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ABSTRACT: Introduction: Natural history studies for Duch-
enne muscular dystrophy (DMD) have not included measures of
community ambulation. Methods: Step activity (SA) monitors
quantified community ambulation in 42 boys (ages 4–16 years)
with DMD with serial enrollment up to 5 years by using a
repeated-measures mixed model. Additionally, data were com-
pared with 10-meter walk/run (10mWR) speed to determine
validity and sensitivity. Results: There were significant declines
in average strides/day and percent strides at moderate, high
and pediatric high rates as a function of age (P<0.05). Signifi-
cant correlations for 10mWR versus high and low stride rates
were found at baseline (P<0.05). SA outcomes were sensitive
to change over 1 year, but the direction and parameter differed
by age group (younger vs. older). Changes in strides/day and
percentages of high frequency and low frequency strides corre-
lated significantly with changes in 10mWR speed (P<0.05).
Discussion: Community ambulation data provide valid and sen-
sitive real-world measures that may inform clinical trials.
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Duchenne muscular dystrophy (DMD) is an x-
linked recessive muscle disease with an estimated
worldwide incidence of 1 in 3,500–5,500 male
births.1,2 DMD disrupts the manufacture of the dys-
trophin protein. Steroid treatment protocols have
slowed the rate of functional decline associated
with DMD.3–5 Currently, gains in lower extremity
function are expected up to 6–8 years of age, fol-
lowed by a gradual decline until the loss of ambu-
lation.6–8 Natural history studies8–11 are important
to identify sensitive outcome measures for the
assessment of recently developed DMD novel ther-
apeutics12–16; however, community mobility has not
been included.

Objective measurement provided by step activ-
ity (SA) monitors seems ideally suited for quantifi-
cation of walking activity, a key marker of disease

progression in DMD.17 SA data can be collected
without voluntary effort or cooperation of the partic-
ipant other than agreeing to wear the monitor.
Because it is not a physical performance test, factors
such as age, intellectual ability, motivation, anxiety,
and fatigue do not interfere with collection of qual-
ity data. Additionally, SA monitors may expand
enrollment by enabling data collection from remote
or widespread geographical areas.

Various pedometers and accelerometers have
been used to track daily SA.17–24 A large longitudinal
study of SA reported that children without disability
take 10,056 steps (5,028 strides)/day but found
no relationship with age.18 In contrast, McDonald
et al.20 reported significantly more strides/day for
boys 6–10 years old (7,001 6 580 strides/day) com-
pared with older boys (5,354 6 566 strides/day for
11–15 years and 5,394 6 480 strides/day for 16–20
years). Approximately 6,500 strides/day are recom-
mended for boys without disability to achieve health
benefits.25

There are few studies of SA in boys with DMD.
McDonald et al.17 found significantly lower values
for 5–13-year-old boys with DMD compared with
control participants (4,456 6 513 vs. 6,311 6 493
strides/day, respectively). Time spent at moderate
(16–30 strides/min) and higher (>30 strides/min)
cadences was significantly lower for the DMD
group. Validity of SA data in this population was
supported by strong correlations between the 6-
minute walk distance (6MWD) and SA parameters
in boys with DMD.26 Little is known about respon-
siveness to intervention in DMD. Improved SA fol-
lowing 1 month of corticosteroids was reported,
but only 5 boys were studied.27 A recent study of
ataluren showed positive trends in SA data favoring
ataluren over a placebo.16 Thus, accelerometry
offers a valid measure of community based
cadence that may be an informative outcome mea-
sure for determining therapeutic efficacy in clini-
cal trials. This study examines longitudinal SA in
boys with DMD as part of a broader natural history
study. We hypothesize that SA outcomes will be
sensitive to disease progression and correlate with
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the 10-meter walk/run test (10mWR), a common
clinical assessment of walking speed.

MATERIALS AND METHODS

Participants and Procedures. Ambulatory boys with
DMD, ages 4–16 years at enrollment, were recruited from
clinics at 3 participating hospitals and from the community
as part of a prospective longitudinal multicenter study. Insti-
tutional review board approval was obtained at each institu-
tion, and parental consent and child assent were obtained.
Inclusion criteria were a diagnosis of DMD determined by
clinical evaluation and either a blood DNA study or a mus-
cle biopsy, the ability to walk independently, and the ability
to understand directions for testing procedures. Data were
collected at 6-month intervals over a 5-year period with con-
tinuous enrollment. Data were excluded from the natural
history analysis if a participant was enrolled in an experi-
mental drug treatment trial during the data collection
period.

The StepWatch Activity Monitor (Modus Health LLC,
Washington, DC) was used for this study. Good validity20,21

and reliability20,21,23 have been reported, and it was the
most accurate of 3 devices studied in children with disabil-
ity.21 It is worn above 1 ankle, and, therefore, measures
strides/min. Stride count accuracy was confirmed by corre-
lating triggered LED light flashes with observed unilateral
steps (strides). Parents and children were instructed in the
correct orientation and placement of the SA monitor above
the lateral malleolus of 1 lower limb and were provided
with a calendar to denote time on/off, school attendance,
typical versus atypical day, and reasons for activity variation
or removal of the device (e.g., illness, weather, bathing,
swimming). Data were collected in the boys’ communities,
including home and school. Participants were instructed to
wear their monitor 3–5 weekdays and 2 weekend days fol-
lowing each laboratory evaluation. A postage paid envelope
for return of the monitor and calendar was provided.

SA data were compared with the calendar to confirm
accuracy. Days when the device was removed prematurely or
that exhibited inconsistencies with the calendar were elimi-
nated from further analysis. The SA monitor software pro-
vides a data summary including total strides/day and
number of strides at varying activity levels. We examined
stride count at the most commonly used default frequencies
(high> 40, moderate 16–40, and low 1–15 strides/min). A
pediatric high cadence of >60 strides/min (pediatric high)
was included in the analysis because a recent study of chil-
dren with disability used this cutoff.24 This higher value was
based on a report of moderate to vigorous SA of typically
developing children (10–12 years old).28 Mean strides/day
and the number of strides/day at each activity level were
calculated. Percentage of pediatric high frequency, high fre-
quency, moderate frequency, and low frequency strides was
defined as the number of strides at each activity level
divided by the total number of strides/day (multiplied by
100).

Statistical Analysis. Validity. We used the 10mWR
test as the reference standard. Because data were confirmed
as being normally distributed with the Shapiro-Wilk test, lin-
ear regression was used to examine the relationship of SA
data (mean strides/day and percentage pediatric high fre-
quency, high frequency, moderate frequency, and low fre-
quency strides) with 10mWR at baseline. In addition, linear

regressions of 1-year changes in SA versus 10mWR data
were performed.

Sensitivity to Change. A two-way repeated-measure
ANOVA was used to compare baseline and 1-year SA values
for younger (4–7 years) and older (�8 years) groups for a
subset of boys with at least 2 data collections obtained 1
year apart.

Natural History Analysis. SA data collected longitu-
dinally over 6-month intervals were rounded to the closest
age at the time of data collection. A repeated-measures
mixed model was used to evaluate means across age group
bins controlling for subject effect for average strides/day,
percentage pediatric high frequency strides, percentage
high frequency strides, percentage moderate frequency
strides, percentage low frequency strides, and 10mWR
speed. This design takes into account that the number of
data points available for each participant may vary. The
model takes advantage of the correlations among observa-
tions from subjects with multiple assessments over time and
assumes that these correlations apply to all subjects.29 Mean
profiles and 1 SEM were plotted with the corresponding lin-
ear or quadratic best-fit trend curves. All statistics were cal-
culated in JMP (SAS Institute, Cary, NC), with significance
set at P 5 0.05.

RESULTS

For the validity and sensitivity to change analy-
ses, baseline and 1-year data were available for a
subset of 32 participants ranging in age from 4.1–
11.3 years (mean 7.5 6 2.2 years). Sixteen older
boys (�8 years) and 16 younger boys (4–7 years)
were included.

Validity Analyses. SA measures versus 10mWR at
baseline are shown in Figure 1. Percentages of high
frequency and low frequency strides were signifi-
cantly correlated with 10mWR speed. Significant
relationships were not found among mean strides/
day, percentage moderate frequency, percentage
pediatric high frequency, and 10mWR speed. Valid-
ity analyses for change over a 1-year period are
shown in Figure 2. Significant positive relationships
between changes in average strides/day and per-
centage high frequency strides versus 10mWR speed
were found. In contrast, change in percentage of
low frequency strides showed a significant negative
correlation with change in 10mWR. Significant rela-
tionships between changes in percentage of moder-
ate and pediatric high frequency strides versus
10mWR speed were not found.

Sensitivity to Change Analyses. Two-way repeated
measures ANOVA over the 1-year period revealed
significant differences by age for 10mWR speed and
all SA parameters, with the exception of percentage
moderate frequency (P 5 0.25) and percentage
pediatric high frequency strides (P 5 0.30). For the
older age group, significant reductions in average
strides/day (21,624 strides/day) and 10mWR speed
(20.27 m/s) as well as a significant increase in per-
centage low frequency strides (17%) were found.
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For the younger age group, a significant decrease in
percentage low frequency strides (25%) and a sig-
nificant increase in percentage high frequency
strides (14%) were found.

Natural History Analyses. Demographics and base-
line characteristics for 42 natural history partici-
pants are shown in Table 1. Baseline age ranged
from 4 to 16 years. The number of data collections
for each participant ranged from 1 to 7 (10 par-
ticipants completed 7 data collections, 3 participants
completed 6, 2 participants completed 5, 10

participants completed 4, 3 participants completed
3, 5 participants completed 2, and 9 participants
completed 1). Average strides/day for the entire
cohort at baseline was 4,881 (5,352 6 1,899 for boys
4–7 years and 4,453 6 2,255 for boys� 8 years).
Mean 10mWR speed at baseline was 1.71 m/s (1.8 6

0.63 m/s for boys 4–7 years and 1.6 6 0.71 m/s for
boys� 8 years). Longitudinal trends as a function of
25 age bins ranging from 4–16.5 years are shown in
Figure 3. Data from at least 6 participants contrib-
uted to the means for age bins from 4.5 to 12.5
years, but fewer participants were included above

FIGURE 2. Correlations of change scores for average strides/day (A), percentage low frequency strides (B), percentage moderate

(mod.) frequency strides (C), percentage high frequency strides (D), and percentage pediatric high frequency strides (E) with 10-meter

walk/run test (10mWR) speed over 1 year.

FIGURE 1. Correlations of average strides/day (A), percentage low frequency strides (B), percentage moderate frequency strides (C),

percentage high frequency strides (D), and percentage pediatric high frequency strides (E) with 10-meter walk/run test (10mWR)

speed at baseline.
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and below this range (�3). Significant relationships
were found for all SA outcomes. Average strides/day
initially increased for young boys (4–7 years), fol-
lowed by a relative plateau at approximately 5,000
strides/day for boys 8–10 years, after which there was
a decline as ambulation decreased and eventually
ceased. Although these variations were observed, the

curve was best fit with a linear equation. Although
the percentage moderate frequency strides gradually
declined with age in a linear fashion, trajectories of
the mean trend for percentage high frequency and
percentage low frequency strides followed diverging
elliptical paths best fit with quadratic equations. Per-
centage high frequency strides initially increased but
then declined with age, whereas percentage low fre-
quency strides slightly decreased and then progres-
sively increased with age. Similarly to percentage
high frequency strides, 10mWR speeds decreased
with age in a curvilinear fashion. Percentage pediat-
ric high frequency stride data as a function of age
were best fit by a linear equation. Although there was
a significant decrease with age, the slope was close to
0. The maximum contribution was only 4% of the
average number of strides compared with >20% for
the other frequency cutoffs.

DISCUSSION

This long-term longitudinal study with follow-up
of up to 5 years offers insight into the utility of com-
munity activity monitoring as an outcome measure.
Examination of the natural history data in Figure 3
reveals that the decline in average strides/day as a
function of age was similar to that of other func-
tional metrics for DMD. As expected, average strides
per day at baseline was lower than that reported for
boys without disability.17,18,20,23 Compared with a
cross-sectional study of boys with DMD ages 5–13

FIGURE 3. Longitudinal trends calculated from mean values 6 1 SEM for average strides/day (A), percentage moderate frequency

strides (B), percentage low and high frequency strides (C), percentage pediatric high frequency strides (D), and 10-meter walk/run test

(10mWR) speed (E) as a function of age. Average strides/day, percentage moderate frequency and pediatric high frequency strides

were best fit with linear models. Percent low frequency and high frequency strides and 10mWR speed were best described by polyno-

mial equations. All relationships were significant (P<0.001).

Table 1. Natural history demographics and baseline
characteristics

Characteristics Data*

Number of participants 42
Mean age, years 7.9 6 2.9
Age range, years 4.1–16.1
Mean height, cm 118.5 6 13.9
Mean weight, kg 27.1 6 12.2
Mean BMI, kg/m2 18.5 6 4.4
Number taking steroids at baseline 25

Deflazacort 13
Prednisone 12

Median number of visits (min–max) 4 (1–7)
Mean 10mWR speed, m/s 1.71 6 0.68
Mean average strides/day 4,881 6 2,117
Mean low frequency strides/day† 1,345 6 423
Mean moderate frequency strides/day† 2,665 6 1,331
Mean high frequency strides/day† 871 6 620
Mean pediatric high frequency strides/day† 144 6 204

10mWR, 10-meter walk/run test; BMI, body mass index.

* 6 SD as indicated.
†Low frequency, 1–15 strides/min; moderate frequency, 16–40 strides/
min; high frequency,> 40 strides/min; pediatric high frequency,> 60
strides/min.
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years, our mean was slightly higher (4,881 vs. 4,456
strides/day).17 The decline in walking speed as a
function of age was similar to that reported in a pre-
vious 48-week longitudinal analysis of 10mWR in
this population,8 demonstrating little change from 4
to 7 years and a more predictable decline in speed
for boys �8 years of age.

Additional insights into disease progression can
be made by examining stride frequency relation-
ships (see Fig. 3). With increasing age, percentage
moderate frequency strides exhibited a modest
gradual decline, whereas a major shift occurred
from high frequency toward low frequency stride
rates. These data support a decline in the time spent
at high stride rates as a function of age found in a
previous cross-sectional study of boys with DMD.20

Decreased cadence occurs with increased leg length
in typically developing children30; however, the
effect of disease progression in boys with DMD cer-
tainly surpasses this maturational influence. The
early age region of the high cadence curve corre-
sponds to what has been referred to as the
“honeymoon” period, when improvements in func-
tion are observed but at a rate below typically devel-
oping children.6,7,31 Percentage high frequency
strides decreased to zero prior to the cessation of
walking in many participants, suggesting possible
use of this measure as a prognostic indicator for loss
of ambulation. The polynomial curve for 10mWR
was most similar to the high stride rate curve, exhib-
iting an early plateau region followed by a steep
decline above 10 years of age. The curve for percent-
age low frequency strides was virtually a mirror
image of percentage high frequency strides. For the
oldest boys who remained ambulatory, approxi-
mately 60% of strides/day were within this low
cadence range.

Validity of community walking data was sup-
ported by the significant relationships between high
and low stride rates and the 10mWR test at baseline
(Fig. 1) and over a 1-year period (Fig. 2). It is logical
that children who are capable of running would
achieve higher speeds on the 10mWR test and also
that they would walk at higher cadences during their
daily activities. Therefore, the percentage of strides
at high and low cadences was expected to have a
stronger relationship with walking speed than those
at moderate stride rates. Although baseline average
strides/day did not exhibit a significant relationship
with the 10mWR test, a previous study demonstrated
a strong correlation between this measure and the
6MWD.26 Therefore, average strides/day may be a
better proxy for laboratory measures of walking
endurance than for speed. The 6MWD became a
standard clinical trial measure for DMD after the
onset of the present study. The relationship for

the percentage pediatric high frequency strides with
the 10mWR was nonsignificant.

The relationship between SA and 10mWR data
for 1-year change scores varied by age group. Signifi-
cant correlations were found between 1-year change
scores for SA measures and the 10mWR, with the
exception of percentage moderate frequency and
percentage pediatric high frequency strides, and
data tended to cluster by age (see Fig. 2). Most data
points for older boys were contained in quadrants
that reflected a decrement in function (e.g., the
lower left quadrant for average strides/day and per-
centage high frequency strides and the upper left
for percentage low frequency strides). The reverse
occurred for younger boys. These relationships
emphasize the importance of examining stride rates
in addition to average strides/day in boys with
DMD. Although the correlations used to establish
validity were in the correct direction and significant,
the associated R2 values suggest “low to medium”
strength correlations, indicating that other factors
contribute to walking speed. Stride length, in addi-
tion to cadence, is a primary determinate of walking
speed in normal gait; however, these relationships
are more complex in the presence of a progressive
muscle disease.

Sensitivity of outcome measures and variation
with age are important factors to consider for
DMD clinical trials, and 1 year is a common end-
point. Strides/day and cadence were sensitive mea-
sures, but the direction of change varied by age
group. Blending age groups could certainly wash
out the effects of a therapeutic intervention.

The SA software used for the present study pro-
vides multiple analyses that can be tailored to the
population studied and the research questions. We
examined the pediatric high in addition to the
default stride rate cutoffs. Because there were
insufficient strides at this cadence (see Fig. 1E), it
does not appear to be a useful metric for this pop-
ulation. In contrast, all participants generated
strides above 40 strides/min, supporting this cutoff
as more meaningful for DMD studies. Another
option is to study time spent at a particular stride
rate.17,24,26 Boys with DMD, however, are advised
to limit physical activity and use a scooter or wheel-
chair for mobility at school and in the community,
setting a limit on the number of steps they take
each day but not their cadence when they do walk.
In the present study, the average number of
strides/day was analyzed, which is related to the
time spent walking each day. The calculation of
the percentage of these strides at different stride
rates, however, was not related to the time spent
walking and more relevant to a laboratory measure
of walking speed capacity, which was a focus of this
investigation.
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This study has several limitations. A limitation
of using rolling enrollment for natural history
studies is variation in the number of participants
within age bins. This study was not designed to
evaluate the effect of steroids, which were the stan-
dard of care for all sites during data collection.32

The age of diagnosis and steroid initiation varied,
and some boys discontinued steroid use because of
weight gain or behavioral changes. Steroid use was
78% at 6 years, increased to 100% at 8 years, and
ranged from 80% to 100% between 8 and 13 years.
All boys� 13 years old that remained ambulatory,
and therefore continued in the study, were taking
steroids.

In summary, we found that SA monitors pro-
vide a valid measure of community ambulation in
DMD and produce natural history data that can be
used as a comparison for clinical trials. It is impor-
tant to use technology that captures high and low
stride rates because these are significantly corre-
lated with walking speed and sensitive to both
short-term and long-term disease progression.

Study data were presented to the American Academy of Cerebral
Palsy and Developmental Medicine, September 2012, Toronto,
Ontario, Canada. The authors thank the parents and children
who participated in this study, Andy Vuong for his assistance with
data analysis and manuscript preparation, and Jeff Gornbein for
statistical consultation.
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