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Abstract

Project HERCULES has developed a natural history model (NHM) of disease progression in

Duchenne muscular dystrophy (DMD) that comprises eight ordered health states (two

ambulatory states, one transfer state indicating increased caregiver burden in which

patients cannot walk/run 10m or rise from floor but can still support their own weight, and

five non-ambulatory states). The current study used data from nine sources (clinical trial pla-

cebo arms, one real-world dataset, and three natural history datasets) to further character-

ize patients with DMD according to these health states. The study included 1,173 patients

across 5,306 visits. Patients were on average older and exhibited worse ambulatory, pulmo-

nary, upper limb, and cardiac functions with each successive health state. Mean±SE ages

increased monotonically across health states, starting with 8.47±0.07 for early ambulatory,

10.86±0.13 for late ambulatory, 11.65±0.35 for transfer state, and ranging from 13.17±0.32

to 16.84±0.37 for the non-ambulatory states. North Star Ambulatory Assessment (NSAA)

total score, which measures motor function and ranges from 34 (best) to 0 (worst), was 23.7

(interquartile range [IQR]: 20–30) for early ambulatory patients, 12.7 (IQR: 9–16) for late

ambulatory patients, and 3.9 (IQR: 2–5) for transfer patients. Pulmonary function as mea-

sured by mean±SE of forced vital capacity percent predicted (FVC%p) was 94.5±0.8 for

early ambulatory, 89.1±1.4 for late ambulatory, and 80.2±2.8 for transfer states, and

decreased from 77.2±1.7 to 20.6±1.6 across the five non-ambulatory health states. In sum-

mary, these findings further characterize health states and their interpretation in economic

modeling and decision-making in DMD management.
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Introduction

Duchenne muscular dystrophy (DMD) is a rare, X-linked disorder, with a global prevalence

estimated at 2.8 per 100,000 in the general population [1, 2]. DMD is caused by mutations in

the dystrophin gene that result in progressive muscle weakness and degeneration beginning in

early childhood [3]. Even with active monitoring and management of symptoms and comor-

bidities, the median life expectancy is 22–40 years [4, 5], with cardiac and respiratory failure as

the main causes of death [6].

The natural history of DMD is marked by progressive declines and then losses in muscle

function affecting ambulation, weight-bearing capacity, upper limb function and respiratory

function, followed by cardiac failure [7]. As the life expectancy of patients with DMD increases

with advances in diagnosis, care, and the availability of new treatments [8–11], it has been pos-

sible to delineate distinct stages of the disease, enabling comprehensive depictions of the dis-

ease trajectory. By developing models of the DMD’s natural history, a better understanding of

patients’ healthcare needs at different stages of the disease can be achieved, thereby informing

clinical and economic decision-making.

In this context, the Health Research Collaboration United in Leading Evidence Synthesis

(HERCULES) project—an international collaboration between multiple stakeholders led by

Duchenne UK—was initiated in order to develop evidence-based tools and collect data that

can drive the therapeutic pipeline based on input from patients and caregivers as well as clini-

cians [12–14]. As one of the objectives, Project HERCULES has developed a natural history

model (NHM) of DMD progression through eight distinct health states from early ambulatory

to non-ambulatory that were defined using functional outcome measures commonly used in

clinical trials and clinical practice [15]. The model included an intermediate transfer state in

which weight bearing is possible but the patient can no longer rise from floor or walk/run for

10 m. In addition, non-ambulatory states were disaggregated to distinguish the different stages

in which pulmonary function and upper-limb mobility are lost.

The present study aimed to further characterize the natural history of DMD health states by

synthesizing data obtained from clinical trials, natural history studies, and real-world data.

Specifically, the age, functional profiles, and steroid use were described among patients with

DMD classified into health states consistent with those of Project HERCULES’ NHM [15].

Results from this study are expected to inform future modeling efforts and economic evalua-

tions of treatments in DMD.

Methods

Data sources

This retrospective non-interventional study used data pooled from multiple sources that were

accessed by the collaborative Trajectory Analysis Project (cTAP) in 2020–2021. These included

phase 3 clinical trial placebo arm data from the PTC Therapeutics trial of ataluren

(NCT01826487) [16, 17], Eli Lilly trial of tadalafil (NCT01865084) [18], and GlaxoSmithKline

trial of drisapersen (NCT01254019) [19]. Additional data from real-world and natural history

studies were obtained from the Leuven Neuromuscular Reference Center at the Universitaire

Ziekenhuizen Leuven [20], PRO-DMD-01 prospective natural history study sponsored by Bio-

Marin Pharmaceutical (data provided by CureDuchenne, a 501(3)c DMD patient foundation,

NCT01753804) [21], North Star Clinic Network (NSUK) [22], iMDEX study funded by the

French Muscular Dystrophy Association (NCT02780492) [23], and ImagingDMD study

(NCT01484678) [24]. Detailed descriptions of these datasets have been reported in a previ-

ously published study [25].

PLOS ONE Characterization of patients with DMD across health states

PLOS ONE | https://doi.org/10.1371/journal.pone.0307118 October 30, 2024 2 / 14

data (PRO-DMD-01, NSUK, and each participating

center in iMDEX and ImagingDMD), who will

consider data requests according to their own

data-sharing policies and governance.

Funding: This study was conducted by the

Collaborative Trajectory Analysis Project (cTAP)

with funding from Pfizer Inc (https://www.pfizer.

com/). The study sponsor was involved in several

aspects of the study including study design, data

interpretation, manuscript preparation, and

decision to submit the manuscript for publication.

Competing interests: I have read the journal’s

policy and the authors of this manuscript have the

following competing interests: FM is a member of

the Rare Disease Scientific Advisory Group for

Pfizer and of Dyne Therapeutics SAB and has

participated in SAB meetings for PTC, Sarepta,

Pfizer, Roche, Santhera, and Wave Therapeutics.

UCL and Great Ormond Street Hospital have

received funding from Pfizer, Italfarmaco, Wave,

Santhera, Roche, NF Pharma, ReveraGen,

Genethon, and Sarepta regarding clinical trials. NG

has received compensation for consultancy

services from Eli Lilly, Italfarmaco, PTC

Therapeutics, BioMarin Pharmaceutical, Pfizer,

Avidity, Daiichi Sankyo, Wave, and Santhera and

has served as site investigator for GlaxoSmithKline,

Prosensa, BioMarin Pharmaceutical, Italfarmaco,

Eli Lilly, Wave, and Sarepta. NP and JA are

employees of Pfizer Inc. and own stock/stock

options. JS cofounded the cTAP and is an

employee of Analysis Group, Inc., a consulting firm

that received funding from the membership of

cTAP to conduct this study. MJ is an employee of

Analysis Group, Inc., a consulting firm that

received funding from the membership of cTAP to

conduct this study. SJW cofounded and manages

cTAP and has received funding from the

membership of cTAP to facilitate this study. CMM

has served as a consultant for PTC Therapeutics,

BioMarin Pharmaceutical, Sarepta Therapeutics, Eli

Lilly, Pfizer Inc., Santhera Pharmaceuticals,

Cardero Therapeutics, Inc., Catabasis

Pharmaceuticals, Capricor Therapeutics, Astellas

Pharma (Mitobridge), and FibroGen, Inc.; serves

on external advisory boards related to DMD for

PTC Therapeutics, Sarepta Therapeutics, Santhera

Pharmaceuticals, and Capricor Therapeutics; and

reports grants from the US Department of

Education/National Institute on Disability and

Rehabilitation Research, National Institute on

Disability, Independent Living, and Rehabilitation

Research, US NIH/National Institute of Arthritis and

Musculoskeletal and Skin Diseases, NIH/National

Institute of Neurologic Disorders and Stroke, US

Department of Defense, and Parent Project

https://doi.org/10.1371/journal.pone.0307118
https://www.pfizer.com/
https://www.pfizer.com/


The ethics committee at each institution (Universitaire Ziekenhuizen Leuven, PRO-DMD-

01, and each participating center in iMDEX and ImagingDMD) approved the data sources.

Written, informed consent or assent was obtained from participants or their caregiver before

the study. For NSUK data, Caldicott Guardian regulations were followed including obtaining

informed consent from patients’ guardian before entering patient information into the data-

base and using only anonymous, deidentified data. The study adhered to the principles out-

lined in the Declaration of Helsinki.

Classification of health states and sample selection

Project HERCULES developed an original model of the natural history of DMD based on

input from clinicians, patients, and caregivers with consideration of data elements available in

real-world data sources, natural history studies, and clinical trial data [14]. The health states

map the progression of DMD through two ambulatory stages, one transfer stage, and five non-

ambulatory stages defined based on functional performance and other measures: timed func-

tion tests (TFT), NSAA item scores [26], FVC%p, Brooke score for upper extremity ability, use

of ventilation (none, night-time ventilation, and full-time ventilation), and hand-to-mouth

function (HTMF).

The eight health states used in this study were defined to match those of Project HERCU-

LES’ NHM as closely as possible, and were modified to accommodate most commonly avail-

able data elements in the data sources used in the current study (Fig 1) [14]. As a progressive

disorder, different performance scales are used in different stages of DMD. By design, NSAA is

mostly used in ambulatory stages while performance of the upper limb [PUL] score is used in

non-ambulatory states. More specifically, in the present study, the ambulatory and transfer

states were defined based on ability to rise from the supine position, walk 10 meters, and

Fig 1. Definition of health states. Abbreviations: FVC%p, forced vital capacity percent predicted; HTMF, hand-to-mouth

function; NSAA, North Star Ambulatory Assessment; PUL, Performance of Upper Limb.

https://doi.org/10.1371/journal.pone.0307118.g001
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remain standing, determined by the corresponding NSAA item 11, item 2, and item 1, respec-

tively. However, a sensitivity analysis was conducted where the ability to walk 10 m was

defined based on a combination of multiple outcome measures that can be used to assess walk-

ing function (the timed 10-m walk/run test [10MWR], NSAA walk item 2, and NSAA run

item 17) to account for variation in availability of different ambulatory assessments across data

sources. The non-ambulatory states were based on upper extremity function (as measured by

the entry item of the PUL score version 1.2) and pulmonary function (as measured by FVC%

p). Two clinicians with expertise in DMD, Dr. Edward Smith, MD (a Pediatric Neurologist

and Professor at Duke University School of Medicine) and Dr. Michela Guglieri, MD (a Senior

Clinical Lecturer and Consultant Neurologist at Newcastle University and Newcastle Hospitals

NHS Foundation Trust), reviewed these modified health state definitions for appropriateness

and feasibility with real-world data sources, natural history studies, and clinical trial data.

To maximize use of the available data, the study sample comprised all patient visits that

could be classified into a health state.

Statistical methods

Within each health state, summary statistics were calculated for demographic characteristics,

steroid (deflazacort or prednisone) use, and DMD measures (NSAA total score, timed 4-stair

climb, health utility index, PUL total score and components, FVC%p, and left ventricular ejec-

tion fraction [LVEF]) based on visits in that health state with available data on the measures of

interest. If a patient had multiple visits in a given health state, all visits were included in the

summaries so that the full distribution of ages and clinical profiles within each heath state was

represented. Means and standard errors were calculated for continuous measures using gener-

alized estimating equations (GEEs) with an exchangeable covariance structure to account for

use of multiple visits from individual patients. For the sensitivity analysis assessing the alter-

nate definition for ability to walk 10 m, descriptive statistics were replicated to assess whether

the restriction to only use NSAA items to define the first three states would alter the health

states characterization. Results for this sensitivity analysis, as well as additional statistics char-

acterizing the age at the first visit per health state per patient, including quantiles, mean, stan-

dard deviation, skewness and kurtosis, are reported in the Supplementary Information.

Counts and percentages were obtained for categorical measures.

Histograms of age and FVC%p were generated to assess differences in patient age and pul-

monary function by health state. A histogram of steroid use by health state was generated to

assess differences by health state. Similarly, LVEF was plotted for patients in the 25th, 50th,

and 75th percentiles by health state.

Results

Demographic characteristics

The study included 1,173 patients with DMD across 5,306 visits (Table 1). Patients could con-

tribute multiple visits within and across health states. Overall, the majority of visits were early

ambulatory (N = 3,920) or late ambulatory (N = 1,019); visit counts for transfer and non-

ambulatory states were relatively small, representing a total of N = 367 visits with the largest

sample in the first non-ambulatory state (HTMF, no ventilation; N = 208).

Patient age increased on average in later (i.e., more progressed) health states, notably with

overlapping distributions across and broad heterogeneity within health states (Fig 2 and S1

Table), from a mean±SE age of 8.47±0.07 years in the early ambulatory state where patients

still have the ability to rise from the floor, walk and remain standing, 11.65±0.35 years in the

transfer state where they can only stand, 13.17±0.32 years in the first state where they have lost
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Table 1. Summary of characteristics across health statesa–d.

Early

ambulatory

Late

ambulatory

Transfer HTMF, no

ventilation

No HTMF, no

ventilation

HTMF, night-

time ventilation

No HTMF, night-

time ventilation

Full-time

ventilation

N = 3,920 N = 1,019 N = 60 N = 208 N = 24 N = 31 N = 24 N = 20

(951 patients) (403 patients) (50 patients) (82 patients) (15 patients) (17 patients) (9 patients) (10 patients)

Demographics and

medications

Age (years) 8.47 ± 0.07 10.86 ± 0.13 11.65 ± 0.35 13.17 ± 0.32 14.33 ± 0.62 14.94 ± 0.68 16.44 ± 0.59 16.84 ± 0.37

Height (cm) 121.08 ± 0.35 131.39 ± 0.59 141.27 ± 2.27 143.56 ± 1.64 153.24 ± 4.29 151.03 ± 4.20 157.50 ± 3.79 164.62 ± 2.10

Weight (kg) 28.02 ± 0.30 36.69 ± 0.69 47.09 ± 2.60 48.76 ± 1.78 51.15 ± 3.85 56.24 ± 5.00 63.89 ± 4.83 60.88 ± 6.11

Race

White 1,545 (85.55%) 585 (79.05%) 19 (95.00%) 177 (88.06%) 24 (100.00%) 30 (96.77%) 24 (100.00%) 17 (100.00%)

Asian 142 (7.86%) 41 (5.54%) 1 (5.00%) 6 (2.99%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)

Black or African

American

19 (1.05%) 23 (3.11%) 0 (0.00%) 1 (0.50%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)

Other 100 (5.54%) 91 (12.30%) 0 (0.00%) 17 (8.46%) 0 (0.00%) 1 (3.23%) 0 (0.00%) 0 (0.00%)

Ethnicity

Hispanic or Latino 219 (20.02%) 80 (18.82%) 0 (0.00%) 2 (40.00%) 0 (0.00%) - - -

Not Hispanic or

Latino

875 (79.98%) 345 (81.18%) 17 (100.00%) 3 (60.00%) 1 (100.00%) - - -

Steroid use

Deflazacort or

Prednisone

3,217 (93.00%) 936 (97.70%) 48 (100.00%) 191 (91.83%) 19 (79.17%) 26 (83.87%) 16 (66.67%) 2 (10.00%)

On daily

regimen

1,979 (66.70%) 628 (71.44%) 25 (58.14%) 134 (70.16%) 12 (63.16%) 17 (65.38%) 14 (87.50%) 2 (100.00%)

Not on steroids 242 (7.00%) 22 (2.30%) 0 (0.00%) 17 (8.17%) 5 (20.83%) 5 (16.13%) 8 (33.33%) 18 (90.00%)

DMD measures

NSAA total score 23.69 ± 0.19 12.71 ± 0.24 3.94 ± 0.27

NSAA total score

IQR

(20.00, 30.00) (9.00, 16.00) (2.00, 5.00)

Timed 4-stair climb

(seconds)

4.50 ± 0.13 13.18 ± 0.54 28.59 ± 1.42

Health utility index 0.83 ± 0.02 0.77 ± 0.04 0.67 ± 0.13

PUL

Total score 61.30 ± 0.73 38.00 ± 1.85 53.58 ± 2.73 30.99 ± 3.02 21.91 ± 3.93

Entry question 4.55 ± 0.12 0.96 ± 0.04 3.43 ± 0.27 1.00 ± - 1.00 ± 0.00

HTMF 2.79 ± 0.05 0.89 ± 0.19 2.28 ± 0.18 0.31 ± 0.12 0.24 ± 0.06

Remove lid from

container

0.93 ± 0.02 0.74 ± 0.11 0.90 ± 0.05 0.52 ± 0.13 0.13 ± 0.09

Push on the

light

2.61 ± 0.05 2.10 ± 0.20 2.30 ± 0.17 1.50 ± 0.23 0.89 ± 0.27

FVC%p (%) 94.47 ± 0.77 89.13 ± 1.35 80.24 ± 2.83 77.20 ± 1.69 69.34 ± 4.55 42.34 ± 1.19 39.19 ± 1.27 20.57 ± 1.63

Left ventricular

ejection fraction (%)

63.91 ± 0.37 61.85 ± 0.91 59.41 ± 2.34 56.87 ± 1.36 55.10 ± 4.55 59.07 ± 48.69 46.77 ± 4.91 47.70 ± 2.81

Abbreviations: DMD, Duchenne muscular dystrophy; FVC%p, forced vital capacity percent predicted; HTMF, hand-to-mouth function; NSAA, North Star

Ambulatory Assessment; PUL, Performance of Upper Limb; IQR, Interquartile range.

Notes

[a] Data are presented as mean±SE or n (%). To account for correlations with multiple observations per patient, means and standard errors were estimated using

generalized estimating equations (GEEs).

[b] Two outliers, one with height�11.8 cm and one with weight�3.3 kg, were removed from the calculations.

[c] Percentages were calculated from non-missing data.

[d] Gray cells correspond to unavailable data for a given health state.

https://doi.org/10.1371/journal.pone.0307118.t001
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ambulation (HTMF, no ventilation), to 16.84±0.37 years in the last health state. Statistics char-

acterizing the ages at first visit per state show that excess kurtosis tends to be positive for the

ambulatory and transfer states, indicating a heavier tail than the normal distribution, further

highlighting the wide range of functional motor ability in early stages of the disease (S2

Table). For example, 1% of patients enter the late ambulatory state at or after 17.99 years of

age. Conversely, excess kurtosis tends to be negative for non-ambulatory states, indicating few

outliers, although these results may be influenced by the limited data available for these later

disease stages.

The sensitivity analysis that defined the ability to walk 10 m based on several outcome mea-

sures (the timed 10MWR, NSAA walk item 2, and NSAA run item 17) as opposed to only

NSAA item 2 resulted in slightly more visits captured in the ambulatory states (4,950 v. 4,939

visits) but fewer visits captured in the transfer state (39 v. 60 visits). While the relative impact

Fig 2. Distributions of patient ages (A) and levels of pulmonary function (B) across health states. Abbreviations: FVC, forced vital capacity; HTMF, hand-to-

mouth function.

https://doi.org/10.1371/journal.pone.0307118.g002
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of this alternative definition was most pronounced in the transfer state in terms of visit sample

size, the characterization of this state in terms of age, height, weight and NSAA total score was

essentially unchanged. Overall, the sample characteristics within each health state were consis-

tent with those from the main analysis indicating alignment between definitions (S3 Table).

Steroid use

Compared with patients in States 5–8, those in States 1–4 were more likely to use steroids

(deflazacort or prednisone) (Table 1 and Fig 3). Across all health states, among those using

steroids, the majority reported being on a daily regimen, with 66.70% for State 1 (early ambula-

tory), 71.44% for State 2 (late ambulatory), and 58.14% for State 3 (transfer) (Table 1).

Functional outcomes

Patients in earlier health states scored better on multiple outcome measures. Ambulatory func-

tion declined on average across the progressively ordered ambulatory and transfer health

states, as evidenced by decreasing average NSAA total score, health utility index, and longer

timed 4-stair climb. In particular, average NSAA total score was 23.69±0.19 (interquartile

range [IQR]: 20–30) for early ambulatory patients, 12.71±0.24 (IQR: 9–16) for late ambulatory

patients, and 3.94±0.27 (IQR: 2–5) for transfer patients. In non-ambulatory states, PUL total

score also decreased in later health states, reflecting worse functional outcomes, from 61.30

±0.73 to 21.91±3.93 across the five non-ambulatory health states (Table 1).

Patients in ambulatory and transfer states had better pulmonary function as indicated by

higher FVC%p, which averaged 94.47% in the early ambulatory state and decreased to 80.24%

in the transfer state. In non-ambulatory states, FVC%p decreased uniformly from an average

of 77.20% in State 4 (HTMF, no ventilation) to 20.57% in State 8 (full-time ventilation)

(Table 1 and Fig 2). Similar to pulmonary function, cardiac function was generally better in

Fig 3. Steroid use across health states. Percents are based on the visits in each respective health state. Abbreviations: HTMF, hand-to-mouth function.

https://doi.org/10.1371/journal.pone.0307118.g003

PLOS ONE Characterization of patients with DMD across health states

PLOS ONE | https://doi.org/10.1371/journal.pone.0307118 October 30, 2024 7 / 14

https://doi.org/10.1371/journal.pone.0307118.g003
https://doi.org/10.1371/journal.pone.0307118


the ambulatory and transfer health states than in non-ambulatory states (Table 1 and Fig 4),

with LVEF ranging from an average of 59.41%–63.91% in ambulatory states and 46.77%–

59.07% in non-ambulatory states.

Discussion

The present study characterized patients with DMD according to the health states representing

the natural history of DMD defined by Project HERCULES [14, 15]. The modified health

states aligned with previously published literature. These health states that span the DMD dis-

ease spectrum are unique in terms of the combination of ambulatory function, upper limb

function, and pulmonary FVC%p values associated with the use of night-time and full-time

ventilation. Overall, functional outcomes including ambulatory, pulmonary, upper limb, and

cardiac functions declined with each successive health state. These results provide a detailed

representation of patients with DMD at each stage of disease course, including a transfer state

which marks the key transition from ambulation to non-ambulation. Periods shortly before

and after loss of ambulation in DMD have been recently characterized to facilitate broader

inclusion of these patients in clinical studies [27].

The health state characterizations here were robust to changes in the functional outcome

measures used to define the ability to walk 10 m. Namely, using only the NSAA walk item ver-

sus using a combination of the NSAA walk item, NSAA run item, and the 10MWR had a negli-

gible impact on estimated mean and standard errors across a diversity of characteristics which

Fig 4. Left ventricular ejection fraction across health states. Sample sizes and patient counts reported per health state represent observations with available

data for left ventricular ejection fraction. Percentiles are based on the visits in each respective health state. Abbreviations: HTMF, hand-to-mouth function.

https://doi.org/10.1371/journal.pone.0307118.g004
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included age, height, weight, and NSAA total score. Thus, the simpler definition using just the

NSAA walk item may be more appropriate for future analyses of clinical trial data, where miss-

ing NSAA item scores are less likely given stringent protocols.

The loss of ambulation is the first major milestone in DMD. In the NHM, non-ambulation

is modeled in States 4–8. However, patients first lose the ability to walk when they transition

from State 2 (late ambulatory) to State 3 (transfer). This period (the loss of ambulation) typi-

cally occurs between the ages of 10 and 13 years, according to the clinical literature [28–35]. In

the current study, the estimated mean age of patients was 11.7 years in the transfer state, which

falls within this range, but is slightly higher than the mean age in State 3 estimated by Broom-

field et al. (10.3 years) [15]. These differences may be attributable to assumptions underlying

projections of NHM transition probabilities as discussed in Broomfield et al [15], where an

elicitation exercise was used due to paucity of data, which the authors acknowledge may affect

the estimates associated with transitions into and out of health state 3. Future research should

explore further alignment of NH data and transition probabilities using real world data from

larger populations of DMD patients.

A later major milestone in DMD is the use of mechanical ventilation, which starts at the age

of approximately 20 years according to the clinical literature [31, 35–38]. The start of ventila-

tion in the NHM is modeled in the transition from State 4 to 6, or from State 5 to 7 (transitions

to States 5 and 6 do not happen sequentially, since there is no fixed order in which start of ven-

tilation or loss of HTMF can occur) [15]. The sample mean age at States 6 and 7 were 14.9 and

16.4 years, respectively. These estimates overlap with Broomfield et al.’s [15], but are different

from those in the literature (19–26 years [28, 39, 40]), possibly reflecting some attrition bias as

patients with worsening condition left the study samples. It may also reflect differences in the

frequency of steroid use across the study samples as corticosteroids have been associated with

prolonged respiratory function [41]. Still, this study confirmed that pulmonary function (FVC

%p) showed a gradual and sequential deterioration of pulmonary function from State 1 to 8.

There was also a decrease in cardiac function (LVEF), consistent with the increasing preva-

lence of cardiomyopathy with DMD progression [28, 35], with a steep decline starting at State

6. Further studies could refine these later health state characterizations by obtaining larger

samples for non-ambulatory states, either through data from more patients or by adjusting the

aggregation of non-ambulatory health state definitions (e.g., grouping into three states rather

than five).

In the present cohort, the loss of one of the most important aspects of upper limb function

—indicated by the loss of HTMF [42] deduced from the PUL entry item [43, 44]—occurred in

(non-ambulatory) State 5, in which the mean age was 14.3 years. Similarly, the median age at

loss of HTMF reported in other studies is approximately 15 years [29, 45]. Although HTMF

may be initially retained even as lung function begins to deteriorate (State 6), it decreases pro-

gressively in non-ambulatory patients [46]. Previous research from the Cooperative Interna-

tional Neuromuscular Research Group (CINRG) demonstrated a strong linear relationship

between upper limb function (through Brooke scores) and FVC%p values in DMD patients

[47], supporting the incorporation of both HTMF and pulmonary function values associated

with ventilatory use in non-ambulatory patients. CINRG’s previously described natural history

framework used timed function tests and upper limb function (using Brooke scores) [29].

Thus, the transition from late ambulatory to transfer to early non-ambulatory states represents

an important period during which enhanced respiratory surveillance and respiratory interven-

tions are needed. This observation is particularly important for those DMD patients with intel-

lectual disability or behavioral comorbidities who might not comply with the instructions for

performing respiratory function test accurately.
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Strengths and limitations

A strength of this study was the DMD patient population pooled from nine different data

sources, which provided a large sample of patients with this rare disease. However, due to the

short-term follow up times of most data sources, this study focused on estimating aggregate

cross-sectional statistics describing the states. As a consequence, a limitation of this study was

that the various data sources contributed varying numbers of patients across different disease

health states, which may have impacted patterns of steroid use and other variables. There were

other limitations that warrant mention. Sample sizes for the transfer and non-ambulatory

states and for older patients (>18 years) were small. Additionally, many clinics and data

sources do not assess NSAA scores when patients cannot stand, which may have resulted in

underrepresentation of patients with documented NSAA stand scores equal to 0 and under-

representation of the transfers health state.

Conclusion

Average levels of function including ambulatory motor, pulmonary, upper-limb, and cardiac

functions showed progressive worsening through the eight health states that have been pro-

posed for DMD progression. These data provide additional evidence that the studied health

states provide an informative framework for categorizing stages of disease progression in

DMD that accords with understanding of natural history. These health states can provide a

helpful starting point for health economic evaluations in DMD, particularly during the ambu-

latory stages of the disease, when complemented by data on quality of life and rates of progres-

sion across health states.
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