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A B S T R A C T

Background: Increasing walking speed and including bilateral external ankle load have been shown to improve
aspects of the gait pattern of children with Down syndrome (DS). However, it is unknown if speed and ankle load
improves the cycle-to-cycle variability in a similar way.
Research question: How do changes of walking speed and external ankle load impact spatiotemporal variability
during treadmill walking in children with and without DS?
Methods: Thirteen children with DS (aged 7–10 years) and thirteen age- and sex-matched typically developing
(TD) children participated in this study. Subjects completed two bouts of 60-second treadmill walking at two
different speeds (slow and fast) and two load conditions (no load and ankle load equaling to 2% bodyweight at
each side). Kinematic data was captured using a Vicon motion capture system. Mean and coefficient of variance
of spatiotemporal gait variables were calculated and compared between children with and without DS.
Results and significance: Across all conditions, the DS group took shorter and wider steps than the TD group, but
walked with a similar swing percentage, double support percentage, and foot rotation angle. Further, the DS
group demonstrated greater variability of all spatiotemporal parameters, except for step width and foot rotation
angle. Our results indicated that children with DS can modulate their spatiotemporal gait pattern accordingly
like their TD peers when walking faster on a treadmill and/or with an external ankle load. Smaller step width
variability in the DS group suggests that mediolateral stability may be prioritized during treadmill walking to
safely navigate the treadmill and complete walking tasks. Similar temporal parameters but distinct spatial
parameters in the DS group suggest that they may have developed similar rhythmic control but are confined by
their spatial movement limitations.

1. Introduction

Individuals with Down syndrome (DS) typically present with hy-
potonia, joint hypermobility, reduced strength, and cognitive impair-
ments [1,2]. These conditions are considered to underlie the “clumsy”
movement patterns of individuals with DS characterized by poor bal-
ance control, reduced joint and muscle coordination, abnormal gait
kinematics, delays in acquiring complex movement patterns, and ab-
normal variability of movement [3–7]. These impairments produce
stereotypical alterations in both the gait patterns of individuals with DS
and their adaptations to changing gait conditions [7–11].

When children with DS are challenged to walk faster on a treadmill

they adapt similarly to typically developing (TD) children by increasing
step length and decreasing step width [12]. The inclusion of external
ankle load increased stride length and decreased cadence in children
with DS similarly to their TD peers [13]. The combination of fast
walking and ankle load demonstrated a more advanced gait pattern
with an improved power spectrum and general muscular activation in
children with DS [13,14]. Although treadmill training is a common
intervention for infants [15] and children with DS [13,14], it is un-
known to what degree walking speed and external ankle load affect
cycle-to-cycle gait variability in children with DS.

All movement contains some degree of variability, which enables
adaptation to new tasks and/or environments [16,17]. However, too
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little or too much variability can be associated with movement dys-
function. When learning to walk, toddlers with DS display greater
variability in step length and width and reduced these variabilities at a
slower rate than their TD peers [18]. During treadmill walking, adults
with DS demonstrate greater variability of center-of-mass, step width,
and step length than healthy controls; these differences become greater
at faster speeds [19]. Moreover, adults with DS increase stride velocity
variability and decrease step width variability more than healthy con-
trols when walking overground in challenging conditions, and there is
correlation between amount of variability and self-reported frequency
of falls in adults with DS suggesting its clinical relevance [20].

The purpose of this study was to investigate the acute effects of
walking speed and external ankle load on spatiotemporal gait para-
meters and their variability patterns between children with and without
DS. We hypothesized that children with DS will demonstrate a similar
spatiotemporal adaptation pattern to their TD peers such that at faster
speeds or wearing external ankle load, both groups will increase mean
step length and swing percentage and decrease mean step width and
double support percentage. Between the two groups, children with DS
will show smaller step length and swing percentage and greater step
width and double support percentage. In terms of gait variability, we
hypothesized that a similar variability pattern will emerge for both
groups such that variability of step length, swing percentage, and
double support percentage will increase with speed and ankle load, and
variability of step width will decrease. Between the two groups, chil-
dren with DS will display greater variability in all spatiotemporal
variables.

2. Methods

Thirteen children with DS aged 7–10 years were recruited through
local parent support groups and the Down Syndrome Association of
Atlanta. Thirteen age- and sex-matched TD children also participated in
the study. All participants were able to walk overground for 10-meters
independently. Exclusion criteria included a history of medical condi-
tions or the inability to walk independently. Anthropometric data were
collected for each subject including body mass, height, and leg length.
The children with DS were shorter in height but had similar body mass
(Table 1). This study was approved by the institutional review board at
the hosting university. Written informed consent was obtained from the
parents or guardians of all the subjects before data collection.

Subjects completed treadmill walking at two different speeds and
two load conditions for a total of four conditions. The treadmill speed
conditions were set by the subject’s preferred walking speed, calculated
as the average speed of three 10-meter overground walking trials.
Previous studies have shown that preferred treadmill walking speeds
are lower than overground in children with DS, thus our treadmill
speed conditions included a slow speed (75% of preferred) and a fast
speed (100% of preferred) [3,21]. The two load conditions included no
load and ankle load equal to 2% of body weight on each side. This
amount of ankle load increased the moment of inertia of the leg by
39%, which was tolerable in children with DS, but resulted in a
modulated gait pattern [13]. We attached adjustable weight cuffs above
each ankle and strapped them tightly to minimize motion during
walking. Sixty seconds of data was collected after the treadmill reached

the condition speed and the subject visually appeared to achieve steady-
state walking. Subjects completed two treadmill walking trials at each
condition. Presentation of the conditions was randomized across sub-
jects. Subjects were given adequate rest between trials. A custom full-
body 18 marker set was attached to each subject, including the heel,
ankle, toe, knee, greater trochanter, shoulder, elbow, wrist, and temple
bilaterally [13]. Kinematic data was captured using a 7-camera Vicon
motion capture system (Denver, CO) at a sampling rate of 100 Hz.
Marker trajectories were filtered at a cutoff frequency of 6 Hz. Custom
MATLAB programs (Natick, MA) were written for data analysis.

Gait events were determined using the anterior/posterior (AP) ve-
locity of each heel marker [22]. A velocity change of the heel from
positive to negative indicated a heel-strike event and a change from
negative to positive indicated a toe-off event. To confirm the accuracy
of this algorithm with our subjects, ten subjects were randomly chosen
and manually labeled for heel-strikes and toe-offs and compared to the
algorithm-generated gait events. Mean difference between the manu-
ally labeled and algorithm-generated heel-strike events was about one
frame and thus deemed acceptable. However, the algorithm-generated
toe-off event occurred, on average, three frames before those manually
labeled. Therefore, three frames were added to the algorithm-generated
toe-off events for each trial.

Step length was calculated as the AP difference between the ipsi-
lateral heel marker at heel-strike and the contralateral heel marker at its
minimum AP position during stance. Step width was calculated as the
medial/lateral (ML) difference between the heel markers at heel-strike.
Step length and width were normalized by leg length. Temporal vari-
ables included swing and double support percentage of gait cycle.
Double support percentage was calculated for the first double support
phase of a gait cycle. Foot rotation angle [23] was calculated as the
angle between the line connecting the toe and heel markers of the
current foot step and the line connecting the heel of the current and
previous step from the same side [24]. FRA was selected to evaluate the
consistency of cycle-to-cycle foot rotation in the transverse plane. A
positive or negative FRA indicated an outward or inward foot rotation
with respect to the line of foot progression, respectively. Spatio-
temporal variables were calculated for each side and combined after no
asymmetry was observed between the two sides for either group. To
investigate the variability of spatiotemporal variables, coefficient of
variation (CV) was calculated as the ratio of standard deviation to mean
value for each variable within each trial. For FRA, we used absolute
values when calculating the CV.

A three-way (2 group × 2 speed × 2 load) mixed ANOVA with
repeated measures on speed and load was conducted on the spatio-
temporal variables and their CV. Normality was assessed using the
Shapiro-Wilk test. Variables found to violate normality were log
transformed and reassessed using the Shapiro-Wilk test. This process
normalized our data. Post-hoc pairwise comparisons were completed
when necessary. The statistical analysis was completed using the SAS
9.4 statistical software (Cary, NC). A significance level was set at
α=0.05.

3. Results

Some children with DS could not complete all four walking

Table 1
Mean (SD) of subject characteristics, overground walking speeds, and ankle load at each side.

Group Age (yrs) Sex Height (m) Body mass (kg) Leg length (m) Fast speed (m/s) Slow speed (m/s) Ankle load (kg)

DS 9.12 (1.43) 11M/2F 1.25 (0.09) 31.67 (5.98) 0.57 (0.06) 0.99 (0.36) 0.74 (0.27) 0.60 (0.09)
TD 9.31 (1.49) 11M/2F 1.34 (0.08)* 30.41 (5.50) 0.65 (0.06)* 1.33 (0.11)* 1.00 (0.08)* 0.59 (0.12)

TD: typically developing children; DS: children with Down syndrome. Fast speed: treadmill speed that was equal to the subject’s preferred overground walking speed;
Slow speed: treadmill speed that was equal to 75% of the subject’s preferred overground walking speed. Symbol * denotes a significant difference between the two
groups at p < 0.05.
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conditions. A series of t-tests were conducted to determine if significant
differences existed between those children with DS who were able to
complete all conditions and those who were not; differences were not
significant for any variable, so subjects were combined for analysis. Due
to the missing data, the number of observations for each condition was
different; 13 children with DS completed the slow speed condition
without ankle load, 11 completed the fast speed condition without
ankle load, 10 completed the slow speed condition with ankle load, and
7 completed the fast speed condition with ankle load. All 13 TD chil-
dren completed all walking conditions.

3.1. Mean spatiotemporal variables

Both the TD and DS groups increased normalized step length and
maintained normalized step width when increasing walking speed
(Table 2). With additional ankle load, both groups maintained nor-
malized step length; however, the TD group increased normalized step
width while the DS group did not change step width. Statistical analysis
demonstrated that there was a group by load interaction for normalized
step length (p=0.016) and step width (p < 0.001; see Table 2 for the
details). Post-hoc analysis indicated that the DS group had a smaller
step length and a greater step width than the TD group at each load
condition; the difference between the two groups became greater at the
ankle load condition. There was also a speed effect for normalized step
length across the two groups (p < 0.001). FRA was similar between
the groups (between 0 and 5°) and unaffected by speed and load con-
ditions.

While walking faster, both groups displayed similar trends and va-
lues by increasing swing percentage but decreasing double support
percentage (Table 2). With additional ankle load, both groups showed
similar trends and values by increasing swing percentage but de-
creasing double support percentage. Statistical results demonstrated
that there was a speed effect (p < 0.001) and a load effect (p= 0.036)
for swing percentage, and a speed effect (p < 0.001) and a load effect
(p= 0.006) for double support percentage. There was neither a group
effect nor a group by speed/load interaction for both temporal vari-
ables.

3.2. Variability of spatiotemporal variables

Both groups decreased normalized step length variability but in-
creased normalized step width variability from slow to fast speed con-
dition (Fig. 1a–d). With the additional ankle load, both groups dis-
played no change in normalized step length variability but decreased
normalized step width variability. Regardless of speed and load con-
ditions, the DS group had greater step length variability and smaller
step width variability than the TD group. For step length variability,

there was a group effect (F(1,18)= 24.93, p < 0.001) and speed effect
(F(1,17)=8.44, p=0.010). For step width variability, there was a
group effect (F(1,18)=8.91, p=0.008), speed effect (F(1,17)=6.82,
p=0.018), and load effect (F(1,18)=36.22, p < 0.001). Both groups
showed similar variability in FRA across all conditions with no sig-
nificant statistical results (Fig. 1e–f).

Both groups decreased variability in swing and double support
percentage from the slow to fast speed condition (Fig. 2a–d). The ad-
ditional ankle load did not change variability in swing or double sup-
port percentages. Regardless of the speed and load conditions, the DS
group showed greater variability in both swing and double support
percentages than the TD group. Statistical analysis showed that there
was a group effect (F(1,18)= 26.85, p < 0.001) and a speed effect (F
(1,17)=41.95, p < 0.001) on swing percentage variability, and a
group effect (F(1,18)=21.84, p < 0.001) and a speed effect (F(1,17)
=9.10, p=0.008) on double support percentage variability.

4. Discussion

Partially supporting out hypotheses, our results indicated that
children with DS displayed some similar trends in spatiotemporal pat-
tern and its variability as their TD peers while adapting to walking
speed and ankle load but maintained group-level differences across all
conditions. This is consistent with previous findings of an overall lack of
stability control in individuals with DS [20]. In this study, modulating
speed was found to induce similar acute adaptations in both groups; the
DS group demonstrated greater improvement of stability by reducing
variability in step length and swing percentage. Clinical interventions
that involve modulating speed and external ankle load during treadmill
training have been shown to improve some aspects of gait patterns of
infants [15] and children with DS [13,14]. Additionally, children with
DS improve their overground gait patterns after treadmill walking
practice [12]. Clinicians can use these findings to their advantage by
modulating treadmill conditions to produce adaptations desired in
overground walking. However, in this study, modulating ankle load was
found to induce some unexpected compensations in both groups: strict
step width control (lower variability) in the DS group and wider steps in
the TD group. While these were acute adaptations, when developing
clinical interventions, it is important to weigh positive effects against
potential motor compensations. Further research on prolonged tread-
mill training with changes in speed and external ankle load are required
to quantify the potential long-term influence of motor compensations
reported in this study.

In contrast to previous work in adults [25], both groups of children
responded to the fast speed condition by decreasing the variability of
step length, swing percentage, and double support percentage. When
walking on a rapidly moving treadmill belt, both groups took longer

Table 2
Mean (SD) of normalized step length, normalized step width, swing percentage, double support percentage, and foot rotation angle.

Variable Group Slow Speed Fast Speed Statistical results

No load Ankle load No load Ankle load

Normalized step length TD 0.79 (0.09) 0.81 (0.10) 0.88 (0.10) 0.91 (0.10) S: F(1,17)=112.17, p < 0.001
G*L: F(1,18)= 7.01, p= 0.016)DS 0.66 (0.12) 0.64 (0.13) 0.76 (0.12) 0.76 (0.15)

Normalized step width TD 0.19 (0.05) 0.21 (0.05) 0.18 (0.04) 0.21 (0.05) G*L: F(1,18)= 19.96, p < 0.001)
DS 0.31 (0.07) 0.32 (0.07) 0.31 (0.08) 0.30 (0.05)

Swing percentage (% gait cycle) TD 62.43 (0.54) 62.05 (0.60) 61.53 (0.76) 60.87 (0.75) S: F(1,17)=92.19, p < 0.001
L: F(1,18)= 5.16, p= 0.036DS 64.46 (3.00) 64.49 (3.09 62.66 (2.90) 60.29 (1.88)

Double support percentage (% gait cycle) TD 12.54 (0.56) 12.16 (0.64) 11.56 (0.74) 10.92 (0.67) S: F(1,17)=104.39, p < 0.001
L: F(1,18)= 9.50, p= 0.006DS 13.81 (2.21) 14.07 (2.77) 12.47 (2.64) 11.85 (1.93)

Foot rotation angle (deg) TD 4.13 (8.56) 4.42 (8.53) 5.15 (6.84) 4.93 (8.47)
DS 1.38 (10.50) 2.36 (8.58) −0.08 (10.73) 3.74 (10.87)

In statistical results, S: speed effect; L: load effect; G*L: group by load interaction; at p < 0.05. Note that all 13 TD subjects completed all conditions, but that the
number of children with DS who completed each condition varied: 13 children with DS completed the slow speed condition without ankle load, 11 completed the fast
speed condition without ankle load, 10 completed the slow speed condition with ankle load, and 7 completed the fast speed condition with ankle load.
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steps, spent more time in swing phase and less time in double support.
The consistent faster pace might have necessitated this adaptation and
reduced the variability of these parameters to maintain a stable position
in the middle of the treadmill belt. This suggests that a portion of gait
variability can be reduced or optimized when adapting to a faster speed
in children with and without DS. As excessive variability of stride ve-
locity and limited variability of step width is correlated with fall risk in
adults with DS [18], interventions which normalize variability may
improve the overall stability and safety of individuals with DS. Our
results suggest that treadmill training at a fast speed, which decreases
step length variability but increases step width variability, may re-
present such an intervention.

Our results of unchanged mean step width and FRA are in opposi-
tion to previous studies [12,26–28]. However, Agiovlasitis et al. [25]
noted a lack of change in step width at faster speeds in young adults

with DS during treadmill walking and proposed, as we speculated, that
they might maintain stability at faster speeds by modulating step length
alone. Methodologically, FRA is affected by both the degree of in-toeing
or out-toeing of the foot relative to the line of progression and the
placement of the foot in the ML direction. Our definition differs from
previously reported angles, which were defined between the line of
progression (i.e., the regression line of all the steps) and the placement
of the foot [26,27]. Also, the treadmill might substantially constrain the
ML placement of the foot. Additionally, arch height has been shown to
influence FRA in children with DS [4] and we did not control for the
arch height of our subjects.

Interestingly, step width variability increased with the fast walking
speed but decreased with ankle load for both groups. Individuals with
DS have been found to value frontal plane stability, prioritizing equi-
librium maintenance over forward progression during overground gait

Fig. 1. Mean and SD of coefficient of variation of spatial gait variables at the Fast and Slow treadmill speeds. Normalized step length (i.e., step length/leg length) for
TD group (a) and DS group (b), normalized step width (i.e., step width/leg length) for TD group (c) and DS group (d), and foot rotation angle for TD group (e) and DS
group (f). Slow treadmill speed was equal to 75% of the subject’s preferred overground walking speed; Fast treadmill speed was equal to the subject’s preferred
overground walking speed. No Load denotes the no-ankle load condition. Ankle Load denotes the ankle-load condition, which was equal to 2% of body weight
attached above each ankle. Symbol * indicates a significant load effect at p < 0.05. Symbol + indicates a significant speed effect at p < 0.05. Note that all 13 TD
subjects completed all conditions, but the number of children with DS who completed each condition varied: 13 children with DS completed the slow speed condition
without ankle load, 11 completed the fast speed condition without ankle load, 10 completed the slow speed condition with ankle load, and 7 completed the fast speed
condition with ankle load.
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[7,20,29]. The increased consistency of wider steps during the ankle
load condition suggests that the external ankle load might present an
increased challenge to ML stability during gait, requiring strict control.
The prioritization of maintaining step width variability might illustrate
a posture-first strategy, which has been proposed to prevent falls during
more complex walking tasks [20,30]. However, while the ankle load
potentially perturbed ML stability, children with DS increased swing
percent and decreased double support percent, similar to the TD group.
This result furthers the proposal that external ankle load might aid the
unloading of the leg during the stance-to-swing transitions, and the
increased moment of inertia most likely assisted the pendulum motion
of the swing leg [14]. Therefore, while external ankle load might
acutely improve temporal parameters associated with stability, there
appeared a requirement to more strictly maintain spatial base of sup-
port (BOS). The increased step width found in the TD group was likely
due to the added weight above the ankle, requiring more space during
swing to safely pass the legs by each other. It may warrant further in-
vestigation on whether other unexpected compensations, such as cir-
cumduction, are utilized to accommodate the external load.

Previous studies have suggested that the more pronounced out-
toeing demonstrated by young adults with DS during fast overground
walking is an attempt to increase BOS and improve stability at the
expense of efficiency [27]. Therefore, it is reasonable for modulation of
FRA variability to also emerge as a strategy to increase stability. We
believe that the ML constraints of the treadmill might have limited the
capacity of both groups to alter FRA, resulting in preferential modula-
tion of step width to increase BOS and improve ML stability. Further
studies that examine the variability of FRA during fast walking over-
ground are needed to explore this possible explanation.

Although both groups demonstrated similar mean temporal

parameters across both speed conditions, the children with DS de-
monstrated increased variability of these parameters under all condi-
tions. This increased variability may be a result of their inherently
lower muscle tone and decreased ability to finely time movements [1].
However, the children with DS were able to successfully maintain si-
milar rhythmic timing as their TD peers across both speed conditions.
Black et al. [3] suggests that children with DS may recognize the in-
herent difficulty in controlling the excessive laxity of their movements
and choose to only constrain variability that may negatively affect task
performance. Our findings support this notion, as the increased tem-
poral variability exhibited by the children with DS did not affect their
ability to demonstrate similar temporal variables as their TD peers.

Limitations of this study include our small sample size, exacerbated
by the inability of some children with DS to complete all walking
conditions. Additionally, the length of our walking trials might be in-
sufficient for our subjects to accommodate to the task. Although we
only collected data when subjects visually appeared to have achieved
steady-state walking, more subtle compensations might have occurred.
Further, subjects were not controlled for their experience with treadmill
walking. Although the tasks presented were novel to most subjects, the
actual degree of task novelty might have varied across the subjects.
Finally, our results can only be generalized to children with DS; in-
vestigations in individuals with DS at different ages are needed to de-
termine if these adaptations are consistent across the lifespan.

Conflicts of interest statement

There were no conflicts of interest when completing this study.

Fig. 2. Mean and SD of coefficient of variation of temporal gait variables at the Fast and Slow treadmill speeds. Swing percentage (in % gait cycle) for TD group (a)
and DS group (b) and double support percentage (in % gait cycle) for TD group (c) and DS group (d). Slow treadmill speed was equal to 75% of the subject’s preferred
overground walking speed; Fast treadmill speed was equal to the subject’s preferred overground walking speed. No Load denotes the no-ankle load condition. Ankle
Load denotes the ankle-load condition, which was equal to 2% of body weight attached above each ankle. Symbol * indicates a significant load effect at p < 0.05.
Symbol + indicates a significant speed effect at p < 0.05. Note that all 13 TD subjects completed all conditions, but the number of children with DS who completed
each condition varied: 13 children with DS completed the slow speed condition without ankle load, 11 completed the fast speed condition without ankle load, 10
completed the slow speed condition with ankle load, and 7 completed the fast speed condition with ankle load.
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