event reporting and monitoring,
research pharmacy drug management, biospecimen tracking, image processing,
desktop videoconferencing, and automated reporting. Each Consortium has a dedi-
cated page on the Members’ Website.

6.8 Training Program Within RDCRN

Recognizing the need for an increased pool of well-trained physician-researchers to
work on are diseases, the RDCRN consortia each have a training component. Each
consortium is required to support and train at least two trainees over the 5 years an
award period such as clinical fellows or advanced post-doctoral fellows, junior fac-
ulty (e.g. assistant professor rank, research faculty, instructors), or established
investigators who wish to develop or refocus their careers on clinical research in
rare diseases.

The training program at each consortium includes the policies, criteria, and pro-
cesses for selecting candidates, and a mentorship program. Over two hundred and
fifty trainees have been trained within various consortia of RDCRN program
between its inception and 2016. .

6.9 Examples of Successful Collaborations/Scientific
Advancements Within RDCRN Program

Through the RDCRN program new diagnostic methods have been generated, new
gene identification has been facilitated and new therapies have been identified by
creating collaborative multidisciplinary, multi-site research consortia consisting of
PAGs, academic researchers from domestic and international sites and project sci-
entists from NCATS and partnering NIH ICs as collaborators, the program has dem-
onstrated that collaborative effort can accelerate clinical research.

The RDCRN program is an effective and working model for multi-site collabora-
tive clinical research involving PAGs as research partners. Included below are some
examples.
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6.10 Three Products for Urea Cycle Disorders Brought
to the Market: Collaborative Effort of RDCRN-Urea
Cycle Disorders Consortium (UCDC)

Within the Urea Cycle Disorders Consortia [22] at Children’s National Medical
Center (then led by Dr. Mark Batshaw) 19 Academic Research Centers in USA and
2 International Sites and collaborations with European Registry, Network For
Intoxication Type Metabolic Disorders (EIMD), Patient Advocacy Group — The
National Urea Cycle Disorders Foundation, O’Malley Family Foundation, Kettering
Fund, Rotenberg Family Foundation, and Dietmar-Hopp Foundation, ORDR/
NCATS and NICHD in partnership with pharmaceutical industry (Ucyclyd Pharma,
Recordati and Hyperion) three drugs (Ammonul, Carbaglu, Ravicti) were success-
fully approved and brought to market. In addition, ORDR/NCATS and NICHD
(from NIH), provided support and scientific collaboration. This was not done in
isolation by UCDC, but with active and efficient teamwork with all stakeholders.

6.11 The First Approval of a Drug Therapy Treatment
for LAM: Study Performed by RDCRN-Rare Lung
Diseases Consortium (RLDC)

In early 2015 FDA accepted for priority review a supplemental New Drug
Application for (sNDA) Sirolimus (RAPAMUNE®) for the treatment of lymphan-
gioleiomyomatosis (LAM). LAM is a rare, progressive lung disease that primarily
affects women of childbearing age that is often fatal. This is an accomplishment of
the Multicenter International LAM Efficacy and Safety of Sirolimus (MILES) Trial
conducted by Dr. Francis McCormack of RDCRN-RLDC in collaboration with
LAM Foundation. The SNDA was based on results from the MILES Trial [13]. This
is the first drug therapy approved for the treatment of LAM and was obtained
through a collaborative effort.

6.12 A Consensus Document Published to Provide
Diagnostic, Testing, Monitoring and Therapeutic
Guidance to Primary Ciliary Dyskinesia (PCD) Clinical
Centers: From RDCRN-Genetic Disorders
of Mucociliary Clearance Consortium (GMDCC)

These recommendations (for PCD and Idiopathic Bronchiectasis) include airway
clearance through daily chest physiotherapy, antibiotics for acute respiratory exac-
erbations, and receipt of vaccinations [20]. These recommendations will greatly
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enhance clinical care by providing standardized guidelines for clinicians evaluating
and treating PCD patients. This was a collaborative effort of PCD Foundation, a
patient advocacy group affiliated with the RDCRN-GMDCC.

6.13 A Novel Treatment for Erthyropoietic Protoporphyria:
Accomplishment of RDCRN-Porphyria Consortium

About a year and a half ago the RDCRN’s Porphyrias Consortium published an
article in New England Journal of Medicine [9] describing the safety and efficacy of
Afamelanotide for the novel treatment of Erthyropoietic Protoporphyria that is a
rare blood disorder (Table 6.3).

6.14 Discussion

The Rare Diseases Act Of 2002 mandated the development of centers of excellence
for rare diseases and resulted in the establishment of the RDCRN program, which
has conducted clinical studies and clinical trials for rare diseases with small patient
populations under a common protocol. Through the RDCRN an expanded role for
patients and PAGs with recognition of need to establish collaborative partnerships
has been developed. The RDCRN program has also developed and demonstrated
collaborative partnerships with the pharmaceutical industry, and with academic and
government investigators and institutions. In addition, it has established a critical

Table 6.3 Accomplishments of RDCRN Program (Data as of May 20, 2016)

Ist Cycle 2nd Cycle 3rd Cycle

08/01/03— 08/01/09— 08/01/14—

07/31/09 07/31/14 5/20/2016 Total
Consortia 10 17 22
Activated protocols 38 99 31 168
Participants enrolled in 5544 22,767 9073 37,384
studies
Participants joined the 5161 10,667 5974 21,802
contact registry
Journal articles 257 907 284 1448
Books and book 30 96 0 126
chapters
Conference papers 111 157 0 268
Conference proceedings 9 150 6 165
Trainees 482 160 56 264
Audits 71 402 278 751

Do not have trainee information for all RDCRNI1 consortia
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mass of investigators and connected them to research participants so that clinical
studies could be completed in a timely fashion.

Results of first 13 years suggest that start up times and participant recruitment
have improved. Patient advocacy groups in their expanded roles have been helpful
in facilitating research, and in particular participant recruitment. Involvement of ten
NIH ICs has resulted in increased number of consortia. In addition, clinical trials to
meet regulatory requirements of new drug applications are possible and encouraged
in RDCRN consortia and this has ultimately led to drug approvals.

There are several lessons learned through RDCRN program. A multi-site
approach can be successfully implemented for rare diseases including those affect-
ing multiple organs. Several separate areas of expertise can be coordinated in such
a Network. The central coordination of recruitment sites is important, along with the
standardization of data through a single DMCC or single capture platform (one
consistent system) and data repository. Central training of investigators for good
clinical practice is also helpful.

Career development/training of young physician researchers is essential to main-
tain a pool of workforce for clinical research. Collaboration with pharmaceutical
industry, PAGs and academic investigators with global effort is needed.

There still are several challenges to address as we aim to further facilitate clinical
research. Especially for very rare diseases, we need to find more efficient ways to
collaborate with global sites.

SMART IRB To streamline study start up and the implementation of the new NIH
single IRB policy, the DMCC has been working on the use of a single Institutional
Review Board (IRB) for multi-site studies. More recently, the RDCRN program has
begun collaborating with the Clinical and Translational Science Award (CTSA)
Program single IRB initiative, termed SMART-IRB (streamlined, multi-site, accel-
erated resources for trials). The NCATS SMART IRB platform [14] offers a harmo-
nized IRB reliance agreement that CTSA Program hubs are signing on to so that
there is a shared agreement on which specific studies can built efficiently in order to
relay on another institution’s IRB. Having a single IRB review a protocol for multi-
site studies is anticipated to accelerate the start-up time, and improve accountability
and oversight for studies.
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Chapter 7
Rare Disease Biospecimens and Patient
Registries: Interoperability for Research

Promotion, a European Example:
EuroBioBank and SpainRDR-BioNER

Yaffa R. Rubinstein, Manuel Posada de la Paz, and Marina Mora

Abstract Well-annotated and properly preserved specimens are crucial both for
diagnostic purposes and for use in basic and pre-clinical research, and are especially
important for rare disease (RD) studies. Several consortia have been established in
the recent years in order to facilitate research and to maximise access to rare bio-
logical samples and data stored in rare disease biobanks and registries, among them
the EuroBioBank network and the Spain National Rare Disease Registry (RDR) and
Biobank (BioNER).

EuroBioBank, established in 2001, was the first network of RD biobanks to oper-
ate in Europe as a service distributing human DNA, cells, and tissue to the scientific
community conducting research on rare diseases.

The Spanish RDR and BioNER were created for facilitating rare disease research
and health-related matters. The coordination of these two bodies represents an
example of great scientific value as biological samples donated by patients at
BioNER are linked to clinical information collected in the RDR.

Rare disease biobanks and registries will need for the future to increase their
effort to improve interconnection so to enable investigators to better locate samples
and associated data, while protecting security of the data and privacy of the partici-
pants and adhering to international ethical and legal requirements.
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Rare diseases (RDs) are a clinically heterogeneous group of about 6000 disorders.
In the USA the definition for rare disease is a disease or condition that affects less
than 200,000 individuals in the USA at any given time [6], and in Europe when it
affects less than 1 in 2000 people [1]. Although any one condition is rare, their
cumulative public concern is substantial with 6-8% of the population (millions of
individuals) having a rare disease at some point in their life. RDs are commonly
diagnosed during childhood and often have deleterious long term effects and can be
life threatening [5].

Many of the problems and difficulties associated with biospecimens for common
diseases also apply to rare diseases biospecimens. In the latter, however, these prob-
lems are more acute, because of the additional challenges that uniquely pertain to
research in rare diseases. Rare disease biospecimens, to the extent that they are
available, are widely dispersed across geographical regions and among various gov-
ernment supported and private bio-repositories.

Biorepositories (Biobanks) can provide the fuel to stimulate collaborations
between patients, researchers and industry to accelerate research to develop drugs,
therapeutics and, hopefully cures for these rare diseases. Bio-specimens with well
annotated clinical information are essential for medical research, specifically in the
era of personalized and precision medicine. Because of the rarity of these biospeci-
mens, global sharing and collaboration for standardization of high quality of sam-
ples with the associated data and interoperability between the different databases
collecting patient’s samples and data is important.

Unfortunately, this effort is being hampered due to a combination of many fac-
tors which includes lack of standardization in data collection and the quality of the
samples. Also lack of a consensus on human subject issues, ethical, legal regula-
tions (informed consent, ownership, and patient privacy), interferes with global
sharing of material and the associated data,

For rare diseases the quality and the availability of the specimens are important
factors that need to be taking into account whenever establishing a database that
serves as a locator and a link to a network of biorepositories.

Since these samples for most cases are scarce and limited in number, there are
two main questions to address; one is how to locate a collection of rare disease
specimens and second what should be the basis of sharing these valuable samples.
Regarding the latest point a question is arisen, should they be used only for projects
with highly significant scientific and medical value, or be available and distributed
to any request?

When it comes to the value of the specimen, one needs to realize that specimen
with clinical annotation will accelerate research and lead to discovery of new biomark-
ers for targeted therapies that will lead to improve the quality of life for many patients.
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Sample collection and biobanking should be incorporated in the infrastructure of
any hospital or organization that collects patient clinical data, for example patient
registries.

Somiari & Somiari [19] suggested, in a recent article, a grading system to define
the value of the specimen and provide some gaudiness for distribution and sample
sharing. This grading system with the accreditation system developed by CAP
(College of American Pathologists) [11] and the best practices developed by ISBER
(International Society for Biological and Environmental Repositories) [9] and NCI
[3] collectively it can alleviate some of the difficulties and concerns about acquiring
and distribution of rare and valuable sample including issues related to cost associ-
ated with manning these biobanks.

To accomplish that it will require a great degree collaboration of agreement, not
only within the different scientific entities, but also on the level of private sector
across many countries. Indeed, for rare diseases there is a growing international col-
laboration and agreement on the need to increase the access to data and biocpeci-
mens to optimize their use [12].

In addition to the physical collection of the samples, in order to increase sample
accessibility, there is a need for systematically listing the existing repositories
around the world, that will enable investigators locate specific collection and foster
collaboration worldwide. Networks of biobanks can also serve also as a bioreposi-
tories locator.

Biospecimens held in biobanks have enabled researchers and clinicians to under-
stand the mechanism and underlying cause of RD for gene discovery and for devel-
opment of diagnostic and therapeutic biomarkers. For example; DNA has been used
to discover new genes and gene mutations, identify new diagnostic criteria, and
genotype—phenotype correlations. Sera and plasma facilitated the identification of
new biomarkers and protein profiles allowed the identification of disease. For
Biospecimens users to be able to help handle and process samples in a standardized
manner and to evaluate, interpret the data and compare it in a consistent manner, the
Biospecimen Reporting for Improved Study Quality (BRISQ) was developed and
an article submitted for publication. Authors submitting articles reporting on the use
of biospecimens are required by many major journals to provide the information
established by BRISQ [14].

For Biorepositories harmonization and interoperability with RD patient regis-
tries it is critical to promote clinical engagement and enhance diagnostic and thera-
peutic development for RD. To this regard, equitable and ethically grounded data
sharing agreement through engagement in order to achieve consensus with patients,
clinicians, institutions, and government agencies is essential.

In addition, collaborative research requires sharing and/or integrating data from
various sources using a range of different terminologies, which requires semantic
and syntactic interoperability [20]. The use of biobanks for research does not only
depend on the availability and quality of the biomaterials, but also on the associated
clinical data and personal characteristics, and the requirements to obtain time-
specific phenotypic-genotype data. The development of precisely defined clinical
Common Data Elements (CDEs) may help to ensure that clinical relevant data are
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collected at each time interval. Clinicians should be encouraged to adopt common
CDE:s to facilitate their use in clinical research, patient registries, and other human
subject research including in all omics fields. Thus, it is of an important need to link
patient’s clinical information collected through patient registries to the date associ-
ated with biospecimens donated by the same patient The integration of clinical
phenotype data across centers and across diseases is essential for future progress.
This is a critical problem in rare disease. To address this issue, major medical
research institutes have joined in a global effort to foster collaboration in rare dis-
ease research and established The International Rare Diseases Research Consortium
(IRDiRC) [8].

In order to facilitate research in the field of rare diseases, and to maximize access
to rare biological samples and data stored in biobanks, several consortia have been
established in the recent years. Here we discuss two major biobanks which made a
tremendous effort to address the issues listed above; the EuroBioBank and the Spain
RDR-BioNER.

7.1 The EuroBioBank Experience

The EuroBioBank (EBB), established in 2001, was the first network of RD bio-
banks to operate in Europe as a service distributing human DNA, cell, and tissue to
the scientific community conducting research on rare diseases [15]. The EBB net-
work obtained funding in 2002 under FP5, started operating in 2003 and was subse-
quently supported through the FP6 program TREAT-NMD. While financed by the
European Commission, major milestones of the network were concerned with defi-
nition of common quality criteria; development of Standard Operating Procedures
and ethical guidelines; adoption of standards for material transfer and biobanking;
and development of a dedicated website [4] to offer services to the scientific com-
munity. A web-based catalogue was specifically designed to provide easy access to
referenced samples and to allow for the presentation of the collections. This has
been a key service that has made the EBB network highly valued within the scien-
tific community during the last decade.

New partners have joined the EBB network, since its beginning: the network
now includes 22 biobanks from 11 countries (9 European). Biobanks and biomate-
rial collections across the world can join EBB. The member biobank maintains the
legal custodianship of samples, whereas the EBB acts as a clearing house or ‘vir-
tual” biobank with its online catalogue for locating samples. Researchers from
anywhere in the world who locate a sample of interest through the catalogue can
directly contact the biobank holding the sample. Sample distribution is governed by
the conditions set out in the EBB charter and standardized material transfer agree-
ments (MTAS).

Since its establishment, the reputation of the network has greatly increased mak-
ing the EBB brand highly recognized, but EBB remains prominent mainly thanks to
the support of the members, and without specific funding. Since its establishment,
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more than 400 papers have been published using some of the about 130,000 RD
samples available across the network.

Recently, EBB has joined the RD-Connect platform [20] a European-funded
global infrastructure project whose main aim is to link up databases, registries, bio-
banks and clinical bioinformatics data for rare disease research. EBB, in this con-
text, will become “the biobank™ for RD-Connect. New incoming RD-Connect
biobanks will be incorporated as part of the EBB network. The sample catalogue of
each EBB partner will become part of a unique dynamic, updated, searchable cata-
logue of biological samples linked to clinical data from patient registries and to
patients’ ‘omics’ data, which will represent a major output of RD-Connect [13].

Furthermore, EBB will contribute expertise to promote high professional stan-
dards and best practices in RD biobanking and implement the integration with RD
patient registries.

7.2 The Spain RDR-BioNER

The Spanish National Rare Disease Biobank [2] was created in 2013 to support
national and international research, through collecting and storing biological sam-
ples of people affected by rare diseases, their relatives and controls. BioNER, coor-
dinated by the Institute of Rare Diseases Research, Instituto de Salud Carlos III
(ITER, ISCIII), participates both to the EuroBioBank network, being IIER, ISCIII
one of the founding EBB members, and to the Spanish Network of Biobanks (60
biobanks collecting samples from all diseases). BioNER mission is to support
national and international research, providing rare disease samples for research
related to aetiology and preventive aspects, as well as to discovery of new treat-
ments and prognostic factors.

BioNER, in addition, is strictly connected with the national RD Registry (RDR)
that gathers health information on RD patients. The National RDR’s main aim is to
build a comprehensive platform where patient and population-based registries can
be harmonized. It involves all health departments of the autonomous communities
(regions) of Spain, the Spanish Ministry of Health, the Spanish Centre of Reference
of People and Families affected by rare diseases (CREER), six Spanish medical
societies, four research networks, pharmaceutical and biotechnological organiza-
tions, the Spanish federation of Rare Diseases (FEDER) and its foundation (FEDER
Telethon Foundation), as well as the Institute of Rare Diseases Research (IIER)
which acts as a coordinator and leader of the network. Patient registries addressed
to patient outcome research, and population-based registries addressed to epidemio-
logic research and social and health system planning, are contributing to building
RDR. More than I million people affected by RDs are listed in the Spanish RDR
registry, representing about 94% of the RD population in Spain.

The interconnection of BioNER and RDR represents for Spain a great advance in
the strategy aimed at facilitating RD research and health-related matters. In fact, the
coordination of these two bodies represents an example of an optimal scientific benefit
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and value when biological samples donated by RD patients at BioNER are linked to
patient clinical information collected, using standard terminology, in the RDR, having
as ultimate aim the collaboration and interoperability with other RD databases.

7.3 Future of Biobank and Registry Interoperability

Newly established biobanks as well as existing biobanks, will need to increase their
effort to improve interconnection with registries and clinical datasets in order to pro-
vide well annotated high quality biospecimens linked to related clinical data, to pro-
duce complete dataset to enable high quality and meaningful research. Patient registry
managers are now realizing the value and the need of collecting samples from their
participants and linking the specimen’s data to the participant’s clinical information
collected through the registry. The importance of this linking was reported by Rubinstein
et al. [17] during an international conference. Institutions and government agencies
may have to come up with some appropriate requirements to ensure that RD biospeci-
mens be collected into biobanks that are incorporated in the infrastructure of any hos-
pital or organization also collecting patient clinical data. Spain BioNER and RDR
interconnection represents a perfect example of how such an issue can be addressed.

With regards to linking patient’s clinical data to their donated samples, there is no
one specific system yet that has been agreed upon and adopted by the international
community. The NIH Global Unique Identifier (GUID) [16] which was developed to
enable follow up on patients over time, in different studies or registries, can be used
also to link the patient clinical data to their donated specimens. The NIH GRDR
pilot project [18] suggested to use of the GUID as a mean to link the two data sets.

The GUID is arandomized, secured number that is generated from a few required
data (elements) collected from the patients. The elements that are required to gener-
ate the GUID are embedded in the list of the GRDR CDE:s that were developed for
patient registries [18]. Any registry using these CDEs can generate the GUID and
use it as a unique number attached to the patient clinical data and to the donated
biospecimens while protecting the privacy of the patient. Other GUIDS or linkage
systems may be used and available.

In addition, collecting phenotype data according to the Human Phenotype
Ontology (HPO) [7] a standardized vocabulary of phenotypic abnormalities
encountered in human disease, will greatly improve the interoperability between
biobanks and registries. Thanks to the detailed terminology and semantic organiza-
tion of the HPO, and the use of instruments such as PhenoTips, it will be possible to
specify precise and detailed phenotypic profiles in a standardized computer-inter-
pretable format.

As the demand for high quality and well annotated samples increases and the
linkage and interoperability between clinical databases and registries, so is the
complexity of data management, integration, sharing and access of metadata
across institutes and organization around the globe [10]. The fast growing demand
for interposable databases, requires the development of software that can handle
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metadata. Examples for these type of software which already have been developed
are 12b2, XTENS AND CaTissue,

In conclusion, the future of RD biobanks linked to registry from the global per-

spective, will require a well standardized and integrated system to enable investiga-
tors locate the sample and the associated data, collaborate and share samples/data
while protecting the security of the data and the privacy of the participants and
adhering to international ethical and legal requirements.
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Chapter 8
Data Quality in Rare Diseases Registries

Ylika Kodra, Manuel Posada de la Paz, Alessio Coi, Michele Santoro,
Fabrizio Bianchi, Faisal Ahmed, Yaffa R. Rubinstein, Jérome Weinbach,
and Domenica Taruscio

Abstract In the field of rare diseases, registries are considered power tool to
develop clinical research, to facilitate the planning of appropriate clinical trials, to
improve patient care and healthcare planning. Therefore high quality data of rare
diseases registries is considered to be one of the most important element in the
establishment and maintenance of a registry. Data quality can be defined as the
totality of features and characteristics of data set that bear on its ability to satisfy the
needs that result from the intended use of the data. In the context of registries, the
‘product’ is data, and quality refers to data quality, meaning that the data coming
into the registry have been validated, and ready for use for analysis and research.
Determining the quality of data is possible through data assessment against a
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number of dimensions: completeness, validity; coherence and comparability; acces-
sibility; usefulness; timeliness; prevention of duplicate records. Many others factors
may influence the quality of a registry: development of standardized Case Report
Form and security/safety controls of informatics infrastructure. With the growing
number of rare diseases registries being established, there is a need to develop a
quality validation process to evaluate the quality of each registry. A clear description
of the registry is the first step when assessing data quality or the registry evaluation
system. Here we report a template as a guide for helping registry owners to describe
their registry.

Keywords Rare diseases registries ® Quality assurance plan ¢ Data quality indica-
tors ¢ Public health registry ¢ Clinical research registry ¢ Validity

8.1 Introduction

Patient registries are considered key instruments to develop clinical research in the
field of rare diseases, to improve patient care and healthcare planning. They are the
only way to collect a critical mass of data to increase the understanding of natural
history of rare conditions, and to support the feasibility of the clinical trial. Therefore
high quality data of rare diseases registries is considered to be one of the most
important element in the establishment and maintenance of a registry. Quality is a
much more complex term than it appears. Many definitions and interpretations exist
depending on the goal, use and intent of the registry [9, 21, 36]. In broader terms,
the term “quality” is defined as the totality of characteristics of an entity that bear
on its ability to satisfy stated and implied needs [15] (ISO 8402:1994 2004). Quality
evaluation of registry is considered to be one of the most important element in the
establishment and maintenance of a registry. It is desirable that every registry should
have a “builtin” a Quality Assurance Plan that should be implemented at every stage
of the registry, from inclusion of new cases to dissemination of the final data analy-
sis reports. As Brooke states, “every year an enormous quantity of medical statistics
is compiled and published, and very little is known about the quality of the data on
which these statistics are based” [4]. Before embarking on the quality evaluation of
a registry, it should be determined whether the entire registry system (its total qual-
ity), or only part of it, will be assessed. The last guidelines on patient registry devel-
oped by the Cross-Border Patient Registries Initiative, a Joint Action Project funded
by the European Union, identified numerous “quality influencing factors” that cat-
egorised the total quality of the registry into four groups. These categories should
not be viewed separately when assessing the overall quality of a registry. Together
these categories capture all the aspects of registry quality that are important to data
end-users [38]. These categories are: (1) Registry governance; (2) Data quality; (3)
Information quality; (4) Ethical issues (including security and privacy). The aim of
this article is to focus on and address only the data quality aspects of a registry.
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8.2 Data Quality

Data quality can be defined as the totality of features and characteristics of data set
that bear on its ability to satisfy the needs that results from the intended use of the
data [1]. The term “quality” refers to the degree of excellence, as in, “a quality prod-
uct”. In the context of registries, the ‘product’ is data, and quality refers to data
quality, meaning that the data coming into the registry have been validated, and
ready for use for analysis and research. Data characteristics must altogether satisfy
the intended needs of the registry purpose. In fact, the success of a registry will
ultimately be judged on its ability to meet the goals it was created for.

Determining the quality of data is possible through data assessment against a
number of dimensions. Data quality dimensions can be defined as “a set of data
quality attributes that represent a single aspect or construct of data quality” [37]. By
identifying different aspects or constructs of data quality it is then possible to mea-
sure the quality of data against those aspects or constructs identified.

Some dimensions of quality have been well discussed and defined in other area
of disease registries [3, 22].

The dimensions provided are applicable for different registry types with different
purposes, however not all may be equally important. The importance of a particular
quality dimensions depends on the set objectives of the registry.

According to the objectives they are interested in, Registries are classified in the
following categories:

e Public health registry/surveillance registry (disease registry): focus on disease
occurrence (estimate incidence prevalence, temporal trends geographical distri-
bution in relation to person, place, time); source of cases could be various and
multiple; data collected are “basic” and refer to demographics, outcomes such as
mortality; non longitudinal data are collected and tempestive information is
required; the principal uses of data are disease burden measure, disease descrip-
tive epidemiology, disease aetiology and risk factors, public health surveillance;
health planning generate hypothesis for epidemiological research; the advantage
and disadvantage are that data are “basic” but representative and can provide
population disease occurrence; the denominator is well defined and the popula-
tion or geographical coverage is comprehensive (population based registry).
Example of public health registry/surveillance rare diseases registry are the
Italian National Rare Diseases Registry [33, 34], Spanish Rare Diseases Registry
[39], French National Rare Diseases Data Bank [20].

¢ Clinical/genetic research registry (patient registry): focus on the study of natural
history of disease, understand cause of disease, risk factor, prognosis or treat-
ment effect; sources of cases are clinical units; data collected are “clinically
rich” and refer to diagnosis, prognosis, clinical outcome measures; the principal
uses of these types of data are for clinical research, patient care and disease
management. The follow-up is essential and tempestive data information is not
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fundamental; the advantage and disadvantage are that data are “clinically rich”
but not representative of the residing population, thus cannot provide epidemio-
logical estimates of disease at population level; the denominator is not well
defined and the population or geographical coverage may not be comprehensive
(non population based registry). Furthermore, depending on the initial research
question posed, there will be clear inclusion/non-inclusion and exclusion criteria
defined before starting collecting data, which will exclude cases. Example of
such clinical registry are TREAT-NMD DMD Global Database [2] and RaDiCo
cohort databases (RaDiCo is the French Programme on Rare Disease Cohorts
coordinated by Inserm is funded by the French National Research Agency under
the specific programme “Investments for the Future”, Cohort grant agreement
ANR-10-COHO-0003): www.radico.fr).

e Treatment registry focus on safety of monitoring for post-marketed drugs or
devices products; services health technology assessment; mainly collect clinical
and anthropometric data, information about medication, devices and health ser-
vices, and Patient-Reported Outcomes [26].

e Combination registries

While each of the dimensions may be considered equally important, there may
be instances where the relative importance of one dimension is greater than another.

For Public health registry/surveillance registry, that is used to calculate incidence
rates of diseases, it is essential to include all existing patient cases, therefore the
completeness dimension is of critical importance. On the other hand, in registries
used for infectious disease, timeliness may be extremely important. For clinical
registry, to satisfy the accuracy dimension, it may be necessary to sacrifice some
elements of completeness or timeliness. In fact for clinical registries, exhaustive
enrolment of all existing cases in the study and geographical coverage is not
required, because only reaching an acceptable statistical power matters to perform
the subsequent analyses.

Regardless of the type of registry, the high quality of the data is usually associ-
ated with a good oversight and governance mechanism, a secure and modern/adapt-
able information system, and with durable funding and would benefit from support
in organizational aspects and management, innovation activities in information
technology, epidemiology and statistics [6].

8.3 Dimensions of data quality and definitions

The data dimensions outlined in this article are: completeness of case ascertain-
ment; completeness of the items; prevention of duplicate records; validity; compa-
rability; accessibility; usefulness; timeliness.
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8.4 Completeness of Case Ascertainment

Completeness of case ascertainment, known as external completeness, is the extent
to which all patients occurring in the population are included in the registry data-
base and applies to surveillance registries. A high degree of completeness of case
ascertainment will ensure that the calculated incidence and prevalence rates are
closed to their “true value”. There are two kinds of methods to assess the case com-
pleteness: qualitative and quantitative [7]. The qualitative approach is to observe the
trends in incidence/prevalence rates that can be a manifestation of changes in com-
pleteness of case registration. Implausible trends in incidence/prevalence may
reflect incompleteness in recording events. Furthermore, failure to register deaths
(and cause of death) will lead to overestimation of prevalence and of patient
survival.

The quantitative methods may allow numerical evaluation of the completeness.
Linkage with independent sources such as hospitals or national death certificates
databases may be useful to estimate the number of cases missed by the registry [11,
16, 23]. These are less sensitive but inexpensive methods too. An independent sur-
vey with case ascertainment, however, gives a more accurate information on regis-
try’ completeness [12, 27]. Besides, though it is expensive, it makes possible a
subsequent examination of case selection bias, a point that needs to be examined
particularly when registry are incomplete. Otherwise, one will never know if those
registered cases are characteristically different from the missed ones.

Two statistical methods have been suggested by David H Stone to quantify com-
pleteness of a registry: pooling method and screening method [32]. In the latter case
(Table 8.1), we just use the alternative information source as a gold standard with
which we compare the registry.

Therefore, cases identified by both will be true positives, and we will have false
negatives (sensitivity) and false positives (positive predictive value) depending on
which one of the two sources has the cases. With the pooling method (Table 8.2), all
cases identified by the registry and the alternative information source, excluding the
repeat ones, are put together and the proportion of those identified by the registry is
calculated as an estimate for completeness of the registry. Thus, by establishing a
cut-off, it could be possible to see if a registry is reasonably complete.

Table 8.1 Screening method

External source (gold standard)
Cases Non cases Total
Registry Cases a b a+b
Non cases c d? c+d?
Total a+c b +d? ?

Sensitivity = a/a + ¢
Positive predictive value = a/a + b
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Table 8.2 Pooling method

Alternative information source =A
Registry =B
Pooled data =C 2C=(AUB)-(ANnB)

(Set C is equal to the union of set A and set B minus their intersection)

These methods are quite good particularly for assessing completeness of a
population-based registry where the alternative information source might give us
the possibility of identifying almost all cases diagnosed. However, in the case of
population-based registry, it is too difficult to know all the individuals with that
particular disease, and it is not easy to estimate how many of these are missed by
both the registry and the alternative information source. Thus, the two methods
mentioned above would not tell us how truly complete our registry is. This is an
important point to be considered when we are interested in estimating in precise
manner disease frequency in a target population.

Besides the methods mentioned above, there is a third and more accurate method
to assess the completeness of a registry — a capture recapture method [5, 28, 29]. It
is a relatively complex technique which requires a special software and the neces-
sary know-how. It gives the opportunity to estimate the actual morbidity rate in the
target population regardless of how complete the registry is. In brief;, it is a method
that helps to estimate those cases that are identified neither by the registry nor by the
alternative source. By doing so, it completes the fourth cell of our 2 x 2 table and
gives an estimate of the total number of cases in the target population.

Assessing completeness of a registry, is a relatively complicated process and
becomes more difficult in the case of population-based registries. One can try hard
to maximize its coverage but there is no way to assure inclusion of all cases in the
registry. Complete case ascertainment mainly depends on peoples’ demand of medi-
cal care, accessibility of health care, health service utilization rate and health work-
ers’ capacity to identify the illness (cases).

8.5 Completeness of the Items

Completeness of the items known as internal completeness is the proportion of reg-
istered cases with missing values (or unknown) for different variables.

When registries collect large amounts of variables, it is important, in the perspec-
tive of data quality, to take into account the specific purpose of the analysis and to
distinguish for this specific analysis items deemed to be ‘essential’ from those
deemed to be ‘non-essential’. It may be reasonable to focus the objective of full
completeness on the essential items only [7]. The missing value must be very low
for variables which are critical to a specific analysis; for population based cancer
registry the gold standard for missing value for critical variables <= 2% [13].



8 Data Quality in Rare Diseases Registries 155

A registry of good quality should have a high percentage of item completeness
throughout the course of its existence. If the collection of data is based on electronic
data capture and data management tools (eg eCRF and e-query systems), simple
automatic rules, professional and continuous data management support for making
sure that critical items are completed and may help to support completeness of
the registry.

8.6 Validity

Validity refers to the proportion of cases in a dataset with a given characteristic,
which truly have the attribute. Lack of validity is referred to a bias or systematic
error [24]. Validity depends on the precision of source documentations on the level
of expertise in data classification and coding; on the registry “protocol” (explicit
definitions, good coding systems, documented rules limitation of free text fields,
preference for pre-defined list of possible information items; data coherence rules,
continuous data management for validating entered data before final integration in
the registry). Validity has both an internal and an external dimension [8].

* Internal validity relates to the extent of errors within the system. It depends on
the following errors: — misdiagnosis: health outcomes with unspecified symp-
toms in the absence of laboratory confirmation; — miscoding: health outcomes
which were not reported because the coding system doesn’t include a specific
and appropriate code; — misclassification: health outcomes reported with inap-
propriate case definition category; no clear case inclusion/exclusion criteria
including diagnosis criteria. Moreover limitation of free text fields, preference
for pre-defined list of possible information items; data coherence rules, continu-
ous data management for validating entered data before final integration in the
registry improve the internal validity of item.

* External validity is the ability to generalize study results to a more universal
population. It is the degree to which the conclusions in a study would hold for
other persons in other places and at other times. One indication that a study lacks
external validity is if the sample is not representative. Evaluating validity implies
a registry indicator measured against a ‘gold standard’ value. An agreement
between the registry under examination and an alternative information source in
all the items of a single case is recommended. Cases can be selected at random
from the registry and entries of each item can be compared with the alternative
information source. This can be patients’ clinical record, laboratory records, etc.
We may quantify their agreement in terms of percentage, and depending on the
purpose of our interest we can establish cut-offs. Some authors use also the
kappa coefficient, a statistical measure commonly used in testing the reliability
of diagnostic tests, to see the agreement between the two information sources on
specific variables [14, 35].
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8.7 Coherence and Comparability

Coherence reflects the degree to which data can be successfully brought together
with other statistical information within a broad analytic framework and over time.
Coherence covers the internalconsistency of data collection as well as its compara-
bility both over time and with other data sources [38]. Comparability is the extent to
which the data collected can be analyzed to make a comparison with other registries
or over time. This is very important in the analysis of geographical and temporal
distribution. Standardization of definitions, use of standard clinical vocabularies,
terminologies, classifications and ontology, is the only sure way to achieve the inter-
national comparability [31].

8.8 Timeliness

Timeliness refers to the rapidity at which a registry can collect, process and report
sufficiently reliable and complete data, for producing results or outcome for action
(report and/or research article and/or public health action) [3]. This timeliness is
determined by the time between the various steps in the registry information chain
and depends, also on the aims of the registry. If a registry has a role in quality
improvement of health care or immediate public health action, the time period
needed to produce results for feedback to clinical centres is a crucial point.

Couchoud et al. [7] propose four indicators to evaluate the timeliness. (1) Time
until receipt: time from the clinical event to the record in the registry. (2) Process
time: the time from the presence of the record to its availability for research (avail-
able in the ‘frozen’ database after quality control procedures). (3) Time to availabil-
ity: sum of the two previous times. (4) Number of patients or data recorded in the
registry after the database was ‘frozen’ to produce an annual report or a scientific
paper. These cases or items are found the year after, in a new ‘frozen’ database [7].
An other indicator of timeliness is also timelines of patient visits and adherence to
them in a given longitudinal study. If you consider a surveillance registry, you need
only one capture of the “case”; if it is a clinical research registry, you need to make
sure all planned visits (ex: 2 visits per year during 5 years are respected for all
included cases.

Other prerequisites of data quality are accessibility, usefulness and prevention of
duplicate records.

8.9 Accessibility

Accessibility is defined as availability of aggregate data, publication of periodic
reports and/or literature in peer-reviewed journals, and clear framework and proce-
dures (including at the technical level) for accessibility to external researchers of
anonymized patient-level data. Registry data accessibility presents an opportunity
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for sharing and more productive collaborations to collect relevant data, implement
quality and standardization procedures, and provide broad access to comprehensive
aggregate information and anonymized patient-level data to facilitate the advance-
ment of research and improvement of patient care [19].

8.10 Usefulness

Usefulness refers to the extent to which an information system or its output provides
any benefit or value. The usefulness of a registry can be perceived differently by
different stakeholders. Government institutions are likely to value systems from
public health point of view: for example, evaluate the population health status; plan-
ning health services; provide data on declining disease incidence. On the other
hand, the scientific community will find it useful when disease registry data offer
new insights in the discovery of disease knowledge and its natural history, or reveal
new phenomena, which will help to generate new hypotheses. For clinical registry,
the level of usefulness is intended for example how to use data registry in subsequent
clinical trial and study design; participation in awarded grants; several publications
through peer-reviewed publications.

One more feature closely linked to usefulness is the registry’s overall adaptability
or its capacity to include new data items (eg to address specific research subprojects
in partnerships with potential data end-users such as pharma companies).

8.11 Prevention of Duplicate Records

Duplicate records refer to the multiple registration of the same patients into the
registry database. This might due to patient mobility, which often refer to more than
one doctor and more than one hospital; jumping from paediatric care to adult care
management or related to registration errors (spelling mistake in family name (or
very long family names not entered the same way by two clinicians in the same of
different hospitals). Specific methods to detect those duplicate should be in place,
otherwise, incidence and prevalence rate may be overestimated. Identifying dupli-
cate case records can be difficult, and a common set of criteria needs to be employed
to prevent their generation. They can be detected with a series of deterministic/
probabilistic matches using the personal identification number, or by a match in
other identification variables such as name and surname if allowed, birth month and
year, sex and etc. Records matching exactly in all of these fields are automatically
assigned to the same patient. In some cases the diagnosis needs to be managed
because a patient could have two different RD and the rest of the variables will
match but this is not a real duplicate record. This only happens in wider registries
where several diseases are registered. It is important that the registry needs to have
in place procedures for handling duplicate registrations in order to avoid having
duplicate patients entered into the registry and to calculate regulatory the percentage
of duplicate records found in the whole database.
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8.12 Factors Influencing the Data Quality Dimensions

Considering that data quality is part of a complex system, as many others factors
may influence the quality of a registry: development of Standardized Case Report
Form (CRF) and informatics infrastructure.

8.13 Development of Standardized Case Report Form

Case report form (CRF) (paper or electronic based) is the initial step in translating
the protocol into standard questionnaires. The CRF must comprise all variables that
are necessary to answer the research questions planned in the design phase and it
has to use standard definitions of items and variables. Standard development of CRF
using standard guidelines helps the collection of consistent and valid data [10].
Problematic CRF include: unclear questions (e.g. when acronyms, complex words
or abbreviations are used; poor ergonomics and no use of branching logics and con-
ditional fields systems resulting in too long reporting form); poor ergonomics and
no use of branching logics and conditional fields systems (resulting in too long
reporting form); no logical order of questions (e.g. clinical and laboratory sections
not clearly separated or mixed-up); meaning of question is unclear [30]. In addition,
scientific expert are encouraging the use of Patient-Centered Outcome Measures
form (PCOM), as a relatively new concept, to be integrated with CRF. The use of
PCOM form, which are potentially of relevance for rare diseases, are the instru-
ments that can be used to measure real benefits for patients and from their perspec-
tive. The International Rare Diseases Research Consortium (IRDiRC) strongly
recommend that the insertion of PROs into the design of rare diseases registries is
necessary to fully evaluate their natural history [25].

A “library” of standard reporting form are elaborated by the National Institute of
Neurological Disorders and Stroke (NINDS) (https://cde.nlm.nih.gov/home) with
the aim of standardizing the collection of investigational data in order to facilitate
comparison of results across studies and more effectively aggregate information
into significant metadata results.

8.14 Informatics Infrastructure

The successful implementation and use of a registry depends on a thoroughly and
accurate planning and construction of a suitable IT infrastructure [8].

The IT infrastructure for user authentication, data entry, data management, stor-
age and subsequent analysis should be:

e Web-based for data entry through Secured-cloud-based for data storage and
backup (information on a case or series of cases is entered into a data entry mask
on a secured web page). Advantages are that this technology is common, cheap.
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e Interface-mediated data retrieval before integration in the registry if data are ini-
tially collected or recorded in an external system. It may be possible to wholly
automate data import/export by developing an interface (data warehouse) and
machine readable forms (Extract, Transform, Load (ETL approach).

* Interface-mediated data management system, allowing for instance to implement
pre-defined automated control rules in the forms as well as query messaging
system between the data manager and the clinical unit participants for continu-
ous (if not real time) control and validation of entered data.

* Open-source software. The great advantage of an open-source software that
enables scientists to build a registry for a specific rare disease even without spe-
cial IT knowledge. The downside is that the software is not supported in an
enforceable way, i.e. by a legally binding contract.

e Secure-certified following regular security audits, to prevent from malicious/
unauthorised interventions

» Adaptable to technological evolutions (resistant to obsolescence) and to the rise
of “big data” needs.

Determining which information system architecture to use and how to design the
system is an essential question when setting up a registry system [8].

The choice of server hardware and database solution can have a marked effect on
data quality. Server hardware varies in levels of stability, maturity and speed and the
choice of database software can affect data quality. To mitigate risks caused by the
choice in soft- and hardware, the validity of data needs to be thoroughly
monitored.

Based on a systematic review of the literature, Doris Lindoerfer et al. [17, 18].
developed a checklist for patient registry software systems (CIPROS) which sup-
ports developers to assess requirements of an existing system. It also supports the
reporting of patient registry software system descriptions in papers and it can be a
first step to create standards for patient registry software systems.

8.15 Conclusion

With the growing number of registries being established, there is a need to develop
a quality validation process to evaluate the quality of the each registry.

As stated earlier, the quality of a registry refers always to the objective for which
it was meant.

It will be important to —provide tools for registry managers and to elaborate on
the quality indicators so they can conduct self-evaluation. This helps them to con-
tinue what they are doing if they are on the right track or to rethink and restructure
their registry activity if they are having some problems. Accordingly, a questionnaire
is developed as an initial tool for assessment of a registry. A clear description of the
registry is the first step when monitoring data quality or the registry evaluation sys-
tem. Here we report a template as a guide for helping registry owners to describe
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their registry. It is necessary to update regularly this template description. Ideally all
the questions of the questionnaire should be answered positively, before going
ahead with the analysis of data quality (Table 8.3).

Table 8.3 Example template for registry description

Indicate the date when you are filling out the template date: dd/mm/yyyy
1. Contact information

Name of the registry (and acronym)

Name of registry database owner (responsible legal entity for data management)

Name of registry contact person

Registry address

Registry telephone number
Registry fax number
Registry email address

Registry web home page

2. Registry organisation
Year of establishment

Registry language(s)

Membership of other international networks (yes/no, if yes specify the name of the network)

Indicate the registry funding source

Describe staff working in the registry which may include: PI ( e.g. management, financial
sustainability), Registrar (e.g. collection, registration, data management and monitoring);
Informatic personel (e.g. maintenance in operational condition, backoffice/helpdesk and bug
resolutions, automation and output); Statistician/epidemiologist (methods, analysis,
interpretation) Medical (e.g. pathology, coding), Administration (e.g. secretarial support) and
etc.

3. Type of registry

According to the objectives they are interested in, Registries are classified in the following
categories:

1. Public health registry focus on disease occurrence (estimate incidence prevalence, temporal
trends geographical distribution in relation to person, place, time); the principal uses of data
are disease burden measure, disease descriptive epidemiology, disease aetiology and risk
factors, health planning;

2. clinical/genetic research registries focus on the study of natural history of disease
(understand cause of disease, risk factor, prognosis or treatment effect); the principal uses of
data are for clinical research, patient care and disease management,

3. treatment registry focus on safety of monitoring for post-marketed drugs or devices
products; services health technology assessment

4. combination registries.
4. Objectives
The objectives of the system indicates why the system exists

List the principal and secondary objectives of the registry

(continued)
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Table 8.3 (continued)

5. List of diseases under registration

‘When preparing for the evaluation of registry system, all diseases covered by the system should
be listed. The disease under registration could be specific (example: Prader-willy syndrome) or
group of diseases (haemoglopinopathies, primary immunodeficiency). It is recommendable to
use the list of diseases included to the Orphanet classification of rare diseases diseases (http:/
www.orpha.net/consor/cgi-bin/Disease_Classif.php?Ing=EN).

6. Inclusion/esclusion criteria

The registry team should specify so-called eligibility or inclusion criteria that are a set of
conditions that a patient must meet to be eligible for inclusion in a registry, and generally
include geographic (e.g. hospitals in a particular region of the country), demographic (e.g. age,
gender, ethnicity), disease-specific (e.g. a certain diagnosis, stage of disease), time-specific (e.g.
specification of the included dates of hospital admission), laboratory-specific, and other criteria
(e.g. size of the hospital in terms of number of patients). Exclusion criteria, on the opposite side,
are those criteria that disqualify subjects from inclusion in the registry.

7. Data sources and data flow

A data source for a registry system can be defined as a place where the initial information on the
disease to be reported is collected. Genetic laboratories and hospitals are the most common
sources of information for registry. Other source (general practitioners electronic health record,
administrative data, Patient Reported Outcomes PROs, connected devices generated data) may
also be included in the registry system.

A clear flowchart for a generic case reporting system is necessary and the following elements
should be considered in order to describe data flow: (1) Data providers or data sources as
described in the previous section; (2) Processes for clinical diagnosis, case confirmation, and
gathering of additional information; (3) Public health institutions (data recipients) that provide
feedback information to participants of the case reporting process, public health professionals,
and the general public. (4) data management entity.

8. Populations under surveillance of registry system

The population under surveillance can be defined as the general population or targeted groups.
The targets can be based on specific age categories (e.g. children under five years of age) or
other determinants.

9. Geographic coverage

The geographic coverage represents the geographic unit (municipality, region, country or any
other pre-definedgeographic area) where disease registry is conducted.
Based on geographical coverage registry could be classified in:

1. population-based registries, which refer to a geographically defined population and aim is
to register all cases in that population. For public health registry this information is of critical
importance.

2. non-population-based registries are based on selected bodies, clinical Centers or other types
of structures where the population coverage may not be comprehensive. The majority of
research clinical registry are non-population based as this information is less relevant. The
geographical coverage of disease surveillance is linked to the concept of representativeness of
the registry system.

10. Specification of the information to be reported

List all Variables included in the registry.

(continued)


http://www.orpha.net/consor/cgi-bin/Disease_Classif.php?lng=EN
http://www.orpha.net/consor/cgi-bin/Disease_Classif.php?lng=EN

162 Y. Kodra et al.

Table 8.3 (continued)

11. Registry’s regulatory status

List all ethical and regulatory approvals obtained/country covered for the registry
implementation.

12. Collaborative framework status

Is there a clear governance in place? yes/no if yes describe.

Please list any contract (eg consortium agreement) existing between all registry-participating
institutions.

13. Informatics infrastructure (software and hardware)

Determining which system architecture to use and how to design the system is an essential
question when setting up a registry. Give details of your computing system and software for data
entry, data storage and data analysis, type of architecture; server selection.

14. Data management procedure/quality control

Is there a data management procedure in place? Yes/No if yes describe staff and procedures in
place to manage registry data and its quality (Data management plan, (DMP), Data validation
Plan (DVP) automatic rules in eCRF, continuous data management versus periodic controls,
electronic data correction, query system, site visits and monitoring, etc.

15. Security standards and procedures

Describe any security measures in place (frequency of security audits, certifications obtained)
and procedures (Active directory for user rights management, login authorisation procedures,
history logs, back-ups, etc.).
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Chapter 9

Preparing Data at the Source to Foster
Interoperability across Rare Disease
Resources

Marco Roos, Estrella Lopez Martin, and Mark D. Wilkinson

Abstract The ability to combine heterogeneous data distributed across the globe is
critically important to boost research on rare diseases, but it presents a number of
methodological, representational and automation challenges. In this scenario, bio-
medical ontologies are of critical importance for enabling computers to aid in infor-
mation retrieval and analysis across data collections.

This chapter presents an approach to preparing rare disease data for integration
through the application of a global standard for computer-readable data and knowl-
edge. This includes the use of common data elements, ontological codes and
computer-readable data. This approach was developed under a number of domain-
relevant requirements, such as controlled access to data, independence of the origi-
nal sources, and the desire to combining the data sources with other computational
workflows and data platforms.
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9.1 Introduction

Rare diseases present a driving use-case for the development of methods that help
to efficiently combine data from disparate and dispersed resources (clinical and
physiological data such as blood pressure and phenotype; molecular data such as
gene expression and genotype; biobank data; and model organism/disease model
information). The ability to do this efficiently with data distributed across the globe
is critically important to boost research on rare diseases (RD).

Correctly combining data from disparate, heterogeneous sources presents a num-
ber of challenges that broadly split into three types: methodological challenges,
representational challenges, and automation challenges.

With respect to methodological challenges, these generally relate to the act of
gathering the original data. For example, what measurements were performed and
how? Were the same methods or instruments used in all locations? Do instruments
share identical calibrations? Were survey results collected using the same ques-
tions? If measurements were not exactly the same, at what level may they still be
compared? For instance, if smoking habits were measured differently, is there a
unifying measure of smoking that the datasets can be mapped-to for comparison?.

Representational challenges relate mainly to the data’s “transparency” and encod-
ing. For example, is it clear what data from each source is, in fact, comparable? Which
spreadsheet columns contain which type of data? If a clinical coding system is used,
is that same coding system used by both datasets? For example, can a data analyst be
absolutely sure that a 2’ under the column header ‘smoking habit score’ in one data
file is equivalent to the ‘2’ in another data file under the header ‘smoking score’? This
may seem trivial, but is a source of many errors. Data analysts lose a lot of time cor-
recting mistakes and redoing analyses because they misinterpreted the meaning of the
data in disparate datasets. It is important to see that if the encoding between data sets
is ambiguous, the harmonization of data gathering methods is rendered futile.

The methodological challenge and the representational challenge are both
aspects that relate to data quality, and high-quality data will meet both of these chal-
lenges. We might use the Orphanet database as an example. Orphanet is curated
according to a set of Standard Operating Procedures (SOPs) to ensure optimal and
consistent quality of its data about rare diseases [13, 15]. These SOPs address both
the methodological and the representational challenge. However, if Orphanet had
not focused on the representational challenge, and its curators had chosen to use
French disease names to represent diseases in their database, then the data would be
nearly unusable for many data scientists. Orphanet addressed this representational
challenge by providing orphacodes linked to the Orphanet Rare Disease Ontology
(ORDO) to uniquely identify diseases for applications across the globe. Thus, this
database is both methodologically rigorous, as well as representationally transpar-
ent, and as such, is highly reusable by other researchers.

The third challenge relates to the need to combine numerous data sets. To achieve
the scale of data integration required by the rare disease case, the number of datasets
that must be interpreted and parsed quickly scales beyond the ability for manual



9 Preparing Data at the Source to Foster Interoperability across Rare Disease Resources 167

manipulation. In that case we need computers to ‘know’ what the structures and
values in the data represent, in order to combine them correctly. For example, a row
in a table with motor score, phenotype, and gene expression, does not explicitly
state how motor score, phenotype, and gene expression are related to a person and
to each other. This may be obvious when an expert inspects a table, and a data ana-
lyst can ask the expert who drafted a table, but that is too time consuming and error-
prone for more than two or three data sets. Achieving clarity on what data means for
both humans and computers is therefore a critical challenge in speed and quality-
control in rare disease research. Lack of such clarity can even entirely block the
reuse of the data if the person who created and managed a data set is no longer
available for assistance. As such, this third challenge requires that the data be com-
puter readable (structurally) and computer interpretable (semantically). It extends
the representational challenge by requiring that all data and their interrelationships
are available in a form that conforms to a global framework for data linking.

Fortunately, the technology experts of the World Wide Web have had to address this
challenge before and created such a framework: the Resource Description Framework
(RDF). This framework enables, for example, linkage of the information in a special-
ized registry on ring-14 syndrome in Italy to the curated information in Orphanet in
Paris, and to relevant biobank information stored in Graz. This occurs when all three
sites use the Web address of the code for ring-14 disease, defined by Orphanet. Sharing
common codes, based on their Web addresses, also referred to by as Uniform Resource
Locators (URLs), enables a study on the symptoms of epileptic attacks across all three
data sources without the need to explicitly coordinate between them. In this way, we
‘virtually augment’ the potentially sparse ring-14 data in the specialized registry with
the highly curated and detailed information in two remote knowledge bases. We note
that in practice, this layer of interoperability is often added as a complement to a more
local data representation. It is also important to point out that RDF reuses Web tech-
nology, but without any implication that this makes data open or public. Data encoded
by URLSs is still data, and is as safely stored as it was without URLSs.

It is our observation that while the first challenge is well-understood by the rare
disease researcher or registry/biobank host, and the second challenge is becoming
increasingly recognized as ‘best practice’ by this community, the third challenge
poses problems that are unfamiliar to rare disease domain experts. Nevertheless, the
interlinking between related Web data and knowledge resources, and the ‘virtual
augmentation’ that results, ensures that each participating data host is maximally
useful, both for their local users, and for the broader rare disease research commu-
nity. As such, we have worked with the rare disease community to establish some
guidelines and workflows that will simplify this third challenge, hopefully to the
point that the data hosts are comfortable undertaking this challenge on their own.

In summary, in this chapter we present an approach to prepare data for integra-
tion by enabling rare disease data to be exchanged on the basis of a global standard
for computer-readable knowledge and data. We explain how this enables cross-
resource research and creation of a robust infrastructure of rare disease data
resources that are Findable, Accessible, Interoperable, and Reusable for humans
and computers — FAIR [24] — at the source.
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9.2 The Bio-ontology Forest

Ontologies play an important role in the scenario described above. ‘Ontology’ is an
ancient concept in philosophy that has been adopted by computer scientists to
describe a particular approach to making knowledge computer-readable. Real-
world concepts are represented by a concept hierarchy where each concept is called
a “class” and the subclasses — those further down the hierarchy — become increas-
ingly more specific (e.g. humans are a more specific subclass of mammals). It is a
best practice to publish ontologies that cover a specific part of reality. For instance,
the Human Phenotype Ontology (HPO) covers only human phenotypes. As such,
there are numerous ontologies; effectively, one for every top-level concept in the
domain. For example, in the rare disease domain there would be ontologies describ-
ing disease symptoms, genetics, hospital staff, diagnostic equipment, etcetera.
Things in the real-world — for example, individual researchers, or individual pieces
of equipment, are called “instances” of these classes. Properties (also referred to as
relations or predicates) describe how instances of these classes relate to each other.
For example: one of the authors of this chapter is an instance of the class ‘Researcher’
and has a relation ‘hasSurname’ with ‘Roos’, which is an instance of the class
‘Family Name’. Thus, a machine could, without human intervention, find these two
instances in the database, and know that one instance is a ‘Researcher’, and that the
researcher has the family name ‘Roos’. A full record of the researcher ‘Roos’ would,
therefore, have facets encoded by a wide range of ontologies, spanning multiple
kinds of data such as medical history, address information, and various identifica-
tion numbers. Globally defined and shared properties enable these ontologies to be
unambiguously connected, such that a functionally interlinked knowledge network
can arise. It is important to realize that the current consensus is that an ontology
should cover a facet of reality in depth, and be linkable to other ontologies to cover
the breadth of an application. For example, it makes little sense to expect concepts
for drugs or genes in HPO, as they are not human phenotypes. Thus, so-called
‘application ontologies’ or ‘semantic archetypes’ select a subset of terms and prop-
erties from a number of ontologies to cover the breadth of an application [9].
Numerous ontologies already exist for the biomedical community. Although gen-
eral search engines such as Google may be used to create a list of existing biomedical
ontologies, the easiest way to locate them is the use of public ontology repositories.
Ontology repositories are usually more specific than search engines and they offer
tools that may be focused on the type of applications the repository was designed for.
The leading repository of biomedical ontologies is the BioPortal (http://bioportal.
bioontology.org/) [23], developed by the National Center for Biomedical Ontology
(NCBO), which is one of the National Centers for Biomedical Computing funded
under the NIH Roadmap Initiative. BioPortal provides access to a library of biomedi-
cal ontologies and terminologies via the NCBO services. Ontologies from a number
of different groups are published in BioPortal, including the Consultative Group on
International Agriculture Research, the Open Biomedical Ontologies (OBO) Foundry
(http://www.obofoundry.org) [20], the WHO Family of International Classifications,
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the Cancer Biomedical Informatics Grid, the Proteomics Standards Initiative, the
Clinical and Translational Science Awards, the Biodiversity Information Standards
and the Unified Medical Language System. The Web services allow multi-layered
access to the ontology content, spanning functionality such as getting all terms in a
ontology to retrieving the definition of a single term.

Two of the most important domains of ontology for RD clinical medicine and
research are those defining phenotypic or clinical features (signs, symptoms, and find-
ings of diseases), and ontologies defining specific disease classifications or groups.
Beyond these critical core ontologies, additional ontologies and standards will be
required for various RD data repositories depending on their data collection process,
potentially including ontologies or standards for mutation nomenclature, biobanking,
clinical trials, natural history, as well as for RD medications and treatments [4].

Given the large number of ontologies which currently exist, and given that RD
data hosts will generally lack experience in exploring ontologies and selecting
terms, it would be useful to highlight a set of reference ontologies to facilitate the
selection of ontological codes to use in the registry/biobank. The OBO Foundry is a
collaborative experiment involving developers of science-based ontologies who are
establishing a set of principles for ontology development, and creating a suite of
reference ontologies in the biomedical domain. Ontology developers have agreed to
work together on an evolving set of design principles that can foster interoperability
between ontologies, and ensure a gradual improvement of quality and formal rigor,
in ways designed to meet the increasing needs of data and information integration
in the biomedical domain. The OBO Foundry also works to minimize overlap and
redundancy between ontologies, encouraging members to share and reuse termi-
nologies within their specialist domains, rather than creating new, but redundant
ontological classes. In so doing, there is community convergence on a single refer-
ence ontology that already assists in finding and selecting the best ontological term.
Nevertheless, it would be useful to undertake an additional filtering step to more
precisely define the optimal ontologies for the rare disease domain. This is an area
of active investigation in this field. For example, we propose to share ‘semantic
archetypes’: small models comprised of terms and properties from different ontolo-
gies that are selected by ontology experts for encoding a specific set of related data
elements, such as for the data gathered by a case report form [17].

9.3 Preparing Data at the Source for Analysis
Across Resources

Preparing data for integration can be viewed from different perspectives. For
instance, health professionals may see this as a matter of harmonizing operating
procedures and/or clinical measurement protocols (the methodological challenge),
while IT (“Information Technology”) professionals may wish to agree on data ele-
ments and their exchange format (the representational challenge). Attention to both



170 M. Roos et al.

of these is critical for accurate integration, but here we will focus on the latter, as the
former perspective is best managed by health experts.

From the IT perspective, we divide the problem into three distinct considerations,
according to the aforementioned challenges: (i) what is measured or observed and
how (methodological challenge), (ii) how measurements (observations) are encoded
in data collections (representational challenge), (iii) how we make data computer-
readable (automation challenge). We note that these three considerations pertain
only to preparing data for integration. Downstream analyses will likely require
additional data transformations (e.g. R will require data in the form of R data frames
for statistical analysis); however, analyses can often not begin until the data from
multiple sites has been accurately located, retrieved, and integrated, so that is our
focus in this chapter. We also note that the considerations are, in effect, hierarchical,
and we will present them as such.

9.3.1 Consideration 1: Consensus on Common Data Elements

It is typical for specialist communities to reach consensus on what should be mea-
sured and how, but the importance of this step cannot be understated. Deciding on
common data elements (CDEs) across resources is mostly a social process, and is
common practice in consortia that are formed to perform a large study, for instance
a GWAS (Genome-Wide Association Study) consortium. It is the first step towards
integrative analyses within the consortium for the duration that it is funded.

Consensus, however, has limitations with respect to reusing the data outside of
the consortium and/or beyond its lifespan, which is usually coupled to a grant. For
instance, if a consortium of cystic fibrosis researchers reaches consensus on measur-
ing forced expiratory volume in 1 s (and how), this may differ from the consensus
of measurements and methodology in a primary ciliary dyskinesia consortium.
Nevertheless, comparison of these very similar diseases could lead to significant
insights.

Striving for global consensus between all researchers in all domains to accom-
modate all future uses of data is unrealistic and overly rigid (different domains
legitimately have different requirements). While lack of widespread consensus does
limit the ease and power of cross-resource data comparisons and analyses, it does
not thwart it completely. Applying the solution proposed in Consideration 2, below,
mitigates this problem by moving the requirement from consensus to compromise
with respect to the way that these common data elements are encoded. This will
clearly be more acceptable, and therefore effective, than attempting to enforce a
rigid set of common data elements that all resources must have.
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9.3.2 Consideration 2: Ontological Encoding

Health research has a long history of the use of nosologies (classifications of dis-
eases). Similarly, healthcare organizations use coding systems both for patient care
as well as for billing and other administrative tasks. Biomedical ontologies are very
similar to these familiar approaches to knowledge capture and classification, with
the extension that contemporary ontologies utilize formal logics in their code defini-
tions, and are thus able to be processed and interpreted by machines. Consideration
2, therefore, proposes the use of globally unique identifiers [10] and ontologies
when exchanging data elements. For instance, when HPO identifiers are used as the
codes for phenotypes in disparate disease databases, then phenotypic features in
these databases can be unambiguously compared and, when commonalities are
found, the data may be selected for integration. Resources in different countries
may have used different terms or languages, but the agreement to use HPO codes as
the unifying descriptor — the “Rosetta Stone” — can easily reveal that two entries are
referring to the same concept, regardless of language. Ontologies, therefore, play a
key role in rare disease data collections. They provide standard terms by which the
common data element values can be compared. ‘HP:0002072’, the identification
number for the concept which is, in English, called “chorea”, is the same in all
resources that use the HPO to define phenotypes. One caveat remains: codes for
phenotypes such as HPO codes are by themselves not necessarily uniquely identifi-
able across the globe if the codes do not conform to some globally defined schema.
For instance, without the context of knowing that we are discussing diseases, we
cannot tell if the string of characters “HP:0002072” refers to the HPO term for ‘cho-
rea’ or perhaps to some Hewlett and Packard component number. This particular
requirement is addressed in the next level of the hierarchy, Consideration 3. The
technology that we add to ontological encoding enables data to be made unambigu-
ous. The positive consequence of this is that, if a data element is unambiguous, and
shared between multiple resources, it becomes unambiguously linkable with those
resources, much like the shared keys between database tables. Thus, it eliminates
the need/desire to explicitly combine data in one central warehouse separately from
the sources, an undertaking that is costly in terms of finances, human effort, and
risks to privacy.

9.3.3 Consideration 3: Machine Readable Data
and Knowledge

This consideration pertains to making data, and the meaning of the data, computer-
readable using a structured data representation model combined with a more formal
approach to representing ontological (and other) concepts. The purpose is to enable
computers to aid in combining data from multiple rare disease resources across the
globe.
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To prepare data for integration at the source, we advise the framework that is
recommended by the Semantic Web initiative and the ‘Linked Data’ principles —
Resource Description Framework (RDF). Both of these integrative initiatives reuse
the core technology that underlies the World Wide Web itself (i.e. the HTTP proto-
col). The use of RDF together with HTTP allows machines to “surf” the Web in a
meaningful way; much like how grammatical rules define how words can be assem-
bled into meaningful sentences, RDF explains how to structure ontological con-
cepts, and other entities such as individual patients and their specific interventions
or treatments, into relationships whose meaning can then be interpreted by soft-
ware. This requires, simply, that all aforementioned codes (for specific phenotypes,
diseases, genes, etc.), but also data types such as the general class ‘Human pheno-
type’ for all human phenotypes, patient identifiers, and relation types such as ‘binds
to’, are represented by a Uniform Resource Identifier (URI). Biologically and clini-
cally meaningful statements are then constructed using “Triples” of URIs. For
example, in RDF ‘chorea is-a-manifestation-of Huntington’s Disease’, becomes an
unambiguous statement — a Triple — understood by both humans and machines,
because each element of that Triple is represented as a URI, and all parties, globally,
use the same URI to refer to the same concept or relationship. If the ontological
concepts and relationships within these “sentences” are further formalized in
description logics, they can be even more powerfully processed by computers,
where, for example, a computer could automatically define the category for a new
data entry, or could infer consequences from certain combinations of data points
that were not explicitly entered into the database. Defining relations between data
elements in terms of these Triples further mitigates the need for a rigid set of glob-
ally common data elements. The encoding by description logics allows any infer-
able commonality at any level to be exploited, instead of only the values of
pre-defined common data elements. Nevertheless, it does not replace the solutions
for Considerations 1 and 2. URIs and Triples of URIs only represent what research-
ers have decided to measure, encode and define relations between, such that com-
puters can help to perform accurate analysis across any number of data sets. The
stack of solutions is most powerful when all three levels are addressed.

9.4 Requirements for Preparing Rare Disease Data
for Integration

We constrain our pursuit of an integrative solution by the following requirements
and desiderata [17]:

1. When access to data is granted, ‘linkable data’ must be trivial to query and/or
analyze across (large numbers of) independent data sources, by both humans and
machines.

2. All originating sources must retain their independence; i.e. the solution-space
cannot depend on centralized data warehouses or portals.
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3. Data sources should be easily combined with existing computational workflows
and data platforms such as those developed by the RD-Connect project [21]. The
solution should avoid proprietary or de novo interfaces and formats (data silos).

4. The technology that we propose to make rare disease data linkable should com-
plement existing technologies and protocols being used at-source, and not inter-
fere with them.

These desiderata and requirements impose certain challenges. The first require-
ment —the ability to dynamically integrate large numbers of potentially linkable
resources- poses significant demands on the knowledge representation that we
apply, confirming the aforementioned representation and automation challenges.
Effectively, at larger scales, human assessment of the meaning of the data in each of
the resources should not (and cannot) be required. The second desiderata, that all
sources should remain independent, does not exclude the use of global services to
facilitate data integration scenarios, such as initiatives that make it easier to find and
access registries and biobanks through creating centralized indexes [7]. It does,
however, exclude the wholesale warehousing and en masse integration of the data,
as has been the norm in the biomedical domain for many years, in lieu of retaining
the data at its original source.

We point-out, in addition, that these requirements surpass simply finding data.
Making data discoverable is often considered lower-hanging fruit, because it
requires only the information about the data source in a standard form (‘metadata’).
Examples are the disease that a data set pertains to, how many subjects it contains,
the type of material that was collected, etcetera. Our driving research questions,
however, require more than information about data. For instance, finding tissue
samples of patients with ring-formation in chromosome 14 (the defining feature of
ring-14 syndrome) requires interrogation of the specific karyotype of a patient,
which goes beyond simply knowing that karyotype information was collected.
Furthermore, we need to enable researchers to exploit relevant biomedical informa-
tion. For example, information associated with the ring-14 karyotype may be the
link to rich sets of information about model systems that researchers can exploit to
find new treatments for the disease.

9.5 Backbone: Linkable Data and Ontologies

The backbone for our approach to make data linkable and computer readable at the
source is, as we noted in Consideration 3, provided by the recommendations of the
World Wide Web Consortium (W3C): Linked Data principles [1], Ontologies, and
the Resource Description Framework (RDF). RDF is a generic data model that was
designed with the objective of creating qualified networks of data, upon which
increasingly complex domain models can be overlaid to assist with interpretation of
that data. For instance, the Human Phenotype Ontology and the Orphanet Rare
Disease Ontology are available in RDF, as are most ontologies in the biomedical
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domain. We therefore consider this the best way to facilitate integrative biological
and translational research across rare disease resources. In addition to tools that
exploit the use of ontologies, such as the Exomizer [19], MatchMaker Exchange
(MME,; [14]), and Monarch [11], we see an increasing amount of life science data
resources that use RDF to support data linking, such as the RDF platform of the
European Bioinformatics Institute (EBI; [6]) and the Open Phacts [25]. RDF is
capable of representing disease specimen identifiers, patient/disease personal and
clinical information, and molecular data, thus the choice of this singular technologi-
cal framework helps reduce the overall cost of data integration for rare disease
resources.

9.6 Building on the Backbone: A Reference Model for Data
Integration

The process to prepare data for analysis across resources entails recoding values by
ontology codes, adding ontology terms to describe the meaning of values, and add-
ing relation terms (also from ontologies) to define how values are related and what
they represent. This is not a trivial process. While many ontologies exist in the bio-
medical domain, choosing the appropriate ontology terms requires substantial
understanding of ontologies, and substantial understanding of what the data repre-
sents. We recommend consulting an ontology expert to collaboratively choose the
correct terms. However, this in itself does not guarantee that the same ontology
terms will be used by all resource providers. There are often multiple ontologies that
appear to have appropriate, even identical terms. Moreover, to increase efficiency
for the large amount of data resources in the rare disease domain, it is important that
we can reuse the ontology choices of one resource for other resources with similar
data.

To mitigate these issues, our approach entails the development of reusable refer-
ence models for data integration (‘semantic archetypes’) that are composed of terms
from recommended ontologies. These models differ from typical ontologies in that
their purpose is to provide a common schema for multiple types of data for a par-
ticular application, not to conceptualize a particular part of reality. Publishing these
semantic archetypes, for instance via FAIRsharing.org, allows reuse of previous
effort and thereby stimulate greater commonality between ontology-based data sets.

As an example, we have created a first version of a semantic archetype for a
subset of identifier types in rare disease databases for the purpose of enabling
answering questions across patient registries and biobanks. We constructed the
model as a stack of modules to cater for increasingly complex applications of the
archetype (Fig. 9.1; [17]). The model and our selection of ontologies can subse-
quently serve as reference for new cases that involve similar data.
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9.7 Composition of the Prototype Reference Model

The starting point for crafting the semantic reference model was to list the core set
of identifiers that will likely exist in RD registries/biobanks (the dark grey semicir-
cle at the center of Fig. 9.1). These are:

e Biobanks

* Patients

e Sample donors

* Experiments

e Samples (biological specimens)

The next task (‘rdc-meta’ in Fig. 9.1) was to provide a model that describes the
meaning of these identifiers and their interrelationships in computer readable terms.
The following ontologies contain classes that could be used to add meaning to the
kinds of identifiers above:

Ontology for BloBanking (OBIB; [2]):

e Human being

e Patient/donor role
e Identifier

e Object properties

Open Archives Initiative Object Reuse and Exchange (OAI-ORE,; [8]):
e Aggregation
e Aggregate properties

EMBRACE Data and Models, an ontology of bioinformatics operations, types of
data, data identifiers, data formats, and topics (EDAM¥*; [5]):

e Specific types of identifiers (e.g. biobank ID, stock accession ID, person ID)
e Standard terms for genes, proteins, DNA, and other biological entities
e Standard terms for analytical methodologies

Information Artefact Ontology (IAO*; [3]):
e Specific types of identifiers (e.g. biobank ID, stock accession ID, person ID)

* EDAM and IAO both provide an identifier class. Including them both in the
semantic archetype increases the reusability of the model. While EDAM is widely
used, IAO provides the convenient link to the OBO Foundry suite of ontologies.

Dublin Core ontology (DC; [22]):

e Identifier properties
e Authorship and other contact information
e Basic descriptive information

Simple Knowledge Organization System (SKOS; [12]):
e Mappings (for instance, to SNOMED terms)



176 M. Roos et al.

Foundational

ontologies

; Axion.ws
(rdc-meta-extended)

- Basic URIs
(rdc-core)

Values

Fig. 9.1 Semantic archetype for rare disease data integration. The model is constructed hierarchi-
cally from modules that can be used for increasingly complex cases. From bottom to top: ‘Values’
represent data in multiple resources; ‘rdc-core’ provides simple classes for database identifiers;
‘rdc-meta’ supplies immediately relevant classes and properties to denote the meaning of identifi-
ers and their interlinks; ‘rdc-meta-extended’ provides logical definitions from the reused ontolo-
gies as needed for computational reasoning; the top semi-circle represents the ‘foundational
ontologies’ that the reused ontologies refer to (they are not directly part of the semantic
archetype)

From these ontologies, the following semantic modules were created (see the
layers in Fig. 9.1):

1. rdc-core: the minimal set of classes and properties to map to the data in the
sources. Because of the task at hand the focus is on identifiers. Rdc-core repre-
sents little more that the lowest level types of the identifiers.

2. rdc-meta: the minimal semantic model, defined as much as possible using the
aforementioned ontologies (Fig. 9.2). Ontology experts will note that this mod-
ule lacks the complete set of logical definitions (so-called axioms) to be able to
use the concepts.

3. rdc-meta-extended: this module includes the axioms and the extra subclasses
and properties that are required to reason over the semantic archetype if and
when required by computational scientists [18].

These modules (and others currently under construction) provide support for the
stepwise migration of data in RD registries/biobanks. Each module provides a con-
strained set of ontological choices, based on the task-at-hand, and on the most prev-
alent data types encountered in RD data repositories. For example, in Fig. 9.2,
“Phenotips patient ID” is one of only six options provided for the data-type
“Identifier”’; however, the original ontology from which these six options were
derived (EDAM) has many dozens of additional options. We believe that constrain-
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Fig. 9.2 Semantic archetype for enabling questions across registries and biobanks (the class hier-
archy). The call-outs indicate the ontologies from which the classes were used. The complete ORE
can be found on https://www.openarchives.org/ore/. The complete versions of the other ontologies
can be found on http://bioportal.bioontology.org/

ing the choices to only a few possibilities specific for RD data sources will dramati-
cally ease the burden of making RD data interoperable. We hope that, with proper
tools, we can arrive at the point where RD registry/biobank owners can undertake
this task without expert assistance.

9.8 Summary

What we present here is a general approach for preparing data for integration that
enables to address the current driving research questions, but also future applica-
tions beyond the scope of a single project. Compared to projects where, for instance,
data is prepared for integrative analysis in R or SPSS, it adds an intermediate step.
This is undeniably extra work, but it makes the harmonization effort of a project
reusable. It quickly becomes the more efficient approach when we desire data col-
lections to be used many times, realizing that without preparation at the source, the
harmonization step is carried out by each user of the data again and again with high
risk of errors.

Ontologies are of critical importance for enabling computers to aid in informa-
tion retrieval and analysis across data collections. They play a key role in speeding
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up the overall research process towards better understanding of a disease, new treat-
ments, and diagnostic biomarkers.

Linked Data with strong ontological underpinnings, and a clear model for achiev-
ing proper access control, is our first ambition for preparing the relatively small, but
numerous and disparate, rare disease data sets for wide-scale data integration.
Sharing and reusing semantic archetypes developed by ontology experts mitigates
an immediate and major bottleneck: the current sparsity of expertise in the commu-
nity to make informed decisions about which ontological concepts to use for their
data annotations. Searching for a concept, e.g. in NCBO’s bioportal or EBI’s ontol-
ogy lookup service, typically returns too many “hits” for a non-ontologist to choose-
from. Specific ontologies may be advised by experts, but the breadth of data types
across data sets is large. For example, in a recent workshop [16] organized for RD
patient registries owners and computer experts, we could easily list at least 10 ontol-
ogies relevant for just a subset of a registry’s data, and not all of these are included
in the BioPortal or EBI search services. Here, we propose finding a middle-ground
and providing an early workflow towards that goal. Domain experts first select a
subset of the most appropriate and common ontological classes used for each of the
data types encountered in a rare disease resource that we need to make FAIR, such
as for the data types of a typical rare disease registry. Only these limited (but rele-
vant) options are presented to the data curator, in a stepwise, and contextually-
sensitive manner, as they undertake their data transformation.
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Incentivizing Orphan Product Development:
United States Food and Drug Administration
Orphan Incentive Programs

Tran T. Le

Abstract Over 30 years ago, the United States (US) Congress passed the Orphan
Drug Act (ODA) to encourage the development of products for rare diseases or
conditions (“orphan products”). The Act provided incentives to sponsors for devel-
oping products with orphan designation and established a grant program to fund
studies of orphan products. Since its enactment in 1983, the ODA has been credited
for bringing more than 590 orphan drugs to the market, inspiring the implementa-
tion of orphan legislation globally, and enabling the creation of other programs that
extend existing knowledge of the natural history of rare diseases and stimulate the
development of medical devices for children and patients with rare diseases. This
chapter provides a brief overview of the main features and successes of 5 of the
orphan incentive programs administered by the US Food and Drug Administration
(FDA): the Orphan Drug Designation Program, the Humanitarian Use Device
(HUD) Designation Program, the Orphan Products Clinical Trials Grants Program,
the Pediatric Device Consortia (PDC) Grant Program, and the Orphan Products
Natural History Grants Program.
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10.1 Introduction

Rare diseases, although individually rare, collectively affect approximately 30 mil-
lion Americans of all ages and millions more throughout the world. To date, more
than 7000 rare diseases have been identified, and many of these are chronic, pro-
gressive, life-threatening, and/or fatal [1]. As rare diseases represent a substantial
health burden, there is a recognized need to improve the detection, diagnosis, and
treatment of these diseases [1]. However, many challenges complicate efforts to
develop products for rare diseases. These challenges include difficult enrollment
(due to the rare and heterogeneous nature of each disease), lack of natural history
data, and lack of validated biomarkers or clinical endpoints. Combined with these
challenges are those encountered in the United States (US) prior to 1983 in which
the high cost of drug development and the low return on investment discouraged
development of products for extremely small patient populations. Recognizing the
dire need to provide more treatment options for patients with rare diseases, the US
Congress passed the Orphan Drug Act (ODA) in 1983 to encourage the develop-
ment of products for rare diseases [2]. The ODA provided financial and regulatory
incentives to sponsors of drugs and biologics that are “designated” as “orphan
drugs” and established a grant program to fund research of orphan products [1, 3—
6]. Since its enactment in 1983, the ODA has been widely recognized as being suc-
cessful in stimulating the development of orphan products. Between 1973 and 1983,
only 10 drugs had received Food and Drug Administration (FDA) marketing
approval for the treatment of rare diseases [3, 4, 7]. Since implementation of the
designation and grant programs in 1983, more than 3900 drugs and biologics have
been designated as orphan drugs, and more than 590 of these have received full
marketing approval for the treatment for more than 250 rare diseases. Orphan prod-
ucts now represent roughly 40% of all new drugs approved by FDA. Of all the drugs
and biologics that have received marketing approval, more than 10% of these had
received grant support from the Orphan Products Clinical Trials Grants Program.

Since enactment of the ODA, additional legislation has been passed to not only
strengthen the ODA, but also to stimulate other rare disease and pediatric product
development, including for example, the development of medical devices for chil-
dren and patients with rare diseases through the creation of the Humanitarian Use
Device (HUD) Designation Program and the Pediatric Device Consortia (PDC)
Grant Program. The newest program designed to stimulate orphan product develop-
ment is the Orphan Products Natural History Grants Program, which funds studies
that extend existing knowledge of the natural history of rare diseases. This chapter
provides a brief overview of the main features and successes of 5 of the orphan
incentive programs administered by FDA.
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10.2 Designation Programs

The designation programs specific to rare disease product development are admin-
istered by the Office of Orphan Products Development (OOPD), within FDA’s
Office of Special Medical Programs. OOPD currently administers both the Orphan
Drug Designation Program and the Humanitarian Use Device (HUD) Designation
Program. These programs grant special status to drugs, biologics, or medical devices
for the treatment, diagnosis, or prevention of rare diseases or conditions.

The Orphan Drug Designation Program was established in 1983 following pas-
sage of the ODA. The program grants “orphan designation” to drugs and biologics
intended for the safe and effective treatment, diagnosis, or prevention of rare dis-
eases or conditions. Orphan designation qualifies the sponsor of the drug for various
development incentives, including tax credits for qualified clinical testing, an
exemption from marketing application fees, and the potential for 7 years of market-
ing exclusivity.

10.2.1 Program Features

A sponsor (most often a company) seeking orphan designation for a drug must submit
a request for designation to OOPD; this request may be submitted at any time during
product development as long as it is before the submission of the marketing applica-
tion for that drug for the rare disease or condition. In the request for orphan designa-
tion, the sponsor should (1) describe the disease or condition that the drug is proposed
to treat or prevent; (2) submit evidence that the prevalence of the target population is
less than 200,000 in the US; and (3) provide scientific rationale supporting the drug’s
promise for the proposed use. Under the ODA, if the target population is more than
200,000 in the US, a drug may still qualify for orphan designation if the sponsor can
demonstrate that the drug will not be profitable within 7 years of approval in the
US. Given the inherent challenges of demonstrating a lack of profitability, sponsors
have rarely relied on this provision when seeking orphan drug designation [8].

The regulations related to orphan designation are designed to promote rare dis-
ease drug development in a variety of ways. For example, a sponsor may request
orphan designation of a drug that has not been previously approved for any use, or
for a new use of an already marketed drug (“repurposing”). Moreover, a sponsor
may also obtain orphan designation for the same drug for multiple rare diseases or
conditions; conversely, numerous sponsors may acquire orphan designation for the
same drug for the same rare disease or condition. However, when a sponsor submits
a designation request for the “same drug” as one that has already received marketing
approval for the proposed orphan indication, like a different formulation, the spon-
sor must provide a plausible hypothesis as to why its formulation may be clinically
superior to the approved product by means of greater effectiveness, greater safety, or
that it provides a major contribution to patient care (MC-to-PC). This requirement
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ensures that the incentives afforded under the ODA are reserved only for those prod-
ucts that are better than the products that are currently available on the market.
Once a drug receives orphan designation, OOPD posts the information on its
website to notify the public about products potentially being studied for rare dis-
eases. Drugs designated as orphan are subject to the same standard for approval as
common drugs; the granting of an orphan designation does not alter that standard.
Like drugs for common diseases, drugs for rare diseases must provide substantial
evidence of safety and effectiveness through adequate and well-controlled studies.
However, in recognition of the challenges associated with rare disease drug devel-
opment, FDA exercises flexibility in determining how much evidence is sufficient
to meet this standard. Although orphan drugs must meet the same standard for
approval as common drugs (because most orphan drugs are used to diagnose, treat,
or prevent serious or life-threatening diseases or conditions), they are typically eli-
gible for one or more expedited pathways for review, including breakthrough ther-
apy designation, priority review, fast-track designation, and/or accelerated approval.

10.2.2 Incentives

Once orphan designation is granted, the sponsor of the orphan designated drug is
eligible to receive various financial and regulatory incentives to develop the prod-
uct. First, the sponsor can claim tax credits for up to 50% of clinical trial costs
associated with studying an orphan designated drug. Considering the current high
costs of conducting clinical trials, these tax credits can and do amount to significant
savings for a sponsor. Second, the sponsor is exempt from the user fee when they
submit a marketing application (either a New Drug Application [NDA] or a
Biologics License Application [BLA]) for an orphan designated drug. User fees for
an original NDA or BLA are now set at approximately $2 million. A waiver of this
$2-million user fee represents a significant cost-saving benefit, particularly for
smaller startup companies. Lastly, and perhaps most importantly, the sponsor of an
orphan designated drug may be eligible for 7 years of market exclusivity upon
approval if that drug or biologic is the first of its kind to be approved for that rare
disease. During this 7-year period, FDA may not approve a marketing application
for the same drug for the same use from another sponsor unless the sponsor holding
exclusivity provides consent or cannot assure the availability of sufficient quantities
of the approved drug. This exclusivity ensures predictable and often significant rev-
enue from sales due to the lack of competition from other sponsors. Interestingly,
when the ODA was contemplated, rare disease stakeholders believed that the tax
credits would be the most important incentive to industry; they did not contemplate
that there would be multiple companies vying for the same market space. Now, over
3 decades later, the 7-year market exclusivity is considered to be one of the biggest
drivers of orphan drug development.
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10.2.3 Successes

The Orphan Drug Designation Program has been successful in stimulating develop-
ment of drugs for rare diseases. Since 1983, FDA has received over 5600 designa-
tion requests, granted more than 3900 designations, and promoted the development
and marketing of more than 590 drugs for rare diseases. Designation continues to be
a highly sought after incentive, not just for the financial benefits that are offered
through the ODA, but because the moniker of designation has been tied to other
benefits unrelated to the ODA in subsequent legislation. In 2015 alone, FDA
received a record number of over 460 requests, when just 8 years prior, less than half
that number were received. FDA also designated and approved more orphan drugs
in 2015 than in previous years; over 350 drugs were designated and 54 were
approved, including both novel and repurposed drugs. In fact, more than 40% of all
new drugs approved by the Center for Drug Evaluation and Research (CDER) were
for the treatment of rare diseases in 2015, an increase of almost 10% from just
5 years prior. Many of these orphan drug approvals have been for new and innova-
tive products and for patients with unmet needs.

10.3 Humanitarian use Device (HUD) Designation Program

The Humanitarian Use Device (HUD) Designation Program was established in
1990 following passage of the Safe Medical Devices Act. The primary goal of the
program is to stimulate the development of medical devices for rare diseases. The
program grants “HUD designation” to medical devices intended for the treatment,
diagnosis, or prevention of rare diseases or conditions. Unlike the Orphan Drug
Designation Program, the HUD Designation Program does not provide financial
incentives. Instead, the program allows designated devices to be eligible for an
alternative marketing pathway known as the Humanitarian Device Exemption
(HDE) pathway [9, 10].

10.3.1 Program Features

A sponsor seeking HUD designation for a medical device must submit a request for
designation to OOPD; in the request, the sponsor should (1) describe the disease or
condition that the device is proposed to treat or diagnose; (2) submit evidence that
the incidence of the target population is not more than 8000 per year in the US; and
(3) describe the device and discuss the scientific rationale for use of such device for
the rare disease or condition.
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Within 45 days of receiving the HUD designation request, OOPD will either
approve the request, request additional information (i.e., issue a deficiency letter),
or disapprove the request.

10.3.2 Incentives

HUD designations, unlike orphan drug designations, are not associated with finan-
cial incentives. Rather, HUDs are eligible for an alternative marketing pathway
known as the HDE pathway. This pathway is less stringent than the standard pre-
market approval application (PMA) pathway. Under the PMA pathway, the sponsor
must demonstrate a reasonable assurance of safety and effectiveness for the device
in order to receive marketing approval. Under the HDE pathway, the sponsor of a
HUD must demonstrate safety similar to the PMA pathway; however, rather than
having to demonstrate effectiveness, the sponsor of a HUD is required to demon-
strate only “probable benefit” in order to receive marketing approval. The probable
benefit standard was established based on the notion that determining effectiveness
for devices to treat or diagnose diseases affecting small populations is difficult.

The probable benefit standard established for the HDE pathway has allowed
FDA to exercise a high degree of flexibility in its review of HDE applications.
Analyses of HDE approvals from 2007-2015 revealed that while all approved appli-
cations included clinical data, the level of scientific evidence accepted for approval
varied widely, ranging from retrospective analyses of prior clinical studies to pro-
spectively conducted clinical trials. Furthermore, clinical trials for HDE approvals
were relatively small compared to those for PMA devices, and most were open-
label, single-arm trials. As FDA continues to exercise flexibility in all HDE reviews
with the ultimate goal of providing treatment options to patients with serious or life
threatening rare diseases, sponsors are encouraged to communicate with FDA early
in the development process to best facilitate device development and to ensure a
least burdensome approach to obtaining marketing approval for these devices.

Because the probable benefit standard represents a lower standard of approval,
HDE devices are subject to certain profit and use restrictions. First, HDE devices
cannot be sold for profit, except in narrow circumstances. Second, HDE devices can
be used in a facility only after an IRB has approved their use in that facility, except
in certain emergencies [11].

10.3.3 Successes

Given that HUD designation does not provide financial incentives like orphan drug
designation, and in light of the fact that HDE devices are subject to profit and use
restrictions and face reimbursement challenges due to the lower standard of approval,
the HUD/HDE program is understandably smaller than the Orphan Drug Designation
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Program. Even so, since the program’s inception in 1990, more than 370 HUD
applications have been submitted to OOPD; more than 240 of those have been des-
ignated, and more than 65 have received HDE approval. These devices range from
cardiovascular devices to treat congenital defects and pediatric heart failure to oph-
thalmic devices to treat blindness. Some examples include the Berlin Heart EXCOR®
Pediatric Ventricular Assist Device (VAD), which provides mechanical circulatory
support as a bridge to heart transplant in pediatric patients; the Argus II Retinal
Prosthesis System, which improves visual function and produces the sensation of
light in patients with advanced retinitis pigmentosa who have bare or no light per-
ception; and the PDGFRB FISH assay, which is used for the qualitative detection of
PDGFRB gene rearrangement to aid in the selection of patients with myelodysplas-
tic syndrome/myeloproliferative disease (MDS/MPD) for whom imatinib mesylate
(Gleevec®) treatment is being considered. HDE devices are vital to public health and
often serve very vulnerable patient populations with unmet medical needs.

10.4 Grant Programs

OOPD currently administers 3 grant programs: (1) the Orphan Products Clinical
Trials Grants Program, (2) the Pediatric Device Consortia (PDC) Grant Program,
and (3) the Orphan Products Natural History Grants Program. These programs pro-
vide grants to support the development of products for patients with rare diseases or
for pediatric patients.

10.4.1 Orphan Products Clinical Trials Grants Program

The Orphan Products Clinical Trials Grants Program (formerly known as Orphan
Products Grants Program) was established in 1983 following passage of the
ODA. The program provides competitive grants to fund clinical studies of safety
and/or effectiveness that will result in, or substantially contribute to, market approval
of orphan products. The goal of the Orphan Products Clinical Trials Grants Program
is to accelerate the clinical development of products for use in rare diseases where
no current therapy exists or where the proposed product will be superior to existing
therapy. The program has an estimated fiscal year funding of approximately $14
million ($4 million of which funds new awards and $10 million funds noncompet-
ing continuation awards). At any given time, the program typically funds 60-85
ongoing projects.
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10.4.1.1 Program Features

Orphan Products Clinical Trials grants are available to a wide range of applicants,
including for example, any foreign or domestic, public or private, and for-profit or
nonprofit entities, as well as state and local governments; federal agencies and orga-
nizations that engage in lobbying activities are not eligible to receive grant awards.
Studies that qualify for this grant program are clinical studies that facilitate or result
in FDA approval of a product (drug, biologic, medical device, or medical food) used
in the treatment, diagnosis, or prevention of a rare disease or condition. Funding
levels vary depending on the type of study proposed. In general, phase 1 studies are
eligible for up to $250,000 in total cost per year for up to 3 years, and phase 2 or 3
studies are eligible for up to $500,000 in total cost per year for up to 4 years. Orphan
drug designation or HUD designation is not required to be eligible for the grant
program; however, grant applications must include appropriate documentation to
support the population estimate.

An applicant seeking funding for a study must submit a grant application elec-
tronically through www.grants.gov. The application must contain documentation to
support the estimated prevalence of the rare disease or condition and an explanation
of how the proposed study will either help gain product approval or provide essen-
tial data needed for product development. Complete submission requirements and
review criteria are available in the Request for Application (RFA) that is published
annually in the Federal Register, the National Institutes of Health (NIH) Guide, and
on OOPD’s website [12, 16].

10.4.1.2 FDA Assessment of Applications and Ongoing Grants

All applications received are reviewed by grant management and OOPD for respon-
siveness. Responsive applications are subsequently reviewed and evaluated for sci-
entific and technical merit by an ad hoc panel of at least 3 independent experts from
outside the FDA in the clinical specialty area of the specific application. A unique
aspect of the application review process is that FDA representatives from the rele-
vant review divisions (“FDA Review Division”) are invited as non-scoring partici-
pants to provide their perspective on any potential regulatory issues with the study
proposals as well as whether a proposed study will provide acceptable data that
could contribute to marketing approval. A score is then assigned to each application
based on the scientific/technical review criteria.

If an application is funded, a Project Officer within OOPD will work with the
grantee to help ensure that the grantee meets enrollment goals and regulatory
requirements (e.g., IND annual reports, Institutional Review Board approvals)
through quarterly updates and annual reports; provide feedback on how projects can
be improved (e.g., adding study sites, modifying inclusion/exclusion criteria); and
serve as a liaison with the FDA Review Divisions. OOPD also conducts site visits
of funded studies to monitor the performance of those studies for consistency with
the terms of the grant agreement.


http://www.grants.gov

10 Incentivizing Orphan Product Development: United States Food and Drug... 191

10.4.1.3 Successes

The Orphan Products Clinical Trials Grants Program is a highly competitive pro-
gram that has successfully fostered the development of many rare disease products.
Since the program’s inception in 1983, OOPD has received over 2500 applications
(generally, about 100 applications/year), reviewed over 2200, and funded over 590
studies. The Orphan Products Clinical Trials Grants Program has been used to bring
more than 55 products to marketing approval. Some of the Program’s successes
include the funding of studies involving scorpion antivenom (Anascorp®), lomi-
tapide (Juxtapid®), and ivacaftor (Kalydeco®). In the case of scorpion antivenom,
the program funded approximately $558,000 to support a study evaluating safety
and effectiveness of the product in the treatment of scorpion envenomation in the
primary care setting. In the case of lomitapide, the program funded approximately
$1 million to support a single-arm, open label study evaluating safety and efficacy
of the drug as an adjunct to other lipid-lowering agents in the treatment of homozy-
gous familial hypercholesterolemia. And in the case of ivacaftor, the program
funded approximately $350,000 to support a preliminary study evaluating endpoints
and dosage selection for the drug in the treatment of cystic fibrosis. While the funds
provided by the program alone can cover only a portion of the total clinical trial
costs for studying these products, orphan product grants are often used to fill critical
funding gaps and help secure additional funding.

10.4.2 Pediatric Device Consortia (PDC) Grant Program

The Pediatric Device Consortia (PDC) Grant Program was established following
passage of the Pediatric Medical Device Safety and Improvement Act of 2007
(PMDSIA). The program was established to address the challenges of developing
medical devices for pediatric patients (e.g., small market size, need for multiple
pediatric sizes, expensive trials, barriers to enrolling children, lack of pediatric
device trials infrastructure). The PDC Grant program is unique in that it does not
directly fund individual device projects. Instead, it funds networks of pediatric med-
ical device advisors with broad expertise in pediatric device development who are
able to provide a platform of experienced regulatory, business planning, and device
development services (e.g., intellectual property advising; prototyping; engineer-
ing; laboratory and animal testing; grant-writing; clinical trial design) to help foster
and guide the advancement of medical devices for pediatric patients. The goal of the
PDC Grant Program is to support the development of these nonprofit consortia in an
effort to promote medical device development for pediatric patients. Although the
program is intended to encompass devices that could be used in all pediatric dis-
eases or conditions (not just rare diseases), many devices for pediatric patients are
used in those with rare diseases [14].
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10.4.2.1 Program Features

PDC grants are available to any domestic, public or private, or nonprofit entity,
including state and local governments. A successful PDC brings together individu-
als and institutions that can support pediatric medical device progression through all
stages of development: concept formation, prototyping, preclinical, clinical, manu-
facturing, marketing, and commercialization. Application budgets are limited to
$750,000 in total cost (direct costs plus indirect costs) per year for up to 5 years,
with a maximum of 10% indirect costs. Complete submission requirements and
review criteria are available in the Request for Application (RFA) that is published
in the NIH Guide and on OOPD’s website [13].

10.4.2.2 FDA Assessment of Applications and Ongoing Grants

Responsive applications are reviewed and evaluated for merit by an ad hoc panel of
independent experts. Similar to the Orphan Products Clinical Trials Grants Program,
OOPD is kept informed of the progress of these projects through quarterly updates
and annual reports. Information including project progress, problems, adverse
events, changes in consortium leadership and planned activities, and any applicable
regulatory compliance are reviewed. In addition, FDA conducts periodic site visits
with officials from the consortia organizations. Since consortia are typically funded
for 5 years, after 2.5 years, consortia grantees undergo a mid-cycle evaluation. This
evaluation takes into account the number of projects assisted, the depth and extent
of the consortium’s involvement in advancing pediatric device projects, and feed-
back from innovators who have received assistance.

10.4.2.3 Successes

To date, the PDC Grant Program has funded 10 consortia for a total $23 million;
these consortia have assisted in the development of over 450 proposed pediatric
medical devices, over 100 of which are still being actively managed or mentored.
Most of the active device projects supported by the consortia are in the early stages
of device development, including the initial concept-generating stage, prototyping
(designing models of a device idea), and preclinical (bench and animal testing)
stages. Over $69 million of additional outside funds have been raised to advance
consortia projects.

A number of devices assisted by the consortia are now commercially available,
including:

e The Buzzy (a device that combines ice and vibration to relieve pain associated
with needle sticks)
* The Rhinoguard (a device that assists in naso-tracheal intubation)
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e The TIVA (a needle-free blood collection device that allows blood draw through
peripheral IV)

* The SleepWeaver Advance Pediatric CPAP Mask (a device that provides an
interface for noninvasive Continuous Positive Airway Pressure [CPAP]
ventilation)

* The EKO stethoscope (a specialized stethoscope that records and electronically
amplifies, filters, and transfers heart sounds, cardiac murmurs, bruits, respiratory,
and abdominal sounds)

e The Geiger Pyloric Immobilizer (a surgical tool used in pyloromyotomy)

e The Abriiz (a computerized asthma-management tool)

* The Dynamic Compressor System (an external brace for the treatment of pectus
carinitum).

Another device assisted by the consortia that is under development but not yet
commercially available is the tracheal splint, a biodegradable splint designed and
manufactured using patient imaging and a laser-based 3D printing system, intended
for use in the treatment of tracheomalacia. With continued congressional appropria-
tions, it is anticipated that the critical work of developing medical devices for chil-
dren will continue with assistance from the PDC.

10.4.3 Orphan Products Natural History Grants Program

The Orphan Products Natural History Grants Program is the newest program admin-
istered by OOPD. Established in 2016, the program is a unique funding source that
provides competitive grants to support natural history studies of rare diseases. The
program was established to address one of the most common and urgent issues hin-
dering the development of products for rare diseases: the lack of natural history
data. Because a thorough understanding of the natural history of rare diseases serves
as a foundation for drug development (e.g., by helping to identify biomarkers and
drug targets as well as guide clinical trial design and selection of clinically mean-
ingful endpoints), and because the lack of sufficient funding for natural history stud-
ies has been identified as an important gap, OOPD has committed approximately $2
million to fund 2-5 natural history studies. The goal of the Orphan Products Natural
History Grants Program is to support studies that advance rare disease medical
product development through characterization of the natural history of rare diseases
or conditions, identification of genotypic and phenotypic subpopulations, and devel-
opment and/or validation of clinical outcome measures, biomarkers, and/or com-
panion diagnostics [15].
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10.4.3.1 Program Features

Orphan Products Natural History grants are available to any foreign or domestic,
public or private, and for-profit or nonprofit entities, as well as state and local gov-
ernments; federal agencies are not eligible to receive grant awards. Studies that
qualify for this program are natural history studies of a disease or condition that
affects fewer than 200,000 people in the US. Qualified studies include but are not
limited to those that characterize the natural history of rare diseases or conditions,
identify genotypic and phenotypic subpopulations, and develop and/or validate
clinical outcome measures, biomarkers and/or diagnostics. Examples of qualified
studies include but are not limited to prospective studies involving clinical visits,
retrospective studies such as chart reviews, and survey studies. Funding levels vary
depending on the type of study proposed. In general, prospective natural history
studies are eligible for up to $400,000 in total cost per year for up to 5 years, and
retrospective natural history studies or survey studies are eligible for up to
$150,000 in total cost per year for up to 2 years.

An applicant seeking funding for a study must submit a grant application elec-
tronically through www.grants.gov. The application must contain documentation to
support the estimated prevalence of the rare disease or condition. The application
must also include a discussion of the landscape of the disease (e.g., existing natural
history data, current treatment options, barriers or progress in product development)
and how the proposed study will extend existing knowledge, provide essential data
needed for product development, or help support product approval. Complete sub-
mission requirements and review criteria are available in the Request for Application
(RFA) that is published in the Federal Register and on OOPD’s website.

10.4.3.2 FDA Assessment of Applications and Ongoing Grants

All applications received are reviewed by grant management and OOPD for respon-
siveness. Responsive applications are subsequently reviewed and evaluated for sci-
entific and technical merit by an ad hoc panel of experts in natural history studies
and in the subject field of the specific application. A score will be assigned to each
application based on the scientific/technical review criteria. The review panel may
advise OOPD about the appropriateness of the proposal to the goals of the grant
program.

If an application is funded, a Project Officer within OOPD will work with the
grantee to help ensure that the grantee meets enrollment goals and regulatory
requirements. OOPD also conducts site visits of funded studies to monitor the per-
formance of those studies for consistency with the terms of the grant agreement.
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10.5 Conclusions

The designation and grant programs established following passage of the ODA and
subsequent legislations have in general been heralded as a success [4, 6]. Since the
inception of these programs, more than 590 products have received marketing
approval for more than 250 rare diseases for which very few or no effective treat-
ments were available. The success of the ODA has over the years inspired the imple-
mentation of orphan legislation outside the US to address the treatment needs of
rare disease patients worldwide [4]. While much has been accomplished, a great
need still remains, as most of the 7000+ rare diseases still need safe and effective
treatment. FDA continues to encourage the development of products for rare dis-
eases and remains committed to ensuring that more safe and effective therapies are
available for the millions of patients living with such diseases.
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Chapter 11
Post-approval Studies for Rare Disease
Treatments and Orphan Drugs

William C. Maier, Ronald A. Christensen, and Patricia Anderson

Abstract Drug development involves a multi-stage process of drug discovery, ani-
mal studies and human clinical trials to assess the safety and efficacy of new medi-
cations. Rare disease drug development involves a much smaller number of affected
patients, a predominance of pediatric patients and more complicated disease presen-
tation. Post-approval studies are designed to address several limitations associated
with the rare disease clinical trials.

National and international regulatory agencies in the US and Europe have
adopted similar approaches to requirements post-approval data for rare diseases and
orphan drug indications. The US FDA published guidance in 2011 and the European
Medicines Agency in 2015.

Post-approval studies for rare diseases include observational studies, pragmatic
trials and randomized controlled studies. Observational studies include both origi-
nal data collection studies and the use of secondary data (retrospective studies).
Original data collection can address limitations of retrospective studies resulting
from incomplete information in secondary data sources. Disease registries focus on
detail about a broad range of patients with a rare disease while product-related reg-
istries focus on specific health care outcomes associated with a single product and
may incorporate a comparator of an alternative therapy or therapies.

Rare disease patients can be difficult to find and enroll in a registry using conven-
tional physician based driven recruitment. The study process also needs to recog-
nize changes in the patient’s disease and lifestyle and adapt both the study design
and methods over time. Many rare diseases have strong patient advocacy groups
that can in aid the design and execution of rare disease registries.
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11.1 Introduction

Drug development involves a multi-stage process of drug discovery, animal studies
and human clinical trials to assess the safety and efficacy of new medications. Over
the past 10 years, this process has been expanded to include data collected to
describe the effect of drugs on patients in actual clinical practice.

Rare disease drug development involves a refinement of this process arising from
a small number of affected patients, the occurrence of many rare diseases in pediat-
ric patients and often, a more complicated presentation of the disease. This refine-
ment results in combining multiple objectives within a single human clinical study
and conducting these studies with smaller sample size. The final clinical data pack-
age is usually substantially smaller than would be produced through the clinical
testing of drugs targeting more common diseases. Consequently, post-approval
studies play a larger role in understanding the overall therapeutic value of new
orphan medications.

Post-approval studies are designed to address several limitations associated with
the clinical trial package submitted for drug approval. These studies are usually
larger than the trial population to provide the ability to observe uncommon side
effects over time, including a broader population to evaluate drug safety in patient
groups not studied in clinical trials. These groups may include patients with greater
disease severity, concomitant medications, pregnancy or large numbers of co-mor-
bid conditions.

Post-approval studies are often designed to provide additional efficacy informa-
tion to supplement that obtained in clinical trials. The drug approval process is
based on accepted standards of therapeutic efficacy which have been established
through experience gained by regulatory authorities in multiple drug approvals for
a specific disease. This process generally requires confirmation of drug efficacy in
two randomized, blinded control clinical trials. However, the small populations
associated with rare diseases make it both practically and ethically difficult to con-
duct multiple confirmatory efficacy trials. In the case of many rare diseases, there
may be no established treatment standards so the design of the registration studies
may involve observation of changes in clinical status over time rather than compari-
sons of drug effect relative to a placebo or comparator therapy.

11.2 Regulatory Requirements for Post-approval Studies
for Orphan Drugs and Rare Diseases

National and international regulatory agencies in the US and Europe have adopted
similar approaches to requirements for additional post-approval data for new medi-
cations, including those for rare diseases and orphan drug indications. In the US, the
Food and Drug Administration (FDA) has the ability to require additional studies
after drug approval to more fully understand the mechanism of the medication,



11 Post-approval Studies for Rare Disease Treatments and Orphan Drugs 199

monitor the safety and provide additional information about the longer-term effi-
cacy of the medication based on Section 505(0)(3) of the Federal Food, Drug, and
Cosmetic Act. The FDA published guidance related to post-marketing studies and
clinical trials in 2011 [8]. This guidance describes the types of post-marketing stud-
ies and clinical trials that will generally be required under the legislation as Post-
marketing Requirements (PMRs) and those that will generally be agreed-upon as
Post-marketing Commitments (PMCs) because they do not meet the new statutory
criteria for required post-marketing studies and clinical trials. Previously, in 2005,
the FDA provided guidance to describe good practices in pharmacovigilance and
pharmacoepidemiologic assessment [7]. This document provides guidance to indus-
try on best practices in the use of observational data regarding drugs, including
biological drug products (excluding blood and blood components). It describes dif-
ferent types of non-randomized observational studies, guidance on the required ele-
ments of study protocols and the strengths and weaknesses of various study designs.

In addition to post-approval studies related to evaluation of drug safety, sponsors
may be required to conduct additional activities to reduce the risk of potential medi-
cation adverse events. The FDA has developed the concept of Risk Evaluation and
Mitigation Strategies (REMS) to provide a systematic framework for drug manufac-
turers to follow when these activities are required by the FDA. These guidance
documents outline the requirements and expectations, but not the explicit approach
that companies will need to use for a specific product [6, 9]. The basic elements of
REMS programs include mechanisms to inform healthcare providers about appro-
priate use of medications, describe product risks to patients and control access to
products through risk screening (i.e., questionnaires), diagnostic testing and use of
national specialty pharmacies. Companies selling products with a REMS program
also have to commit to the evaluation of the effectiveness of these risk control mea-
sures at regular intervals following the launch of the drug. All of these activities are
monitored and approved by the Office of Surveillance and Epidemiology within the
Center for Drug Evaluation and Research.

In Europe, the European Medicines Agency (EMA) has developed a multi-chap-
ter set of guidance documents, Good Pharmacovigilance Practices (GVP), to outline
sponsor requirements for all aspects of drug safety reporting and monitoring includ-
ing both post-approval studies and risk management programs. In this set of 16
GVP guidance documents, post-marketing studies are described in the module
related to Post-authorization Safety Studies (PASS) [3].

There is additional complexity for Risk Management Plans (RMP) in Europe due
to the multi-layered pharmaceutical regulatory environment. The EMA has respon-
sibility for the approval of most new products in the European Union (EU) and will
approve a specific risk monitoring and control program as specified in the required
European Risk Management Plan (EU-RMP), but the implementation of this pro-
gram will occur and be regulated separately by each individual European Union
country. The practical result is that additional risk control activities may be required
at an individual EU country level even after drug approval by the EMA. EMA guid-
ance on risk management systems is provided in modules 5 and 16 [2, 4].
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European drug law also provides a definition of Advanced Therapy Medicinal
Products (ATMP’s) which includes gene therapy, somatic cell therapy, and tissue
engineering. These products are governed under EU regulation 1394/2007. The
EMA has provided a draft guidance d