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1. Introduction

Adults with Down syndrome (DS) experience disparities in
metabolic and functional health [1–3] that might be alleviated or
prevented with properly-designed physical activity programs.
Walking is a commonly performed activity in adults with DS [4]
and could be used to improve their health. However, most adults
with DS do not perform adequate amounts of health-promoting
physical activity [4,5]. A contributor to this may be the fact that
adults with DS have a higher net metabolic rate (net-MR) during

walking than those without DS [6,7]. This increased energetic cost,
when combined with their very low aerobic fitness [2], may limit
the extent to which adults with DS walk. Therefore, identifying
factors that increase net-MR during walking in adults with DS may
lead to interventions to improve their mobility and health.

One contributor to the increased net-MR during walking in
adults with DS may be their gait pattern, as theoretical and
empirical support exists for a relationship between gait char-
acteristics and net-MR. A major energetic cost during walking is
the positive work needed to redirect the sagittal motion of the
body center of mass (COM) during step-to-step transitions, and the
rate of this work increases with increases in step length and step
frequency [8,9]. Similarly, there is an energetic cost to redirecting
the mediolateral motion of the COM, and this cost appears directly
related to step width and the range of COM mediolateral motion
[10,11]. Active stabilization of the body through the modulation of
step width and step length, as reflected in the between-step
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A B S T R A C T

The altered gait patterns of adults with Down syndrome (DS) may contribute to their higher net

metabolic rate (net-MR) during walking than adults without DS, leading to mobility limitations. This

study examined the extent to which gait characteristics explain differences in net-MR during walking

between adults with and without DS. Fifteen adults with DS (27 � 8 years) and 15 adults without DS

(28 � 6 years) completed two testing sessions in which expiratory gases and kinematic data were collected,

respectively, during treadmill walking. Participants walked at six, randomly-presented dimensionless

speeds, ranging from slow to fast. Hierarchical and stepwise regressions were used to determine the

proportion of the variance in net-MR explained by gait variables that differed between groups, after

controlling for variance due to walking speed. Positive work rate, the range of the body center of mass (COM)

mediolateral position and its square, variability in the time-course of COM anteroposterior velocity, and the

variability of step length, step width, and step time significantly predicted net-MR (p < .05). These variables

collectively explained 73.9% of the variance in net-MR that was explained by DS but not by walking speed.

After accounting for shared variance among predictors, step length variability made the greatest unique

contribution (10.6%) to the higher net-MR in adults with DS, followed by the range of COM mediolateral

motion (6.3%), step width variability (2.8%), and variability in COM anteroposterior velocity (0.7%). Therefore,

the gait characteristics of adults with DS appear to largely explain their higher net-MR during walking.
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variability of these parameters, is also associated with an energetic
cost [12,13]. Together, the energetic costs of step-to-step transi-
tions and active stabilization may explain almost 50% of net-MR
during preferred walking [8,14]. Differences in gait pattern
between adults with and without DS would thus be expected to
have an effect on net-MR during walking. Such differences exist,
most likely due to such factors as the central control deficits, joint
laxity, hypotonia, mitochondrial dysfunction, and low fitness
characteristic of persons with DS [2,15–17]. We previously found
that adults with DS walked with greater and more variable COM
mediolateral motion, and more variable COM anteroposterior
velocity and COM vertical motion than adults without DS
[18]. Adults with DS also exhibited higher step frequencies and
more variable step lengths, step widths, and step times. However,
effects of these differences on net-MR had not been quantified.

This study therefore examined the extent to which differences
in gait variables between adults with and without DS are
associated with differences in net-MR between groups. Because
differences in gait variables and in net-MR between adults with
and without DS depend on walking speed [6,7,18], it was necessary
to account for effects of walking speed. We hypothesized that, after
controlling for walking speed, the gait patterns of persons with DS
would explain much of their higher net-MR during walking.

2. Methods

2.1. Participants

Fifteen adults with DS and 15 adults without DS participated in
this study. The groups were matched for sex (eight men, seven
women). Participants with and without DS did not differ in age
(mean � SD of DS vs. non-DS group: 27.1 � 7.6 vs. 28.2 � 5.7 years)
or body mass (66.1 � 10.4 vs. 70.2 � 13.4 kg), but those with DS were
shorter (150.1 � 8.1 vs. 171.1 � 11.7 cm; p < .05) and had greater
body mass indices (29.2 � 3.5 vs. 23.8 � 2.9 kg/m2; p < .05). The
relevant Institutional Review Board approved this study. Written
informed consent was obtained from all participants with and
without DS and from the legal guardians of those with DS.

2.2. Procedures

The procedures have been described in detail previously
[6,18]. Briefly, participants attended multiple laboratory sessions
over 2–4 weeks. Treadmill familiarization took place during the
first two sessions of participants with DS and during the first
session of participants without DS, providing them with 60 and
35 min of treadmill practice, respectively. The subsequent two
sessions were devoted to metabolic and kinematic data collection,
respectively.

During each session, participants completed one treadmill
walking trial at each of a set of dimensionless speeds {¼ v=

ffiffiffiffiffi
gL

p
,

where v is walking speed (m/s), g is the acceleration of gravity
(9.81 m/s2), and L is leg length (m)} [9,19]. Participants walked at
dimensionless speeds of 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6. Those
without DS also walked at a dimensionless speed of 0.7, but their
data at that speed were not included in the present analyses.

Metabolic data were collected with open-circuit spirometry
(TrueMax 2400, Parvo Medics, Salt Lake City, UT) for 6 min of quiet
standing and during walking trials in the corresponding testing
session. The pneumotachometer and gas analyzers were calibrated
prior to testing. The walking trials were 6 min in duration and were
performed without hand-rail support in a randomized order.
Participants sat for 5 min between trials.

Whole-body three-dimensional kinematic data were collected
with a nine-camera motion-capture system (Vicon, Los Angeles,
CA) during the final session. Participants wore tight-fitting clothing

and 35 reflective markers were attached to their arms, legs, torso,
and head using the Vicon Plug-In-Gait marker set. Following a trial
of quiet standing, participants performed the walking trials in the
same randomized order as in the previous session, with 3 min of
rest between trials. At each speed, marker position data were
collected at 60 Hz for 30–35 steps following 4 min of walking.
Anthropometric measurements required for Plug-In-Gait were also
made.

2.3. Data analyses

Average gross metabolic power over the last 2 min of each trial
of the metabolic testing session was determined in Watts using the
Weir method [20]. Net metabolic power during walking was then
calculated by subtracting the standing from the gross metabolic
power. To account for between-group differences in body size, net
metabolic rate was expressed in dimensionless form
[net-MR ¼ P=ðmg

ffiffiffiffiffi
gL

p
Þ, where P is net metabolic power (Watts),

m is body mass (kg), and g and L are as defined earlier] [9]. Net-MR
was the dependent variable.

Kinematic data from the final session were filtered with a
fourth-order, no-lag Butterworth low-pass filter at a cut-off
frequency of 9 Hz. The Vicon Plug-In-Gait software was then used
to determine the position of the whole-body COM, based on a 15-
segment model with assumed inertial properties [21]. For each
walking trial, we determined the mean range of COM mediolateral
position across strides. The variability of the COM mediolateral
position, COM vertical position, and COM anteroposterior velocity
were also computed as the root-mean-square value, over the
stride, of the between-stride standard deviations about the
participant’s mean trajectory. Additionally, between-step variabil-
ity in step length, step width, and step time were determined for
each trial. Finally, the dimensionless positive work rate during
each trial was estimated [Work rate = 1/8 � f3 � s4, where f is mean
step frequency normalized by pendular frequency (

ffiffiffiffiffiffiffiffi
g=L

p
) and s is

mean step length normalized by leg length] [9]. These gait
variables were considered as potential predictors of net-MR.

Influences of walking speed and DS on net-MR within the
pooled data from all participants and speeds were examined using
hierarchical regression. Linear and quadratic terms for normalized
walking speed were entered as the first set of predictors of net-MR;
DS status (0 = non-DS; 1 = DS) and its interaction with normalized
walking speed were added as the second set of predictors, and the
associated R2 were determined (R2

Speed and R2
SpeedþDS, respectively).

The proportion of variance in net-MR explained by DS but not
walking speed was:

sR2
DS=Speed ¼ R2

SpeedþDS � R2
Speed

Using stepwise regression, a set of gait variables that jointly
predicted net-MR across all participants and walking speeds was
identified. The pool of predictors included the eight gait variables
described above and quadratic terms for the range of COM
mediolateral position and for step time variability, as these latter
two variables exhibited curvilinear relationships with net-MR.
Cut-off probabilities of 0.05 and 0.1 were used for variable entry
and exit, respectively. Pearson correlations were computed
between gait variables included in the final stepwise model.
Effects of between-group differences in gait on net-MR at a
dimensionless speed of 0.5, representative of preferred walking
speed [6], were also predicted from the model and the
corresponding mean values of the gait variables for the DS and
non-DS groups.

Another hierarchical regression was then performed, identical
to the first, except the gait variables from the final stepwise model
were added to the first set of predictors (yielding R2

SpeedþGait and
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