©American College of Medical Genetics and Genomics

Open

Genetics

REVIEW inMedicine

Achieving the “triple aim” for inborn errors of metabolism: a
review of challenges to outcomes research and presentation
of a new practice-based evidence framework

Beth K. Potter, MSc, PhD', Pranesh Chakraborty, MD, FRCPC?34, Jonathan B. Kronick, MD, PhD>,
Kumanan Wilson, MD, FRCPC?, Doug Coyle, MSc, PhD', Annette Feigenbaum, MB ChB, FRCPC>¢,
Michael T. Geraghty, MB, FRCPC?34, Maria D. Karaceper, BSc', Julian Little, PhD',
Aizeddin Mhanni, MB ChB, FRCPC??, John J. Mitchell, MD, FRCPC&1°,

Komudi Siriwardena, MB ChB, FRACP(NZ)>¢, Brenda J. Wilson, MB ChB, MSc' and
Ania Syrowatka, MSc'; on behalf of the Canadian Inherited Metabolic Diseases Research Network

Across all areas of health care, decision makers are in pursuit of what
Berwick and colleagues have called the “triple aim”: improving patient
experiences with care, improving health outcomes, and managing
health system impacts. This is challenging in a rare disease context, as
exemplified by inborn errors of metabolism. There is a need for evalu-
ative outcomes research to support effective and appropriate care for
inborn errors of metabolism. We suggest that such research should
consider interventions at both the level of the health system (e.g., early
detection through newborn screening, programs to provide access to
treatments) and the level of individual patient care (e.g., orphan drugs,
medical foods). We have developed a practice-based evidence frame-
work to guide outcomes research for inborn errors of metabolism.

INTRODUCTION

Across all areas of health care, policy decision makers are in
pursuit of what Berwick and colleagues' have called the “triple
aim’: i.e., improving patient experiences with care, improving
health outcomes in the population, and managing health system
impacts. Pursuing these goals can be challenging in the context
of rare diseases. Challenges relate to the development of and
access to new therapies, the generation of knowledge to under-
stand the epidemiology and natural history of the diseases, and
the design of high-quality research needed to support effective
and appropriate patient care.>® These challenges are highly rel-
evant to the field of inborn errors of metabolism (IEMs).*¢

Toward the triple aim, health system investments to
improve and protect health for people with IEMs and other
rare diseases include (i) secondary prevention aimed at
early disease detection and intervention (notably newborn
screening); (ii) study of the biological basis of rare diseases

Focusing on outcomes across the triple aim, this framework integrates
three priority themes: tailoring care in the context of clinical hetero-
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geneity; a shift from “urgent care” to “opportunity for improvement’;
and the need to evaluate the comparative effectiveness of emerging
and established therapies. Guided by the framework, a new Canadian
research network has been established to generate knowledge that will
inform the design and delivery of health services for patients with
inborn errors of metabolism and other rare diseases.
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to inform treatment, and development of facilities for their
diagnosis (e.g., gene and biomarker discovery for rare diseases
and diagnostic laboratories); (iii) programs to promote the
development of, and ensure access to, treatments that would
otherwise be prohibitively expensive; and (iv) coordination of
primary and specialist care, including services such as multi-
disciplinary team care and the development of regional genetic
treatment centers (Figure 1). These system-level strategies are
often predicated on the effectiveness of interventions at the
level of individual patient care. For IEMs, these individual-
level interventions may include orphan drugs, medical foods,
dietary supplements, and organ replacement. Just as health
system-level interventions are dependent on the existence of
effective interventions at the patient level, clinical interven-
tions by themselves cannot lead to improved outcomes unless
patients have access to them in the context of an appropriate
system of care (Figure 1).
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Figure 1 Integrated system-level and clinical interventions for inborn errors of metabolism.

PRACTICE-BASED EVIDENCE

The interdependency of health system and clinical care inter-
ventions points to the potential usefulness of evaluating the
effectiveness of health care for IEMs in an integrative way.
Currently, recommendations for providing care to patients with
IEMs often consist of consensus guidelines developed through
expert working groups, e.g., refs. 7 and 8 or through Delphi pro-
cesses.” Such guidelines are directly informed by existing evi-
dence and by the opinions of experienced clinicians. However,
they are limited by the scarcity of empirical data to support the
effectiveness of interventions at both health system and clinical
levels, in part, due to the challenges associated with gathering
such evidence in the context of rare diseases.*'® For example,
randomized controlled trials in rare diseases require significant
resources and multicenter collaboration'"'? yet, particularly
with frequentist approaches, often remain underpowered to
provide the evidence sought. Of note, traditional randomized
controlled trials do not account well for clinical heterogeneity,
a key feature of many IEMs."*"* Alternative experimental and
quasiexperimental study designs have been developed for rare
diseases, but there are methodological challenges associated
with each.>"'” Moreover, experimental designs do not allow the
simultaneous evaluation of multiple interventions at the levels
of the health-care system and individual patient care.

Observational studies may provide important knowledge
by taking advantage of natural experiments, the opportunities
afforded by differences in clinical practices, and/or policy-level
interventions over time and across providers or jurisdictions,
to investigate associations between different interventions
and outcomes. Although such studies are susceptible to con-
founding and to bias due to differential ascertainment of cases,
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investigators can mitigate the impact of these biases by stan-
dardizing measures of key variables, achieving near complete
case ascertainment, and evaluating the representativeness of the
included cases. Indeed, in recognition of the need to conduct
clinical evaluative research in real-world settings to understand
the complex nature of care, several authors have described the
concept of “practice-based evidence,'*' recently defined as
research that “... accommodates multiple concurrent interven-
tions and patient characteristics that reflect actual clinical prac-
tice, using data from natural settings to describe the content
and timing of treatments that are associated with better out-
comes (including patient reported outcomes) for patients with
specific characteristics”*®

This definition of practice-based evidence is highly relevant
to the study of IEMs. Its consideration of interventions within
a system of care accommodates the need for an integrative
approach, and it is broad enough to incorporate relevant out-
comes across the triple aim, including patient/family perspec-
tives and impact on the health system in addition to clinical end
points. We suggest that a practice-based evidence approach in
outcomes research for IEMs should not be restricted to obser-
vational research, given that randomized controlled trials and
other experimental and quasiexperimental approaches remain
fundamental to understanding treatment efficacy. Rather,
observational research can provide detailed information on
the epidemiology of IEMs and help to inform priorities for
the development of trials. And in turn experimental methods
can identify interventions that are efficacious in a controlled
environment, which then need to be evaluated in an embed-
ded system of care across a range of patients and settings, to
determine who may benefit, in what ways, and under which
circumstances.”
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AN OUTCOMES RESEARCH NETWORK

A practice-based evidence approach to evaluative research for
IEMs requires, at a minimum, the development of a network of
practice settings with standardized collection of data capturing
relevant outcomes and interventions.'® Such a network would
support the strategy of multicenter collaboration and pooling
of data that has been advocated to improve the robustness of
research for rare diseases,*'****! incorporating the strengths typ-
ically associated with patient registries, such as complete cover-
age of patient populations (to avoid selection bias), standardized
case definitions, and longitudinal data collection. The resources
that are needed to develop this network and data collection sys-
tem highlight the importance of ensuring that sufficient infor-
mation is collected to answer the most important research ques-
tions while also having the flexibility to accommodate emerging
questions in a rapidly evolving field. Thus, we suggest concep-
tualizing a practice-based evidence network not as a traditional
registry but as an endeavor that is explicitly focused on outcomes
evaluation, guided by a research framework to identify key ques-
tions and ensure that relevant data are captured.

In Canada, the federal government, through a Canadian
Institutes of Health Research grant has recently invested in
an Emerging Team to develop such a national network and
the information system needed to support it. The Canadian
Inherited Metabolic Diseases Research Network (CIMDRN)
includes investigators with expertise in clinical care of patients
with IEMs, as well as in epidemiology, health services and policy
research, and health economics. We are supported by an advi-
sory board whose members include patient and family repre-
sentatives and scientists in related fields. All children diagnosed
with IEMs in Canada receive care at one of 16 regional meta-
bolic treatment centers. Members of our network are located at
nearly all these centers, which should permit complete ascer-
tainment of Canadian cases. We will collect longitudinal clini-
cal data, patient/family-reported data, and health services use
data for all children enrolled in our research program.

The CIMDRN joins a number of other initiatives that have
been developed to improve health care and outcomes for
patients with IEMs and related rare diseases internationally,
for example, the projects within the Europe-based Network for

Table 1 Key North American examples of related initia-
tives that support research to improve outcomes for
inborn errors of metabolism

Rare Diseases Clinical Research Network

North American Mitochondrial Disease Consortium??

Lysosomal Disease Network?*

Urea Cycle Disorders Consortium?®
Regional Genetic and Newborn Screening Service Collaboratives?®
Newborn Screening Translational Research Network

Inborn Errors of Metabolism Collaborative?”

Nutrition and Dietary Supplement Interventions for Inborn Errors of
Metabolism?®

National Center for Advancing Translational Sciences?®
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Genetic Metabolic Diseases Detectable by Newborn Screening
(Metabnet),?? and several collaboratives based in North America
(Table 1). Of note, the consortia established by the Rare Diseases
Clinical Research Network focus on the creation of disease-
specific clinical contact registries that primarily act as tools to
support the enrollment of patient cohorts in research studies for
specific diseases.”> > Other groups have focused on longitudinal
surveillance of outcomes among patients with a broader range
of IEMs diagnosed through newborn screening, for example,
the Inborn Errors of Metabolism Information System developed
by Region 4 of the Genetic and Newborn Screening Service
Collaboratives.” This work is now connected to the Inborn
Errors of Metabolism Collaborative, a research project supported
by the Newborn Screening Translational Research Network.”
Still other groups investigate specific interventions, for example,
the Nutrition and Dietary Supplement Interventions for Inborn
Errors of Metabolism;*® or study the development of new or
newly applied therapies, such as the collaborative National
Center for Advancing Translational Sciences.”

The CIMDRN shares with these initiatives an evaluative per-
spective and, in common with registries and newborn screen-
ing long-term follow-up programs, a focus on prospective data
collection from a complete cohort of patients. However, our
network brings forward several innovative components. For
example, our emphasis on the interdependence of system-level
and clinical-level interventions and on outcomes that encom-
pass medical, patient-centered, and system perspectives (the
triple aim) broadens our work beyond individual therapies for
individual diseases toward the generation of knowledge that
will generalize across IEMs and to other rare diseases. We have
also developed a novel practice-based evidence framework
(described below) that will serve to guide both the data we col-
lect and the research questions that our network will pursue.

A PRACTICE-BASED EVIDENCE FRAMEWORK
The CIMDRN research framework emphasizes the full range
of outcomes relevant to the triple aim (Figure 2), so as to make
explicit the trade-offs that are inevitable in a rare disease envi-
ronment. For example, some interventions with modest clini-
cal benefits may be highly valued by patients and families yet
expensive for the health-care system (e.g., enzyme replacement
therapy). Other interventions may be relatively inexpensive
from the health system perspective, yet experienced as bur-
densome or anxiety-provoking for patients and families (e.g.,
severe dietary restrictions may fall into this category). Studying
these impacts simultaneously will help us to understand their
implications with respect to the value assigned to outcomes in
clinical and policy decisions.

We have also identified three themes that capture the types of
evaluative research questions that are most relevant at both the
level of individual patient care and the health system for IEMs
and that can serve to integrate research at these levels (Figure 2).
To demonstrate how these themes may be used to identify and
pursue high-priority research questions both within and across
IEMs, two illustrative case studies or examples for each theme
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AIM 2 AIM 3

Outcomes:
The “Triple Improve patient and Improve clinical-health Manage health
Aim” family experiences outcomes system impacts,
including costs
Evaluative
research
Obser.vatlonal: Experimental:
_Eftfectlvetpess_of 4=m) Efficacy of clinical
interventions in interventions
system of care
1. Treatment cutoffs for 1. Predicting patient-centered 1. Sapropterin vs. dietary
Ir::exsaezzﬁ hyperphenylalanemia outcomes in PKU therapy alone in PKU
topics 2. Predicting prognosis in 2. Understanding long-term 2. Transplant vs. nutritional
nonclassic MCADD/VLCADD impact of transplant in MPS1 management in hepatic IEM
Priority THEME 1 THEME 2 THEME 3
research Tailoring care in context Shift from urgent care to Comparative effectiveness:
themes of clinical heterogeneity opportunity for new vs. established care
improvement
Support: = Network of practices; clinical and health services/policy scientists
pla:grrr;ind = Research platform: standardized collection of observational data
wi

Figure 2 A practice-based evidence research framework for inborn errors of metabolism. IEM, inborn error of metabolism; MCADD, medium-chain
acyl-CoA dehydrogenase deficiency; MPS1, mucopolysaccharidosis 1; PKU, phenylketonuria; VLCADD, very long-chain acyl-CoA dehydrogenase deficiency.

are described below and in Figure 2. Because phenylalanine
hydroxylase deficiency (OMIM 261600) is a more common and
particularly well-studied IEM, one example for each theme is
based on this disease.
Theme 1: Tailoring care in the context of clinical
heterogeneity

IEMs, like many rare diseases, are frequently characterized by
heterogeneity in clinical presentation, ranging from mild forms
that may require no intervention to severe forms that are asso-
ciated with significant morbidity and/or mortality. For many
IEMs, recognition of this heterogeneity has increased since their
inclusion in newborn screening programs: their apparent preva-
lence has increased, possibly due to undiagnosed early fatal
cases in nonscreened populations and the diagnosis of mild or
asymptomatic cases in screened populations.® There is uncer-
tainty about the natural history of many IEMs. Correlations
among genotype, biochemical phenotype, and clinical symp-
toms are often weaker than predicted, highlighting the roles
of other factors, including social characteristics, in influenc-
ing outcomes. Clinical providers face challenges in predicting
patients’ prognoses and in developing ways to customize care.
Heterogeneity and the need for individualized care also create
challenges in designing effective health system investments that
can meet the needs of a diverse population of patients and target
therapies to those most likely to benefit. In this way, IEMs exem-
plify the challenges of personalized medicine.* Research ques-
tions suggested by this theme, therefore, relate to identifying
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predictors of disease prognosis (including biomarkers that have
been validated using outcomes that are important to patients),
understanding whether and how care is tailored to account for
differences in disease severity, and generating evidence to facili-
tate decisions about personalizing care.

Clinical heterogeneity, example 1: When does non-PKU
hyperphenylalaninemia require treatment? Phenylalanine
hydroxylase deficiency is associated with intolerance to
dietary intake of the amino acid phenylalanine and results in
a spectrum of disorders ranging from classical PKU to non-
PKU hyperphenylalaninemia (non-PKU HPA) (Figure 2).
Classical phenylketonuria (PKU) is usually defined as an
untreated blood phenylalanine concentration of >1,200 pmol/l
or low tolerance to dietary phenylalanine.’>* Non-PKU HPA
describes individuals whose phenylalanine levels are above
normal (>120 pmol/l) but typically <600 umol/l (although
some centers define the upper limit for non-PKU HPA as <360
pmol/l, with higher levels defined as PKU). The vast majority of
untreated children with classical PKU show impaired cognitive
development. The generally accepted goal of treatment, primar-
ily through dietary therapy, is reduction of blood phenylalanine
into the therapeutic range (often defined as 120-360 pumol/l)
and thus prevention of cognitive deficits. However, an issue of
debate is whether patients with mild non-PKU HPA need to be
treated.**** Specifically, it is unclear whether those whose blood
phenylalanine levels are elevated but consistently below 600
pmol/l are at risk of intellectual impairment. There is variation
in the classification and treatment of non-PKU HPA,* with
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implications for patients, families, and the health-care system.
For example, in Canada, costs for therapy per patient can be
$20,000 to >$100,000/year. There is a need for research to better
understand the association between the choice of blood phe-
nylalanine cutoft for initiation of treatment and outcomes that
include neuropsychological development, health-related qual-
ity of life, and costs of care.

Clinical heterogeneity, example 2: What patient charac-
teristics and interventions are associated with outcomes
among individuals with “nonclassic” medium-chain acyl-
CoA dehydrogenase deficiency or very long-chain acyl-CoA
dehydrogenase deficiency? Medium-chain acyl-CoA dehy-
drogenase deficiency (OMIM 607008) and very long-chain
acyl-CoA dehydrogenase deficiency (OMIM 609575) are fatty
acid P-oxidation disorders characterized by impairments in
energy production, particularly during times of increased
energy demands and/or decreased dietary intake (Figure 2).”
Patients are at risk of acute metabolic decompensation under
conditions of metabolic stress (often caused by viral infection),
with significant morbidity and risk of mortality.*”** Individuals
with very long-chain acyl-CoA dehydrogenase deficiency may
also experience chronic sequelae (e.g., cardiac and neuromus-
cular morbidity).** Treatment includes avoidance of fasting and
may also include specific diet modifications and/or the use of
supplements and medications. Newborn screening has resulted
in the identification of a higher proportion of mild and poten-
tially asymptomatic cases for both diseases.*****! For “nonclas-
sic” cases, there is uncertainty about how best to establish the
diagnosis, predict prognosis, and manage care,”*>* with evi-
dence of variation in treatment practices.* Research priorities
include developing a better understanding of the distribution of
outcomes (e.g., metabolic decompensation, cardiac manifesta-
tions for very long-chain acyl-CoA dehydrogenase deficiency,
parental stress) and appropriate treatment for children with
known high-risk disease versus those with a less certain prog-
nosis, and identifying the ways in which patient characteristics
and interventions interact to predict outcomes in these groups.

Theme 2: A shift from “urgent care” to “opportunity for
improvement”

Traditional treatment goals for IEMs focused on prevent-
ing catastrophic outcomes such as death, irreversible neuro-
logic injury, and mental retardation. Similar to more common
chronic diseases (e.g., diabetes, HIV), an improved understand-
ing of the biology of IEMs and corresponding development of
new treatments has meant that many patients are surviving
with fewer severe sequelae. New priorities include identifying
optimal long-term outcomes and determining the intermedi-
ate indicators of disease management (e.g., validated biomark-
ers of metabolic control) that best predict such outcomes and
can be used to monitor treatment. In parallel, there is a need
to consider the potential for late adverse effects of interven-
tions, recognize new natural histories (revealed due to longer
survival), and identify ineffective interventions. Thus, within
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this theme, we suggest prioritizing research that illuminates the
appropriate goals of therapy when existing evidence suggests
that established treatments improve but do not optimize out-
comes, explores ways to define and monitor successful disease
management in the short-term with longer term outcomes in
mind, and addresses the benefits and risks of therapies over a
long-term follow-up period.

Shift, example 1: Among patients with PKU, what individ-
ual characteristics and interventions are associated with
patient-centered outcomes beyond intelligence quotient?
Early identification by newborn screening with initiation of
dietary therapy has dramatically reduced the prevalence of
mental retardation among children with PKU (Figure 2).
However, despite measured intelligence quotient in the normal
range, individuals with treated PKU may have less than opti-
mal psychosocial and neurodevelopmental outcomes,****” and
there is little evidence regarding the impact of PKU on physical
development.* The goals of modern therapy, beyond prevent-
ing mental retardation, thus remain uncertain.”” Blood phenyl-
alanine levels correlate well with intelligence quotient in indi-
viduals with PKU,* but there is a need to better understand the
complex relationships among patient characteristics, adherence
to dietary and other interventions, blood phenylalanine levels,
and additional patient-centered outcomes, including executive
function and quality of life.*>*

Shift, example 2: In patients with mucopolysacchari-
dosis 1, what are the long-term outcomes associated
with early hematopoietic stem cell transplantation?
Mucopolysaccharidosis 1 (Hurler disease, OMIM 607014)
is a lysosomal storage disorder characterized by impaired
metabolism of glycosaminoglycans, leading, in classic cases,
to severe progressive neurocognitive, cardiorespiratory, and
musculoskeletal impairments and shortened life expectancy
(Figure 2).°°* There is evidence of clinical benefit with early
hematopoietic stem cell transplantation.”> Enzyme replace-
ment therapy is also used for some patients, although neu-
rodevelopmental benefit remains unclear.”> However, there
are unresolved questions about the long-term benefits and
safety of hematopoietic stem cell transplantation,™¢ includ-
ing the association of hematopoietic stem cell transplanta-
tion with outcomes including musculoskeletal impairment,
neuropsychological development, child health-related qual-
ity of life, and possible late effects.

Theme 3: Need to evaluate comparative effectiveness of
emerging and established therapies

Challenges in determining the effectiveness of treatments
for IEMs relate to their rarity and heterogeneity, the complex
nature of care, and the rapid pace of development of new treat-
ments. There is a need for ongoing evaluation of new treat-
ments while comparing them to established treatments using
metrics capturing patient experiences, clinical outcomes, and
health system impacts, including cost effectiveness. Linked to
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strategicinvestmentsin patient-oriented research, comparative
effectiveness is a current priority for both rare and common
diseases.” As described, multiple complementary approaches
to comparative effectiveness research will be needed to pro-
vide the best evidence to inform care for IEMs. Priority
research questions could therefore address the effectiveness
and cost effectiveness of emerging therapies as compared with
standard care, both in experimental settings and in a clini-
cal context that considers cointerventions, patient-centered
outcomes, and system-level policies regarding access to care.
Because existing frameworks for assessing the effectiveness
and cost effectiveness of interventions are unlikely to be favor-
able toward rare diseases, practice-based research within this
theme could incorporate alternative frameworks developed
specifically for the rare disease context.*®

Comparative effectiveness, example 1: Among patients
with PKU, how does sapropterin compare with diet ther-
apy alone in its association with a range of outcomes? An
emerging therapy for individuals with PKU is the drug sap-
ropterin dihydrochloride (tetrahydrobiopterin) (Figure 2).%
Evidence to date, including clinical trial data, suggests that
a subset of individuals with PKU respond to sapropterin
with decreases in blood phenylalanine and/or an increase
in dietary tolerance to protein.”** However, there are unre-
solved questions about predictors of response to sapropterin,
the degree of cointervention with dietary therapy needed
(although sapropterin to date has been licensed only as an
adjuvant therapy and not as a replacement for dietary inter-
vention), and, in particular, the association of sapropterin
use with clinical outcomes,** including neuropsychological
outcomes, quality of life, and experiences with care. There
is also a need for research to understand the costs of care to
families and to the health-care system.

Comparative effectiveness, example 2: For hepatic IEMs,
what are the comparative outcomes associated with early
liver transplantation versus aggressive nutritional man-
agement? There is a diverse group of IEMs for which liver
transplantation is being used in some cases because the defi-
cient enzyme for the implicated metabolic process is hepatic
(Figure 2). For example, urea cycle defects are characterized by
impaired excretion of nitrogen from protein catabolism, result-
ing in hyperammonemia.®® Maple syrup urine disease (OMIM
248600) is caused by impairment of the degradation pathway for
branched-chain amino acids and associated ketoacids.®” Patients
with classic forms of urea cycle defects and maple syrup urine
disease are at a high risk of metabolic decompensation during
periods of catabolic stress and may experience additional mani-
festations including death and/or neuropsychological impair-
ment.”* Emerging evidence supports the effectiveness of liver
transplantation in stabilizing metabolite levels and/or increasing
dietary tolerance.®"* However, there is a need to systematically
compare the benefits and risks of early transplantation versus
aggressive nutritional and medical interventions, which are
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also rapidly evolving.”>”* In addition to informing health care
for hepatic IEMs, such research would inform policy debates
regarding the prioritization of patients for liver transplantation
and optimal use of this expensive and high-risk treatment.”

Conclusion
We have described a practice-based evidence approach to out-
comes research in the field of IEMs, including a research frame-
work that can be used to identify and pursue high-priority ques-
tions related to the effectiveness of interventions at multiple
levels. The tools we have described and that will be used by the
CIMDRN have the potential to promote evidence-informed
care that is sensitive to current challenges in the care of patients
with IEMs (for example, clinical heterogeneity, the rapid pace
of development of new interventions) and that focuses on the
most relevant outcomes from the perspectives of patients and
families, providers, and health-care systems. The CIMDRN’s
information system will initially emphasize the collection of
existing observational data relevant to our research frame-
work. However, the network is also well positioned to initiate
new clinical intervention studies with designs tailored for rare
disease settings, and to collect biological samples that could
be used to identify biomarkers for use in predicting patient
prognosis and as surrogate end points in monitoring disease
management. These biomarkers could be validated using out-
come information we collect across the triple aim, emphasiz-
ing end points valued by patients and families while account-
ing for important patient and environmental characteristics.
Because the Canadian health-care system provides universal
insurance coverage for most health services, the CIMDRN is
also uniquely positioned to study IEMs using a combination
of clinical and health-care administrative data, which we will
supplement with patient- and family-reported information.
Finally, the ethnic diversity of the Canadian population and the
existence of a number of isolated communities will permit the
study of disease prevalence in different population subgroups,
which may inform the development of targeted interventions.
Ultimately, the CIMDRN aims to (i) produce clinical and
policy guidance to improve patient experiences and out-
comes for individuals with specific IEMs and (ii) generate new
knowledge to inform the design and delivery of health services
for patients with a broad range of IEMs and other rare diseases
and to provide insights into patient-centered and personalized
care. We suggest that the ideas and framework presented here
are also generalizable internationally and can inform other
groups pursuing similar objectives (e.g., through the clinical
registries and newborn screening long-term follow-up pro-
grams described in Table 1). Personalized health care has been
defined as “..a forward-looking, consumer-centric system
that features customized diagnostic, treatment, and manage-
ment plans based on a variety of patient factors, including
culture, personal behaviors, preferences, family health history,
and genetic/genomic makeup”” It is about identifying the
best interventions at the appropriate times for the appropriate
patients; this is our vision for the future of care for IEMs.

Volume 15 | Number 6 | June 2013 | GENETICS in MEDICINE



The “triple aim” for inborn errors of metabolism | POTTER et a/

ACKNOWLEDGMENTS

This work was supported by a CIHR Emerging Team Grant (“Emerg-
ing team in rare diseases: acheiving the ‘triple aim’ for inborn errors
of metabolism,” B.K. Potter, P. Chakraborty, and colleagues, 2012—
2017, grant no. TR3-119195). Current investigators and collabora-
tors in the Canadian Inherited Metabolic Diseases Research Network
are: B.K. Potter, P. Chakraborty, J. Kronick, D. Coyle, K. Wilson, M.
Brownell, R. Casey, A. Chan, S. Dyack, L. Dodds, A. Feigenbaum, D.
Fell, M. Geraghty, C. Greenberg, S. Grosse, A. Guttmann, A. Khan,
J. Little, B. Maranda, J. MacKenzie, A. Mhanni, k. Miller, G. Mitchell,
J. Mitchell, M. Nakhla, M. Potter, C. Prasad, K. Siriwardena, K.N.
Speechley, S. Stocker, L. Turner, H. Vallance, and B.J. Wilson. Mem-
bers of our external advisory board are D. Bidulka, T. Caulfield, J.T.R.
Clarke, C. Doiron, K. El Emam, J. Evans, A. Kemper, W. McCormack,
and A. Stephenson Julian. J. Little is supported by a Canada Research
Chair in Human Genome Epidemiology. K. Wilson is supported by a
Canada Research Chair in Public Health Policy.

DISCLOSURE
The authors declare no conflict of interest.

REFERENCES

1. Berwick DM, Nolan TW, Whittington J. The triple aim: care, health, and cost.
Health Aff (Millwood) 2008;27:759-769.

2. Griggs RC, Batshaw M, Dunkle M, et al. Clinical research for rare disease:
opportunities, challenges, and solutions. Mol Genet Metab 2009;96:20-26.

3. Schieppati A, Henter JI, Daina E, Aperia A. Why rare diseases are an important
medical and social issue. Lancet 2008;371:2039-2041.

4. Leonard JV. Komrower lecture: treatment of inborn errors of metabolism: a
review. J Inherit Metab Dis 2006;29:275-278.

5. Steiner RD. Evidence based medicine in inborn errors of metabolism: is there any
and how to find it. Am J Med Genet A 2005;134A:192-197.

6. Vockley J, Vockley CM. Clinical trials: curing a critical deficiency in metabolic
medicine. Mol Genet Metab 2010;99:244-245.

7. Kolker S, Christensen E, Leonard JV, et al. Diagnosis and management
of glutaric aciduria type I-revised recommendations. J Inherit Metab Dis
2011,34:677-694.

8. Scarpa M, Almassy Z, Beck M, et al. Mucopolysaccharidosis type II: European
recommendations for the diagnosis and multidisciplinary management of a
rare disease. Orphanet J Rare Dis 2011;6:72.

9. Arnold GL, Van Hove J, Freedenberg D, et al. A Delphi clinical practice protocol
for the management of very long chain acyl-CoA dehydrogenase deficiency.
Mol Genet Metab 2009;96:85-90.

10.  Campeau PM, Scriver CR, Mitchell JJ. A 25-year longitudinal analysis of treatment
efficacy in inborn errors of metabolism. Mol Genet Metab 2008;95:11-16.

11.  Children’s Oncology Group. http://childrensoncologygroup.org.

12. Moore TB, McCabe ER. National collaborative study groups: structure, benefits
gained and potential for rare genetic diseases. Genet Med 2006;8:793-796.

13. Kent DM, Rothwell PM, loannidis JP, Altman DG, Hayward RA. Assessing and
reporting heterogeneity in treatment effects in clinical trials: a proposal. Trials
2010;11:85.

14. Kravitz RL, Duan N, Braslow J. Evidence-based medicine, heterogeneity of
treatment effects, and the trouble with averages. Milbank Q 2004;82:661-687.

15. Gupta S, Faughnan ME, Tomlinson GA, Bayoumi AM. A framework for
applying unfamiliar trial designs in studies of rare diseases. J Clin Epidemiol
2011;64:1085-1094.

16. Chow SC, Chang M. Adaptive design methods in clinical trials—a review.
Orphanet J Rare Dis 2008;3:11.

17. Zucker DR, Ruthazer R, Schmid CH. Individual (N-of-1) trials can be combined
to give population comparative treatment effect estimates: methodologic
considerations. J Clin Epidemiol 2010;63:1312-1323.

18. Horn SD, Gassaway J. Practice based evidence: incorporating clinical
heterogeneity and patient-reported outcomes for comparative effectiveness
research. Med Care 2010;48(suppl 6):517-522.

GENETICS in MEDICINE | Volume 15 | Number 6 | June 2013

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

REVIEW

Westfall JIM, Mold J, Fagnan L. Practice-based research—"Blue Highways" on the
NIH roadmap. JAMA 2007;297:403-406.

Vockley J. Newborn screening: after the thrill is gone. Mol Genet Metab
2007;92:6-12.

Nurok M, Eslick I, Carvalho CR, et al. The International LAM Registry: a
component of an innovative web-based clinician, researcher, and patient-driven
rare disease research platform. Lymphat Res Biol 2010;8:81-87.

Network for Genetic Metabolic Diseases Detectable by Newborn Screening
(Metabnet). http://www.metabnet.de/index.php?lang=en&ID=4.

North American Mitochondrial Disease Consortium. http:/rarediseasesnetwork.
epi.usf.edu/NAMDC/studies/index.htm.

Lysosomal Disease Network. http://rarediseasesnetwork.epi.usf.edu/LDN/
index.htm.

Seminara J, Tuchman M, Krivitzky L, et al. Establishing a consortium for the
study of rare diseases: The Urea Cycle Disorders Consortium. Mol Genet Metab
2010;100(suppl 1):597-105.

Berry SA, Jurek AM, Anderson C, Bentler K. The inborn errors of metabolism
information system: a project of the Region 4 Genetics Collaborative Priority 2
Workgroup. Genet Med 2010;12(suppl 12):5215-5219.

Inborn Errors of Metabolism Collaborative. https://www.nbstrn.org/supported-
projects/inborn-errors-of-metabolism-collaborative.

Nutrition and Dietary Supplement Interventions for Inborn Errors of Metabolism.
https:/Avww.team-share.net/NDSI-IEM-Initiative/Overview.aspx.

National Center for Advancing Translational Sciences. http:/Awww.ncats.nih.
gov/research/rare-diseases/rare-disease.html.

Wilcken B, Haas M, Joy P, et al. Outcome of neonatal screening for medium-
chain acyl-CoA dehydrogenase deficiency in Australia: a cohort study. Lancet
2007;369:37-42.

Arnold GL, Vockley J. Thoroughly modern medicine. Mol Genet Metab
2011;104:1-2.

Mitchell JJ, Trakadis YJ, Scriver CR. Phenylalanine hydroxylase deficiency. Genet
Med 2011;13:697-707.

Guttler F. Hyperphenylalaninemia: diagnosis and classification of the various
types of phenylalanine hydroxylase deficiency in childhood. Acta Paediiatr Scand
Suppl 1980;280:1-80.

Hanley WB. Non-PKU mild hyperphenylalaninemia (MHP)-the dilemma. Mo/
Genet Metab 2011;104:23-26.

van Spronsen FJ. Mild hyperphenylalaninemia: to treat or not to treat. / Inherit
Metab Dis 2011;34:651-656.

Blau N, van Spronsen FJ, Levy HL. Phenylketonuria. Lancet 2010;376:1417-
1427.

Bennett MJ. Pathophysiology of fatty acid oxidation disorders. J Inherit Metab
Dis 2010;33:533-537.

Wilcken B. Fatty acid oxidation disorders: outcome and long-term prognosis. J
Inherit Metab Dis 2010;33:501-506.

Spiekerkoetter U, Lindner M, Santer R, et al. Management and outcome in 75
individuals with long-chain fatty acid oxidation defects: results from a workshop.
JInherit Metab Dis 2009;32:488-497.

Wilcken B, Haas M, Joy P, et al. Expanded newborn screening: outcome in
screened and unscreened patients at age 6 years. Pediatrics 2009;124:e241-
e248.

Spiekerkoetter U. Mitochondrial fatty acid oxidation disorders: clinical
presentation of long-chain fatty acid oxidation defects before and after
newborn screening. J Inherit Metab Dis 2010;33:527-532.

Arnold GL, Saavedra-Matiz CA, Galvin-Parton PA, et al. Lack of genotype-
phenotype correlations and outcome in MCAD deficiency diagnosed
by newborn screening in New York State. Mol Genet Metab 2010;99:
263-268.

Spiekerkoetter U, Bastin J, Gillingham M, Morris A, Wijburg F, Wilcken B.
Current issues regarding treatment of mitochondrial fatty acid oxidation
disorders. J Inherit Metab Dis 2010;33:555-561.

Potter BK, Little J, Chakraborty P, et al. Variability in the clinical management
of fatty acid oxidation disorders: results of a survey of Canadian metabolic
physicians. J Inherit Metab Dis 2012;35:115-123.

Brumm VL, Bilder D, Waisbren SE. Psychiatric symptoms and disorders in
phenylketonuria. Mol Genet Metab 2010;99(suppl 1):559-S63.

Enns GM, Koch R, Brumm 'V, Blakely E, Suter R, Jurecki E. Suboptimal outcomes
in patients with PKU treated early with diet alone: revisiting the evidence. Mol
Genet Metab 2010;101:99-109.

Gentile JK, Ten Hoedt AE, Bosch AM. Psychosocial aspects of PKU: hidden
disabilities—a review. Mol Genet Metab 2010;99(suppl 1):564-S67.

421



REVIEW

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

422

Dokoupil K, Gokmen-Ozel H, Lammardo AM, et al. Optimising growth
in phenylketonuria: current state of the clinical evidence base. Clin Nutr
2012;31:16-21.

Feillet F, MacDonald A, Hartung Perron D, Burton B. Outcomes beyond
phenylalanine: an international perspective. Mol Genet Metab 2010;99(suppl
1):579-S85.

Waisbren SE, Rones M, Read CY, Marsden D, Levy HL. Brief report: predictors of
parenting stress among parents of children with biochemical genetic disorders.
J Pedliatr Psychol 2004,29:565-570.

Martins AM, Dualibi AP, Norato D, et al. Guidelines for the management of
mucopolysaccharidosis type I. J Pediatr 2009;155(suppl 4):532-546.
Muenzer J, Wraith JE, Clarke LA, International Consensus Panel on Management
and Treatment of Mucopolysaccharidosis |. Mucopolysaccharidosis I
management and treatment guidelines. Pediatrics 2009;123:19-29.
Aldenhoven M, Boelens JJ, de Koning TJ. The clinical outcome of Hurler
syndrome after stem cell transplantation. Biol Blood Marrow Transplant
2008;14:485-498.

Boelens JJ, Wynn RF, O'Meara A, et al. Outcomes of hematopoietic stem cell
transplantation for Hurler's syndrome in Europe: a risk factor analysis for graft
failure. Bone Marrow Transplant 2007,40:225-233.

van der Linden MH, Kruyt MC, Sakkers RJ, de Koning TJ, Oner FC,
Castelein RM. Orthopaedic management of Hurler’s disease after
hematopoietic stem cell transplantation: a systematic review. J Inherit Metab
Dis 2011;34:657-669.

Gassas A, Raiman J, White L, Schechter T, Clarke J, Doyle J. Long-term adaptive
functioning outcomes of children with inherited metabolic and genetic diseases
treated with hematopoietic stem cell transplantation in a single large pediatric
center: parents’ perspective. J Pediatr Hematol Oncol 2011;33:216-220.
Clancy C, Collins FS. Patient-centered outcomes research institute: the
intersection of science and health care. Sci Trans/ Med 2010;2:37cm18.

Coyle D, Bell CM, Clarke JTR, et al. Application of operations research to
funding decisions for treatments with rare disease. In: Zaric G. (ed). Operations
Research and Health Care Policy, Springer Science and Business Media: New
York, NY, 2013.

Levy HL, Milanowski A, Chakrapani A, et al. Efficacy of sapropterin
dihydrochloride (tetrahydrobiopterin, 6R-BH4) for reduction of phenylalanine
concentration in patients with phenylketonuria: a phase lll randomised placebo-
controlled study. Lancet 2007,370:504-510.

Lindegren ML, Krishnaswami S, Fonnesbeck C, et al. Adjuvant treatment for
phenylketonuria (PKU). Comparative effectiveness review no. 56. (prepared by
the vanderbilt evidence-based practice center under contract no. HHSA 290-
2007-10065-1). AHRQ publication no. 12-EHC035-EF. Agency for Research and
Quality: Rockville, MD, 2012. http:/Avww.effectivehealthcare.ahrg.gov/reports/
final.cfm.

Lee P, Treacy EP, Crombez E, et al. Safety and efficacy of 22 weeks of treatment
with sapropterin dihydrochloride in patients with phenylketonuria. Am J Med
Genet A 2008;146A:2851-2859.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

POTTER et al | The “triple aim” for inborn errors of metabolism

Burton BK, Nowacka M, Hennermann JB, et al. Safety of extended treatment
with sapropterin dihydrochloride in patients with phenylketonuria: results of a
phase 3b study. Mol Genet Metab 2011;103:315-322.

Trefz FK, Burton BK, Longo N, et al. Efficacy of sapropterin dihydrochloride in
increasing phenylalanine tolerance in children with phenylketonuria: a phase Iil,
randomized, double-blind, placebo-controlled study. J Pediatr 2009;154:700-707.
Somaraju UR, Merrin M. Sapropterin dihydrochloride for phenylketonuria.
Cochrane Database Syst Rev 2010;6:CD008005.

Blau N, Bélanger-Quintana A, Demirkol M, et al. Optimizing the use of
sapropterin (BH(4)) in the management of phenylketonuria. Mol Genet Metab
2009;96:158-163.

Braissant O. Current concepts in the pathogenesis of urea cycle disorders. Mol
Genet Metab 2010;100(suppl 1):S3-S12.

Knerr I, Weinhold N, Vockley J, Gibson KM. Advances and challenges in the
treatment of branched-chain amino/keto acid metabolic defects. J Inherit Metab
Dis 2012;35:29-40.

Gropman AL, Summar M, Leonard JV. Neurological implications of urea cycle
disorders. J Inherit Metab Dis 2007;30:865-879.

Meyburg J, Hoffmann GF. Liver, liver cell and stem cell transplantation for the
treatment of urea cycle defects. Mol Genet Metab 2010;100(suppl 1):577-S83.
Wakiya T, Sanada Y, Mizuta K, et al. Living donor liver transplantation for
ornithine transcarbamylase deficiency. Pedliatr Transplant 2011;15:390-395.
Shellmer DA, DeVito Dabbs A, Dew MA, et al. Cognitive and adaptive
functioning after liver transplantation for maple syrup urine disease: a case
series. Pediatr Transplant 2011;15:58-64.

Strauss KA, Wardley B, Robinson D, et al. Classical maple syrup urine disease
and brain development: principles of management and formula design. Mo/
Genet Metab 2010;99:333-345.

Scaglia F. New insights in nutritional management and amino acid
supplementation in urea cycle disorders. Mol Genet Metab 2010;100(suppl
1):.572-S76.

Ross LF. An ethical and policy analysis of elective transplantation for
metabolic conditions diagnosed by newborn screening. J Pediatr
2010;156:139-144.

Feero WG, Bigley MB, Brinner KM; Family Health History Multi-Stakeholder
Workgroup of the American Health Information Community. New standards
and enhanced utility for family health history information in the electronic
health record: an update from the American Health Information Community’s
Family Health History Multi-Stakeholder Workgroup. / Am Med Inform Assoc
2008;15:723-728.

This work is licensed under the Creative

wEEHETES Commons Attribution-Noncommercial-No
Derivative Works 3.0 Unported License. To view a
copy of this license, visit http://creativecommons.org/
licenses/by-nc-nd/3.0/

Volume 15 | Number 6 | June 2013 | GENETICS in MEDICINE



