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T he presentation of primary hypotonia in the neonatal in-
tensive care unit (NICU) is complex to diagnose. Although
our understanding of the genetic basis of hypotonia has ad-

vanced significantly in the past decade,1-5 there remains a lag in imple-
mentation of state-of-the-art genetic testing along with variation in
diagnostic approaches across institutions. Availability of effective
treatments for genetic conditions, such as congenital myasthenic
syndromes or spinal muscular atrophy (SMA),6-8 highlights the im-
portance of a timely diagnosis, and therapies for other hypotonic con-
ditions will probably become available in the future. Therefore,
prompt genetic diagnosis is increasingly informing clinical care de-
cision and benefit from targeted treatments.9-12

Here, we have developed a consensus approach to genetic test-
ing for infants with unexplained hypotonia. Experts volunteered from
5 medical centers that are members of the International Precision
Child Health Partnership (IPCHiP): Royal Children’s Hospital, Mel-
bourne, Australia; The Hospital for Sick Children, Toronto, Ontario,
Canada; Cambridge University Hospitals and Great Ormond Street

Hospital, London, UK; and Boston Children’s Hospital, Boston, Mas-
sachusetts. We systematically reviewed the diagnosis and out-
comes of infants who presented with neonatal hypotonia during the
period of 5 years (2016-2020) at each center. Based on iterative re-
view of these data, we formulated an evaluative approach with con-
sistent application of genomic testing in the NICU. In our experi-
ence, diagnostic rates by exome sequencing (ES) or genome
sequencing (GS) for those infants exceeded 50%.

Clinicopathophysiological Observations
Pathophysiology
The causes of neonatal hypotonia are diverse, and the differential
diagnosis is influenced by multiple factors, including pattern of
hypotonia, family history, and accompanying signs and symptoms
(multisystemic or hypotonia as the primary finding)1 (eTable 1 in the
Supplement). In contrast to weakness—defined as a reduction in

IMPORTANCE Infants with hypotonia can present with a variety of potentially severe clinical
signs and symptoms and often require invasive testing and multiple procedures. The wide
range of clinical presentations and potential etiologies leaves diagnosis and prognosis
uncertain, underscoring the need for rapid elucidation of the underlying genetic cause of
disease.

OBSERVATIONS The clinical application of exome sequencing or genome sequencing has
dramatically improved the timely yield of diagnostic testing for neonatal hypotonia, with
diagnostic rates of greater than 50% in academic neonatal intensive care units (NICUs) across
Australia, Canada, the UK, and the US, which compose the International Precision Child
Health Partnership (IPCHiP). A total of 74% (17 of 23) of patients had a change in clinical care
in response to genetic diagnosis, including 2 patients who received targeted therapy. This
narrative review discusses the common causes of neonatal hypotonia, the relative benefits
and limitations of available testing modalities used in NICUs, and hypotonia management
recommendations.

CONCLUSIONS AND RELEVANCE This narrative review summarizes the causes of neonatal
hypotonia and the benefits of prompt genetic diagnosis, including improved prognostication
and identification of targeted treatments which can improve the short-term and long-term
outcomes. Institutional resources can vary among different NICUs; as a result, consideration
should be given to rule out a small number of relatively unique conditions for which rapid
targeted genetic testing is available. Nevertheless, the consensus recommendation is to use
rapid genome or exome sequencing as a first-line testing option for NICU patients with
unexplained hypotonia. As part of the IPCHiP, this diagnostic experience will be collected in a
central database with the goal of advancing knowledge of neonatal hypotonia and improving
evidence-based practice.
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maximum voluntary power of the muscles—hypotonia may be de-
fined as reduced resistance to passive range of motion (phasic tone),
or loss of postural control.3 Here we will consider conditions
characterized by hypotonia, which are often accompanied by
weakness.

Hypotonia can be primary or secondary. Primary causes of hy-
potonia can be categorized into broad categories of (1) central ner-
vous system (CNS) disorders (central hypotonia; 60%-80% of pri-
mary neonatal hypotonia) and (2) peripheral nervous system (PNS)
disorders, including neuromuscular disorders (15%-30% of pri-
mary neonatal hypotonia).13 Secondary causes of hypotonia, such
as hypoglycemia, congenital heart disease, and sepsis, are com-
mon and are routinely diagnosed during an initial evaluation. There-
fore, when an obvious secondary cause is not identified, primary
causes of hypotonia should be considered.

Clinical Presentation
CNS hypotonia manifests as low muscle tone, normal or exagger-
ated deep tendon reflexes, and relative preservation of antigravity
movements. Primary genetic etiologies for CNS neonatal hypoto-
nia include chromosomal abnormalities, such as trisomy 21 or Prader-
Willi syndrome (PWS)14,15; neurometabolic conditions, such as per-
oxisomal disorders and other inborn errors of metabolism;
malformations of cortical development; and a broad range of mono-
genic disorders where CNS dysfunction is considered a primary
mechanism of disease (covered in recent reviews2,3,16,17). Nonge-
netic causes of CNS hypotonia include hypoxic-ischemic encepha-
lopathy, infection, intracranial hemorrhage, CNS/spinal cord trauma,
or craniocervical junction lesions, such as Chiari malformation.
Encephalopathy is commonly observed in CNS-related causes of
neonatal hypotonia.

PNS hypotonia is a major manifestation of neuromuscular dis-
orders that can involve the anterior horn cells of the spinal cord (mo-
tor neurons), peripheral nerve, neuromuscular junction, or skeletal
muscle. The PNS conditions, in contrast to CNS disorders, often
(1) have hypotonia as the presenting symptom and (2) have absent
or diminished deep tendon reflexes, absent neonatal reflexes, and
profound weakness.

Conditions that reduce movements in utero can lead to joint con-
tractures (arthrogryposis). Primary congenital muscle disorders in-
clude myopathies,18 muscular dystrophies,19 and myotonic
dystrophies.16,20 Congenital myopathies and muscular dystrophies
typically present in the neonatal period with hypotonia, weakness, and
arthrogryposis (Figure 1). Evidence of muscle injury, such as el-
evated creatine phosphokinase levels, is typical of congenital mus-
cular dystrophy, and infants may have additional features, such as CNS,
cardiac, or eye abnormalities. Congenital myotonic dystrophy type 1
(DM1) is often inherited from a mother with DM1 who has no or mild
symptoms. Neonatal-onset SMA,21 or SMA type 0 or 1A, is a rare but
severe motor neuron disease which is rapidly progressive and is as-
sociated with proximal and axial weakness, as well as respiratory fail-
ure with typical paradoxical inspiratory movements owing to the rela-
tive sparing of the diaphragm. SMA 1B, the most common form, can
also present within the first weeks of life. Other less common but treat-
able conditions are neuromuscular junction disorders, including ami-
noglycoside toxic effects, congenital myasthenic syndromes, and tran-
sient neonatal myasthenia from placental transfer of maternal
antibodies against the acetylcholine receptor.

Congenital myasthenic syndromes are associated with pri-
mary dysfunction of the neuromuscular junction that manifest as fati-
gable weakness. Transient neonatal myasthenia presents with ini-
tial weakness with preservation of deep tendon reflexes. Peripheral
neuropathies, characterized by distal weakness and atrophy, can
have severe early-onset forms, such as congenital hypomyelinat-
ing neuropathy. PNS conditions that can be multisystemic include
metabolic conditions, such as mitochondrial disorders, acid malt-
ase deficiency, and fatty acid oxidation disorders. Such multisys-
temic disorders may be diagnosed through additional evaluation of
metabolites such as lactic acid, plasma amino acids, plasma acylcar-
nitines, and urine organic acids.

Optimizing Genetic Diagnosis of Neonatal Hypotonia
Genetic causes of neonatal hypotonia include single-nucleotide vari-
ants (SNVs) or small insertion/deletion variants in the nuclear or mi-
tochondrial genomes, expansions of repeated elements (as in con-
genital DM1), copy number variations, changes in DNA methylation
statesoruniparentaldisomy(asinPWS),andaneuploidies.2,4,5,17,18,22-25

Clinically available genetic testing modalities each detect a different
range of variants with variable reliability (Table 1; eTable 2 in the
Supplement).26-28 The optimal diagnostic approach for neonatal hy-
potonia, therefore, depends on the frequency of each genetic con-
dition, as well as the relative costs and time to report of each test. Pa-
tients with neurodevelopmental disorders have higher diagnostic
yields for GS than for microarray.29,30 Further, mitochondrial ge-
nome sequencing, alone or as part of GS, may be needed to
diagnose a disorder caused by a variant in the mitochondrial
genome.31-33

Three common causes of neonatal hypotonia that have rapid
targeted testing available should be considered early in evaluation:
DM1, PWS, and SMA. DM1 is best detected by targeted testing; GS
also offers the potential to detect repeated expansions. PWS can be
caused by deletion of paternal genes, maternal uniparental di-
somy, or imprinting defects of genes in 15q11.2-q1334; PWS may be
detected by chromosomal microarray (CMA), methylation testing,
and/or detection of isodisomic regions via GS or ES.14 Finally, diag-
nosis of SMA, caused by recessive variants of SMN1 (most com-
monly deletion of exon 7), poses specific technical challenges, and
reliable diagnosis requires targeted assays or optimization of ge-
nomic analysis pipelines. As early or presymptomatic treatment of
SMA results in dramatically improved clinical outcomes compared
with postsymptomatic onset of therapy, SMA testing is increas-
ingly included in routine newborn screening.35,36 For example, 35
states in the US have implemented newborn screening that can lead
to the diagnosis of SMA during the first week of life and prompt treat-
ment with the medications nusinersen or onasemnogene abepar-
vovec-xioi, both for SMA.

A multicenter database reflecting contemporary experience with
neonatal hypotonia is needed to enhance collaboration and accel-
erate development of evidence-based guidelines. Toward this ob-
jective, a new collaborative to advance diagnosis and treatment for
rare pediatric conditions called IPCHiP has combined the recent ex-
periences in determining the genetic basis of hypotonia among 5 aca-
demic NICUs from 3 continents. Of the 5 hospitals, 4 are specialist
referral centers, and 1 is a regional hospital. Royal Children’s Hospi-
tal has a 38-bed level 4 NICU and a 28-bed pediatric intensive care
unit, admitting newborns with complex medical and surgical needs.
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Level 4 NICUs are also found at The Hospital for Sick Children (36
beds), Cambridge University Hospitals (58 beds), Great Ormond
Street Hospital (9 beds), and Boston Children’s Hospital (24 beds).
The experiences of each institution contributing to this common
analysis are detailed below:
• Royal Children’s Hospital, Melbourne, Australia: The Royal Chil-

dren’s Hospital completed a pilot study led by the Victorian Clini-
cal Genetics Services providing singleton rapid ES with a 2- to
3-week turnaround time (TAT) in 2016 to 2017.37 The program then
transitioned to ultrarapid trio ES (3-day TAT) in 2018 to 2019 and
subsequently to ultrarapid trio GS (3-day TAT) in 2020.38 All new-
borns presenting with isolated hypotonia underwent CMA, myo-
tonic dystrophy testing, and SMA testing before ultrarapid ge-
nomic testing. The site is also a national referral center for ultrarapid

genomic testing from throughout Australia as part of the Austra-
lian Genomics Acute Care Study.38 Of the 108 patients published,
4 of 8 (50%) with hypotonia received a molecular diagnosis via
ES.38

• The Hospital for Sick Children, Toronto, Ontario, Canada: At The
Hospital for Sick Children, 44 infants had initially unexplained hy-
potonia from 2017 to 2020. In 2017, clinical genomic testing and
extensive biochemical screening investigations were completed for
8 patients with hypotonia, of which 4 (50%) received a molecular
diagnosis.39

• Cambridge University Hospitals, Cambridge, UK: Cambridge Uni-
versity Hospitals was the site of the Next Generation Children’s
Project, in which 159 patient-family trios received rapid TAT GS.40

Of these, 3 of 10 patients (30%) with neonatal hypotonia in the

Figure 1. Physical Examination Findings in Neonatal Hypotonia

Disease-specific findingsC

Prader-Willi syndrome Spinal muscular atrophy Congenital myotonic dystrophy

Typical infant

Infant with
hypotonia

Observational findingsA

Physical examination maneuversB

Frog legs

Bilateral ptosis
Feeding difficulty

Dimpling 
of the knee joint

Tracheostomy

Horizontal suspension Lift to sitting Ankle flexion

A, Observational findings during
examination of infants with primary
hypotonia can include frog-leg
positioning owing to low tone and
paucity of movement, the presence
of a nasogastric feeding tube owing
to poor feeding, tracheostomy for
respiratory failure, knee dimpling
from restricted movements in utero,
and ptosis with myopathic facies in
neuromuscular junction disorders.
B, Physical examination maneuvers
including horizontal suspension, lift
to sitting position, and ankle flexion
demonstrate differences between
typical infants and infants with
hypotonia. C, Prader-Willi syndrome
can be accompanied by narrow nasal
bridge, narrowing of the forehead at
the temples, almond-shaped eyes,
thin upper lip, and down-turned
corners of the mouth. Infants with
spinal muscular atrophy can
demonstrate bell-shaped chest,
retractions with respirations, paucity
of movement, and passive
positioning with flexed hips and
knees. Congenital muscular
dystrophy is often associated with
joint contractures.
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cohort had pathogenic variants in MTM1 (hemizygous), and a large
de novo deletion in 5q15-23 (24 megabase) and SMA.

• Great Ormond Street Hospital, London, UK: At Great Ormond Street
Hospital, rapid-trio ES is used for diagnosis of acutely unwell chil-
dren, sometimes supplemented with targeted tested for PWS and
SMA. No published results are available.

• Boston Children’s Hospital, Boston, Massachusetts: At Boston Chil-
dren’s Hospital, rapid ES with TAT of 5 to 7 business days41 was com-
pleted for 15 patients with hypotonia. A diagnosis was reached with
ES in 12 patients (80%). Ten of 15 infants (67%) had a single gene
disorder. The 2 additional ES diagnoses were an infant with copy
number variations (also detected by CMA) and an infant with PWS
due to uniparental disomy. One infant with negative findings on
ES needed mitochondrial GS to diagnose Leigh syndrome. In ad-
dition, 2 infants had a variant of unknown significance (VUS) that
needed further workup to attribute pathogenicity.

Each IPCHiP center hospital reviewed all patients cared for dur-
ing their recent experiences from prior publications who had

undergone an ES/GS evaluation for primary hypotonia after exclu-
sion of conditions such as trisomy 21. All hospitals have imple-
mented genomic testing early in the care of patients with hypoto-
nia. Our results indicate that 56% of neonates (23 of 41) with
hypotonia received a genetic diagnosis by ES/GS (Table 2). When
separately considering the 12 infants who have primary hypotonia
compared with those with multisystemic findings, such as seizures
or structural brain abnormalities, 10 (83%) had a genetic diagnosis,
which included 4 (40%) with congenital myopathy, 4 (40%) with
PNS disorder (including 3 with SMA), 1 (10%) with a syndrome that
included myopathy, and 1 (10%) with PWS (eTables 3 and 4 in the
Supplement). Our experience indicates that the diagnosis can be sig-
nificantly expedited through use of trio ES/GS, where both par-
ents’ sequences can be compared with the infant’s sequence. Trio
sequencing allows rapid and more efficient prioritization of vari-
ants of interest and can provide more definitive variant classifica-
tions by establishing inheritance patterns, thereby reducing uncer-
tainty and time to diagnosis.

Table 1. Broad Categories of Genetic Testing Modalities for Hypotonia

Test Aneuploidy
Large intergenic
deletions/duplications

Intragenic
deletions/duplications

Monogenic SNVs
and small I/Ds

Repeated element
expansionsa Methylation changes

Karyotype or
fluorescence in situ
hybridization
(chromosome
number and identity)

Optimal test Variable detection Unable to detect Unable to detect Unable to detect Unable to detect

Chromosomal
microarray

Able to detect Optimal test Limited detection Unable to detect Unable to detect May detect uniparental
disomy or deletion
leading to imprinting
disorder

Next-generation
sequencing–based
gene panel

Unable to detect Variable detection Able to detect Optimal test Unable to detect Unable to detect

Methylation array or
bisulfite sequencing
(methylation state of
DNA)

Unable to detect Unable to detect Unable to detect Unable to detect Unable to detect Optimal test

Mitochondrial
sequencing
(mitochondrial
genome sequencing)

Unable to detect Unable to detect Unable to detect Optimal test for
mitochondrial
genome SNV or I/Ds

Unable to detect Unable to detect

Exome sequencing
(autosomal coding
sequences)

Able to detect Able to detect Able to detect Optimal test Limited detection May detect uniparental
disomy or deletion
leading to imprinting
disorder

Genome sequencing
(coding and
noncoding
sequences)

Able to detect Optimal test Optimal test Optimal test Able to detect May detect uniparental
disomy or deletion
leading to imprinting
disorder

Abbreviations: I/D, insertion/deletion; SNV, single-nucleotide variant.
a Does not include targeted testing.

Table 2. Neonatal Intensive Care Unit Congenital Hypotonia Diagnosis by Exome Sequencing (ES)
and Genome Sequencing (GS)

Center Test
Patients with
hypotonia, No.

Genetic diagnoses,
No. (%) Source

Boston Children’s Hospital,
Boston, Massachusetts

Trio ES 15 12 (80) Gubbels et al,41 2020

Cambridge Children’s Hospital,
Cambridge, UK

Trio GS 10 3 (30) French et al,40 2019

Royal Children’s Hospital,
Melbourne, Australia

Trio ES/GS 8 4 (50) Stark et al,37 2018;
Lunke et al,38 2020

The Hospital for Sick Children,
Toronto, Ontario, Canada

ES/GS 8 4 (50) Djordjevic et al,39 2020

Total NA 41 23 (56) NA
Abbreviation: NA, not applicable.
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Treatment
Infants affected by hypotonia can require prolonged life-
supporting care, such as assisted ventilation and nutritional sup-
port. Further, many infants require invasive testing, such as skin or
muscle biopsy or electromyography, lumbar puncture, or invasive
medical procedures (eg, tracheostomy and gastrostomy place-
ment). As testing times continue to improve, molecular diagnoses
can shorten the length of hospital stay for patients with hypotonia
and inform management choices. In our case series, 74% of pa-
tients (17 of 23) for whom detailed clinical information was avail-
able had a change in clinical care after genetic diagnosis, and 2 re-
ceived targeted therapy for mitochondrial DNA depletion syndrome
and congenital myasthenic syndrome. Of the 5 patients who did not
have a change in clinical care, 1 (20%) had results return after death,
2 (40%) were referred to research opportunities, and in 2 families,
the diagnosis informed reproductive options for future pregnan-
cies. Gene therapy is being developed to treat several causes of neo-
natal hypotonia, including SMA, MTM1-related congenital myopa-
thy, aromatic L-amino acid decarboxylase deficiency, giant axonal
neuropathy, and metachromatic leukodystrophy.10-12,42 Molecular-
based precision therapies also include antisense oligonucleotides,
currently in clinical practice for SMA, tested in other conditions in
an n-of-1 setting43 and in consideration for a range of diseases in-
cluding infantile epileptic encephalopathies. For several infants, early
initiation of precise therapy for these disorders appears to provide
added benefit, making timely diagnosis essential to improve pa-
tient outcomes. Additional disease-modifying therapies, such as en-
zyme replacement therapy, are also used either in clinical practice
(eg, for Pompe disease) or are under development (eg, for forms of
neuronal ceroid lipofuscinosis). Furthermore, early diagnosis of a few
genetic metabolic disorders, with prompt implementation of spe-
cific therapy, can greatly ameliorate the infant’s clinical condition.
Prognostic information, such as the anticipated trajectory of se-
vere conditions without available treatments, is important to share
with families that may help with potential palliative care decisions.

Discussion
Efficient diagnosis of rare mendelian disorders is essential to ad-
vancing treatments.44 We developed IPCHiP, an international

consortium of academic centers across Australia, Canada, UK, and
US, dedicated to promoting the role of genomic medicine in pedi-
atrics. As part of this collaboration, we are developing an interna-
tional patient database to enable evidence-based diagnostic rec-
ommendations, consistent with our overarching goal of bringing
innovative solutions to the management of patients with rare dis-
eases. Our proposed recommendations for evaluation of hypoto-
nia (Figure 2) are based on the experience and expertise of mem-
ber sites of IPCHiP and emphasize the role of ES or GS early in the
diagnostic pathway with the view that such information will opti-
mize patient management. In our experience, use of ES/GS early in
the evaluation process improves diagnostic rates and leads to mean-
ingful changes in care. Although in this review we only describe case
summaries that were previously published of patients with hypo-
tonia who had ES/GS, more recent clinical experience at our insti-
tutions with larger numbers of patients suggests a similar diagnos-
tic yield of 50% or greater.

Microarray analysis and/or targeted testing for trisomy 21, PWS,
SMA, and DM1 are important to consider during the initial evalua-
tion as those results can be returned rapidly and influence care de-
cisions. Clinical phenotyping, driven by the patient’s features, is es-
sential to aid interpretation of the genetic test. Although many NICUs
use multigene panels to evaluate neonatal hypotonia or use ES/GS
after a substantial number of other investigations have been com-
pleted, our experience argues that rapid-diagnostic trio ES/GS analy-
sis is the preferred first-line diagnostic test. Rapid testing provides
the greatest benefit, both for mitigating prolonged and invasive di-
agnostic testing (eg, electromyography, muscle biopsy), optimiz-
ing medical management, and decreasing intensive care costs.29,45,46

Although advancements in bioinformatic analysis of ES/GS have
shown increased potential for detecting structural variants (eg, SMA),
repeated expansions (eg, DM1), and uniparental disomy (eg, PWS),
criterion-standard targeted testing should be considered if the clini-
cal suspicion of these disorders is high. This decision will also be in-
fluenced by the scope of local ES/GS diagnostic pipeline validation,
relative costs, and TAT. Given the greater diagnostic potential of GS,
in the future, IPCHiP will focus on enhancing the evidence base and
clinical implementation of GS.

There is a high prevalence of VUS and a concomitant substan-
tial unmet need in diagnostic testing.47-49 VUS can be character-
ized with predictive algorithms that assess interspecies conserva-

Figure 2. Consensus Diagnostic Algorithm for Neonatal Hypotonia

Hypotonic infant
Exclude secondary causesa

Consider:
• Karyotype/fluorescent in situ hybridization
• Rapid chromosomal microarray
• Prader-Willi syndrome, spinal muscular
 atrophy, type 1 myotonic dystrophy testing

If molecular diagnosis is identified:
• Evaluate for targeted treatment options
• Provide prognostic information to guide decisions,
 including tracheostomy and gastrostomy, goals of care
• Connect families with disease-specific family groups,
 can provide psychological and practical family support
• Perform genetic counseling for family planning

If no molecular diagnosis, consider:
• Additional genetic tests based on test limitations,
 eg, mitochondrial genome analysis
• Additional phenotyping, eg, muscle biopsy
• Research genomic analysis: novel gene discovery
• Clinical reanalysis of genomic data at 2- to 3-y intervals

Targeted clinical phenotyping:
brain magnetic resonance imaging,

eye examination, etc

Rapid-trio genome or
exome sequencing

Evaluation of infants with hypotonia
should include early exome of
genome sequencing. Clinicians
should also consider concomitant
chromosomal microarray if other
anomalies present, spinal muscular
atrophy if not included in newborn
screening, or type 1 myotonic
dystrophy if evidence of myotonia in
the mother.
a Ensure evaluation for secondary

causes, such as infectious disease,
hypoglycemia, inborn errors of
metabolism, and hypoxic ischemic
encephalopathy.

Multicenter Consensus Approach to Evaluation of Neonatal Hypotonia Review Clinical Review & Education

jamaneurology.com (Reprinted) JAMA Neurology Published online March 7, 2022 E5

© 2022 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a UNIFESP User  on 04/08/2022

http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2022.0067


tion, protein domain structure,50 and variation within reference
human cohorts51 to infer functional consequences. Guidelines that
discuss the factors relevant to interpretation of VUS in clinical sce-
narios have been developed.49,52 The effect of VUS may be unclear
either owing to lack of information about the role of genes in hu-
man disease, or the unknown effect of specific variants on disease
gene function.53 Coordinating an expert multidisciplinary review of
VUS can increase sharing of knowledge resources across different
health care systems and facilitate patient-oriented research that
moves variants into more definitive functional categories, thereby
increasing diagnostic yield. As knowledge advances, periodic re-
evaluation of VUS is indicated.

Our group comprises experts in neuromuscular, motor neu-
ron, and glial pathobiology to support extending our scope from the
bedside to the laboratory. Functional modeling of VUS54,55 and vali-
dation of the pathological consequences of these DNA changes, such
as assessing the effect on production of relevant protein(s) or RNA
splicing in muscle or skin biopsies, or the introduction of VUS in pa-
tient-derived–induced pluripotent or mesenchymal stem cells,56-59

could provide functional data to support a genetic diagnosis. Addi-
tionally, such models could be used to develop novel therapeutics.
Important technical issues remain unaddressed in the area of VUS
interrogation, including limited ability to predict the functional ef-
fect of missense and noncoding variants, lack of resources for cell-
specific functional validation, and lack of rapid model organism ap-
proaches to assay the effect of VUS during development. In addition,
our consortium will incorporate and evaluate emerging diagnostic
modalities, such as RNA sequencing, proteomics, and DNA methy-
lomics. Early data suggest that RNA sequencing can significantly in-
crease diagnostic yield in pediatric monogenic disorders and can en-
able clarification of some VUS.60,61 The potential utility of
approaches, such as proteomics, require further study, as was dem-
onstrated in a family with congenital myopathy and PLIN4 re-
peated expansion.62 By developing a core of experts with relevant
domain knowledge and technical expertise, new collaborations can
be forged to address these open questions.

Emerging therapies for neuromuscular disorders include anti-
sense oligonucleotides, which bind to pre–messenger RNA and al-
ter splicing to increase, restore, or reduce gene expression,43 gene
replacement via integrating or nonintegrating viral vector

platforms, and clustered regularly interspaced short palindromic
repeats–based technologies to edit the genome.63 One of our main
goals is to identify patients who can benefit from early personal-
ized therapies. For SMA, there are gene replacement (onasemno-
gene abeparvovec-xioi),10,64-67 antisense oligonucleotides
(nusinersen),7,8,68 and small molecule therapies.69 The 2 clinical trials
for congenital myopathy listed at ClinicalTrials.gov are gene trans-
fer via adeno-associated virus for X-linked MTM1 myotubular my-
opathy (AT132)70 and antisense oligonucleotide knockdown of DNM2
for centronuclear myopathy (DYN101),71 although neither is cur-
rently enrolling neonates (Table 3). Other neuromuscular condi-
tions that may be amenable to personalized therapies in the near
future include specific pharmacological therapies for rare mitochon-
drial disorders72 and gene replacement in rare infantile cardiomy-
opathies owing to MYBPC3 variants.73 To accelerate the develop-
ment and implementation of new interventions, we will continue to
evaluate patients for new therapeutic options.

Genome-wide testing (ES/GS) of infants can raise concerns about
privacy, autonomy, and potential for misuse or discrimination.74

These general concerns need to be considered appropriately and bal-
anced against the potential direct benefits to patients of achieving
a diagnosis in clinical presentations with high a priori risk. Parental
acceptance of rapid genome-wide testing for intensive care unit
populations is generally high75 with enrollment rates of 80% or more
at several institutions.38,40,41 Genomic testing is increasingly recog-
nized as a critical diagnostic test by health care professionals and
families.74 Nevertheless, rapid genomic testing in the already stress-
ful environment of the NICU raises significant ethical and counsel-
ing issues76-79 with long-term psychosocial effects on families, an
important area for future research.

Conclusions
The diagnosis and care of neonates with hypotonia benefits from
prompt and comprehensive genetic testing. Based on the experi-
ence of the IPCHiP consortium, in this narrative review, we pro-
pose a shift toward the use of rapid genomic testing as a first-tier
test in this patient group with the aim of optimizing medical man-
agement and access to emerging therapies.
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Clinical trials
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Inhibits DNM2 expression by
binding to pre-mRNA

NCT0403315971

Adeno-associated virus AT132 (X-linked myotubular
myopathy)

Adeno-associated virus 8 delivery
of functional MTM1 gene

NCT0319946970
Abbreviation: mRNA, messenger
RNA.

Clinical Review & Education Review Multicenter Consensus Approach to Evaluation of Neonatal Hypotonia

E6 JAMA Neurology Published online March 7, 2022 (Reprinted) jamaneurology.com

© 2022 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a UNIFESP User  on 04/08/2022

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2022.0067?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2022.0067
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2022.0067


Pediatrics, Harvard Medical School, Boston,
Massachusetts (Morton, Wojcik, Williams, Agrawal);
Murdoch Children’s Research Institute, Department
of Paediatrics, University of Melbourne, Melbourne,
Australia (Christodoulou, Lunke, Stark); Discipline
of Child and Adolescent Health, Sydney Medical
School, University of Sydney, Sydney, Australia
(Christodoulou); Division of Clinical & Metabolic
Genetics, The Hospital for Sick Children, Toronto,
Ontario, Canada (Costain, Cohn); Program for
Genetics & Genome Biology, The Hospital for Sick
Children, Toronto, Ontario, Canada (Costain,
Dowling, Cohn); Department of Paediatrics,
University of Toronto, Toronto, Ontario, Canada
(Costain, Dowling, Cohn); National Institute for
Health Research Great Ormond Street Hospital
Biomedical Research Centre, Great Ormond Street
Institute of Child Health, University College London,
London, United Kingdom (Muntoni); North East
Thames Regional Genetic Service, Great Ormond
Street Hospital Trust, London, United Kingdom
(Muntoni, Wakeling); The Manton Center for
Orphan Disease Research, Boston Children’s
Hospital, Boston, Massachusetts (Wojcik, Agrawal);
Division of Genetics and Genomics, Boston
Children’s Hospital, Boston, Massachusetts (Wojcik,
French, Agrawal); Department of Genetic
Counselling, The Hospital for Sick Children, Toronto,
Ontario, Canada (Szuto); Department of Molecular
Genetics, University of Toronto, Toronto, Ontario,
Canada (Szuto, Dowling); Division of Neurology,
The Hospital for Sick Children, Toronto, Ontario,
Canada (Dowling); Department of Medical
Genetics, University of Cambridge, Cambridge,
United Kingdom (Raymond, Rowitch); Department
of Neurology, Boston Children’s Hospital, Boston,
Massachusetts (Darras); Division of Hematology/
Oncology, Boston Children’s Hospital, Boston,
Massachusetts (Williams); Department of Pediatric
Oncology, Dana-Farber Cancer Institute, Boston,
Massachusetts (Williams); Department of
Pathology, University of Melbourne, Melbourne,
Australia (Lunke); Australian Genomics Health
Alliance, Melbourne, Australia (Stark); Division of
Neonatology, Department of Pediatrics, University
of California, San Francisco (Rowitch).

Author Contributions: Drs Morton and Agrawal
had full access to all the data in the study and take
responsibility for the integrity of the data and the
accuracy of the data analysis.
Concept and design: Morton, Christodoulou,
Muntoni, Raymond, Williams, Stark, Rowitch,
Agrawal.
Acquisition, analysis, or interpretation of data:
Morton, Costain, Wakeling, Wojcik, French, Szuto,
Dowling, Cohn, Raymond, Darras, Lunke, Stark,
Agrawal.
Drafting of the manuscript: Morton, Christodoulou,
Muntoni, Wakeling, French, Cohn, Stark, Rowitch,
Agrawal.
Critical revision of the manuscript for important
intellectual content: Christodoulou, Costain,
Wakeling, Wojcik, Szuto, Dowling, Cohn, Raymond,
Darras, Williams, Lunke, Stark, Rowitch, Agrawal.
Statistical analysis: Morton.
Obtained funding: Raymond, Williams, Stark.
Administrative, technical, or material support:
Morton, Wakeling, Cohn, Darras, Lunke, Agrawal.
Supervision: Muntoni, Cohn, Raymond, Darras,
Stark, Rowitch, Agrawal.

Conflict of Interest Disclosures: Dr Christodoulou
reported being a named investigator on a grant that
involved next-generation sequencing of infants as

part of an ultrarapid genomic testing research
project; he reported receiving no direct funding
through this project; however, some of the data
generated in this project was included in the
manuscript. Dr Muntoni reported receiving grants
from Sarepta Therapeutics and Biogen and
consultant fees from Sarepta Therapeutics, Pfizer,
Novartis, Dyne, Biogen, and Roche outside the
submitted work. Dr Wojcik reported receiving
grants from the National Institutes of Health/
National Institute of Child Health and Human
Development during the conduct of the study.
Dr Dowling reported receiving grants from Astellas
for X-linked myotubular myopathy gene therapy
research and medical advisory fees from Dynacure
and Kate Therapuetics outside the submitted work;
being the chair of the TREAT NMD executive
committee; and being on the scientific advisory
boards of the RYR1 Foundation, Muscular
Dystrophy Association, and Muscular Dystrophy
Canada. Dr Darras reported serving as an ad hoc
scientific advisory board member for Audentes,
AveXis/Novartis Gene Therapies, Biogen, Pfizer,
Vertex and Roche/Genentech; serving as steering
committee chair for the Roche FIREFISH study;
being a data safety monitoring board member for
Amicus Inc; receiving research support from the
National Institutes of Health/National Institute of
Neurological Disorders and Stroke, the Slaney
Family Fund for spinal muscular atrophy, the Spinal
Muscular Atrophy Foundation, CureSMA, and
Working on Walking Fund; receiving research grants
from Ionis Pharmaceuticals Inc, Biogen, Sarepta
Pharmaceuticals, Novartis (AveXis), PTC
Therapeutics, Roche, Scholar Rock, and Fibrogen;
and receiving royalties for books and online
publications from Elsevier and UpToDate Inc.
Dr Rowitch reported having a contract with Illumina
UK for whole-genome sequencing. Dr Agrawal
reported being a member of the scientific advisory
board of GeneDx and Illumina Inc. No other
disclosures were reported.

Funding/Support: This work was supported in part
by grant R01 AR068429 from the National Institute
of Arthritis and Musculoskeletal and Skeletal
Diseases of the National Institutes of Health and
grant U19 HD077671 from the National Institute of
Child Health and Human Development/National
Human Genome Research Institute of the National
Institutes of Health (Dr Agrawal); the Gene
Discovery Core of The Manton Center for Orphan
Disease Research, Boston Children’s Hospital; the
Boston Children’s Hospital Office of Faculty
Development Career Development Fellowship,
American Heart Association Postdoctoral
Fellowship, and American Heart Association Career
Development Award (Dr Morton); grant
BRC-1215-20014 from the National Institute for
Health Research Cambridge Biomedical Research
Centre and the National Institute for Health
Research Rare Disease Bioresource; grant 1113531
from the National Health and Medical Research
Council (Drs Stark, Lunke, and Christodoulou); the
Royal Children’s Hospital Foundation; grant
GHFM76747 from the Medical Research Futures
Fund; the Victorian Government’s Operational
Infrastructure Support Program; the Royal
Children’s Hospital Foundation (Dr Christodoulou);
the Sick Kids Centre for Genetic Medicine; the
University of Toronto McLaughlin Centre; and the
National Institute for Health Research Great
Ormond Street Hospital Biomedical Research
Centre, the Great Ormond Street Institute of Child

Health, the University College London, and the
Great Ormond Street Hospital Trust (Dr Muntoni).

Role of the Funder/Sponsor: The funders had
no role in the design and conduct of the study;
collection, management, analysis, and
interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit
the manuscript for publication.

Disclaimer: The views expressed are those of the
authors and not necessarily those of the National
Institute for Health Research or the UK Department
of Health and Social Care.

Additional Contributions: We thank Antonio
Garcia, PhD, University of Cambridge, Cambridge,
United Kingdom, for figure preparation, and
Tayyaba Khan, MPH, Sick Kids Research Institute,
Toronto, Ontario, Canada, for assistance with data
collection at the Toronto neonatal intensive care
unit. No one was financially compensated for their
contribution.

REFERENCES

1. Sparks SE. Neonatal hypotonia. Clin Perinatol.
2015;42(2):363-371, ix. doi:10.1016/j.clp.2015.02.008

2. Lisi EC, Cohn RD. Genetic evaluation of the
pediatric patient with hypotonia: perspective from
a hypotonia specialty clinic and review of the
literature. Dev Med Child Neurol. 2011;53(7):586-599.
doi:10.1111/j.1469-8749.2011.03918.x

3. Bodensteiner JB. The evaluation of the
hypotonic infant. Semin Pediatr Neurol. 2008;15(1):
10-20. doi:10.1016/j.spen.2008.01.003

4. Fardeau M, Desguerre I. Diagnostic workup for
neuromuscular diseases. Handb Clin Neurol. 2013;
113:1291-1297. doi:10.1016/B978-0-444-59565-2.
00001-0

5. Prasad AN, Prasad C. Genetic evaluation of the
floppy infant. Semin Fetal Neonatal Med. 2011;16(2):
99-108. doi:10.1016/j.siny.2010.11.002

6. Mendell JR, Al-Zaidy S, Shell R, et al. Single-dose
gene-replacement therapy for spinal muscular
atrophy. N Engl J Med. 2017;377(18):1713-1722.
doi:10.1056/NEJMoa1706198

7. Finkel RS, Mercuri E, Darras BT, et al; ENDEAR
Study Group. Nusinersen versus sham control in
infantile-onset spinal muscular atrophy. N Engl J Med.
2017;377(18):1723-1732. doi:10.1056/NEJMoa1702752

8. De Vivo DC, Bertini E, Swoboda KJ, et al;
NURTURE Study Group. Nusinersen initiated in
infants during the presymptomatic stage of spinal
muscular atrophy: interim efficacy and safety
results from the phase 2 NURTURE study.
Neuromuscul Disord. 2019;29(11):842-856.
doi:10.1016/j.nmd.2019.09.007

9. Bacheré N, Diene G, Delagnes V, Molinas C,
Moulin P, Tauber M. Early diagnosis and
multidisciplinary care reduce the hospitalization
time and duration of tube feeding and prevent early
obesity in PWS infants. Horm Res. 2008;69(1):45-
52. doi:10.1159/000111795

10. Waldrop MA, Karingada C, Storey MA, et al.
Gene therapy for spinal muscular atrophy: safety
and early outcomes. Pediatrics. 2020;146(3):
e20200729. doi:10.1542/peds.2020-0729

11. Biffi A, Montini E, Lorioli L, et al. Lentiviral
hematopoietic stem cell gene therapy benefits
metachromatic leukodystrophy. Science. 2013;341
(6148):1233158. doi:10.1126/science.1233158

Multicenter Consensus Approach to Evaluation of Neonatal Hypotonia Review Clinical Review & Education

jamaneurology.com (Reprinted) JAMA Neurology Published online March 7, 2022 E7

© 2022 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a UNIFESP User  on 04/08/2022

https://dx.doi.org/10.1016/j.clp.2015.02.008
https://dx.doi.org/10.1111/j.1469-8749.2011.03918.x
https://dx.doi.org/10.1016/j.spen.2008.01.003
https://dx.doi.org/10.1016/B978-0-444-59565-2.00001-0
https://dx.doi.org/10.1016/B978-0-444-59565-2.00001-0
https://dx.doi.org/10.1016/j.siny.2010.11.002
https://dx.doi.org/10.1056/NEJMoa1706198
https://dx.doi.org/10.1056/NEJMoa1702752
https://dx.doi.org/10.1016/j.nmd.2019.09.007
https://dx.doi.org/10.1159/000111795
https://dx.doi.org/10.1542/peds.2020-0729
https://dx.doi.org/10.1126/science.1233158
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2022.0067


12. Jungbluth H, Muntoni F. Therapeutic aspects in
congenital myopathies. Semin Pediatr Neurol. 2019;
29:71-82. doi:10.1016/j.spen.2019.01.004

13. Laugel V, Cossée M, Matis J, et al. Diagnostic
approach to neonatal hypotonia: retrospective
study on 144 neonates. Eur J Pediatr. 2008;167(5):
517-523. doi:10.1007/s00431-007-0539-3

14. Butler MG, Miller JL, Forster JL. Prader-Willi
syndrome—clinical genetics, diagnosis and
treatment approaches: an update. Curr Pediatr Rev.
2019;15(4):207-244. doi:10.2174/
1573396315666190716120925

15. Tuysuz B, Kartal N, Erener-Ercan T, et al.
Prevalence of Prader-Willi syndrome among infants
with hypotonia. J Pediatr. 2014;164(5):1064-1067.
doi:10.1016/j.jpeds.2014.01.039

16. Fay AJ. Neuromuscular diseases of the
newborn. Semin Pediatr Neurol. 2019;32:100771.
doi:10.1016/j.spen.2019.08.007

17. Peredo DE, Hannibal MC. The floppy infant:
evaluation of hypotonia. Pediatr Rev. 2009;30(9):
e66-e76. doi:10.1542/pir.30.9.e66

18. North KN, Wang CH, Clarke N, et al;
International Standard of Care Committee for
Congenital Myopathies. Approach to the diagnosis
of congenital myopathies. Neuromuscul Disord.
2014;24(2):97-116. doi:10.1016/j.nmd.2013.11.003

19. Lanni S, Pearson CE. Molecular genetics of
congenital myotonic dystrophy. Neurobiol Dis.
2019;132:104533. doi:10.1016/j.nbd.2019.104533

20. Mercuri E, Pera MC, Brogna C. Neonatal
hypotonia and neuromuscular conditions. Handb
Clin Neurol. 2019;162:435-448. doi:10.1016/B978-
0-444-64029-1.00021-7

21. Mercuri E, Finkel RS, Muntoni F, et al; SMA Care
Group. Diagnosis and management of spinal
muscular atrophy: part 1: recommendations for
diagnosis, rehabilitation, orthopedic and nutritional
care. Neuromuscul Disord. 2018;28(2):103-115.
doi:10.1016/j.nmd.2017.11.005

22. Tsai T-C, Horinouchi H, Noguchi S, et al.
Characterization of MTM1 mutations in 31 Japanese
families with myotubular myopathy, including a
patient carrying 240 kb deletion in Xq28 without
male hypogenitalism. Neuromuscul Disord. 2005;15
(3):245-252. doi:10.1016/j.nmd.2004.12.005

23. Das AS, Agamanolis DP, Cohen BH. Use of
next-generation sequencing as a diagnostic tool for
congenital myasthenic syndrome. Pediatr Neurol.
2014;51(5):717-720. doi:10.1016/j.pediatrneurol.2014.
07.032

24. Huemer M, Karall D, Schossig A, et al. Clinical,
morphological, biochemical, imaging and outcome
parameters in 21 individuals with mitochondrial
maintenance defect related to FBXL4 mutations.
J Inherit Metab Dis. 2015;38(5):905-914.
doi:10.1007/s10545-015-9836-6

25. El-Hattab AW, Scaglia F. Mitochondrial DNA
depletion syndromes: review and updates of
genetic basis, manifestations, and therapeutic
options. Neurotherapeutics. 2013;10(2):186-198.
doi:10.1007/s13311-013-0177-6

26. Carroll J, Wigby K, Murray S. Genetic testing
strategies in the newborn. J Perinatol. 2020;40(7):
1007-1016. doi:10.1038/s41372-020-0697-y

27. Lionel AC, Costain G, Monfared N, et al.
Improved diagnostic yield compared with targeted
gene sequencing panels suggests a role for

whole-genome sequencing as a first-tier genetic
test. Genet Med. 2018;20(4):435-443. doi:10.1038/
gim.2017.119

28. Costain G, Walker S, Marano M, et al. Genome
sequencing as a diagnostic test in children with
unexplained medical complexity. JAMA Netw Open.
2020;3(9):e2018109. doi:10.1001/jamanetworkopen.
2020.18109

29. Clark MM, Stark Z, Farnaes L, et al.
Meta-analysis of the diagnostic and clinical utility of
genome and exome sequencing and chromosomal
microarray in children with suspected genetic
diseases. NPJ Genom Med. 2018;3(1):16.
doi:10.1038/s41525-018-0053-8

30. Stavropoulos DJ, Merico D, Jobling R, et al.
Whole genome sequencing expands diagnostic
utility and improves clinical management in
paediatric medicine. NPJ Genom Med. 2016;1:15012.
doi:10.1038/npjgenmed.2015.12

31. Thompson K, Collier JJ, Glasgow RIC, et al.
Recent advances in understanding the molecular
genetic basis of mitochondrial disease. J Inherit
Metab Dis. 2020;43(1):36-50. doi:10.1002/jimd.12104

32. Parikh S, Goldstein A, Karaa A, et al. Patient
care standards for primary mitochondrial disease:
a consensus statement from the Mitochondrial
Medicine Society. Genet Med. 2017;19(12):1-18.
doi:10.1038/gim.2017.107

33. Akesson LS, Eggers S, Love CJ, et al. Early
diagnosis of Pearson syndrome in neonatal
intensive care following rapid mitochondrial
genome sequencing in tandem with exome
sequencing. Eur J Hum Genet. 2019;27(12):1821-1826.
doi:10.1038/s41431-019-0477-3

34. Sheth F, Liehr T, Shah K, Sheth J. Prader-Willi
syndrome—type 1 deletion, a consequence of an
unbalanced translocation of chromosomes 13 and
15, easily to be mixed up with a Robertsonian
translocation. Mol Cytogenet. 2015;8(1):52.
doi:10.1186/s13039-015-0163-2

35. Dangouloff T, Vrščaj E, Servais L, Osredkar D;
SMA NBS World Study Group. Newborn screening
programs for spinal muscular atrophy worldwide:
where we stand and where to go. Neuromuscul
Disord. 2021;31(6):574-582. doi:10.1016/j.nmd.2021.
03.007

36. McMillan HJ, Kernohan KD, Yeh E, et al.
Newborn screening for spinal muscular atrophy:
Ontario testing and follow-up recommendations.
Can J Neurol Sci. 2021;48(4):504-511. doi:10.1017/
cjn.2020.229

37. Stark Z, Lunke S, Brett GR, et al; Melbourne
Genomics Health Alliance. Meeting the challenges
of implementing rapid genomic testing in acute
pediatric care. Genet Med. 2018;20(12):1554-1563.
doi:10.1038/gim.2018.37

38. Lunke S, Eggers S, Wilson M, et al; Australian
Genomics Health Alliance Acute Care Flagship.
Feasibility of ultra-rapid exome sequencing in
critically ill infants and children with suspected
monogenic conditions in the Australian public
health care system. JAMA. 2020;323(24):2503-2511.
doi:10.1001/jama.2020.7671

39. Djordjevic D, Tsuchiya E, Fitzpatrick M,
Sondheimer N, Dowling JJ. Utility of metabolic
screening in neurological presentations of infancy.
Ann Clin Transl Neurol. 2020;7(7):1132-1140.
doi:10.1002/acn3.51076

40. French CE, Delon I, Dolling H, et al; NIHR
BioResource—Rare Disease; Next Generation
Children Project. Whole-genome sequencing
reveals that genetic conditions are frequent in
intensively ill children. Intensive Care Med. 2019;45
(5):627-636. doi:10.1007/s00134-019-05552-x

41. Gubbels CS, VanNoy GE, Madden JA, et al.
Prospective, phenotype-driven selection of
critically ill neonates for rapid exome sequencing is
associated with high diagnostic yield. Genet Med.
2020;22(4):736-744. doi:10.1038/s41436-019-
0708-6

42. Gene Transfer Clinical Study in X-linked
Myotubular Myopathy (ASPIRO). ClinicalTrials.gov
identifier: NCT03199469. Updated May 19, 2021.
Accessed December 8, 2020. https://clinicaltrials.
gov/ct2/show/NCT03199469

43. Kim J, Hu C, Moufawad El Achkar C, et al.
Patient-customized oligonucleotide therapy for a
rare genetic disease. N Engl J Med. 2019;381(17):
1644-1652. doi:10.1056/NEJMoa1813279

44. Rockowitz S, LeCompte N, Carmack M, et al.
Children’s rare disease cohorts: an integrative
research and clinical genomics initiative. NPJ
Genom Med. 2020;5(1):29. doi:10.1038/s41525-
020-0137-0

45. Dimmock DP, Clark MM, Gaughran M, et al;
RCIGM Investigators. An RCT of rapid genomic
sequencing among seriously ill infants results in
high clinical utility, changes in management, and
low perceived harm. Am J Hum Genet. 2020;107(5):
942-952. doi:10.1016/j.ajhg.2020.10.003

46. Farnaes L, Hildreth A, Sweeney NM, et al.
Rapid whole-genome sequencing decreases infant
morbidity and cost of hospitalization. NPJ Genom
Med. 2018;3(1):10. doi:10.1038/s41525-018-
0049-4

47. Oulas A, Minadakis G, Zachariou M, Spyrou GM.
Selecting variants of unknown significance through
network-based gene-association significantly
improves risk prediction for disease-control
cohorts. Sci Rep. 2019;9(1):3266. doi:10.1038/
s41598-019-39796-w

48. Schulz WL, Tormey CA, Torres R.
Computational approach to annotating variants of
unknown significance in clinical next generation
sequencing. Lab Med. 2015;46(4):285-289.
doi:10.1309/LMWZH57BRWOPR5RQ

49. Richards S, Aziz N, Bale S, et al; ACMG
Laboratory Quality Assurance Committee.
Standards and guidelines for the interpretation of
sequence variants: a joint consensus
recommendation of the American College of
Medical Genetics and Genomics and the
Association for Molecular Pathology. Genet Med.
2015;17(5):405-424. doi:10.1038/gim.2015.30

50. Blum M, Chang HY, Chuguransky S, et al. The
InterPro protein families and domains database: 20
years on. Nucleic Acids Res. 2021;49(D1):D344-D354.
doi:10.1093/nar/gkaa977

51. Karczewski KJ, Francioli LC, Tiao G, et al;
Genome Aggregation Database Consortium. The
mutational constraint spectrum quantified from
variation in 141,456 humans. Nature. 2020;581
(7809):434-443. doi:10.1038/s41586-020-2308-7

52. Ellard S, Baple EL, Callaway A, et al. ACGS best
practice guidelines for variant classification in rare
disease 2020. Accessed April 29, 2021. https://
www.acgs.uk.com/media/11631/uk-practice-

Clinical Review & Education Review Multicenter Consensus Approach to Evaluation of Neonatal Hypotonia

E8 JAMA Neurology Published online March 7, 2022 (Reprinted) jamaneurology.com

© 2022 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a UNIFESP User  on 04/08/2022

https://dx.doi.org/10.1016/j.spen.2019.01.004
https://dx.doi.org/10.1007/s00431-007-0539-3
https://dx.doi.org/10.2174/1573396315666190716120925
https://dx.doi.org/10.2174/1573396315666190716120925
https://dx.doi.org/10.1016/j.jpeds.2014.01.039
https://dx.doi.org/10.1016/j.spen.2019.08.007
https://dx.doi.org/10.1542/pir.30.9.e66
https://dx.doi.org/10.1016/j.nmd.2013.11.003
https://dx.doi.org/10.1016/j.nbd.2019.104533
https://dx.doi.org/10.1016/B978-0-444-64029-1.00021-7
https://dx.doi.org/10.1016/B978-0-444-64029-1.00021-7
https://dx.doi.org/10.1016/j.nmd.2017.11.005
https://dx.doi.org/10.1016/j.nmd.2004.12.005
https://dx.doi.org/10.1016/j.pediatrneurol.2014.07.032
https://dx.doi.org/10.1016/j.pediatrneurol.2014.07.032
https://dx.doi.org/10.1007/s10545-015-9836-6
https://dx.doi.org/10.1007/s13311-013-0177-6
https://dx.doi.org/10.1038/s41372-020-0697-y
https://dx.doi.org/10.1038/gim.2017.119
https://dx.doi.org/10.1038/gim.2017.119
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamanetworkopen.2020.18109?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2022.0067
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamanetworkopen.2020.18109?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2022.0067
https://dx.doi.org/10.1038/s41525-018-0053-8
https://dx.doi.org/10.1038/npjgenmed.2015.12
https://dx.doi.org/10.1002/jimd.12104
https://dx.doi.org/10.1038/gim.2017.107
https://dx.doi.org/10.1038/s41431-019-0477-3
https://dx.doi.org/10.1186/s13039-015-0163-2
https://dx.doi.org/10.1016/j.nmd.2021.03.007
https://dx.doi.org/10.1016/j.nmd.2021.03.007
https://dx.doi.org/10.1017/cjn.2020.229
https://dx.doi.org/10.1017/cjn.2020.229
https://dx.doi.org/10.1038/gim.2018.37
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2020.7671?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2022.0067
https://dx.doi.org/10.1002/acn3.51076
https://dx.doi.org/10.1007/s00134-019-05552-x
https://dx.doi.org/10.1038/s41436-019-0708-6
https://dx.doi.org/10.1038/s41436-019-0708-6
https://clinicaltrials.gov/ct2/show/NCT03199469
https://clinicaltrials.gov/ct2/show/NCT03199469
https://dx.doi.org/10.1056/NEJMoa1813279
https://dx.doi.org/10.1038/s41525-020-0137-0
https://dx.doi.org/10.1038/s41525-020-0137-0
https://dx.doi.org/10.1016/j.ajhg.2020.10.003
https://dx.doi.org/10.1038/s41525-018-0049-4
https://dx.doi.org/10.1038/s41525-018-0049-4
https://dx.doi.org/10.1038/s41598-019-39796-w
https://dx.doi.org/10.1038/s41598-019-39796-w
https://dx.doi.org/10.1309/LMWZH57BRWOPR5RQ
https://dx.doi.org/10.1038/gim.2015.30
https://dx.doi.org/10.1093/nar/gkaa977
https://dx.doi.org/10.1038/s41586-020-2308-7
https://www.acgs.uk.com/media/11631/uk-practice-guidelines-for-variant-classification-v4-01-2020.pdf
https://www.acgs.uk.com/media/11631/uk-practice-guidelines-for-variant-classification-v4-01-2020.pdf
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2022.0067


guidelines-for-variant-classification-v4-01-2020.
pdf

53. Joynt ACM, Axford MM, Chad L, Costain G.
Understanding genetic variants of uncertain
significance. Paediatr Child Health. 2021;pxab070.
doi:10.1093/pch/pxab070

54. Rodenburg RJ. The functional genomics
laboratory: functional validation of genetic variants.
J Inherit Metab Dis. 2018;41(3):297-307.
doi:10.1007/s10545-018-0146-7

55. Wangler MF, Yamamoto S, Chao HT, et al;
Members of the Undiagnosed Diseases Network
(UDN). Model organisms facilitate rare disease
diagnosis and therapeutic research. Genetics. 2017;
207(1):9-27. doi:10.1534/genetics.117.203067

56. Stevens E, Torelli S, Feng L, et al. Flow
cytometry for the analysis of α-dystroglycan
glycosylation in fibroblasts from patients with
dystroglycanopathies. PLoS One. 2013;8(7):e68958.
doi:10.1371/journal.pone.0068958

57. Stevens E, Carss KJ, Cirak S, et al; UK10K
Consortium. Mutations in B3GALNT2 cause
congenital muscular dystrophy and
hypoglycosylation of α-dystroglycan. Am J Hum
Genet. 2013;92(3):354-365. doi:10.1016/j.ajhg.2013.
01.016

58. Kim J, Jimenez-Mallebrera C, Foley AR, et al.
Flow cytometry analysis: a quantitative method for
collagen VI deficiency screening. Neuromuscul Disord.
2012;22(2):139-148. doi:10.1016/j.nmd.2011.08.006

59. Zaharieva IT, Thor MG, Oates EC, et al.
Loss-of-function mutations in SCN4A cause severe
foetal hypokinesia or “classical” congenital
myopathy. Brain. 2016;139(pt 3):674-691.
doi:10.1093/brain/awv352

60. Cummings BB, Marshall JL, Tukiainen T, et al;
Genotype-Tissue Expression Consortium.
Improving genetic diagnosis in mendelian disease
with transcriptome sequencing. Sci Transl Med.
2017;9(386):eaal5209. doi:10.1126/scitranslmed.
aal5209

61. Gonorazky HD, Naumenko S, Ramani AK, et al.
Expanding the boundaries of RNA sequencing as a
diagnostic tool for rare mendelian disease. Am J
Hum Genet. 2019;104(3):466-483. doi:10.1016/
j.ajhg.2019.01.012

62. Ruggieri A, Naumenko S, Smith MA, et al.
Multiomic elucidation of a coding 99-mer
repeat-expansion skeletal muscle disease. Acta
Neuropathol. 2020;140(2):231-235. doi:10.1007/
s00401-020-02164-4

63. Bulaklak K, Gersbach CA. The once and future
gene therapy. Nat Commun. 2020;11(1):5820.
doi:10.1038/s41467-020-19505-2

64. Lowes LP, Alfano LN, Arnold WD, et al. Impact
of age and motor function in a phase 1/2A study of
infants with SMA type 1 receiving single-dose gene
replacement therapy. Pediatr Neurol. 2019;98:39-45.
doi:10.1016/j.pediatrneurol.2019.05.005

65. Al-Zaidy SA, Kolb SJ, Lowes L, et al. AVXS-101
(onasemnogene abeparvovec) for SMA1:
comparative study with a prospective natural
history cohort. J Neuromuscul Dis. 2019;6(3):307-
317. doi:10.3233/JND-190403

66. Day JW, Finkel RS, Chiriboga CA, et al.
Onasemnogene abeparvovec gene therapy for
symptomatic infantile-onset spinal muscular
atrophy in patients with two copies of SMN2
(STR1VE): an open-label, single-arm, multicentre,
phase 3 trial. Lancet Neurol. 2021;20(4):284-293.
doi:10.1016/S1474-4422(21)00001-6

67. Gene Replacement Therapy Clinical Trial for
Participants With Spinal Muscular Atrophy Type 1
(STR1VE). ClinicalTrials.gov identifier:
NCT03306277. Updated June 14, 2021. Accessed
April 29, 2021. https://clinicaltrials.gov/ct2/show/
NCT03306277

68. A Study to Assess the Efficacy, Safety and
Pharmacokinetics of Nusinersen (ISIS396443) in
Infants With Spinal Muscular Atrophy (SMA).
ClinicalTrials.gov identifier: NCT01839656.
Updated February 17, 2021. Accessed April 29,
2021. https://clinicaltrials.gov/ct2/show/
NCT01839656

69. Baranello G, Darras BT, Day JW, et al; FIREFISH
Working Group. Risdiplam in type 1 spinal muscular
atrophy. N Engl J Med. 2021;384(10):915-923.
doi:10.1056/NEJMoa2009965

70. Dupont JB, Guo J, Renaud-Gabardos E, et al.
AAV-mediated gene transfer restores a normal
muscle transcriptome in a canine model of X-linked
myotubular myopathy. Mol Ther. 2020;28(2):382-
393. doi:10.1016/j.ymthe.2019.10.018

71. Tasfaout H, Buono S, Guo S, et al. Antisense
oligonucleotide-mediated DNM2 knockdown
prevents and reverts myotubular myopathy in mice.
Nat Commun. 2017;8:15661. doi:10.1038/
ncomms15661

72. Domínguez-González C, Madruga-Garrido M,
Mavillard F, et al. Deoxynucleoside therapy for
thymidine kinase 2-deficient myopathy. Ann Neurol.
2019;86(2):293-303. doi:10.1002/ana.25506

73. Mearini G, Stimpel D, Geertz B, et al. MYBPC3
gene therapy for neonatal cardiomyopathy enables
long-term disease prevention in mice. Nat Commun.
2014;5(1):5515. doi:10.1038/ncomms6515

74. Pereira S, Robinson JO, Gutierrez AM, et al;
BabySeq Project Group. Perceived benefits, risks,
and utility of newborn genomic sequencing in the
BabySeq project. Pediatrics. 2019;143(suppl 1):S6-
S13. doi:10.1542/peds.2018-1099C

75. Kingsmore SF, Cakici JA, Clark MM, et al; RCIGM
Investigators. A randomized, controlled trial of the
analytic and diagnostic performance of singleton
and trio, rapid genome and exome sequencing in ill
infants. Am J Hum Genet. 2019;105(4):719-733.
doi:10.1016/j.ajhg.2019.08.009

76. Gyngell C, Newson AJ, Wilkinson D, Stark Z,
Savulescu J. Rapid challenges: ethics and genomic
neonatal intensive care. Pediatrics. 2019;143(suppl
1):S14-S21. doi:10.1542/peds.2018-1099D

77. Brett GR, Martyn M, Lynch F, et al. Parental
experiences of ultrarapid genomic testing for their
critically unwell infants and children. Genet Med.
2020;22(12):1976-1985. doi:10.1038/s41436-020-
0912-4

78. Ayres S, Gallacher L, Stark Z, Brett GR. Genetic
counseling in pediatric acute care: Reflections on
ultra-rapid genomic diagnoses in neonates. J Genet
Couns. 2019;28(2):273-282. doi:10.1002/jgc4.1086

79. Hill M, Hammond J, Lewis C, Mellis R, Clement
E, Chitty LS. Delivering genome sequencing for
rapid genetic diagnosis in critically ill children:
parent and professional views, experiences and
challenges. Eur J Hum Genet. 2020;28(11):1529-1540.
doi:10.1038/s41431-020-0667-z

Multicenter Consensus Approach to Evaluation of Neonatal Hypotonia Review Clinical Review & Education

jamaneurology.com (Reprinted) JAMA Neurology Published online March 7, 2022 E9

© 2022 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a UNIFESP User  on 04/08/2022

https://www.acgs.uk.com/media/11631/uk-practice-guidelines-for-variant-classification-v4-01-2020.pdf
https://dx.doi.org/10.1093/pch/pxab070
https://dx.doi.org/10.1007/s10545-018-0146-7
https://dx.doi.org/10.1534/genetics.117.203067
https://dx.doi.org/10.1371/journal.pone.0068958
https://dx.doi.org/10.1016/j.ajhg.2013.01.016
https://dx.doi.org/10.1016/j.ajhg.2013.01.016
https://dx.doi.org/10.1016/j.nmd.2011.08.006
https://dx.doi.org/10.1093/brain/awv352
https://dx.doi.org/10.1126/scitranslmed.aal5209
https://dx.doi.org/10.1126/scitranslmed.aal5209
https://dx.doi.org/10.1016/j.ajhg.2019.01.012
https://dx.doi.org/10.1016/j.ajhg.2019.01.012
https://dx.doi.org/10.1007/s00401-020-02164-4
https://dx.doi.org/10.1007/s00401-020-02164-4
https://dx.doi.org/10.1038/s41467-020-19505-2
https://dx.doi.org/10.1016/j.pediatrneurol.2019.05.005
https://dx.doi.org/10.3233/JND-190403
https://dx.doi.org/10.1016/S1474-4422(21)00001-6
https://clinicaltrials.gov/ct2/show/NCT03306277
https://clinicaltrials.gov/ct2/show/NCT03306277
https://clinicaltrials.gov/ct2/show/NCT01839656
https://clinicaltrials.gov/ct2/show/NCT01839656
https://dx.doi.org/10.1056/NEJMoa2009965
https://dx.doi.org/10.1016/j.ymthe.2019.10.018
https://dx.doi.org/10.1038/ncomms15661
https://dx.doi.org/10.1038/ncomms15661
https://dx.doi.org/10.1002/ana.25506
https://dx.doi.org/10.1038/ncomms6515
https://dx.doi.org/10.1542/peds.2018-1099C
https://dx.doi.org/10.1016/j.ajhg.2019.08.009
https://dx.doi.org/10.1542/peds.2018-1099D
https://dx.doi.org/10.1038/s41436-020-0912-4
https://dx.doi.org/10.1038/s41436-020-0912-4
https://dx.doi.org/10.1002/jgc4.1086
https://dx.doi.org/10.1038/s41431-020-0667-z
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2022.0067

