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Abstract

Duchenne muscular dystrophy (DMD) is associated with progressive muscle

weakness, loss of ambulation (LOA), and early mortality. In this review we have

synthesized published data on the clinical course of DMD by genotype. Using a

systematic search implemented in Medline and Embase, 53 articles were identi-

fied that describe the clinical course of DMD, with pathogenic variants cate-

gorizable by exon skip or stop-codon readthrough amenability and outcomes

presented by age. Outcomes described included those related to ambulatory, car-

diac, pulmonary, or cognitive function. Estimates of the mean (95% confidence

interval) age at LOA ranged from 9.1 (8.7-9.6) years among 90 patients amenable

to skipping exon 53 to 11.5 (9.5-13.5) years among three patients amenable to

skipping exon 8. Although function worsened with age, the impact of genotype

was less clear for other outcomes (eg, forced vital capacity and left ventricular

ejection fraction). Understanding the distribution of pathogenic variants is impor-

tant for studies in DMD, as this research suggests major differences in the natural

history of disease. In addition, specific details of the use of key medications,

including corticosteroids, antisense oligonucleotides, and cardiac medications,

should be reported.
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1 | INTRODUCTION

Duchenne muscular dystrophy (DMD) is a neuromuscular disease that

occurs primarily in males. It is caused by pathogenic variants in DMD,

a gene that produces a large structural protein of muscle cells.1 Indi-

viduals with DMD experience progressive muscle weakness, man-

ifesting first as delayed motor function and gait abnormalities. This

weakness then proceeds to loss of ambulation (LOA), loss of arm and

hand function, respiratory impairment, cardiomyopathy, and prema-

ture death.2,3 DMD, the largest known human gene, contains 79 exons

spread over more than 2.4 million nucleotides. Deletions or duplica-

tions of exons that disrupt the open reading frame (ORF) account for

approximately 70% of those with DMD.1,4,5 The remaining 30%

Abbreviations: 6MWT, 6-minute walk test; ACE, angiotensin-converting enzyme; ARB,

angiotensin receptor blocker; CARE, CAse REport statement and checklist; CINRG,

Cooperative International Neuromuscular Research Group; DMD, Duchenne muscular

dystrophy; FEV, forced expiratory volume; FVC, forced vital capacity; IQ, intelligence

quotient; LOA, loss of ambulation; LVEF, left ventricular ejection fraction; MFM, Muscle

Function Measure; NSAA, North Star Ambulatory Assessment; ORF, open reading frame;

PECOS, Population, Exposure, Comparator, Outcomes, Study design; PRISMA, Preferred

Reporting Items for Systematic Reviews and Meta-Analysis; RoB 2, Revised Cochrane Risk of

Bias Tool for Randomized Trials; STRIDE-NMD, Strategic Targeting of Registries and

International Database of Excellence—Neuromuscular Disorders; STROBE, Strengthening the

Reporting of Observational studies in Epidemiology; TREAT-NMD, Translational Research in

Europe—Assessment & Treatment of Neuromuscular Diseases; UDP, United

Dystrophinopathy Project.

The objectives of this activity are to: 1) Understand and be able to evaluate the reasons that

genotype might impact outcomes in individuals with Duchenne muscular dystrophy; 2)

Understand and apply in clinical practice and research the relationships, if any, of genotype to

ambulation, and to pulmonary, cardiac, and cognitive function; 3) Understand and apply to

clinical practice and research the gaps in information that impact better understanding of

genotype-phenotype relationships in Duchenne muscular dystrophy.
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are caused by ORF-disrupting small deletions, duplications, or inser-

tions.4,6 Locations of individual pathogenic variants are known to con-

tribute to variability in patient phenotype due to the amount and

function of dystrophin translated from the mutated gene.7,8

Understanding the impact of DMD genotype on natural history is

important for prognosis,7 because growing evidence, including from

large, well-conducted clinical registries, suggests varying outcomes by

genotype. This evidence is most convincing for progressive loss of

lower limb and ambulatory function, as these are the outcomes for

which the most data are available.9-13 Wang et al, using self-report

data from 765 registrants of the Duchenne Registry in the

United States, reported age at LOA to vary according to the exon-skip

amenability of underlying DMD pathogenic variants, and recognized

that patients with variants amenable to skipping exon 44 had a milder

phenotype.12 Findings from the Cooperative International Neuromus-

cular Research Group (CINRG) registry were in agreement.14

Despite its importance, synthesizing genotype-phenotype data is

challenging due to: (1) variability in outcome measures used across

studies; (2) variability in the level of detail used to describe pathogenic

variants; (3) heterogeneity between individuals, even of the same

genotype, in the age at occurrence of key clinical milestones; and

(4) genetic variation in other contributing genes.15 Even the consis-

tency of relationships between genotype and timing of LOA across

studies has not been fully analyzed, which is challenging for two rea-

sons. First, there is variability in research design and, second, clinical

factors that were captured varied, including duration/type of cortico-

steroid use and presence of other genetic modifiers.16,17 It is also

unclear whether genotype and functional relationships for other major

natural history milestones (eg, respiratory function or onset/severity

of cardiomyopathy) hold true. Second, it has not been addressed how

data from smaller studies may supplement estimates from large regis-

tries to provide insight into the genotype-specific timing of other nat-

ural history outcomes. The objective of this review was to assess and

synthesize available data on the natural history of DMD by genotype.

2 | METHODS

A systematic review of the published literature was conducted to

identify evidence on key clinical and functional outcomes relevant to

understanding the natural history of DMD, presented according to

genotype.

2.1 | Search strategy and study selection

Search strategies implemented in Medline and Embase were used to

identify studies published between 1980 and May 4, 2020 that

described the natural history and progression of DMD (Table S1). The

systematic review design was guided by the study-specific PECOS

(Population, Exposure, Comparator, Outcomes, Study design) criteria

(Table S2) developed following the Preferred Reporting Items for Sys-

tematic Reviews and Meta-Analysis (PRISMA) guidelines.18 Outcomes

of interest in patients with DMD included measures describing the

natural history (eg, age at LOA, or cognitive function by intelligence

quotient [IQ]) or functional status (eg, the 6-minute walk test

[6MWT]). Inclusion was limited to studies published in English, where

outcomes data were presented according to individual mutations in

the DMD gene or by genotype. To focus on patients at similar DMD

disease stages, outcomes had to be presented within prespecified tar-

get age ranges to reduce heterogeneity. For example, a study sample

with an age range of 6 years or less, or the standard deviation

(SD) around the mean age estimate of 2.5 years or less. This age

restriction was not applied to IQ, which remains relatively stable over

time in DMD patients.19

Two of the authors (S.M.S. and A.T.M.) independently reviewed

all abstracts identified by the search strategy against the PECOS

criteria, and then reviewed the full texts of all potentially relevant

abstracts. Availability of details on pathogenic variant or genotype sta-

tus was considered within the full-text review stage rather than in the

abstract review stage. Any discrepancies between reviewers were

resolved by discussion to achieve consensus.

2.2 | Data extraction

Study characteristics extracted included authors, year, study duration,

objective(s) and design, sample size, and inclusion and exclusion

criteria. Patients' characteristics extracted included baseline demo-

graphics, pathogenic variant status, and details of corticosteroid and

cardiac treatments.

Extracted natural history outcomes data included the percentage of

patients experiencing an event of interest by time t, or the absolute or

mean/median age at the event. Cross-sectional functional outcomes data

of interest included the absolute or mean/median (with measures of dis-

persion) measure score at time t or age; and longitudinal functional out-

comes data extracted (where available) included change over time

among patients at different ages. All data were extracted according to

DMD pathogenic variant or genotype. Most outcomes data were pres-

ented at the individual level; some estimates derived from groups of

patients were also presented. Relevant outcomes data presented as sur-

vival curves were extracted using DigitizeIt version 2.3.2 software

(I. Bormann, Braunschweig, Germany).

The strength of the available evidence was assessed using the

Strengthening the Reporting of Observational studies in Epidemiology

(STROBE) statement for observational studies,20 the CARE (CAse

REport) statement and checklist for case studies,21 the Revised

Cochrane Risk of Bias Tool for Randomized Trials (RoB 2)22 for clinical

trials, and the Methodological Index for Non-Randomized Studies.23

2.3 | Classifying DMD genotype

Data on pathogenic variants associated with DMD were presented

differently across studies. Some studies presented data on the specific

variant, and others classified patients according to amenability to
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theoretical exon skipping7,24 or stop-codon readthrough (for nonsense

mutations) therapies.25-27 In the synthesis, pathogenic variant data

were classified according to exon-skip or stop-codon readthrough

amenability categories (as individual variants can be mapped to exon-

skip amenability categories, but cannot be inferred from an exon-skip

amenability category). Some variants are amenable to more than one

exon-skipping category; for example, del 52 is amenable to therapies

that skip exon 51 or exon 53.7,24 Therefore, data from such patients

could contribute to both exon-skip amenability groups (Table S3).

For synthesizing data on IQ, pathogenic variants were instead

classified according to whether they would affect dystrophin isoform

Dp140 (“Dp140�” for those downstream of exon 44, which is consid-

ered predictive of cognitive involvement, vs “Dp140+” for those

upstream of exon 44).28-30 Pathogenic variants beginning or ending in

exon 44 were categorized as Dp140+ unless otherwise reported by

the original investigators. Figure 1 is a schematic of the DMD gene,

noting the two “hotspots” (regions with high mutation frequency) and

the estimated proportion of individuals whose reading frames would

be restored, hypothetically, by skipping the indicated exon within

each hotspot. The Dp140� and Dp140+ regions are also

indicated.7,19,31

2.4 | Classifying corticosteroid and cardiac
treatment

Although corticosteroid use is an important modifier of the natural

history of DMD,13,32 not all studies describe corticosteroid treatment.

Some studies describe corticosteroid use at the individual level,

whereas others describe use at the group level. In this review, patients

have been classified as “corticosteroid-treated” if corticosteroid use

was described at the group level and at least 80% of the population

were treated. The overall syntheses are presented for all patients

irrespective of corticosteroid treatment status, with a subgroup analy-

sis performed based on grouped data where at least 80% were con-

firmed as corticosteroid-treated or individual patient data from

corticosteroid-treated patients. Details of treatment regimens (eg, cor-

ticosteroid choice, schedule, or dose) were extracted (where avail-

able), but not considered in the synthesis due to lack of comparable

reporting across studies.

Similarly, the use of cardiac medications, including angiotensin-

converting enzyme (ACE) inhibitors, angiotensin receptor blockers

(ARBs), and beta blockers, was inconsistently reported with respect to

dose, duration, and treatment schedule, with different studies describ-

ing these at the individual level, group level, or not at all. Although it

was therefore considered infeasible to analyze the cardiac outcome

(according to left ventricular ejection fraction [LVEF]) by cardiac-

treatment subgroups, these data are reported as footnotes in the

corresponding figure.

2.5 | Synthesis and analysis

First, a list was compiled of all outcome measures reported according

to pathogenic variant or genotype and age in published studies identi-

fied by the search strategy. Only outcomes reported in more than one

study or among studies with more than 50 patients were considered

further in the synthesis.

From that set of eligible studies, baseline demographics and clini-

cal characteristics were summarized using counts/percentages and

means/medians with dispersion. Mean age at LOA by genotype was

estimated as a weighted average from individual and grouped data

from patients of the same genotype. Median age at LOA was esti-

mated from individual data, and for grouped data LOA was presented

as reported by the original investigators. In terms of interpretation, for

mean and median age at LOA, the denominator for outcomes calcu-

lated from individual data would be only those who had lost ambulation,

due to how the data are reported in the literature. For grouped

median data, the denominator included both those who had, and who

had not yet, lost ambulation. For functional assessment data, mean

(standard deviation) values were estimated from individual and

grouped data (if available), and medians were calculated if sufficient

F IGURE 1 Schematic of the DMD gene, noting the two ‘hotspots’ and the estimated proportion of individuals with DMD whose reading

frames will be restored, hypothetically, by skipping the indicated exon within each hotspot, with the Dp140� and Dp140+ regions indicated by
color. DMD patients may be amenable to skipping more than one exon, thus percentage groups are not mutually exclusive. *Pathogenic variants
within the Dp140� region are hypothesized to be predictive of cognitive involvement, while those in the Dp140+ region are not. Exon-skipping
amenability data from reference 7, Dp140 and cognitive function data from reference 19, and hotspot data from reference 31
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ungrouped data were available. For all outcomes, the range of esti-

mated scores by genotype was presented. Although too few data

were available to synthesize estimates for mortality, the results are

nevertheless summarized.

Age categories were selected to represent the key age ranges for

the various clinical outcomes of interest across the range of progres-

sion outcomes considered. All data were presented grouped by age

category (≤7 years, 8-13 years, 14-16 years, 17-19 years, and 20+

years) and genotype, except for IQ, which was not age-stratified19

and was presented according to whether Dp140 was likely affected.30

As an IQ of less than 70 is indicative of intellectual disability,33 the

proportion among each Dp140 subtype with values within that range

is also reported. For measures of cardiac and pulmonary function, as

function is relatively preserved until at least adolescence,2 results for

patients less than 13 years of age are included for reference only.

3 | RESULTS

Implementing the search strategy yielded 8582 hits; 1067 records

underwent full-text review. Seventy-one potentially relevant articles

were identified, 57 of which reported outcomes of interest by age

and genotype (Figure 2). Of those 57 studies, 54 described outcomes

related to ambulatory, upper limb, pulmonary, or cognitive function in

at least one study or with at least 50 patients (Figure 3). We consid-

ered numerous outcome measures of interest a priori for understand-

ing DMD progression (eg, measures of forced expiratory volume

[FEV], Brooke upper limb score, left ventricular fractional shortening

[LVFS], or North Star Ambulatory Assessment [NSAA], Muscle Func-

tion Measure [MFM], or Bayley III scores). However, because out-

comes data by genotype and age were too few, further synthesis was

not undertaken (Figure 3).

The evidence base included 14 cross-sectional studies, 25 pro-

spective or retrospective cohort studies, 7 randomized clinical trials,

and 8 nonrandomized clinical studies (Table S4). DMD registries and

databases provided data for 10 studies, including 2 publications from

CINRG9,34 and 1 publication each from the United Dystrophinopathy

Project (UDP),35 Duchenne Registry,12 Translational Research in

Europe—Assessment & Treatment of Neuromuscular Diseases

(TREAT-NMD) DMD database,13 UMD-DMD Cochin database,36

French Registry for DMD,37 Dutch Dystrophinopathy Database,10

Japanese Registry of Muscular Disorders,38 and one publication from

F IGURE 2 PRISMA diagram outlining study
inclusion and exclusion
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both the Strategic Targeting of Registries and International Database

of Excellence—Neuromuscular Disorders (STRIDE-NMD) and CINRG

databases.39 Nine studies (17%) presented data on patients where

individual corticosteroid treatment status was known, 22 (41%) pres-

ented data grouped by corticosteroid use, and 23 (43%) did not

describe corticosteroid use. The findings of the quality assessment for

the 54 studies are presented in Table S5.

3.1 | Ambulatory function

Twenty-four studies reported age at LOA.9,10,12,13,36-55 Data

estimating the mean age at LOA were presented in 20 studies

(Figure 4A),10,36-38,40-55 and median age in 18 studies

(Figure S1).10,36,38,40-49,51-55 These parameters were calculated from

patients who had all experienced LOA. Estimates of mean (95% con-

fidence interval) age at LOA ranged from 9.1 (8.7-9.6) years among

90 patients amenable to skipping exon 53,10,36,37,40,42,49,50,53-55 to

11.5 (9.5-13.5) years among three patients amenable to skipping

exon 8.41,53 Among the subset treated with corticosteroids, ages at

LOA were generally later, ranging from 9.1 (5.0-13.3) years in two

patients with pathogenic variants amenable to stop-codon

readthrough and 10.0 (9.2-10.8) years in 18 patients with skip 53–

amenable variants10,36,42,55 to 12.7 (11.2-14.2) years in 15 patients

with skip 44–amenable variants.10,41,50 Estimates of the median

(minimum-maximum) age at LOA ranged from 9.0 (6.0-12.0) years in

32 patients with skip 53–amenable pathogenic vari-

ants36,40,42,49,50,53-55 to 12.0 (7.0-13.0) years in 8 patients with skip

55–amenable variants (Figure S1).45,49,53 Among the subset treated

with corticosteroids, estimates ranged from 8.3 (8.0-8.5) years in

two patients with pathogenic variants amenable to stop-codon

readthrough41,43 to 12 years in a patient with a skip 55–amenable

variant.53

Estimates of median age at LOA were presented from three large

non–treatment-specific registries,9,12,13 and one long-term study of

ataluren treatment for patients with pathogenic variants amenable to

stop-codon readthrough therapy (Figure 4B).39 Corticosteroid use

was categorized differently between the studies: one study presented

estimates among corticosteroid-treated patients12; a second study

presented an overall cohort with a corticosteroid-treated subgroup9; a

third study presented estimates among those “never” and “ever”
treated with corticosteroids13; and a fourth study presented overall

estimates for the group, for which 68% were treated with corticoste-

roids.39 Among patients treated with corticosteroids, estimates of the

median time to LOA tended to range from 12 (in patients amenable to

skip 45 or 51) to 20 years (in del 44 [amenable to skipping 43 or 45]

or skip 44–amenable patients).9,12,13

Cross-sectional and longitudinal data for the 6MWT were avail-

able by age and genotype from 16 studies.11,25-27,48,56-66 Cross-

sectional data for mean (SD) 6MWT distance (Figure 5A), among

those 3 to ≤7 years old, ranged from 335.3 (85.5) meters in 7 patients

amenable to skipping exon 4611 to 400.4 (58.9) meters in 110 patients

amenable to skipping exon 51.11,48,58,60,63,64 Among those 8 to

13 years old, the 6MWT distance ranged from 330.4 (89.6) meters in

7 patients amenable to skipping exon 4511 to 452 meters in a patient

with a skip 46–amenable pathogenic variant.63 Most patients for

whom 6MWT data were available were corticosteroid-treated (eg,

99% of 309 skip 51–amenable patients, 63% of 507 stop-codon

F IGURE 3 Availability of data on outcome measures by genotype
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readthrough–amenable patients, and all patients from other genotype

groups). Therefore, results for the corticosteroid-treated subset are

not shown. Cross-sectional data on percent predicted 6MWT showed

similar trends by genotype, but data were sparse (data not shown).

Longitudinal data on 6MWT by age, genotype, and other disease-

modifying treatments are presented in Figure S2.

3.2 | Pulmonary function

Six studies reported cross-sectional measures of percent predicted

forced vital capacity (FVC) (n = 146; Figure 5B).34,36,37,46,53,61 Among

those 8 to 13 years of age, FVC percent predicted ranged from 26%

(in a patient with a skip 55–amenable pathogenic variant)53 to 90.0%

(in a patient with a skip 52–amenable variant).36 Pulmonary function

generally declined with increasing age across genotypes, and among

those over 19 years of age, ranged from 12% (in a patient amenable

to skipping exons 44 and 55)53 to 33% (in a patient amenable to skip-

ping exon 51). Seventy-eight of the 146 patients were corticosteroid-

treated, and most (n = 119) were 8 to 13 years of age at time of

assessment. Among these boys, FVC percent predicted ranged from

73% (in a patient with a skip 53–amenable pathogenic variant)36 to

90.0% (in a patient with a skip 52–amenable variant).53 One 17-year-

old patient, who was amenable to stop-codon readthrough therapy,

F IGURE 4 Mean (SD) age at LOA by genotype from IPD and grouped estimates from DMD patients who had lost ambulation—overall and
among those corticosteroid-treated (A); and median age at LOA by genotype, with grouped estimates from DMD patients who had and had not
lost ambulation—overall and among those with corticosteroid treatment (B). Abbreviations: Del, deletion; DMD, Duchenne muscular dystrophy;
IPD, individual patient data; LOA, loss of ambulation; SCR, stop-codon readthrough; SD, standard deviation. *50% LOA had not occurred at the

time of analysis for the 16 skip 44-amenable, corticosteroid-treated patients.9 A, Patients from the Goemans et al (2017) study had been treated
previously with drisapersen (n = 3)48; and one patient from the Kulshreshtha et al (2019) study had been treated previously with ataluren
(n = 1).44 B, Patients from the Mercuri et al (2020) study had been treated previously with ataluren (n = 181)39
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had an FVC percent predicted of 39%, and a 20.5-year-old patient

with a skip 51–amenable variant had an FVC of 33%.53

3.3 | Cardiac function

Seven studies reported LVEF data (n = 58; Figure 5C).36,44,53,67-70

Among those 8 to 13 years of age, estimates ranged from 47.5%

(among 4 patients with skip 53–amenable pathogenic variants),36 to

67.5% (among 2 patients with pathogenic variants amenable to stop-

codon readthrough).36,53 As with pulmonary function, cardiac function

declined with increasing age across genotypes, and, among those

older than 19 years of age, ranged from 25.3% (among 4 patients with

pathogenic variants amenable to stop-codon readthrough)44,67 to

52.5% (in 2 patients with skip 50–amenable pathogenic variants).53

Seventeen of the 58 patients had confirmed corticosteroid treatment,

and most were 8 to 13 years of age. Estimates ranged from 45% (in 2

patients—1 with a variant amenable to skip 51 or 53 and 1 to skip

53)36 to 64% (among a patient with a skip 52–amenable variant).36

One 17.8-year-old patient amenable to stop-codon readthrough had

an LVEF of 62%, and a 20.5-year-old adult amenable to skipping exon

51 had an LVEF of 61%.53

3.4 | Cognitive function

Ten studies reported cognitive function by cross-sectional scores on

the Weschler IQ test, according to pathogenic variants classifiable

by dystrophin protein domain affected (Figure 5D).19,29,30,45,71-76

The mean (SD) IQ among the 118 patients with Dp140+ variants

was 91.3 (17.1); 8% had an IQ of less than 70.19,29,30,71-74,76 The

mean (SD) IQ among the 224 patients with Dp140– variants was

78.8 (18.6), and 29% had an IQ of less than 70

(Figure 5D).19,29,30,45,71-76 No trend was identified when Weschler

IQ data were classified according to exon-skip amenability (data not

shown).

F IGURE 5 Mean (SD) 6MWT among those with corticosteroid treatment (unless otherwise noted) (A); percent predicted FVC (B); LVEF (C);
by genotype and age, overall, and among corticosteroid-treated patients; and Weschler's FSIQ by genotype (predicted Dp140 isoform status) (D).
Abbreviations: 6MWT, 6-minute walk test; ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; Dp, dystrophin protein; FVC,
forced vital capacity; LVEF, left ventricular ejection fraction; m, meter; SCR, stop-codon readthrough; SD, standard deviation; FSIQ, full-scale
intelligence quotient. A, For 6MWT, patients from the Goemans et al (2017) study had been treated previously with drisapersen (n = 12)48;
patients from the Mercuri et al study (2016) had been treated previously with ataluren (n = 49)26. B, For FVC, in the Seferian et al (2015) study,
19 of 25 patients received ACE inhibitors53; C, for LVEF, in the Fayssoil et al (2017) study, all patients received ACE inhibitors67; in the Alfano et
al (2019) study, 2 of 12 patients received losartan (ARB) and carvedilol (beta blocker), whereas 7 of 12 received unspecified preventive
cardiovascular medications70; and, in the Sato et al (2019) study, 1 patient received carvedilol (beta blocker) and the ACE inhibitor enalapril69
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3.5 | Mortality

Few mortality data were identified and no study specifically estimated

mortality by genotype. As a result, a synthesis was not possible. One

1991 study reported four DMD patients were deceased at the time of

the (retrospective) study in their molecular analysis of 67 DMD

patients; two of these patients had exon-skip–amenable classifiable

pathogenic variants and those were skip 43 and skip 51 amenable, but

no cause of death was provided.40 Another study from 2016 reported

age and cause of death in 8 of 91 (8.8%) patients over a 24-month

period; 4 had exon-skip–amenable variants (1 each with variants ame-

nable to skip 51, 51 and/or 53, and 50 and/or 52, and 1 with a non-

sense mutation).77 The cause of death among seven patients was

cardiomyopathy and/or respiratory failure, one of which was reported

in a 12.3-year-old boy with a pathogenic variant in exon 56. The

eighth subject in that noninterventional study had a variant amenable

to skipping exon 51 and died at 14.8 years of age after a fall.77

4 | DISCUSSION

Understanding the impact of pathogenic variants in DMD is important

for prognosis,7 and research suggests major differences in the natural

history. In this review we have identified three large studies with good

capture of ambulatory function and, as a result, the impact of geno-

type on LOA is well-described. Individuals with pathogenic variants

amenable to skipping exon 44 may have a milder phenotype than indi-

viduals with other variants.9,12,13 However, for most other outcomes,

particularly those occurring later in life, such as mortality, few compa-

rable data were available to infer trends by age and geno-

type.36,37,46,47,53,63,78,79 Only a few studies aimed to compare

outcomes among patients of different genotypes, and genotype-

specific samples tended to be small.11,36,78 Some outcomes of inter-

est, including the impact of genotype on mortality in DMD, were not

described at all. Clearly, many gaps remain in our understanding of

genotype and phenotype. As more outcome studies with capture of

careful DMD genotyping and other key clinical factors (such as corti-

costeroid regimen) are published, meta-analysis may further elucidate

the effects of DMD genotype on the clinical course.

This review has highlighted the major reasons why relationships

between genotype and the occurrence of key natural history mile-

stones are not easily synthesized, such as variability in outcome mea-

sures and description of pathogenic variants across studies, between-

patient heterogeneity, and genetic variation in other contributing

genes.15 These gaps could in part be reconciled by increasing the

reporting of outcomes by genotype in prospective studies that could

potentially allow for future meta-analysis across studies. Challenges

remain in interpretation due to study design and inclusion

criteria.35,61,64 Observed differences in the age at key clinical mile-

stones between this synthesis, and registry estimates,9,12,13 highlight

variability across data sources. As an example, data from treatment tri-

als are derived from populations with at least some function remaining,

and data on patients unable to perform functional assessments, or who

have died, are not represented. This type of survival bias likely resulted

in a sample phenotypically milder than would be observed from a natu-

ral history study where more severely affected individuals would not

have been artificially removed from analysis. In addition, corticosteroid

use is associated with delayed muscular, ambulatory, pulmonary, and

cardiac function decline and should be captured in every study, along

with age started, type and dose given, and duration.13 The use of any

other disease-modifying therapies should be similarly reported.

Genotypic influence on the clinical course of patients with DMD

is now beginning to be understood. Some pathogenic variants allow

expression of small amounts of dystrophin, perhaps due to re-

initiation of translation downstream of N-terminal domain mutations

resulting in “revertant” DMD fibers,80,81 or low levels of spontaneous

exon skipping,7,10 which would result in a relatively more positive

DMD trajectory.9 Indeed, spontaneous skipping is suggested to con-

tribute to the milder phenotype observed among patients with patho-

genic variants amenable to exon 44 skipping.10,15 Similarly, the

observed variation in phenotype among those with nonsense muta-

tions may be due to occasional readthrough, the frequency of which

depends on the location and sequences flanking the variant.15 How-

ever, disease severity varies even for individuals with the same patho-

genic variant within the same family; thus, genetic modifiers also

influence the clinical course of DMD.82 For example, variants of the

LTBP4 gene modify ambulatory function, variants of the ACTN3 gene

modify cardiac decline, and variants of the SPP1 gene affect response

to long-term corticosteroid treatment through inflammatory pathways

in DMD patients.16,83-85

Another potentially important contributor to heterogeneity in

DMD is variation in dystrophin isoform expression. The DMD gene

encodes a number of different protein isoforms named after their

length and splicing patterns. These include full-length dystrophin

(Dp427), expressed in skeletal and cardiac muscle and the brain;

Dp260, expressed in the retina; Dp140, expressed in the brain, retina,

and kidney; and Dp116, expressed in peripheral nerves.86 Pathogenic

variants in both the coding and regulatory regions associated with

each isoform are predicted to affect tissue-specific function.30,72

Within the studies included in this review, the presence of cardiac

dysfunction was reported to vary by dystrophin isoform affected.87,88

The relationships are emerging for other outcomes. Dystrophin plays

a role in brain development and neurodevelopmental disorders,

including autism spectrum disorder, attention-deficit hyperactive dis-

order, obsessive-compulsive disorder, and epilepsy, and other lan-

guage and learning developmental delays are associated with

DMD.28,89 Cognitive dysfunction, which affects approximately 30% of

patients, appears to be present from birth and stable over time in

DMD.19,90 In the studies included in this review, pathogenic variants

affecting the Dp140 isoform, hypothesized to underlie intellectual

impairment in DMD,28-30 were inconsistently found to be predictive

of cognitive dysfunction.19,29,30,45,49,72-76,91-96 Although some studies

of cognitive function in DMD focused on variants affecting the entire

sequence of Dp140 (downstream of exon 45),19 others focused on

the noncoding regulatory region around exons 44 and 45.28-30 Investi-

gators classified variants in the Dp140 isoform differently.29,30 In this
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synthesis, we classified pathogenic variants lying downstream of exon

45 as “affecting Dp140” (Dp140�),28 unless otherwise indicated by

the original investigators. Although a trend toward lower IQ was

observed among patients classified as Dp140�, more sophisticated

classification of underlying variants may better elucidate their rela-

tionship with IQ. Unfortunately, in this review sufficient data to cate-

gorize pathogenic variants were not presented in all studies reporting

IQ data.

Although assessment of outcomes according to mutation location

was investigated, limited data availability ruled-out these analyses. It was

not the focus of our review, but we did identify studies that reported

clinical heterogeneity by variant type (rather than location). In one study

of 436 DMD patients, point mutations were associated with a signifi-

cantly younger age at cardiac dysfunction as well as deletions with a sig-

nificantly younger age at LOA.97 Pane et al also found a trend toward

better 6MWT scores among those with duplications compared to those

with other variant types.11,37 In other studies, however, evidence did not

support differences by pathogenic variant type, specifically for Brooke or

Vignos scores,79 or for motor involvement, cardiac, and respiratory func-

tion.93 At present, variability in outcome measures and variant types

included across these studies makes understanding the potential impact

of mutation location on DMD patient prognosis a challenge.

5 | CONCLUSIONS

DMD is a degenerative neuromuscular disease resulting in progressive

loss of muscle function and premature death,2,3 regardless of geno-

type. A systematic synthesis of existing literature reporting the rela-

tionship between genotype and phenotype in DMD consistently

shows, on average, that patients with pathogenic variants amenable

to skipping exon 44 may have a milder phenotype with respect to age

at LOA. However, likely due to limited data, outcomes occurring later

in life did not show clear trends by genotype, and individual clinical

courses are heterogeneous.
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