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Abstract Rare neurogenetic disorders are collectively common, affecting 3% of the popu-
lation, and often manifest with complex multiorgan comorbidity. With advances in genetic,
-omics, and computational analysis, more children can be diagnosed and at an earlier age.
Innovations in translational research facilitate the identification of treatment targets and de-
velopment of disease-modifying drugs such as gene therapy, nutraceuticals, and drug re-
purposing. This increasingly allows targeted therapy to prevent the often devastating
manifestations of rare neurogenetic disorders. In this perspective, successes in diagnosis,
prevention, and treatment are discussed with a focus on inherited disorders of metabolism.
Barriers for the identification, development, and implementation of rare disease-specific
therapies are discussed. New methodologies, care networks, and collaborative frameworks
are proposed to optimize the potential of personalized genomic medicine to decrease mor-
bidity and improve lives of these vulnerable patients.

INTRODUCTION

With advances in genetic and -omics technologies, more children with rare neurogenetic dis-
orders—that is, neurodevelopmental disorders (NDDs) and inherited metabolic disorders
(IMDs)—can be diagnosed at an earlier age (Blau et al. 2022). Early genetic diagnosis is par-
amount for the movement toward disease-modifying and other personalized treatments that
have great potential forimproving health and quality of life (Sahin and Sur 2015; Vissers et al.
2016). These approaches may help many individuals, because NDDs are collectively com-
mon, affecting 3% of the population directly and another 5% indirectly—that is, as family
members coping with care and potential recurrence risks. Patients are often affected by
severe and complex somatic and neuropsychiatric comorbidity, including intellectual
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Personalized medicine for rare neurogenetic disorders

disability (ID), epilepsy, cognitive and behavioral disturbances, sensory deficits, and other or-
gan dysfunction. Because of their lifelong care needs on multiple life domains, these patient
populations present a challenging task for health-care providers and systems to provide op-
timal personalized care, taking both the characteristics of the disorder as well as the individ-
ual care needs into account.

The opportunities for personalized therapeutic interventions, both symptomatic and
disease-modifying, are drastically increasing for NDDs, and even more for IMDs. These
vary from diets and vitamins, (repurposed) medications, organ and stem cell transplants,
to RNA and gene therapy (Sun et al. 2017). However, implementation via therapeutic tri-
als for these often-small patient populations face specific challenges in methodology and
outcome measures. Additionally, implementation of personalized medicine is hampered
by financial, organizational, and regulatory barriers. Translation of novel treatments to pa-
tient care with guaranteed access and reimbursement is cumbersome and often unsuc-
cessful at both the local and international levels. This results in an unacceptable
situation: Novel treatments do not reach the patient, and there is lack of evidence-based
care.

To address the current state of personalized medicine for IMDs, we review several suc-
cess stories to show opportunities for improvement in trial design, outcome measures,
and collaborative efforts. We put forward how this knowledge can be extended to other
NDDs and propose acceleration of personalized medicine via our flywheel model as depict-

ed in Figure 1.
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Figure 1. Catalyzing personalized medicine for all rare disease patients. This flywheel depicts the patient and
family at the center of the rare diseases community’s translational research and care activities, aimed at pro-
viding accurate diagnosis and counseling, effective and accessible therapies, and ultimately tailored care
and prevention. Patients are partners in the process, strengthening the transdisciplinary team of basic and lab-
oratory scientists, paramedical clinicians, and ethicists who unite expertise and efforts to catalyze this flywheel
to leave no rare disease patient behind. We apply this model in the Emma Center for Personalized Medicine at
Amsterdam UMC. (Copyright: Health2Media.)
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Personalized medicine for rare neurogenetic disorders

ADVANCES IN DIAGNOSTICS

Numerous studies have shown advances in diagnosing presymptomatic individuals, acutely ill
children, and children and adults with developmental delay, epilepsy, neurocognitive deteri-
oration, or other illnesses. Rapid diagnosis prevents diagnostic odysseys, helps caregivers with
acceptance and connecting with patient organizations for peer support, and allows accurate
counseling regarding prognosis and recurrence risk. Increasingly, a genetic diagnosis allows
for personalized medicine—that is, the implementation of etiology-driven health monitoring
and treatments, with the potential of drastically changing the course of a disorder.

Population-based genetic screening has provided enormous opportunities to diagnose
rare diseases before clinical disease onset. Strategies and timing vary from preconception
and preimplantation carrier screening in parents to prenatal and neonatal screening pro-
grams in offspring; historically, genetic testing was considered too slow, yet next-generation
sequencing (NGS) analysis has been shown to yield diagnoses and treatment potential in
73% of families with acutely ill children (Soden et al. 2014). NGS has also revolutionized
the discovery of variants in new genes that are associated with rare Mendelian diseases
(Tarailo-Graovac et al. 2016; Boycott and Ardigd 2018; Quaio et al. 2020). With exome se-
quencing, the diagnostic yield can be as high as 41% for rare pediatric conditions (Quaio
etal. 2020) and 39% for early-onset epilepsies (Demos et al. 2019), providing a direct poten-
tial for the redirection of care in 15.6% and 39%, respectively. Studies in adults with epilepsy,
autism spectrum disorder, and ID have shown similar results (Snoeijen-Schouwenaars et al.
2019; Satterstrom et al. 2020). The combination of deep clinical and biochemical pheno-
typing with whole-exome sequencing (WES) provided a diagnosis in 68% of children with
developmental delay and a metabolic phenotype with a change in treatment in 44%
(Tarailo-Graovac et al. 2016).

However, despite the diagnostic success of WES, at least one-third of patients with a rare
disease phenotype still remain undiagnosed. Without a molecular diagnosis, targeted treat-
ment is not possible. The reasons for missing heritability are diverse and include technical
limitations (e.g., missed coding variants by WES, structural abnormalities, intronic variants),
complex mechanisms (e.g., tissue-specific somatic mosaicism, allelic expression imbalance
[Falkenberg et al. 2017]), short tandem repeat expansions (van Kuilenburg et al. 2019), poly-
genic inheritance (as recently described in as many as 4%-9% of patients with rare diseases),
and lack of evidence for or against the causality of a particular candidate variant (Posey et al.
2017).

Whole-genome sequencing (WGS) has a higher sensitivity than WES for certain coding
variants, insertions/deletions, copy-number variants (CNVs), chromosomal rearrangements,
inversions, transposons, or causal variants in regulatory regions. WGS may therefore be an
effective technique to identify the genetic basis of unresolved IMD especially if combined
with RNA sequencing (Kremer et al. 2017). RNA therapy is increasingly available for
splice-site variants and related complex molecular mechanisms (Kim et al. 2019).
Interpretation of gene variants of unknown significance, discovery of incidental findings
and carriership for genetic disorders (Petrikin et al. 2015), and societal stigma need careful
evaluation. Despite these challenges, parents show high acceptance and few regrets
when being apprised of results (Cakici et al. 2020).

Beyond exome and genome sequencing, other “-omics” are changing the diagnostic
landscape (van Karnebeek et al. 2018). Genome-wide methylation analysis (methylomics)
can also identify biological signals that support the causality of disease genes. For example,
the methylation profiling of several rare diseases associated with gene defects suspected of
having an effect on methylation status identified diagnostic signatures for more than 48 neu-
rological disorders (Schenkel et al. 2017; Sadikovic et al. 2021).
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Advanced technologies such as metabolomics, lipidomics, and glycomics techniques
enable simultaneous profiling of thousands of metabolites, lipids, and glycans in body
fluids, tissues, and cells. Together with model organisms, these approaches offer a pos-
sible pathway to study the phenotypes that remain unsolved after advanced WES or
WGS (Vaz et al. 2019). In such "systems biology” approaches, powerful bioinformatics
and close communication with molecular genetics, IMD clinicians, laboratory specialists,
and scientists are essential to determine the phenotypic, genetic, biochemical, and func-
tional data. Using methods such as gene expression, CRISPR-Cas technologies, and ge-
netic engineering of cell models and model organisms (“functional genetics”), it is
possible to unravel disease mechanisms, identify biomarkers for diagnosis and disease
activity, and develop therapeutic strategies in a so-called translational metabolism mod-
el (van Karnebeek et al. 2018; Wanders et al. 2019; Boycott et al. 2020). This principle is
illustrated by a study in which 90% of the 41 families with an unexplained neuro-
metabolic phenotype could still be diagnosed by applying a combination of phenomics
and multiomics, and in which 11 new disease genes and more than 20 new phenotypes
were identified (Tarailo-Graovac et al. 2016). In addition to an increased diagnostic yield,
the above study also showed that the chosen multiomics approach in combination with
deep phenotyping can lead to new pathophysiological insights, enabling (new) opti-
mized treatment in >40% of patients. The added value of untargeted metabolomics
to WES and phenomics has been illustrated with the discovery of a new IMD: NANS-con-
genital disorder of glycosylation (CDG). This condition was identified in nine patients
with ID and bone abnormalities as a result of this novel sialic acid synthesis defect
(van Karnebeek et al. 2016). N-acetyl-mannosamine was subsequently identified as a
biomarker in several Dutch patients. Recently, a deep phenotyping study of NANS-
CDG showed that this progressive neurometabolic disease has typical magnetic reso-
nance imaging (MRI) abnormalities with a genotype—phenotype correlation (den
Hollander et al. 2021). Zebrafish studies showed that intervention with sialic acid correct-
ed the phenotype, leading to a human clinical trial now under way, as well as iPSC stud-
ies for additional treatments.

Predictive Medicine: Phenotypic Modifiers and Prognosis

Knowledge of factors that determine and influence the course of the disorders is necessary
to optimize prognosis and correct timing of interventions. This is exemplified by X-linked ad-
renoleukodystrophy for which there is no possibility to predict the course at diagnosis.
Timely hematopoietic stem cell transplantation (HSCT) can, however, prevent very serious,
ultimately fatal, degeneration of the central nervous system (Kemp et al. 2016). This disease
manifestation only occurs in a limited number of affected boys for whom presently very fre-
quent MRI screening of the brain is the only available prevention to identify first significant
changes in the brain. Phenotypic discordance in individuals with the same genotype, includ-
ing siblings and monozygotic twins, suggests that additional (epi-)genetic modifiers are
needed to activate the demyelination process. A recent proof-of-principle study applying
a combination of various -omics technologies identified the differences or phenotypic mod-
ifiers in six brothers discordant for early and late disease onset (Richmond et al. 2020).
Further research to generate these insights has become even more essential now that
screening for X-linked adrenoleukodystrophy (ALD) is included in the newborn screening
program (Barendsen et al. 2020). Gene therapy for this debilitating disorder is also becoming
available (Eichler et al. 2017). In addition, knowledge about modifiers may also be used to
develop preventive measures and develop new therapies targeting protective modifiers en-
hancing resilience.
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FROM DIAGNOSIS TOWARD TREATMENT

Ideally, early diagnosis allows disease-modifying and other therapies to exert their effect in
the crucial “neurodevelopmental time window," potentially preventing (progression of) ep-
ileptic encephalopathies, ID, and autism (Kotulska et al. 2021; van Karnebeek and
Jaggumantri 2015) as well as somatic complications (Krueger et al. 2010). Treatment targets
can be identified at the genomic, epigenomic-transcriptomic, and metabolomic level using
model systems, such as (differentiated) induced pluripotent stem cells (iPSCs), organoids,
and organisms. Deep phenotyping of these models allows for biomarker identification.
Additionally, potentially treatable manifestations can be identified via radiological, electro-
physiological, hematological, somatic, neuropsychiatric, and contextual characterization.

Figure 1 illustrates the many steps needed for treatment success represented by the dif-
ferent blades in our flywheel. Such a formidable task in our experience can only be achieved
by uniting expertise and efforts in a dedicated personalized medicine center. Detailed eval-
uation of the effect of existing and future interventions (diet, nutritional supplements, repur-
posed/medication, transplantation, cellular, and RNA/gene therapy) on relevant outcome
measures in vitro, using various -omics technologies and cell models (Wagstaff et al.
2021), and in vivo in trials that are methodology designed for rare diseases, are an important
part of this center (Stockler-Ipsiroglu et al. 2021).

INHERITED METABOLIC DISORDERS AS A MODEL

Over the past century IMDs elegantly illustrate how knowledge of the precise defect in ge-
netic or biochemical pathways has led to therapies that target pathophysiological features at
the molecular or cellular level. Although individually rare, the collective frequency of IMDs is
significant and estimated at 1 in 800 newbomns. These monogenic diseases are often caused
by the deficiency of an enzyme or transporter. The resulting deficiencies cause a blockage in
the metabolic process, resulting in an accumulation of substrate and a shortage of one or
more important building materials that cause progressive damage to organs such as the
brain, heart, liver, kidneys, or eyes. IMDs are now the largest group of monogenic disorders
(n>1600) for which targeted treatments are available or under development, ranging from
an adapted diet, nutritional supplements, enzyme therapy, bone marrow transplantation,
and medication to cellular and gene/RNA therapy (Ferreira et al. 2021; Hoytema van
Konijnenburg 2021).

Increasingly, in certain groups of patients with symptoms such as ID, previously consid-
ered nontreatable, IMDs are recognized as a substantial etiological group. For example, a
recent study of 518 patients with ID in which a systematic screening algorithm using directed
mass spectrometry as a first-line screening test, found IMD as a cause in 8% of the subjects
examined, the majority of whom appeared to be treatable (van Karnebeek 2014).

Only good understanding of the pathophysiology enables development and evaluation
of targeted treatments for IMDs. The best-known example concerns the therapy for phenyl-
ketonuria, based on research by Falling in 1934. Examination of two children with ID and a
distinctive odor from the urine due to excessive amounts of phenylpyruvic acid indicated a
causal deficiency of the enzyme phenylalanine hydroxylase (Centerwall and Centerwall
2000). Based on this pathophysiological insight, Dr. H. Bickel was the first to successfully
treat PKU patients with a phenylalanine restricted diet in 1954. This finding paved the way
for the development of a neonatal screening method (heel prick) for early detection of
PKU patients, which Guthrie first described in 1962. Introduction of the heel prick screening
program for PKU in newborns has led to the prevention of severe cognitive impairment in
individuals around the world. However, the resulting lifelong diet is a burden and challenges
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Figure 2. P4 medicine model.

compliance. Therefore, new treatment options have emerged such as BH4 as cofactor sup-
plementation to catalyze residual enzyme activity in a personalized fashion and, more recent-
ly, subcutaneous PAH enzyme replacement, and gene replacement therapy, currently in the
trial phase. These successes and ongoing developments are the result of a close collabora-
tion between researchers, specialists, and the PKU patient association. The PKU story is a fine
example of “preventive, predictive, personalized, and participatory” medicine (P4 medicine;
Fig. 2), a model increasingly applied over the past five decades to provide optimal care for
IMD patients (Hood et al. 2012).

Another illustrative example, to which our group has contributed intensively, is pyridox-
ine-dependent epilepsy (PDE). In 2005, this severe encephalopathic epilepsy, known since
1951 as treatment-resistant neonatal seizures that only respond to vitamin Bé6 (pyridoxine),
was unraveled simultaneously in the Netherlands and the United Kingdom as a neurometa-
bolic disease resulting from a lysine breakdown disorder leading to accumulation of poten-
tially toxic metabolites (including alpha-amino-adipic acid semialdehyde, a-AASA) (Mills
et al. 2006). This explains the ID that occurs in 75% of patients, despite adequate epilepsy
control with pyridoxine (Bok et al. 2012). In search of a better treatment, we started the
International PDE Consortium to develop, in close collaboration with patients and families
(P4: participatory), an adjuvant treatment to reduce a-AASA production. This resulted in
the so-called lysine reduction therapy (LRT), a dietary treatment in combination with arginine
supplementation, leading to an improvement in epilepsy control and psychomotor develop-
ment in treated patients (P4: personalized) (Coughlin et al. 2015). The evidence for these im-
proved outcomes with LRT as adjunctive treatment was reinforced (level 2b) by the
International PDE Registry study. Based on this, the PDE care pathway has been developed
and the PDE international consensus guidelines have been published (Coughlin et al. 2021).

The next hurdle, the identification of a reliable biomarker (2-OPP) for PDE that can be
detected by means of neonatal screening bloodspot cards in order to be able to start treat-
ment in time (P4: preventive), has been overcome (Engelke etal. 2021). In the meantime, fur-
ther research into better treatment options is ongoing (e.g., via upstream enzyme inhibition).
The success of diagnosis, treatment, early detection, and prevention in PDE is in stark con-
trast to that in the vast majority of IMDs, characterized by physical and mental disabilities,
which are often progressive and sometimes fatal. The diagnosis is often made relatively
late, and treatment is often only supportive and palliative for at least 1250 IMDs. In addition,
it is plausible that there are still many tens or even hundreds of IMDs that are not yet recog-
nized as such, and for which there are therefore no treatment developments as yet (Ferreira
et al. 2019; Warmerdam et al. 2020).
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Other recent success stories include specific amino acid supplementations for the acyl-
tRNA synthetase 1 deficiencies and nicotinamide riboside for the redox defects (Kok et al.
2021; Zapata-Pérez et al. 2021). Furthermore, for conditions considered more NDDs than
IMD, progress is being made as well, exemplified by L-serine supplementation to rescue
loss of function of the N-methyl-D-Aspartate (NMDR) receptor for Grin2B-NDD (Krey et al.
2022). This treatment improves psychomotor development and seizures.

Recent advances for non-nutraceutical IMD interventions include Asfotase alpha as tis-
sue-nonspecific alkaline phosphatase (TNSALP) enzyme replacement therapy for hypophos-
phatemia, which successfully treats the debilitating bone phenotype as well as the epilepsy
in affected patients (Bianchi and Vai 2019). Recently, lumasiran, an RNAi therapeutic for pri-
mary hyperoxaluria type 1, was reported to reduce urinary oxalate excretion, the cause of
progressive kidney failure in PH1 (Garrelfs et al. 2021). Another impressive example of per-
sonalized medicine is the development of milasen (a splice-site modulating antisense oligo-
nucleotide) tailored to Mila suffering CLN7 and its administration in an N-of-1 study within 1
year of diagnosis (Kim et al. 2019). Initially seizures improved but ultimately the disease was
fatal. Excitingly, gene therapies are becoming a reality as well. Recently EMA approved
Libmeldy, an ex vivo gene therapy with lentivirus vector-transduced autologous CD34"
stem cells, for treatment of metachromatic leukodystrophy (Fumagalli et al. 2022).

NEUROGENETIC DISORDER TRIALS AND TRIBULATIONS

Personalized Trial Design

Heterogeneity and small numbers pose a challenge to generate evidence for rare diseases
such as IMDs (Stocker et al. 2020). Somatic and neuropsychiatric manifestations typically
show great inter- and intra- individual variability of the disorder over time, hampering con-
ventional trial designs. In addition, randomized controlled trials (RCTs) have often shown
great differences in treatment response resulting in negative results on a group level
(Erickson et al. 2017; Overwater et al. 2019), potentially leading to the missing out on impor-
tant therapies for individual patients. This variability in manifestations, treatment targets, and
treatment response calls for a new framework for personalized medicine trial methodology.

Properly executed single-case experimental designs (SCEDs) such as the N-of-1 (A-B-A)
design or the multiple baseline design (Tate and Perdices 2019) may provide a powerful al-
ternative to larger randomized controlled trials in rare disorders and a much needed bridge
between practice and science (Miiller et al. 2021). N-of-1 studies are randomized, controlled,
multiple crossover trials in a single patient and closely follow indications of causality.
Whereas traditionally RCTs generally assess an average treatment effect on a group level,
N-of-1 series identify individual characteristics that may modify response to the intervention,
addressing this important question of variability in treatment response. Series of SCEDs will
allow cross-disorder comparisons and investigation of generalizability to the whole popula-
tion affected with these disorders and/or comorbidity.

It has been proposed that targeted disorders or comorbidity should be stable over time
to be eligible for conducting an N-of-1 study. IMDs are, however, often (neuro)degenerative
disorders, resulting in an unstable and often variable natural course across patients. As the
natural course of NDDs unfolds, this variable course increasingly applies to many other
NDDs (Antonarakis et al. 2020; Rosso et al. 2020). However, even for unstable manifesta-
tions, effects may be observed by tracing the overall enduring effect on the personal course,
including (multiple) baseline, placebo, and follow-up measurements. In this way, disease-
modifying treatment options can be investigated, theoretically expecting a more enduring
effect on the individual’s natural course for disease-modifying drugs versus a temporary ef-
fect for symptomatic drug treatments.
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In all cases, a personalized baseline is warranted to observe manifestations without any
intervention. Follow-ups will add internal validity and information about the effectiveness
and tolerance of an intervention, calling for longitudinal monitoring and phenotyping in pa-
tient registries for optimal retro- and prospective collection of evidence. The deep pheno-
typing mentioned above can help to identify (surrogate) biomarkers for monitoring of the
disease course and response to treatments. For optimal generalizability to patients with
the same disorder, sample size calculations will provide information on the number of inclu-
sions needed (Senn 2019). For analyzing the results, both mixed-effects models and
Bayesian models can properly address the inter- and intrapatient variability in series (Senn
2016).

Personalized Outcome Measures

Because IMDs comprise a vulnerable patient group often affected by severe comorbidity
and complex environmental factors, there is a great need for personalized and disorder-spe-
cific outcome measures. These measures should strive for optimal patient relevance as well
as pathophysiological insights, with minimally invasive procedures such as digital apps, in-
cluding objective and biological outcomes, validated symptom checklists, neuropsycholog-
ical assessments, and personalized outcomes. The International Classification of Functioning
and Disability (ICF) of the World Health Organization (Kostanjsek 2011) provides a framework
to select a combination of outcome measures that capture all components for better under-
standing of the impact of a diagnosis on all life domains, providing relevant interventions for
optimal quality of life.

Instruments such as patient-reported outcome measures (Slade et al. 2018), Goal
Attainment Scaling (Gaasterland et al. 2019), or experience-sampling methods (van Os
et al. 2017) may be considered, enabling quantitative expression of meaningful subjective
patient experiences while translating these into evidence. As patients with ID can often
not report their clinical condition, this places a demand on parents and caregivers, and
proxy-friendly assessment tools are required to ensure trial compliance. This personalized
approach has the potential of maximizing treatment and trial adherence that is both pa-
tient-centered and evidence-based. To further foster this adherence, patient involvement
in the intervention, design, and outcome measures will greatly contribute to the experienced
relevancy and enthusiasm of participants (Gaasterland et al. 2018).

Unfortunately, outcome measures are often not available or validated for these rare
NDD/IDM cohorts, and even in validation studies the property responsiveness to change
is often not assessed. Extensive investigation of responsiveness to therapy is essential in
measuring the effectiveness of interventions, as lack of responsiveness may have resulted
in the often-disappointing trial results in NDDs in the past (Budimirovic et al. 2017).

FROM GENES, TO TRIALS, TO CARE

Because opportunities to treat IMDs/NDDs are emerging at a steady rate, we need to adapt
and seize the opportunity. The patients deserve and demand a new paradigm in translational
research as well as care. What is needed to adjust our health-care system to these new
possibilities?

Into the Future with P4 Medicine

Our care for individuals with IMDs/NDDs will have to adapt to a “per patient approach,” us-
ing multidisciplinary collaborations, ensuring optimal relevance and alignment with patient
needs. P4 (Hood 2006) medicine can be used as a model to empower clinicians to
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implement local and national care paths, optimally integrated with research, education, and
guidelines (Fig. 2). P4 medicine is preferably provided in a full facility academic clinic, where
allinvolved research and clinical disciplines can interact to provide holistic care to the patient
and family. An example is our Emma Center for Personalized Medicine in Amsterdam, which
is organized in three different patient friendly portals as illustrated by the green, red, and or-
ange colors in Figure 1. We aim to provide timely diagnosis (blades 1-4), innovate therapy
(blades 5-8), and tailored care (blades 9-10) to rare diseases patients, ultimately implement-
ing this via local and international care networks and guidelines.

After genetic diagnosis, care, and treatment targets, recommendations should be imple-
mented in counseling on all life domains using the ICF framework, preferably simultaneously
establishing and educating a local care network. Increasingly, expert centers for specific dis-
orders and patient populations are established on national levels, and in Europe internation-
al collaborations are encouraged by European Reference Centers such as MetabERN and
ERN ITHACA. In this way, patient-friendly transmural care networks can be established, pref-
erably supported by shared electronic patient records. Accessible information on diagnosis
and therapies will lower the threshold for health-care providers and patients alike. This is en-
abled by freely accessible apps that recommend IMD differential diagnoses and treatments
such as IEMBase (www.iembase.org; Lee et al. 2018) and Treatable ID (www.treatable-id
.org; Hoytema van Konijnenburg et al. 2021).

Registries, preferably patient-owned, are necessary at local and (inter)national levels to
monitor features on all life domains as well as longitudinal patient-reported outcomes.
Hence, patients will have information on the course of their individual functioning and can
evaluate severity of comorbidity or effectiveness of interventions retro- and prospectively.
Such lifelong monitoring including digital technologies can prevent that the patient with
ID will be “known well by no one” in adulthood (Camfield and Camfield 2011).

There are ethical considerations to consider—for example, to ensure that individuals
without a diagnosis receive the same expert care that is increasingly available for specific dis-
orders (Mueller et al. 2016). Additionally, genetic diagnostics and personalized care should
become accessible for lower-income countries, but also for adults with ID. As life expectancy
of individuals with NDDs has increased (Coppus 2013; Stepien et al. 2021), now the largest
NDD population comprises adults, many of whom are not diagnosed and thus missing out
on personalized medicine.

New Collaborative Frameworks

Ideally, care and trials would be provided in a “transmural” fashion, in academic multidisci-
plinary expert centers when necessary and by a local care team when possible, to minimize
burden on the individual patient and caregivers.

When a treatment is identified at individual or group level, speedy translation into trials
and care is necessary for optimal prognosis of the individual. This calls for close collaboration
of patients and their clinicians with fundamental researchers, methodologists, statisticians,
outcome measure specialists, patient organizations, legal, ethical, legislators, and reim-
bursement experts. These experts should be involved from the start, as previous personal-
ized trial approaches have failed because of their limited involvement or support. After
achieving consensus on relevance, design, statistics, outcome measures, and ethical and le-
gal considerations, acceptance and reimbursement should follow quickly per individual or at
a group level.

These collaborations should be in place at a local as well as (inter)national levels, support-
ed by knowledge platforms providing information and education on trial design, outcome
measures, and regulatory issues in IMDs and NDDs. Training programs including patient-ed-
ucators will help students and local and academic clinicians to understand the manifestations
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and impact of IMDs and NDDs on all ICF domains of the patient and their families. Allowing
students to attend multidisciplinary clinical and research meetings will help in understanding
the full scope of diagnostic, treatment, and implementation endeavors needed to improve
our patients’ lives. International exchange programs including fellowships for clinicians will
assist in understanding the care needed and decrease health disparities.

But how will we pay for this? Patient advocacy groups and health-care providers will con-
tinue to drive national and international regulatory and funding agencies to address this pub-
lic health issue of rare diseases. Consensus on care needs—for instance, access to orphan
medicinal products (Annemans et al. 2017)—will further drive personalized care and can
be supported by validation studies (Rode et al. 2005). New platforms such as the National
Centers of Excellence Programs for Rare Disorders in the United States, European
Reference Networks, and Medicine for Society in the Netherlands provide a way forward,
creating new frameworks involving academia, pharma, government, patients, and other
stakeholders to ensure affordability and equity for rare disease therapies. Patient preferences
and priorities should be considered every step of the way, and ethical, legal, and social con-
siderations (ELSI) must be weighed carefully. Not everything that can be done should be
done, certainly not without rigorous study and multistakeholder evaluation (Adhikari et al.
2020). This pertains to every blade in the flywheel, including preventive measures and pop-
ulation-based screening programs. The latter now can use genomic technologies to identify
conditions undetectable by mass spectrometry; studies are ongoing to evaluate risks and
benefits. This is much needed to achieve the second goal of the International Rare
Diseases Research Consortium: namely, to have 1000 new therapies for rare diseases ap-
proved by 2027.

CONCLUSION: TOWARD PERSONALIZED, RATIONAL CARE

Personalized “genes first” medicine has great potential to decrease morbidity and improve
lives of patients with IMDs and NDDs. For optimal integration of novel diagnostic and treat-
ment options, new technologies, methodologies, and collaborative frameworks are neces-
sary. Care models such as P4 medicine may empower collaborations to provide care on all
life domains and integrate care with research, supported by technical innovations.
Together, scientists, patients, ELSI experts, and health-care professionals can unite forces
and accelerate personalized medicine, ultimately to leave no rare disease patient behind.
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