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Despite the early onset of clinical signs suggestive of Duchenne muscular
dystrophy (DMD), a diagnosis is often not made until four years of age or older,
with a diagnostic delay of up to two years from the appearance of the first
symptoms. As disease-modifying therapies for DMD become available that are
ideally started early before irreversible muscle damage occurs, the importance
of avoiding diagnostic delay increases. Shortening the time to a definite
diagnosis in DMD allows timely genetic counseling and assessment of carrier
status, initiation of multidisciplinary standard care, timely initiation of appropriate
treatments, and precise genetic mutation characterization to assess suitability
for access to drugs targeted at specific mutations while reducing the emotional
and psychological family burden of the disease. This comprehensive literature
review describes the early signs of impairment in DMD and highlights the
bottlenecks related to the different diagnostic steps. In summary, the evidence
suggests that the best mitigation strategy for improving the age at diagnosis is to
increase awareness of the early symptoms of DMD and encourage early clinical
screening with an inexpensive and sensitive serum creatine kinase test in all
boys who present signs of developmental delay and specific motor test
abnormality at routine pediatrician visits.
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1. Introduction

Duchenne muscular dystrophy (DMD) is the most common form of inherited muscle

disorders of childhood (1). This progressive, X-linked, recessive, muscle-wasting disorder

is caused by mutations in the DMD gene and is one of the most severe types of muscular

dystrophy with childhood onset (2–5). Individuals with DMD experience progressive

muscle weakness caused by the absence or severe reduction of dystrophin, a muscle

protein crucial to maintain strength, stability, and function of myofibers (6). The global

prevalence of DMD has been estimated as 7.1 cases/100,000 males and 2.8 cases/100,000

in the general population, with a pooled global birth prevalence of 19.8 cases/100,000 live
Abbreviations

ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK, creatine kinase; DMD, Duchenne
muscular dystrophy; DQ, development quotient; GGT, gamma-glutamyl transferase; MLPA, multiplex
ligation-dependent probe amplification; NBS, newborn screening; NGS, next-generation sequencing; NSAA,
north star ambulatory assessment; PPMD, parent project muscular dystrophy.
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male births (7). Similarly, the birth prevalence has been reported as

15.9 cases per 100,000 live male births in the USA and 19.5 cases

per 100,000 live male births in the UK (2). Skeletal muscle

damage and degeneration in DMD start early in life and result in

an elevation in serum creatine kinase (CK), progressive muscular

weakness, motor delay, loss of ambulation, respiratory

impairment, and cardiac complications (2, 4, 8). A proportion of

DMD patients also present with neurocognitive dysfunction,

language delay, autistic spectrum disorder, attention deficit-

hyperactivity disorder, and other symptoms outside of skeletal

muscle. The phenotypic severity in skeletal and cardiac muscle

and the expression of neurocognitive symptoms in DMD can

vary based on the underlying mutation type. The complications

of the disease lead to decreased survival, with death usually

occurring due to cardiac or respiratory failure (2). Early

implementation of a multidisciplinary standard of care has

resulted in improved survival, and the median life expectancy

for patients with DMD born after 1990 is now estimated to be

28.1 years, compared with 18.1 years for patients born before

1970 (9).

The emergence of new therapeutic approaches, including

dystrophin restoration strategies (2, 4–6, 10, 11) has highlighted

the importance of an early and genetically-confirmed diagnosis,

with a growing emphasis on detecting the very early signs of

impairment in young boys with DMD (12–14). However, there is

a persistent diagnostic delay, and the diagnosis of DMD is, on

average, not made until 4–5 years of age, a delay of up to two

years from the appearance of the first symptoms to a confirmed

diagnosis (15–17). This delay has not significantly improved in

the past two decades, despite the initiatives of public health and

patient organizations to raise professional awareness (12). There

are many compelling reasons to shorten the time to a definite

diagnosis in DMD, including timely genetic counseling and

assessment of carrier status, initiation of multidisciplinary

standard care, timely initiation of corticosteroids, precise genetic

mutation characterization to allow access to newly approved

drugs targeted at specific mutations, an opportunity to

participate in clinical trials, avoid unnecessary and expensive or

invasive tests, and improve the family psychological burden of a

“diagnostic odyssey”.

In this comprehensive review of the literature, we describe the

very early signs of impairment in DMD by the age of onset and

type and discuss the importance of their recognition to avoid

diagnostic delay and improve early diagnosis of the disease.
2. Methods

We searched PubMed for records of articles in English

published from January 1, 2010, to November 30, 2022, reporting

evidence of the effects of early diagnosis or diagnostic delay on

developmental milestones in patients with Duchenne muscular

dystrophy. The following search terms (limited to title/abstract)

were used: Duchenne muscular dystrophy, DMD, or Duchenne

AND any of the following search terms (limited to title/abstract):

development/ developmental milestones/, early clinical signs,
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early detection or diagnosis or signs/ diagnostic delay/ time to

diagnosis/ diagnostic timing.
3. Results

The search identified 2,414 records, with the great majority

focusing on the diagnostic pathway without any clear description

of the clinical signs leading to diagnosis or early developmental

scales. A total of 2,123 were single case reports or otherwise non-

relevant, 12 articles were not in English, and 210 were not

studies in humans. Sixty-nine abstracts were selected for further

consideration, and the full papers were reviewed, leading to the

identification of an additional 11 studies published before 2010

and not detected by the original search. Twenty-nine papers

related to the issue of diagnostic delay in DMD, 25 from the

original search and another 4 from secondary identification by

the authors, were included in the final selection and will be

reported in this review (Figure 1, Table 1).
4. Developmental milestones and early
gross motor function in DMD

Motor symptoms such as difficulties in running, jumping,

rising from the floor (Gower’s sign), struggling to hop or climb

stairs, frequent falls or trips, abnormal and/or waddling gait or

toe walking, together with calf hypertrophy or muscle pain or

cramps, are the most typical signs classically identified in DMD

children around the age of 3–4 years and prompting further

investigations leading to the diagnosis of DMD (2, 4, 7, 12, 14,

40). Over the last few years, there has been increasing evidence

that children with DMD often experience delays in early

developmental milestones compared with typically-developing

children (2, 16, 28, 42, 43). (Table 2). Between 36% and 67% of

children with DMD were reported to be late in achieving

developmental milestones less commonly recognized as typical of

DMD, such as speaking, forming sentences, bladder or bowel

training, or reading (28).

The delay includes the first milestones achieved after birth,

such as poor head control in infants, sitting without support,

crawling on hands and knees, standing alone, walking with

assistance, and walking independently by 18 months. A recent

study using questionnaires completed by the parents shows that

it is possible to differentiate between young males with DMD

and controls as early as a few months after birth (40). The

presence of developmental delay was already evident at 2–3

months; a higher proportion of males with DMD failed to attain

milestones of gross/fine motor activity, adaptive behavior,

personal/social behavior, and communication. The differences in

attaining developmental milestones relating to gross motor

activity increased with age. Other studies also reported similar

findings in early neurodevelopmental milestones by interviewing

families or extracting information from clinical notes (14). In the

DMD subjects, walking independently was achieved at a mean

age of 16.35 months, compared with 12.26 months in the control
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FIGURE 1

PRISMA diagram of the selection process on the publications included in the qualitative analysis.

Mercuri et al. 10.3389/fped.2023.1276144
group. Meanwhile, 16.9% of boys with DMD did not achieve

independent walking by 18 months, whereas all controls achieved

that milestone (p < 0.001) (14).

Other studies using structured neurodevelopmental

assessments have also confirmed the early differences in

neurodevelopment (23, 24, 34). The Bayley-III scales were

prospectively used to assess motor and cognitive development in

boys with DMD aged ≥1 month but <3 years old (mean 1.9
Frontiers in Pediatrics 03
years) (23). Mean motor composite, gross motor-, and fine

motor function-scaled scores were lower than in typically-

developing children, as were mean cognitive comprehensive,

receptive language, and expressive language assessments. Gross

motor scores further declined over 6 and 12 months of follow-up

(24). However, cognitive and language scores did not change

significantly at 6 or 12 months, and fine motor scores improved

over one year.
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TABLE 1 Summary of included publications reporting early diagnosis, early neurological signs and/or developmental milestones.

Author, year Study design Age range
considered
(years)

Age at
diagnosis

(mean, years)

Cognitive
assessment

Assessment
of milestones

Neurological
assessment

N

Aartsma-Rus et al. (12) EBM consensus and systematic
review

NA NA no no no NA

Allen et al. (18) Case series 2–16 NA no no yes 6

Annexstad et al. (19) Research article (retrospective) 0–18 3.9 no yes yes 73

Chieffo et al. (20) Research article (prospective) 2–6 NA yes yes no 41

Chieffo et al. (21) Research article (prospective) 4–6 NA yes limited to language no 40

Ciafaloni et al. (22) Research article (retrospective) 2.5 4.9 yes no yes 156

Connolly et al. (23) Research article (prospective) 0–3 NA yes yes yes 24

Connolly et al. (24) Research article (prospective) 1–2 NA yes yes no 19

Coratti et al. (25) Research article (prospective) <6 NA no no yes 153

Counterman et al. (26) Research article (retrospective) 1–4 4.43 no no no 1282

Crossnohere et al. (27) Research article (retrospective) 2 4 no no no 65

Cyrulnik et al. (28) Research article (prospective) 4–14 NA yes limited to language no 130

D’Amico et al. (13) Research article (retrospective) 2–5 3.4 no no yes 384

Darmahkasih et al. (29) Research article (retrospective) NA NA yes no no 698

Gissy et al. (30) Research article (retrospective) NA NA no yes yes 1110

Houwen van Opstal et al. (31) Research article (retrospective) NA NA no no yes 232

Lee et al. (32) Research article (retrospective) ND 4.9–6.6 yes yes no 40

Ma et al. (33) Research article (retrospective) 3.9 6.8 no yes yes 152

Mirski and Crawford, (16) Research article (retrospective) NA 5.1 yes yes no 179

Norcia et al. (14) Research article (retrospective) 0–2 no no yes no 134

Pane et al. (34) Research article (prospective) 0.5–3.5 no yes yes yes 81

Pereira et al. (35) Research article (retrospective) 2–12 no no no yes 128

Sarrazin et al. (36) Research article (retrospective) NA NA no yes no 263

Soim et al. (37) Research article (retrospective) NA 4.1–4.9 no no yes 325

Takeuchi et al. (38) Research article (retrospective) NA NA yes yes yes 46

Schiava et al. (39) Research article (prospective) 4–8 4.5 no yes no 196

Thomas et al. (17) Research article (retrospective) 2–5 4.9 no no yes 221

Van Dommelen et al. (40) Research article (prospective) NA NA no yes no 74

van Ruiten et al. (41) Research article (retrospective) NA 4.3 no no no 10

EBM, evidence-based medicine; NA, not available; N, number of patients assessed.

TABLE 2 Typical early signs and symptoms of Duchenne muscular
dystrophy.

Motor
Delayed walking Toe walking

Difficulty rising from the floor Frequent trips, falls, or clumsiness

Gower’s sign on rising from the
floor

Muscle pain or calf hypertrophy or cramps

Difficulty climbing or descending
stairs

Gross motor delay

Difficulty running, walking or
climbing

Hypotonia

Inability to jump Loss of motor skills

Abnormal gait Inability to keep up with peers

Waddling gait Poor head control

Nonmotor
Neurocognitive deficits Learning disabilities

Autism spectrum disorder Speech delay / articulation issues

Failure to thrive or poor weight
gain

Behavioral issues

Other
Male sex Elevated creatine kinase levels

Family history Elevated aminotransferases or lactate
dehydrogenase

Mercuri et al. 10.3389/fped.2023.1276144
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Comparable findings were also reported before the age of 4

years in young DMD boys (age 7–47 months) in a study that

used the Griffiths Scale of Mental Development (34). The mean

Development Quotient (DQ) in DMD was 87, approximately one

standard deviation below the mean, and almost a third (32.1%)

of DMD boys had a borderline DQ (between 84 and 70), and

12.3% had an abnormal DQ <70) (34).

Developmental delays may be associated with a number of

factors, including specific genotype, race/ethnicity, and

sociodemographics (13, 14, 22, 26). Moreover, a rapidly

increasing number of studies suggest an important role of

specific brain dystrophin isoforms in influencing early aspects of

gross motor and neurocognitive development (14). Patients with

mutations upstream of exon 44 have reduced expression of Dp

427 only, mutations after exon 51 affect both Dp427 and Dp140,

and mutations after exon 63 have reduced expression of Dp427,

Dp140, and Dp71. Mutations between 44 and 51 have recently

been reported separately, as the involvement of Dp 140 in these

patients is not always clear. Norcia et al. retrospectively assessed

the age when early motor milestones were achieved in DMD

boys and found an increasingly high risk of delay in achieving

independent sitting and walking in patients with mutations
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predictive of the involvement of different brain dystrophin

isoforms (14). Sitting independently was achieved at a mean of

7.04 months in boys with DMD and in 7.07 months by the

typically-developing control group. However, 9.7% of boys with

DMD did not achieve independent sitting by 9.4 months, which

ranged from 2.2% in the boys with mutations before exon 44%–

33.3% in those beyond exon 63. In the overall DMD cohort,

values ranged between 9.5% in boys with mutations between

exon 44 and 51 and 42.9% in boys with mutations beyond exon 63.

Similar findings were observed in the study using the Griffiths

developmental scales (34). Boys with mutations upstream or in

exon 44 had a higher DQ than those with mutations downstream

exon 44, which are known to be associated with additional

involvement of dystrophin isoforms expressed at high levels in

the brain. This further suggests that the site of mutation and the

involvement of dystrophin isoforms may modulate aspects of

global development.

While the cumulative effect of loss of isoforms is more evident

in language and the more ‘cognitive’ aspects of the

neurodevelopmental scales, this is also seen in gross motor

aspects, as also confirmed by recent studies in preschool

children showing that DMD mutations expected to impact on

dystrophin isoform production were differentially affecting

motor function in DMD. When DMD boys were subdivided

considering the expected effects of DMD mutation on dystrophin

isoform expression, there was a reduced mean peak North Star

ambulatory assessment (NSAA) score in those lacking Dp140

and Dp71, with a clear cumulative effect of loss of isoforms

(44, 45).

It is of note that in these children, some motor milestones and

some aspects of motor function, such as the ability to go up and

down stairs, were achieved at a later age compared to their peers,

suggesting that delayed achievement of milestones and functional

aspects is likely to be due at least partly to the involvement of

brain dystrophin isoforms (16). In contrast, motor skills related

to muscle weakness, such as running or hopping, were generally

not achieved in DMD boys, irrespective of age, unless they were

treated with steroids or other therapeutic agents.
6. Other genotype-phenotype
associations

The advent of clinical trials and commercially available

therapies targeting specific groups of mutations, such as

nonsense mutations or groups of deletions amenable to skipping

individual exons, have highlighted possible differences among

these subgroups. Several recent studies exploring functional

changes in patients with different subgroups of mutations

amenable to skip individual exons (mainly skipping exon 44, 45,

51 or 53) have reported that, while the individual subgroups may

not show significant differences compared to the mean values of

the whole DMD cohort, there are significant differences among

the individual subgroups that become more obvious with

increasing follow up (25, 46, 47). For example, two recent studies

using the NSAA and the six-minute walk test (6MWT) over 3
Frontiers in Pediatrics 05
years showed that boys with mutations amenable to skip exons

51 and 53 have a faster functional decline and increased risk of

losing ambulation over a 36-month period than other subgroups,

while those amenable to skip exon 44 have higher scores at

baseline and less rapid decline (46).

Several other studies have reported similar findings, with

deletions skippable exon 51 or 53 being associated with an

overall more severe phenotype, more rapid progression, and

earlier age at loss of ambulation (47), as well as cardiac and

respiratory impairment (47, 48).

So far, there are no systematic studies reporting differences in

early motor milestones in these subgroups of deletions.
7. Diagnosis and diagnostic delay

The mean age at diagnosis in DMD is still between 4 and 5

years, representing a delay of up to two years from the first

appearance of symptoms (13, 15–17, 22, 40). Ciafaloni et al.

reported that the first signs of symptoms of DMD in a cohort of

boys without a known family history were observed at a mean

age of 2.5 years, leading to evaluation by a primary care provider

at a mean of 3.6 years (22). However, initial CK testing was not

undertaken until a mean of 4.7 years, followed by a definitive

diagnosis at a mean of 4.9 years. That is, there was a delay of

approximately 2.5 years from the onset of symptoms to a

definitive diagnosis of DMD.

As part of the FOR-DMD study, Investigators of the Muscle

Study Group found that the mean age at first parental concern

was 29.8 months, with motor development delays, walking

difficulties, and speech delays the most common presenting

symptoms. There was a mean diagnostic delay of 25.9 months

before a genetic diagnosis at 53.9 months (39). Of note, the

mean diagnostic delay after an incidental finding of elevated CK

level was 6.4 months.

Studies suggest that the time to diagnosis is much shorter

following an incidental/accidental finding of elevated CK levels

(13, 34, 39). D’Amico et al. investigated the age at diagnosis of

DMD in Italy in 384 boys diagnosed with DMD from 2005 to

2014 (13). The mean age at first medical contact at which the

suspicion of DMD was raised was 31 months, with confirmation

of the diagnosis at a mean age of 41 months. The overall mean

age at diagnosis in Italy was approximately 10–12 months lower

than that reported in other countries. This is partly due to the

fact that the most frequent finding leading to a suspicion of

DMD was an incidental finding of consistently elevated serum

CK level detected on routine blood testing, which is often

performed for CK and transaminases in Italy in children with

vomiting, diarrhea, prolonged fever, or before general anesthesia.

In cases where elevated CK level was the initial finding, a

diagnosis was achieved earlier (mean 25 months) than in children

presenting with a developmental delay (mean 30 months). Of

note, DMD was not suspected until a mean of 45–49 months in

children showing toe walking or muscle weakness (13).

There are multiple reasons for diagnostic delay, which are

outlined below.
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7.1. Delay in identifying early clinical signs

Despite the increasing evidence of the importance of early

clinical signs in DMD, the diagnostic process is often still not

initiated until the more typical signs and symptoms, such as

difficulty running/walking, difficulty climbing/descending stairs,

toe walking, hypertrophic calves, and the presence of Gower’s

sign, become obvious (2, 4, 12). As well, in many cases, the time

between the detection of these signs and the final diagnosis is

still very long, with pediatricians opting for a wait-and-see

approach or referral to orthopedics or other non-neuromuscular

specialists.
7.2. Delay in ordering serum CK testing

In cases where the physician initiates a diagnostic workup for

global developmental delay, CK should be routinely included, as

it is an inexpensive and universally available test that is very

useful in directing the diagnosis toward a primary neuromuscular

cause. Yet, CK testing is frequently not included in the early

diagnostic workup of children with global developmental delay

or when motor symptoms are accompanied by more

neurocognitive deficits, typically not associated with a primary

neuromuscular disorder or recognized as typical of a primary

neuromuscular disease.
7.3. Wrong interpretation of elevated ALT/
AST

Creatine kinase testing is a sensitive screening tool in the

diagnostic pathway for DMD (2, 10, 12, 16, 49). and should

always be performed whenever elevated alanine aminotransferase

(ALT) and aspartate aminotransferase (AST) are found, especially

if gamma-glutamyl transferase (GGT) has not been tested or is

normal. Elevated CK should always prompt the need for a

detailed neurological assessment and further investigation for

DMD. However, there are still reported cases in which elevated

AST and ALT levels were thought to be related to liver

involvement and led to a referral to a hepatologist and, in some

cases, to liver biopsy, leading to a delay in the diagnosis of

DMD. The use of GGT in distinguishing a primary liver rather

than a muscle disorder should be emphasized.
7.4. Delay in genetic confirmation

In the past, genetic confirmation of DMD, especially for the

forms due to small mutations, was not always readily available.

However, newer generations of testing, including next-generation

sequencing (NGS), have become available and more accessible,

allowing a diagnosis to be reached without further delay. As

approximately 70% of individuals with DMD have a single-exon

or multi-exon deletion or duplication in the DMD (dystrophin)

gene, testing for dystrophin gene deletion and duplication by
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multiplex ligation-dependent probe amplification (MLPA) is still

in many countries a frequent first test to confirm DMD (2, 4, 10,

12). There are also many programs provided by organizations,

such as the Parent Project Muscular Dystrophy (PPMD), Decode

Duchenne, and the Detect initiative, that now offer free DNA

testing for DMD.
8. Reducing the time to diagnosis

Establishing a timely and accurate diagnosis is a crucial aspect

of the effective care of DMD (2). (Figure 2). Performing timely

management and interventions before irreversible muscle

damage occurs has become a focus of renewed interest as new

therapies become available that make reducing the diagnostic

delay and planning appropriate intervention even more

important (6). Although early cognitive and motor development

milestones are common presentations of DMD, they are

currently not used to their maximal potential in identifying

children with a diagnosis suspicious of DMD (16, 40).

Failure to recognize early signs and symptoms of early DMD,

which may be nonspecific, is still often a cause of delayed

diagnosis (22).

Early identification of infants at risk for developing DMD by

performing routine newborn screening (NBS) for DMD has been

piloted in several programs (15, 50–53). and has recently gained

momentum, as demonstrated by the submission in June 2022 of

a nomination package to add NBS for DMD to the

Recommended Uniform Screening Panel (https://www.hrsa.gov/

advisory-committees/heritable-disorders/rusp). Nevertheless, NBS

remains controversial (2, 4, 15). As NBS is generally

recommended for genetic disorders with neonatal-onset, for

which there is robust evidence of the benefits of early treatment

on outcome. These criteria are not completely met for DMD.

While the difficulties of having DMD as part of routine NBS

continue to be investigated, alternative screening options have

been proposed to reduce the delays in the clinical diagnosis and

specialist referral and to improve early genetic confirmation.

Proposed approaches include increasing awareness among health

providers and reducing long waiting times to see a specialist

(12). However, the overall effort to improve awareness among

pediatricians, pediatric neurologists, and other healthcare

professionals is unlikely to reach all professionals involved unless

part of a structured program.

The National Task Force for Early Identification of Childhood

Neuromuscular Disorders (https://childmuscleweakness.org/), in

their guides for primary care providers and other early

intervention specialists, reinforces the difference that early

diagnosis makes. The Task Force sets out steps to identify

pediatric muscle weakness and signs of neuromuscular disease,

with guidance for primary care providers to take the opportunity

for developmental surveillance at every health supervision visit

and at 9-, 18-, and 24- or 30-month visits (43). They

recommend that providers Listen, Observe, Evaluate, Test, and

Refer to ensure speedy diagnosis and enable early access to

treatment.
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FIGURE 2

Diagnosis of Duchenne muscular dystrophy (DMD). Algorithm based on data from Birnkrant et al. (2), D’Amico et al. (13), and Ciafaloni et al. (22).

Mercuri et al. 10.3389/fped.2023.1276144
As testing CK levels provides a simple, inexpensive, and

accurate guide to support a suspicion of DMD, assessing CK

levels in primary rather than secondary care would significantly

reduce diagnostic delay. This could be achieved by performing

CK testing in the presence of neurodevelopmental delay (walking

delay >18 months, delayed speech, or global developmental

delay) (2, 4, 12, 13, 16). Once a suspicion of DMD has been

identified, the time to reach a definitive diagnosis of DMD is

relatively short (12).

This approach would definitely help to identify a larger number

of DMD boys but has the disadvantage that delayed speech or

walking are very common among typically-developing boys and

would be a burden for primary care health professionals,

generating a high number of negative results, i.e., boys with

speech or walking delays and normal CK levels.

Increasing awareness among primary care providers on the

need to focus on more specific early signs of muscle weakness

that are more suggestive of DMD (difficulties in getting up from

the floor, toe walking, calf hypertrophy), even in children not

manifesting signs of global development delay, should increase

the sensitivity to detect DMD or, more generally, a

neuromuscular disorder, and reduce the number of negative

results (13).
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A parallel approach should be to increase awareness of the

association between increased CK levels and neuromuscular

disorders when GGT is normal, to avoid wrong referral and

shorten the diagnostic process once elevated levels of CK are

picked up incidentally by the primary care provider (2, 4).
9. Conclusions

In recent years, new disease-modifying treatments for DMD

have become available, are in development, or nearing approval.

The consensus is that most treatments have the best chance of

producing a greater beneficial effect when initiated early in the

course of the disease and before significant muscle degeneration

and fibrosis have occurred. Diagnosis of DMD continues to be

delayed on average until age 4–5, with no significant change in

this diagnostic delay in the past two decades despite significantly

improved access and precision in genetic testing. Failure to

recognize the early signs of DMD is a leading cause of this

diagnostic delay.

Here we have provided a comprehensive review of the early

signs in DMD and highlighted new evidence showing how

neurocognitive and developmental symptoms are more common
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than previously thought, occurring very early in infants and

children with DMD. Until universal NBS becomes appropriate

and available for DMD, the best mitigation strategy for

improving the age at diagnosis is to increase awareness of all of

the early symptoms of DMD, including the “less classic” ones

presenting very early, and to encourage early CK screening in all

boys who present signs of developmental delay and specific

motor test abnormality at their routine pediatrician visits.
Author contributions

EM: Conceptualization, Funding acquisition, Project

administration, Supervision, Writing – original draft, Writing –

review and editing. MP: Conceptualization, Writing – original

draft, Writing – review and editing. GC: Data curation, Formal

Analysis, Methodology, Writing – review and editing. CB: Data

curation, Formal Analysis, Methodology, Writing – review and

editing. EC: Writing – review and editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article.

PTC Therapeutics Italy S.r.l. has supported this paper with an

unconditional grant.
Frontiers in Pediatrics 08
Acknowledgments

We thank Ray Hill, an independent medical writer who
provided medical writing support on behalf of Springer
Healthcare. PTC Therapeutics Italy S.r.l. funded this support.
Conflict of interest

EM is a principal investigator and consultant (advisory board)

for PTC, Sarepta, NS Pharma, Santhera, Roche, Pfizer, and

Italfarmaco.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Emery AE. Population frequencies of inherited neuromuscular diseases–a world
survey. Neuromuscul Disord. (1991) 1(1):19–29. doi: 10.1016/0960-8966(91)90039-u

2. Birnkrant DJ, Bushby K, Bann CM, Apkon SD, Blackwell A, Brumbaugh D, et al.
Diagnosis and management of Duchenne muscular dystrophy, part 1: diagnosis, and
neuromuscular, rehabilitation, endocrine, and gastrointestinal and nutritional
management. Lancet Neurol. (2018) 17(3):251–67. doi: 10.1016/S1474-4422(18)
30024-3

3. Ryder S, Leadley RM, Armstrong N, Westwood M, de Kock S, Butt T, et al. The
burden, epidemiology, costs and treatment for Duchenne muscular dystrophy: an
evidence review. Orphanet J Rare Dis. (2017) 12(1):79. doi: 10.1186/s13023-017-
0631-3

4. Duan D, Goemans N, Takeda S, Mercuri E, Aartsma-Rus A. Duchenne muscular
dystrophy. Nat Rev Dis Primers. (2021) 7(1):13. doi: 10.1038/s41572-021-00248-3

5. Mercuri E, Bonnemann CG, Muntoni F. Muscular dystrophies. Lancet. (2019) 394
(10213):2025–38. doi: 10.1016/S0140-6736(19)32910-1

6. Markati T, Oskoui M, Farrar MA, Duong T, Goemans N, Servais L. Emerging
therapies for Duchenne muscular dystrophy. Lancet Neurol. (2022) 21(9):814–29.
doi: 10.1016/S1474-4422(22)00125-9

7. Crisafulli S, Sultana J, Fontana A, Salvo F, Messina S, Trifiro G. Global
epidemiology of Duchenne muscular dystrophy: an updated systematic review and
meta-analysis. Orphanet J Rare Dis. (2020) 15(1):141. doi: 10.1186/s13023-020-
01430-8

8. Birnkrant DJ, Bushby K, Bann CM, Alman BA, Apkon SD, Blackwell A, et al.
Diagnosis and management of Duchenne muscular dystrophy, part 2: respiratory,
cardiac, bone health, and orthopaedic management. Lancet Neurol. (2018) 17
(4):347–61. doi: 10.1016/S1474-4422(18)30025-5

9. Broomfield J, Hill M, Guglieri M, Crowther M, Abrams K. Life expectancy in
Duchenne muscular dystrophy: reproduced individual patient data meta-analysis.
Neurology. (2021) 97(23):e2304–e14. doi: 10.1212/WNL.0000000000012910

10. Aartsma-Rus A, Ginjaar IB, Bushby K. The importance of genetic diagnosis for
Duchenne muscular dystrophy. J Med Genet. (2016) 53(3):145–51. doi: 10.1136/
jmedgenet-2015-103387
11. Vita G, Vita GL, Musumeci O, Rodolico C, Messina S. Genetic neuromuscular
disorders: living the era of a therapeutic revolution. Part 2: diseases of motor neuron
and skeletal muscle. Neurol Sci. (2019) 40(4):671–81. doi: 10.1007/s10072-019-03764-z

12. Aartsma-Rus A, Hegde M, Ben-Omran T, Buccella F, Ferlini A, Gallano P, et al.
Evidence-based consensus and systematic review on reducing the time to diagnosis of
Duchenne muscular dystrophy. J Pediatr. (2019) 204:305–13e14. doi: 10.1016/j.jpeds.
2018.10.043

13. D’Amico A, Catteruccia M, Baranello G, Politano L, Govoni A, Previtali SC,
et al. Diagnosis of Duchenne muscular dystrophy in Italy in the last decade: critical
issues and areas for improvements. Neuromuscul Disord. (2017) 27(5):447–51.
doi: 10.1016/j.nmd.2017.02.006

14. Norcia G, Lucibello S, Coratti G, Onesimo R, Pede E, Ferrantini G, et al. Early
gross motor milestones in Duchenne muscular dystrophy. J Neuromuscul Dis. (2021) 8
(4):453–6. doi: 10.3233/JND-210640

15. Vita GL, Vita G. Is it the right time for an infant screening for Duchenne
muscular dystrophy? Neurol Sci. (2020) 41(7):1677–83. doi: 10.1007/s10072-020-
04307-7

16. Mirski KT, Crawford TO. Motor and cognitive delay in Duchenne muscular
dystrophy: implication for early diagnosis. J Pediatr. (2014) 165(5):1008–10. doi: 10.
1016/j.jpeds.2014.07.006

17. Thomas S, Conway KM, Fapo O, Street N, Mathews KD, Mann JR, et al. Time to
diagnosis of Duchenne muscular dystrophy remains unchanged: findings from the
muscular dystrophy surveillance, tracking, and research network, 2000–2015. Muscle
Nerve. (2022) 66(2):193–7. doi: 10.1002/mus.27532

18. Allen NM, Ewer A, Nakou V, Konstantoulaki E, Wraige E, Gowda V, et al.
Unusual presentations of dystrophinopathies in childhood. Pediatrics. (2018) 141
(Suppl 5):S510–S4. doi: 10.1542/peds.2017-2391

19. Annexstad EJ, Fagerheim T, Holm I, Rasmussen M. Molecular and clinical
characteristics of a national cohort of paediatric Duchenne muscular dystrophy
patients in Norway. J Neuromuscul Dis. (2019) 6(3):349–59. doi: 10.3233/JND-190402

20. Chieffo D, Brogna C, Berardinelli A, D’Angelo G, Mallardi M, D’Amico A, et al.
Early neurodevelopmental findings predict school age cognitive abilities in Duchenne
frontiersin.org

https://doi.org/10.1016/0960-8966(91)90039-u
https://doi.org/10.1016/S1474-4422(18)30024-3
https://doi.org/10.1016/S1474-4422(18)30024-3
https://doi.org/10.1186/s13023-017-0631-3
https://doi.org/10.1186/s13023-017-0631-3
https://doi.org/10.1038/s41572-021-00248-3
https://doi.org/10.1016/S0140-6736(19)32910-1
https://doi.org/10.1016/S1474-4422(22)00125-9
https://doi.org/10.1186/s13023-020-01430-8
https://doi.org/10.1186/s13023-020-01430-8
https://doi.org/10.1016/S1474-4422(18)30025-5
https://doi.org/10.1212/WNL.0000000000012910
https://doi.org/10.1136/jmedgenet-2015-103387
https://doi.org/10.1136/jmedgenet-2015-103387
https://doi.org/10.1007/s10072-019-03764-z
https://doi.org/10.1016/j.jpeds.2018.10.043
https://doi.org/10.1016/j.jpeds.2018.10.043
https://doi.org/10.1016/j.nmd.2017.02.006
https://doi.org/10.3233/JND-210640
https://doi.org/10.1007/s10072-020-04307-7
https://doi.org/10.1007/s10072-020-04307-7
https://doi.org/10.1016/j.jpeds.2014.07.006
https://doi.org/10.1016/j.jpeds.2014.07.006
https://doi.org/10.1002/mus.27532
https://doi.org/10.1542/peds.2017-2391
https://doi.org/10.3233/JND-190402
https://doi.org/10.3389/fped.2023.1276144
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Mercuri et al. 10.3389/fped.2023.1276144
muscular dystrophy: a longitudinal study. PLoS One. (2015) 10(8):e0133214. doi: 10.
1371/journal.pone.0133214

21. Chieffo DPR, Moriconi F, Mastrilli L, Lino F, Brogna C, Coratti G, et al.
Language development in preschool Duchenne muscular dystrophy boys. Brain Sci.
(2022) 12(9):1252. doi: 10.3390/brainsci12091252

22. Ciafaloni E, Fox DJ, Pandya S, Westfield CP, Puzhankara S, Romitti PA, et al.
Delayed diagnosis in Duchenne muscular dystrophy: data from the muscular
dystrophy surveillance, tracking, and research network (MD STARnet). J Pediatr.
(2009) 155(3):380–5. doi: 10.1016/j.jpeds.2009.02.007

23. Connolly AM, Florence JM, Cradock MM, Malkus EC, Schierbecker JR, Siener
CA, et al. Motor and cognitive assessment of infants and young boys with Duchenne
muscular dystrophy: results from the muscular dystrophy association DMD clinical
research network. Neuromuscul Disord. (2013) 23(7):529–39. doi: 10.1016/j.nmd.
2013.04.005

24. Connolly AM, Florence JM, Cradock MM, Eagle M, Flanigan KM, McDonald
CM, et al. One year outcome of boys with Duchenne muscular dystrophy using the
bayley-III scales of infant and toddler development. Pediatr Neurol. (2014) 50
(6):557–63. doi: 10.1016/j.pediatrneurol.2014.02.006

25. Coratti G, Brogna C, Norcia G, Ricotti V, Abbott L, D’Amico A, et al.
Longitudinal natural history in young boys with Duchenne muscular dystrophy.
Neuromuscul Disord. (2019) 29(11):857–62. doi: 10.1016/j.nmd.2019.09.010

26. Counterman KJ, Furlong P, Wang RT, Martin AS. Delays in diagnosis of
Duchenne muscular dystrophy: an evaluation of genotypic and sociodemographic
factors. Muscle Nerve. (2020) 61(1):36–43. doi: 10.1002/mus.26720

27. Crossnohere NL, Armstrong N, Fischer R, Bridges JF. Diagnostic experiences of
Duchenne families and their preferences for newborn screening: a mixed-methods
study. Am J Med Genet C Semin Med Genet. (2022) 190(2):169–77. doi: 10.1002/
ajmg.c.31992

28. Cyrulnik SE, Fee RJ, De Vivo DC, Goldstein E, Hinton VJ. Delayed
developmental language milestones in children with Duchenne’s muscular
dystrophy. J Pediatr. (2007) 150(5):474–8. doi: 10.1016/j.jpeds.2006.12.045

29. Darmahkasih AJ, Rybalsky I, Tian C, Shellenbarger KC, Horn PS, Lambert JT,
et al. Neurodevelopmental, behavioral, and emotional symptoms common in
Duchenne muscular dystrophy. Muscle Nerve. (2020) 61(4):466–74. doi: 10.1002/
mus.26803

30. Gissy JJ, Johnson T, Fox DJ, Kumar A, Ciafaloni E, van Essen AJ, et al. Delayed
onset of ambulation in boys with Duchenne muscular dystrophy: potential use as an
endpoint in clinical trials. Neuromuscul Disord. (2017) 27(10):905–10. doi: 10.1016/j.
nmd.2017.06.002

31. Opstal SLS H-v, Heutinck L, Jansen M, Krom YD, Cup EHC, Hendriksen JGM,
et al. Occurrence of symptoms in different stages of Duchenne muscular dystrophy
and their impact on social participation. Muscle Nerve. (2021) 64(6):701–9. doi: 10.
1002/mus.27406

32. Lee I, Turnage C, Sutyla R, Mitchell P, Lindahl H, Jesus A, et al. The hidden
disease: delayed diagnosis in Duchenne muscular dystrophy and co-occurring
conditions. J Dev Behav Pediatr. (2022) 43(8):e541–e5. doi: 10.1097/DBP.
0000000000001105

33. Ma YL, Zhang WH, Chen GH, Song LF, Wang Y, Yuan RL, et al. Walking alone
milestone combined reading-frame rule improves early prediction of Duchenne
muscular dystrophy. Front Pediatr. (2022) 10:985878. doi: 10.3389/fped.2022.985878

34. Pane M, Scalise R, Berardinelli A, D’Angelo G, Ricotti V, Alfieri P, et al. Early
neurodevelopmental assessment in Duchenne muscular dystrophy. Neuromuscul
Disord. (2013) 23(6):451–5. doi: 10.1016/j.nmd.2013.02.012

35. Pereira AC, Araújo A, Ribeiro MG. Can simple and low-cost motor function
assessments help in the diagnostic suspicion of Duchenne muscular dystrophy?
J Pediatr (Rio J). (2020) 96(4):503–10. doi: 10.1016/j.jped.2019.02.003

36. Sarrazin E, von der Hagen M, Schara U, von Au K, Kaindl AM. Growth and
psychomotor development of patients with Duchenne muscular dystrophy. Eur
J Paediatr Neurol. (2014) 18(1):38–44. doi: 10.1016/j.ejpn.2013.08.008
Frontiers in Pediatrics 09
37. Soim A, Smith MG, Kwon JM, Mann JR, Thomas S, Ciafaloni E, et al. Is there a
delay in diagnosis of Duchenne muscular dystrophy among preterm-born males?
J Child Neurol. (2018) 33(8):537–45. doi: 10.1177/0883073818773029

38. Takeuchi F, Komaki H, Yamagata Z, Maruo K, Rodger S, Kirschner J, et al. A
comparative study of care practices for young boys with Duchenne muscular
dystrophy between Japan and European countries: implications of early diagnosis.
Neuromuscul Disord. (2017) 27(10):894–904. doi: 10.1016/j.nmd.2017.06.557

39. Schiava M, Amos R, VanRuiten H, McDermott MP, Martens WB, Gregory S,
et al. Clinical and genetic characteristics in young, glucocorticoid-naive boys with
Duchenne muscular dystrophy. Neurology. (2021) 98(4):e390–401. doi: 10.1212/
WNL.0000000000013122

40. van Dommelen P, van Dijk O, de Wilde JA, Verkerk PH. Early developmental
milestones in Duchenne muscular dystrophy. Dev Med Child Neurol. (2020) 62
(10):1198–204. doi: 10.1111/dmcn.14623

41. van Ruiten HJ, Straub V, Bushby K, Guglieri M. Improving recognition of
Duchenne muscular dystrophy: a retrospective case note review. Arch Dis Child.
(2014) 99(12):1074–7. doi: 10.1136/archdischild-2014-306366

42. WHO Multicentre Growth Reference Study Group. WHO motor development
study: windows of achievement for six gross motor development milestones. Acta
Paediatr Suppl. (2006) 450:86–95. doi: 10.1111/j.1651-2227.2006.tb02379.x

43. Noritz GH, Murphy NA. Neuromotor screening expert panel. Motor delays:
early identification and evaluation. Pediatrics. (2013) 131(6):e2016–27. doi: 10.1542/
peds.2013-1056

44. Chesshyre M, Ridout D, Hashimoto Y, Ookubo Y, Torelli S, Maresh K, et al.
Investigating the role of dystrophin isoform deficiency in motor function in
Duchenne muscular dystrophy. J Cachexia Sarcopenia Muscle. (2022) 13
(2):1360–72. doi: 10.1002/jcsm.12914

45. Coratti G, Lenkowicz J, Norcia G, Lucibello S, Ferraroli E, d’Amico A, et al. Age,
corticosteroid treatment and site of mutations affect motor functional changes in
young boys with Duchenne muscular dystrophy. PLoS One. (2022) 17(7):e0271681.
doi: 10.1371/journal.pone.0271681

46. Coratti G, Pane M, Brogna C, Ricotti V, Messina S, D’Amico A, et al. North star
ambulatory assessment changes in ambulant Duchenne boys amenable to skip exons
44, 45, 51, and 53: a 3 year follow up. PLoS One. (2021) 16(6):e0253882. doi: 10.1371/
journal.pone.0253882

47. Ferizovic N, Summers J, de Zarate IBO, Werner C, Jiang J, Landfeldt E, et al.
Prognostic indicators of disease progression in Duchenne muscular dystrophy: a
literature review and evidence synthesis. PLoS One. (2022) 17(3):e0265879. doi: 10.
1371/journal.pone.0265879

48. Bello L, D’Angelo G, Villa M, Fusto A, Vianello S, Merlo B, et al. Genetic
modifiers of respiratory function in Duchenne muscular dystrophy. Ann Clin Transl
Neurol. (2020) 7(5):786–98. doi: 10.1002/acn3.51046

49. Lee-Gannon T, Jiang X, Tassin TC, Mammen PPA. Biomarkers in Duchenne
muscular dystrophy. Curr Heart Fail Rep. (2022) 19(2):52–62. doi: 10.1007/s11897-
022-00541-6

50. Chien YH, Lee NC, Weng WC, Chen LC, Huang YH, Wu CS, et al. Duchenne
muscular dystrophy newborn screening: the first 50,000 newborns screened in Taiwan.
Neurol Sci. (2022) 43(7):4563–6. doi: 10.1007/s10072-022-06128-2

51. Moat SJ, Bradley DM, Salmon R, Clarke A, Hartley L. Newborn bloodspot
screening for Duchenne muscular dystrophy: 21 years experience in Wales (UK).
Eur J Hum Genet. (2013) 21(10):1049–53. doi: 10.1038/ejhg.2012.301

52. Hartnett MJ, Lloyd-Puryear MA, Tavakoli NP, Wynn J, Koval-Burt CL, Gruber
D, et al. Newborn screening for Duchenne muscular dystrophy: first year results of
a population-based pilot. Int J Neonatal Screen. (2022) 8(4):50. doi: 10.3390/
ijns8040050

53. Ke Q, Zhao ZY, Griggs R, Wiley V, Connolly A, Kwon J, et al. Newborn
screening for Duchenne muscular dystrophy in China: follow-up diagnosis and
subsequent treatment. World J Pediatr. (2017) 13(3):197–201. doi: 10.1007/s12519-
017-0036-3
frontiersin.org

https://doi.org/10.1371/journal.pone.0133214
https://doi.org/10.1371/journal.pone.0133214
https://doi.org/10.3390/brainsci12091252
https://doi.org/10.1016/j.jpeds.2009.02.007
https://doi.org/10.1016/j.nmd.2013.04.005
https://doi.org/10.1016/j.nmd.2013.04.005
https://doi.org/10.1016/j.pediatrneurol.2014.02.006
https://doi.org/10.1016/j.nmd.2019.09.010
https://doi.org/10.1002/mus.26720
https://doi.org/10.1002/ajmg.c.31992
https://doi.org/10.1002/ajmg.c.31992
https://doi.org/10.1016/j.jpeds.2006.12.045
https://doi.org/10.1002/mus.26803
https://doi.org/10.1002/mus.26803
https://doi.org/10.1016/j.nmd.2017.06.002
https://doi.org/10.1016/j.nmd.2017.06.002
https://doi.org/10.1002/mus.27406
https://doi.org/10.1002/mus.27406
https://doi.org/10.1097/DBP.0000000000001105
https://doi.org/10.1097/DBP.0000000000001105
https://doi.org/10.3389/fped.2022.985878
https://doi.org/10.1016/j.nmd.2013.02.012
https://doi.org/10.1016/j.jped.2019.02.003
https://doi.org/10.1016/j.ejpn.2013.08.008
https://doi.org/10.1177/0883073818773029
https://doi.org/10.1016/j.nmd.2017.06.557
https://doi.org/10.1212/WNL.0000000000013122
https://doi.org/10.1212/WNL.0000000000013122
https://doi.org/10.1111/dmcn.14623
https://doi.org/10.1136/archdischild-2014-306366
https://doi.org/10.1111/j.1651-2227.2006.tb02379.x
https://doi.org/10.1542/peds.2013-1056
https://doi.org/10.1542/peds.2013-1056
https://doi.org/10.1002/jcsm.12914
https://doi.org/10.1371/journal.pone.0271681
https://doi.org/10.1371/journal.pone.0253882
https://doi.org/10.1371/journal.pone.0253882
https://doi.org/10.1371/journal.pone.0265879
https://doi.org/10.1371/journal.pone.0265879
https://doi.org/10.1002/acn3.51046
https://doi.org/10.1007/s11897-022-00541-6
https://doi.org/10.1007/s11897-022-00541-6
https://doi.org/10.1007/s10072-022-06128-2
https://doi.org/10.1038/ejhg.2012.301
https://doi.org/10.3390/ijns8040050
https://doi.org/10.3390/ijns8040050
https://doi.org/10.1007/s12519-017-0036-3
https://doi.org/10.1007/s12519-017-0036-3
https://doi.org/10.3389/fped.2023.1276144
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Detecting early signs in Duchenne muscular dystrophy: comprehensive review and diagnostic implications
	Introduction
	Methods
	Results
	Developmental milestones and early gross motor function in DMD
	Other genotype-phenotype associations
	Diagnosis and diagnostic delay
	Delay in identifying early clinical signs
	Delay in ordering serum CK testing
	Wrong interpretation of elevated ALT/AST
	Delay in genetic confirmation

	Reducing the time to diagnosis
	Conclusions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


