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Abstract.
Background: Boys with Duchenne Muscular Dystrophy (DMD) display heterogeneous motor function trajectory in clinics,
which represents a significant obstacle to monitoring.
Objective: In this paper, we present the UK centiles for the North Star Ambulatory Assessment (NSAA), the 10 m walk/run
time (10MWR) and velocity (10MWRV), and the rise from floor time (RFF) and velocity (RFFV) created from a cohort of
glucocorticoid treated DMD boys between the age of 5 and 16 years.
Methods: Participants were included from the UK NorthStar registry if they had initiated steroids (primarily deflaza-
corts/prednisolone, intermittent/daily) and were not enrolled in an interventional trial. Assessments were included if the
participant had a complete NSAA, the timed tests had been completed or the corresponding items were 0, or the participant
was recorded as non-ambulant, in which case the NSAA was assumed 0.
Results: We analysed 3987 assessments of the NSAA collected from 826 participants. Of these, 1080, 1849 and 1199 were
imputed as 0 for the NSAA, RFFV and 10MWRV respectively. The 10th, 25th, 50th, 75th and 90th centiles were presented.
The NSAA centiles showed a peak score of 14, 20, 26, 30 and 32 respectively, with loss of ambulation at 10.7, 12.2 and 14.3
years for the 25th, 50th and 75th centiles, respectively. The centiles showed loss of rise from floor at 8.6, 10.1 and 11.9 years
and a loss of 10MWR of 0 at 8.9, 10.3 and 13.8 years for the 25th, 50th and 75th centiles, respectively. The centiles were
pairwise less correlated than the raw scores, suggesting an increased ability to detect variability in the DMD cohort.
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Conclusions: The NSAA, 10MWR and RFF centiles may provide insights for clinical monitoring of DMD boys, particularly
in late ambulatory participants who are uniformly declining. Future work will validate the centiles in national and international
natural history cohorts.

Keywords: Duchenne muscular dystrophy, NorthStar ambulatory assessment, centiles, glucocorticoids, rise from floor, 10
meter walk/run

ABBREVIATIONS

• 10MWR – 10 Meter Walk/Run Time
• 10MWRV – 10 Meter Walk/Run Velocity
• DMD - Duchenne Muscular Dystrophy
• GAMLSS - Generalised Additive Models for

Location, Scale and Shape
• GC - Glucocorticoids
• IQR – Inter Quartile Range
• MFM - Motor Function Measure
• NSAA - NorthStar Ambulatory Assessment
• RFF– Rise from Floor Time
• RFFV – Rise from Floor Velocity

INTRODUCTION

Duchenne Muscular Dystrophy (DMD) is a
recessive, X-linked disorder caused primarily by out-
of-frame pathogenic variants affecting the expression
of the dystrophin gene. Patients with DMD broadly
move through four disease stages, motor function
gain and stability (early ambulatory), progressive
motor function loss (late ambulatory), progressive
upper-limb function loss (early non-ambulatory) and
progressive cardiac and respiratory difficulty (late
non- ambulatory) [1]. However, even in the ambu-
latory stages there is a high degree of disease
heterogeneity for age.

There are several factors which contribute to dis-
ease course heterogeneity in DMD, ranging from
a number of genes which have been demonstrated
to modify disease trajectories, to implementation of
evolving standards of care. Despite continuous ther-
apeutic developments [2–5], the current standard of
care treatment for most DMD boys is glucocorticoid
(GC) treatment [6]. In the UK, boys are prescribed
prednisolone/prednisone or deflazacort, with a daily
or intermittent (10 days on, 10 days off) regime [7];
however, other regimes are in use globally [8] and
short-term data from clinical trials have shown that
the GC derivative designed to reduce adverse events,
Vamorolone, has similar efficacy [9]. The age at start-
ing GC is also varied, with potential impacts on
disease trajectory over time.

The North Star Ambulatory Assessment (NSAA)
was specifically developed to capture motor function
in the ambulatory DMD population [10], with a focus
during development on its validity using Rasch anal-
ysis [11]. The NSAA total score consists of the sum
of 17 items, graded 0, 1 and 2 for inability, ability
with compensatory actions, and full ability. Two of
the items are timed, item 11 – the rise from supine
time (also known as rise from floor time or RFF),
and item 17- the 10 m walk/run time (10MWR). The
items are age appropriate at different ages in typi-
cally developing boys [12], and the NSAA scale is
validated in DMD for boys over 5 [10, 13].

The disease heterogeneity limits the utility and
interpretability of the motor function assessment for
patients, parents and clinical teams. For example, a
NSAA score of 20 in a boy of age 5 years may rep-
resent an assessment where some of the items where
not developmentally acquired yet, whilst in a 7 year
old the same score is indicative of a typical boy with
DMD and in a 14 year old this score is indicative of
a milder or intermediate phenotype. Additionally, in
the decline phase of the NSAA trajectory, it can be
difficult to characterise whether decline in the NSAA
score is typical or represents an abnormal trend where
further monitoring or intervention is required.

The extent to which boys with DMD vary also
increases with age. This is analogous to growth in
children, whereby the variability in height of chil-
dren becomes more as they get older. Centiles have
been developed historically to quantify the spread
of this growth data, and as a way to contextualise
the relative growth of a child with respect to their
peers. More recently, these methods have been devel-
oped for other motor function outcomes including the
Motor Function Measure (MFM) for DMD [14] and
several outcome measures for cerebral palsy [15–17].
Centiles have also recently been presented for the
MFMF, 10MWR time and other strength measures
in a small cohort (73 patients) in Brazil, however,
the low sample size, discretised age and lack of
imputation of scores leads to biased trend over time
(such as linearly increasing 10MWR times with age)
[18]. Centiles for age help to describe the relative
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heterogeneity. The centile literature contains methods
for identifying patients who have abnormal change
with time, i.e., those who are tracking up or down on
the centiles over time.

Therefore, the aims of this work are 1) to describe
the trends and variability of the NSAA, RFF and
10MWR in GC treated DMD boys between ages 5
and 16 years, 2) to show the utility of the centiles on
the NSAA trajectories and contextualising the decline
phase of the disease, 3) to present reference tables
of the centiles and Z-scores for future use and 4) to
present threshold values for loss of ambulation, RFF
and 10MWR up to a year.

MATERIALS AND METHODS

In October 2006, the UK’s longitudinal DMD
registry was established across 23 paediatric neu-
romuscular centres, with observations captured and
stored in the NorthStar database. Patients are sched-
uled for clinic visits every 6 months, where both
physio and medical assessments are performed.
Patient care is informed by the standards of care rec-
ommendations [6, 19, 20], and clinical assessments
are in line with the Declaration of Helsinki (2000) and
the Principles of Good Clinical Practice. The North-
Star database has Caldicott Guardian approval, and
informed consent is obtained for data to be collected
and stored.

Participants

Boys enrolled in the NorthStar Database before
July 2022 with diagnosis of DMD (as opposed to
Becker Muscular Dystrophy, intermediate DMD and
symptomatic carriers) were included in this analysis.
Patients were excluded if they had no known ambu-
latory status or were enrolled in a clinical trial. The
cleaning structure was aligned with previous work on
the NorthStar Database, although this study utilised a
more up to date data cut [21]. The age of 5 years was
chosen as the minimum age as at this age the NSAA
is age-appropriate in healthy controls [12], whilst the
maximum of 16 years was selected as the upper limit
as this is the age when patients typically start transi-
tion to adult care. The full data cleaning is described
in Fig. 1.

Patient subgroups

In order to capture those following the standards of
care, patients who initiated GC were included in the
analysis from the age they started treatment. Patients
were primarily on prednisolone or deflazacort, inter-
mittent or daily, but other GC regimes were included.
If patients were recorded as on the same type and
regime at two time points but had no recorded type
or regime between the two, it was assumed that they
had stayed on a consistent GC type or regime. Patients
were classified to a GC group type and regime based

Fig. 1. Data diagram.
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on the type and regime they spent the most time
recorded on, between starting GC and their most
recent visit.

Patients were also stratified by their dystrophin iso-
form groups, and their amenability to several exon
skipping drugs. The genetic information was inter-
pretable for 82% of patients. Pathogenic variants
upstream of exon 44 lead to patients classified as
Dp427 negative/Dp140 positive/Dp71 positive, those
between exon 51 and 62 inclusive, but not down-
stream of exon 63, lead to patients classified as Dp427
negative/Dp140 negative/Dp71 positive and changes
downstream of exon 63 lead to patients classified
as Dp427 negative/Dp140 negative/Dp71 negative.
DMD variants affecting the region between exon
45 and exon 51, but not downstream of exon 51,
lead to patients classified as Dp427 negative/Dp140
unknown/Dp71 positive as the Dp140 promoter is
located in exon 44 and the translation start site for
Dp140 is located in exon 51 [22]. Secondly, DMD
deletions were classified according to their amenabil-
ity to skipping of exons 8, 44, 45, 51, and 53.

Informative drop-out in the centile outcomes

Assessments were included only if at that time-
point the patient performed all items of the NSAA,
or they were recorded as non-ambulant, in which case
their NSAA total score was recorded as 0. Centiles
were calculated for the RFF and 10MWR velocities,
defined as RFFV = 1/RFF and 10WRV = 10/10MWR
respectively, and then back-calculated to get RFF and
10MWR velocities. For these velocities, an inability
to complete the item was considered as a velocity of
0. Assessments were included only if the RFF was
reported, or if the item 11 (RFF) was recorded as
0, in which case RFFV was imputed as 0. Assess-
ments were included only if the 10MWR time was not
missing, or if item 2 (walk) was recorded as 0, sug-
gesting that the patient was unable to walk or could
not increase walking speed, as per NSAA scoring cri-
teria. In these cases, the 10MWRV was imputed as
0. Of note, we did not use the corresponding item 17
(run 10 m), as boys who score 0 on this item may still
have a valid 10MWR time. For both, times longer
than 30 seconds were discarded.

Statistical methods

To fit the centiles, Generalised Additive Models
for Location, Scale and Shape (GAMLSS) were used
[23]. In order to have scores bounded by 0,1 the

NSAA and RFFV were scaled by a factor of 1/34
and 0.1 respectively for the fitting. Seven distribu-
tional families were considered (beta, and six forms
of logit: normal, generalised beta type 2, Johnson su,
logistic, skew exponential power type 1, sinh arcsinh,
skew t type 1 and t), which were 0-1 inflated (for the
NSAA) or 0-inflated (for the RFFV and 10MWRV
which were defined on [0,1)). The family with the
optimal fit (defined using residual and marginal plot
inspection, when the other model parameters were
defined flexibly (using P-splines)) was selected. The
mean, variance, floor effect and ceiling effect models
(if applicable) were then selected as the combination
which minimised the Bayesian Information Criterion
(BIC) across constant, linear, quadratic and spline
models. The models are visualised as 10th, 25th,
50th, 75th and 90th centile curves in the paper, in
line with the MFM centiles previously published in
DMD [14], but Supplementary Tables 4–6 contain
the data necessary to plot any other centile curves
(e.g. the 0.4th, 2nd, 9th, 91st, 98th and 99.6th centiles
used in the UK-WHO growth charts). The centiles
can also be visualised in Z-score plots, where each
centile appears as a horizontal straight line—the link
between centile and Z-score is defined by the distribu-
tion used in the GAMLSS model. Survival modelling
of time-to-loss of the NSAA, RFF and 10MWR was
done using the Kaplan Meier curve with adjustment
for interval censored data, in that patients attended
clinics only every 6 months and were considered to
have lost their skill between visits. All analyses were
done in R (version number 4.2.2).

RESULTS

This analysis included 826 UK patients assessed
across 3,987 visits, averaging 4.3 visits per person,
with a range from 1 to 28 visits. The NSAA total
score was imputed as 0 in 337 patients across 1,080
assessments (27%), whilst the RFFV was imputed as
0 in 519 patients across 1849 assessments (46%) and
the 10MWRV was imputed as 0 in 381 patients across
1199 assessments (30%). There was a trend of inabil-
ity to perform the NSAA, RFFV and 10MWRV with
time, with older patients much more likely to have no
recorded score which was then imputed as 0, as can be
seen in Fig. 2. This correlates with median time to loss
of RFF, loss of 10MWR and loss of NSAA (which is
a broad proxy for loss of ambulation), which is pre-
sented in Fig. 3. The median age of loss of NSAA in
this cohort is 12.6 years (95% CI: 11.8, 14.7 years, see
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Fig. 2. Imputation of score 0 by age for the three outcome measures.

Fig. 3a). The median age of loss of RFF is 10.6 years
(95% CI: 9.9, 11.9 years, see Fig. 3b). The median
age at loss of 10MWR is 12.2 years (95% CI: 11.5,
13.9 years, see Fig. 3c).

The patient population at baseline is described by
GC subgroups and genetic subgroups in Table 1. The
majority (73%) of the patients were on prednisolone,
with most of the remaining patients (25%) on deflaza-
cort. Daily was the most common GC regime, with
53% of patients on this regime. In the groups where
the GC type and regime were known, the GC start
age ranged from 6.0–6.7 years. However, those on
the regimes other than daily or intermittent (indicated
as prednisolone other and deflazacort other) had an
older average GC starting age (median age of 7.45
and 10.64 years respectively). This may be in part
due to changes in data quality and standardisation of
GC regimes since the publication of the DMD stan-
dards of care [6, 19, 20]. There was some variability
in the NSAA total, RFF, and 10MWR for each of
the GC groups, although this may be due to variabil-
ity in the average age of the patients in each group.
Genetic information was known and interpretable for
679 (82%) of patients. Most of the patients had muta-
tions expected to affect expression of only the Dp427
isoform (40%) or of the Dp427 and Dp71 and iso-
forms and unknown Dp140 expression (31%).

The model selected for the NSAA centiles was a 0-
1 inflated logit-normal GAMLSS, with a basis spline

for the mean model, a linear model for the variability,
and quadratic models for the proportion of scores as
0 and 34. An overview of the UK NSAA centiles
between the ages of 5 and 16 is presented in Fig. 4.

The 50th centile describes a patient who reaches a
peak NSAA score of 26 between the ages of 6 years
3 months and 6 years 7 months, with loss of NSAA
at 12 years 3 months. This is the typical trajectory
of a boy with DMD in the UK. The 10th centile
describes a patient who reaches a peak NSAA score
of 14 between the ages of 5 years 9 months and 6
years 6 months, with an eventual loss of NSAA at 9
years 5 months. The 25th centile describes a patient
who reaches a peak NSAA score of 20 between the
ages of 5 years 11 months and 6 years 7 months, with
loss of NSAA at 10 years 8 months. The 75th cen-
tile describes a patient who reaches a peak NSAA
score of 30 between the ages of 6 years 2 months and
7 years, with loss of NSAA at 14 years 4 months.
The 90th centile describes a patient who reaches a
peak NSAA score of 32 between the ages of 5 years
9 months and 8 years 1 month, with loss of NSAA
after the age of 16.

The rate of decline prior to non-completion of the
NSAA is consistent across the centiles – in the 5th to
95th centiles, if the centile reached 0 before age 16,
the median score 6 months before was 5 (range 3–6)
and the median score 12 months before was 8 (range
7–9). Blank NSAA centile charts, with age marked
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Fig. 3. Relative rates of score 0 on Rise from Floor Velocity, 10m Walk Run Velocity and NSAA.

by month, are provided as Figure S1 and SF2. Table
ST1 provides values necessary for plotting the cen-
tiles, whilst Tables ST2 and ST3 provide the centiles
and Z-scores respectively for given NSAA and age
combinations.

Figure 5a shows five patient trajectories of the
NSAA with time, showing the universal trend of
decline to loss of ambulation. However, without the
centile lines it is difficult to characterise strong vs.
weak DMD beyond patient 1 (strong) and patient 5
(weak). However, by overlaying the centile lines (as
in Fig. 5b), we can observe that patient 3 is declin-
ing at a faster than average rate indicated by crossing
of the centile lines, while despite patient 2 varying
they are declining at a rate in line with the centile
lines. Of note here, the centile which corresponds
to a NAA total of 0 increases with age, as more of
the patients score 0. Consequently, the assessments
where participants scored a 0 are omitted. This is also

apparent in Fig. 5c and 5d, which show that when
the NSAA centile or Z-score is on the y-axis, the
trajectory of patient 2 is slightly better than average,
whilst patient 3 declines faster than average. Notably,
when the trajectory of NSAA Z-score or NSAA cen-
tile is considered with age, the trajectories are linear.
The centiles have therefore removed the increasing-
stability-decline trend of the data.

The model selected for the RFFV centiles was a 0
inflated logit-Normal GAMLSS, with a cubic spline
with one degree of freedom for the mean model, a
quadratic model for the variance, and quadratic mod-
els for the proportion of score as 0. An overview of
the UK RFFV centiles between the ages of 5 and 16 is
presented in Fig. 6. The centiles demonstrate RFFV
declines monotonically with age, and no peak.

The 50th centile describes a patient who records
a RFF time of 5.6 s (with corresponding RFFV of
0.2s–1) at age 8 years with loss of RFF at 10 years
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Fig. 4. NSAA centiles for age.

Fig. 5. Understanding the NSAA using centiles.
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Fig. 6. Rise from floor velocity centiles for age.

2 months. This is the typical trajectory of a DMD
boy in the UK on the RFF. The 10th centile describes
a patient who experiences loss of RFF at 7 years 3
months. The 25th centile describes a patient who
records a RFF time of 10.6 s (with corresponding
RFFV of 0.1s–1) at age 8 years with loss of RFF at 8
years 6 months. The 75th centile describes a patient
who records a RFF time of 3.7 s (with corresponding
RFFV of 0.3s–1) at age 8 years with loss of RFF at 11
years 11 months. The 90th centile describes a patient
who records a RFF time of 2.7 s (with corresponding
RFFV of 0.4s–1) at age 8 years with loss of RFF at
14 years 2 months.

The rate of decline to loss of RFF is consistent
across the RFF centiles – in the 5th to 95th centiles,
if the centile reached RFFV of 0s–1 before age 16, the
median RFF time 6 months before was 10.6 s (range
9.4s– 12.2 s) and the median RFF time 12 months
before was 8.0 s (range 7.3s–9.6 s). Blank RFFV and
RFF Time centile charts, with age marked by month,
are provided as Figures SF4 and SF5. Table ST4 pro-
vides values necessary for plotting the centiles, whilst
Tables ST5 and ST6 provide the centiles and Z-scores
respectively for given RFF and age combinations.

The model selected for the 10MWRV centiles was
a 0 inflated logit-Normal GAMLSS, with a P-spline
with one degree of freedom for the mean model, a

linear model for the variance, and quadratic models
for the proportion of score as 0. An overview of the
UK 10MWRV centiles between the ages of 5 and 16
is presented in Fig. 7.

The 50th centile describes a patient who records a
10MWR time of 6.3 s (corresponding to a 10MWRV
of 1.6ms–1), and experiences loss of 10MWR at 11
years 11 months. This is the typical trajectory of a boy
with DMD for the 10MWR in the UK. The 10th cen-
tile describes a patient who records a 10MWR time of
11.5 s (corresponding to a 10MWRV of 0.9ms–1) at 8
years, and experiences loss of 10MWR at 9 years. The
25th centile describes a patient who records a peak
10MWR time of 8.4 s (corresponding to a 10MWRV
of 1.2ms–1) and experiences loss of 10MWR at
10 years 4 months. The 75th centile describes a
patient who records a peak 10MWR time of 4.9 s
(corresponding to a 10MWRV of 2.0ms–1) and expe-
riences loss of 10MWR at 13 years 11 months. The
90th centile describes a patient who records a peak
10MWR time of 4.0 s (corresponding to a 10MWRV
of 2.5ms–1) and does not experience loss of 10MWR
before 16 years.

The rate of decline to loss of 10MWR is consis-
tent across the 10MWR centiles – in the 5th to 95th
centiles, if the centile reached 10MWR of 0s–1 before
age 16, the median 10MWR time 6 months before was
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Fig. 7. 10m Walk run velocity centiles for age.

13.7 s (range 13.2s–15.6 s) and the median RFF time
12 months before was 11.0 s (range 10.6s–12.0 s).
Blank 10MWR centile charts, with age marked by
month, are provided as SF6 and SF7. Table ST7 pro-
vides values necessary for plotting the percentiles,
whilst Tables ST8 and ST9 provide the centiles and
Z-scores respectively for given 10MWR and age
combinations.

In total there were 2,134 observations where boys
did not record a 0 on either the NSAA total score,
RFFV or the 10MWRV, which are referred to here
as non-zero observations. There was a strong corre-
lation between the RFFV centiles and the 10MWRV
centiles across all observations (73%), although in
the non-zero observations this correlation was only
moderate (53%). The NSAA centiles were moder-
ately correlated with the RFFV centiles across all
observations (40%) and the non-zero observations
(47%). The NSAA centiles were weakly correlated
with the 10MWRV centiles across all observations
(34%), and moderately correlated across the non-zero
observations (41%).

DISCUSSION

To our knowledge, this paper presents for the
first time the centiles of the NSAA, RFFV and
10MWRV, and represents the second approach to cen-
tiles in DMD after the centiles of the MFM [14] The
data used in this analysis come from the NorthStar
Database, one of the largest DMD databases, and
includes all the Neuromuscular centres in the UK
which regularly monitor patients with DMD.

The NSAA is an ordinal scale with total scores
ranging from 0 to 34, and as such a one-point dif-
ference in score does not represent the same level of
functional change across the scale. To tackle the ordi-
nal nature of the NSAA, a linearised NSAA scale has
been proposed, with totals ranging from 0–100 [24],
and our method builds on this by enforcing linearity
across age. Additionally, centiles are easily inter-
pretable to non-expert audiences (such as patients and
caregivers) and can be used to numerically quantify
the cross-sectional variability of DMD. The meaning-
fulness of the NSAA to patients has been established
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2.3 and 3.5 points [25].
The centiles proposed in this paper are not the

first attempt at characterising variability in boys with
DMD. One previous approach seeks to use latent class
trajectory analysis to identify homogeneous groups of
patients who are then grouped together [26]. The cen-
tiles presented here instead view the DMD population
as on a spectrum, with some boys displaying less or
more severe motor function phenotypes based on a
combination of observed and unobserved factors.

The 25th, 50th and 75th NSAA centiles presented
by our paper describe patients whose maximum
NSAA total scores of 20, 26 and 30 are achieved
on average at 6 years 3 months, 6 years 5 months and
6 years 7 months respectively. This is very similar
to results related to peak NSAA score between the
age of 6 and 7.5 years, where the median (IQR) of
the total score are given at 27 [22–31]. The 2-point
discrepancy between our 25th centile peak score of
20, and their reported score of 22 is likely due to the
inclusion of younger patients in our cohort.

In previous literature, the age at which the peak
NSAA score is achieved has been reported as between
the age of 6 years 6 months and 8 [24, 27–31], and our
results are concordant with this, although towards the
lower end of the range. Decline was apparent in all
centiles below the 90th after 8 years, suggesting that
decline will nearly always be observed in the over
8 years population. Previously, a later peak NSAA
score has been reported in stronger patient groups
[26] and in this analysis we were able to quantify this
later peak as about a 4-month delay in achievement
of peak NSAA total score between the 25th and 75th
centiles.

Additionally, the average annual change either
side of a suggested peak NSAA score age has been
reported. Previously, before the peak (at approxi-
mately age 7) an increase of between 0 and 2.2 points
per year has been reported, whilst after the peak age,
an annual decline of between 1.4 and 3.7 points per
year have been reported [28–30, 32]. In the centiles
presented here, we show that 1 year change is not
linear before and after peak, with the 50th (25th,
75th) centiles showing a 1-year change of 2.2 (2.4,
1.6) points between 5 years and 6 years, –0.2 (–0.6,
0.1) points between 6 years and 7 years, –1.8 (–2.7,
–0.9) points between 7 years and 8 years and –3.3
(–4.4, –1.8) points between 8 years and 9 years. Those
treated with GC whilst ambulant have been shown to
have an average loss of ambulation age between 11
and 13 years [33–35], and this is in line with our
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50th centile where loss of ambulation is at 12 years
3 months.

The RFF centiles presented here describe a patient
whose RFFV declines monotonically over time, with
a 50th centile RFFV of 5.6 s (0.2s–1) at 8 years, 25th
centile RFFV of 10.6 s (0.1s–1) at 8 years and for the
75th centile RFFV of 3.7 s (0.3s–1) at 8 years. Previ-
ously reported peak RFFV values were reported at an
average of 6 years 10 months and suggest a median
of 0.25s–1, and a 25th centile of 0.18s–1, faster than
our recorded values of 022.s–1 and 0.14s–1 respec-
tively. This may be because we record loss of RFF by
6 years 10 months in the lower 7% of patients, who
would therefore have been excluded from previous
analyses.

The 10MWR centiles presented here describe a
patient whose 10MWRV displays a brief period of
stability before decline, with a 50th centile 10MWRV
of 6.3 s (1.6ms–1) at 8 years, 25th centile 10MWRVof
8.4 s (1.2s–1) at 8 years and 75th centile 10MWRV
of 4.9 s (2.0s–1) at 8 years.

The two times tests, the 10 m walk/run (Item 17)
and rise from floor (Item 11) have both been shown
to be strongly negatively correlated with total NSAA
score, with correlations of –0.51 and –0.71 respec-
tively [36]. However, we show moderate positive
correlations between the time test centiles and the
NSAA centiles of 34–47%, suggesting that some
boys are relatively stronger on the time tests com-
pared to the NSAA and vice versa. Consequently,
by adjusting the time test and NSAA scores for
age, we can capture complementary aspects of dis-
ease progression. Therefore, by combining centiles
of measures most relevant to the early/late ambulant
stages (RFF, NSAA, 10MWR) with early non-
ambulant and late non-ambulant disease markers [1],
such as the Performance of Upper Limb (PUL) or
forced vital capacity (FVC%), we could develop full
disease severity centiles.

There are many known factors which can explain
some of the heterogeneity in motor function in DMD.
Groups amenable to certain exon skipping therapies
have been demonstrated to be linked to differential
motor function trajectories, such as exon 44 amenable
patients having a milder motor function phenotype
[37–39]. Additionally, differential expression of dys-
trophin isoforms, namely affected expression of the
Dp71, has been linked to a lower maximum NSAA
score than for those with affected expression of
Dp427 only or Dp427 and Dp140 [40].

Variability in GC regime has also been shown in
observational studies to have differential effects on

1-year NSAA change [28] and loss of ambulation
[7, 41], and in the FOR-DMD study to have a dif-
ferential effect on 3-year change in NSAA, 10MWR
and RFF [42]. Whilst some differences have been
reported between GC types and motor function, with
deflazacort treated patients displaying significantly
slower motor function declines in terms of the RFF
and the linear NSAA when compared to prednisone
treated patients [43], this difference was not found in
the For-DMD trial [44].

Differential GC-related side-effects can also have
significant impact on motor function. For example,
different GC types and regimes have been shown
to have differential impacts on growth and weight,
which in turn impacts loss of ambulation risk [21].
Boys with DMD are typically on a reduced GC dose
per kg as they get older, with patients on an aver-
age of 67% of the recommended dose across all ages
[8]. However cumulative dose, as well as GC type
and regime, have been linked to fracture rates, with
deflazacort daily having the highest fracture rates [45]
and 14% of DMD boys having reported long bone
fractures less than 6 months before loss of ambula-
tion. The impact of GC type, regime and dose on the
NSAA centiles will need to be understood in future
work.

One limitation of this study is that the data in the
NorthStar Database has been collected from 2005
to 2022, and the DMD standards of care were pub-
lished in 2018 [6, 19, 20]. Therefore, there is likely
heterogeneity in the population due to the changing
standards of care. The prevalence of GC treatment
has risen over time, with the age of GC initiation
falling, and increased prescription of Deflazacort [7].
To reduce the heterogeneity here the cohort was
restricted to patients on GC. This serves a secondary
purpose, as it means that the centiles are more likely
to be appropriate for trial applications, as it is a cri-
terion of most trials that patients are maintained on
GC. However, how GC-naive patients perform on the
centiles warrants further analysis.

Additionally, these centiles represent only the UK
NorthStar population, which likely differ from other
national cohorts due to differences in recommen-
dations, GC treatments and genetic make-up. The
demographics of our cohort have therefore been sum-
marised. Further work will be needed to understand
the relevance of the centiles to other national cohorts,
as well as the differential impact on the centiles over
time of recommendations, GC, and genetics.

Some attempts have been made here to adjust
for informative drop-out, in that non-ambulant visits
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have an imputed NSAA total score of 0, visits where
the walk item are recorded as 0 have a 10MWRV
imputed as 0, and visits where the RFF item is
recorded as 0, the RFFV is imputed as 0. However,
one limitation of this study is that there is likely
an informative visiting process, with various factors
affecting how often boys attend clinics. This infor-
mative visiting process could lead to a positive skew
in the upper age groups of the data, as it is likely only
the strongest patients are being captured.

The NSAA, RFF and 10MWR centiles represent
boys with DMD cross-sectionally, and further work
will be needed in order for longitudinal inference
to be made. By viewing NSAA trajectories in the
context of centiles or Z-scores, it will be possible
to contextualise typical vs. atypical rates of decline.
This is particularly important in the late ambulatory
stage of the disease, where any decline is a significant
cause for concern for patients and parents. Further
work will be needed, drawing on the literature on
growth centiles, to develop limits by which decline
can be labelled as concerning.
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