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A B S T R A C T

Background: The timed up-and-go (TUG) test consists of multiple functional activities of daily living performed
in a sequence, with the goal to complete the test as quickly as possible. Considering children with Down syn-
drome (DS) have been shown to take longer to complete the TUG test, it is imperative to identify which tasks are
problematic for this population in order to individualize physical interventions.
Research question: Is the biomechanical pattern of each functional task during the TUG test different between
children with DS and typically developing (TD) children?
Methods: Thirteen children with DS and thirteen TD children aged 5–11 years old completed the TUG test.
Kinematic data was captured using a Vicon motion capture system. We visually coded the TUG test into five
phases: sit-to-stand, walk-out, turn-around, walk-in, and stand-to-sit. We focused on the center-of-mass (COM)
movement in the sit-to-stand phase, spatiotemporal parameters in the walk-out phase, and intersegmental co-
ordination in the turn-around phase.
Results and significance: Children with DS took longer to complete the entire test, as well as each of the five
phases. During the sit-to-stand phase, children with DS produced smaller peak vertical COM velocity, medial-
lateral COM excursion, and peak knee and hip extension velocity compared to TD peers. Children with DS
walked at a slower velocity during the walk-out phase. Both groups demonstrated a similar intersegmental
coordination pattern between the head, thorax, and pelvis during the turn-around phase although children with
DS had slower average and peak angular velocity at the head, thorax, and pelvis. Our results suggest that
children with DS were less able to anticipate transitioning between motor tasks and took longer to initiate motor
tasks. Our TUG analysis provides the detailed insights to help evaluate individual motor tasks as well as the
transition from one task to another for clinical populations.

1. Introduction

The Timed Up-and-Go (TUG) test is a common test to assess func-
tional mobility and coordination. This test consists of functional ac-
tivities of daily living, including standing up from a chair, walking,
turning around, walking, and sitting down to a chair [1]. During the
TUG test, the sit-to-stand and stand-to-sit phases require large lower
body muscle forces and a transfer of momentum from the horizontal to
vertical direction when raising or lowering the center-of-mass (COM)
[2,3]. The walking phases necessitate a fast walking speed to a target
three meters away. The turn-around phase requires intersegmental
coordination between the head, thorax, and pelvis to redirect the
walking path in an opposite direction [4]. Poor performance during the
TUG test has been associated with clinical populations with motor

dysfunctions including multiple sclerosis [5] and Parkinson’s disease
[4].

The TUG test has been shown to be valid for the functional mobility
assessment of children with Down syndrome (DS), who usually require
a longer time to complete the test than typically developing (TD)
children [6]. Persons with DS are characterized with lower muscle
strength and tone, greater joint flexibility, and slower movement in-
itiation and execution [7,8]. Because of these physical limitations,
children with DS often take longer to develop motor skills and de-
monstrate less coordinated movement patterns [9,10]. Moreover, these
motor dysfunctions can inhibit individuals’ with DS capacity to ac-
complish functional activities of daily living and their ability to become
independent [11]. While children with DS take longer to complete the
entire TUG test, it is unknown whether this results from an ineffective
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biomechanical strategy for a singular functional sub-task or a general
ineffectiveness across all of the sub-tasks.

The typical sit-to-stand pattern involves initial forward trunk lean to
shift the COM over the feet [12], defined as the momentum-transfer-
strategy [13]. However, increased reliance on this strategy, demon-
strated by excessive forward movement, has been implicated with
slower performance, an underdeveloped motor pattern, and reduced
lower body muscle strength in children with cerebral palsy and older
adults [12–14]. In addition, the COM trajectory and velocity has not
been studied during sit-to-stand in individuals with DS. Moreover,
turning is a distinct motor pattern compared to straight-line walking,
requiring kinematic sequencing of the lower and upper body [15,16].
For the upper body, a typical intersegmental coordination pattern is
defined as the head completes the rotation before the trunk [4]. This
strategy not only improves the efficiency of the turn, but indicates head
stabilization. However, kinematics of turning has not been studied in
children with DS, even though turning occurs daily and can be chal-
lenging [16].

The sequence of functional tasks during the TUG test requires motor
planning and capacity to anticipate transitioning from one motor task
to another [17]. As children with DS may rely on feedback rather than
anticipation to complete upper extremity motor tasks, such as tapping
and tracking [18,19], it is plausible that the slower performance on the
TUG test could result from a reduced capacity to anticipate task tran-
sition. Further, previous studies have focused on upper extremity motor
tasks and it is imperative to evaluate task transition during locomotion.
Therefore, the TUG test is an advantageous protocol to assess because it
is more representative of everyday locomotion involving transitions
among standing, turning, and walking, compared to typical analysis of
straight-line walking.

The purpose of this study was to investigate the biomechanical
strategies between children with and without DS during the perfor-
mance of the sit-to-stand, walk-out, and turn-around phases of the TUG
test and their influence on the time to complete the TUG test. We did
not evaluate the stand-to-sit phase of the TUG test because of the het-
erogeneity of the strategies utilized. Our hypothesis was that children
with DS will take longer to complete each phase of the TUG test, re-
sulting in a longer time for the entire TUG test. During the sit-to-stand
phase, children with DS will demonstrate greater anterior/posterior
(AP) COM movement, slower COM vertical velocity and slower ankle,
knee, and hip extension velocity. During the walk-out phase, children
with DS will walk slower, and display shorter and wider steps. During
the turn-around phase, both groups will demonstrate a similar inter-
segmental pattern such that the head turns before the thorax and pelvis.
However, children with DS will take longer to initiate and complete the
turn of each segment, and demonstrate reduced turning velocity.

2. Methods

2.1. Participants

We recruited 22 children with DS and 17 TD children aged 5–11
years. Children with DS were recruited through local DS parent support
groups and TD children through our personal contacts. Exclusion cri-
teria included additional motor or cognitive disorders and uncorrected
vision and hearing problems. This study was approved by the institu-
tional review board at the hosting university. Prior to data collection,
informed consents were obtained from the parents and verbal assent
was obtained from the children. Nine children with DS had missing
marker data as they moved out of camera view during the TUG test, or
they refused to wear the full-body marker set due to skin sensitivity. We
therefore removed these subjects from data analysis and age-matched
13 TD children (Table 1). The DS group had similar age, body-mass, and
height, but had shorter leg lengths than the TD group (p= 0.024).

2.2. Protocol

We collected anthropometric measurements, including height, body
mass, and leg length, defined as the distance from the anterior superior
iliac spine to the medial epicondyle of the femur to the medial mal-
leolus of the ankle. A 35-marker Vicon PSIS full-body marker set was
attached to the subjects [20]. An 8-camera Vicon motion capture
system (Oxford, UK) collected kinematic data at a sampling rate of
100 Hz. The kinematic data were filtered using a fourth-order zero-lag
Butterworth filter with a 6 Hz cutoff frequency.

Subjects sat on a chair without side arms, with arms at their sides,
feet in contact with the floor, hip and knee flexed at about 90° with a
neutral ankle. Upon the verbal “Go” command, the subjects stood up
from the chair, walked towards a target three meters away, touched the
target, turned around, and walked back to the chair and sat down as
quickly as possible. After adequate practice, we collected five successful
trials, defined as (a) completion of the entire task, (b) not running, and
(c) not becoming distracted.

2.3. Data analysis

We visually separated each trial into five phases: (1) sit-to-stand, (2)
walk-out, (3) turn-around, (4) walk-in, and (5) stand-to-sit. Sit-to-stand
started with initiation of forward trunk lean and ended with the end of
vertical movement of the upper body. Turn-around started at the mid-
stance of the final step of the walk-out phase and ended at the mid-
stance of the first step of the walk-in phase. Stand-to-sit started at the
beginning of pelvis rotation before lowering to the chair and ended with
the end of vertical movement of the upper body. The walk-out and
walk-in phases were coded as the time between sit-to-stand and turn-
around, and between turn-around and stand-to-sit, respectively.

To assess the ability to quickly raise the COM during the sit-to-stand
phase, we assessed AP, medial/lateral (ML), and vertical COM excur-
sion and peak velocity, as well as, peak ankle, knee, and hip joint ex-
tension angle and velocity. We estimated COM position using a seg-
mental analysis from the full-body marker set [20]. Joint angles were
determined using the Vicon Plug-In Gait model where a positive angle
denotes flexion. To evaluate the proficiency during the walk-out phase,
we calculated step length, step width, and velocity. We normalized step
length and width by leg length and velocity by the square root of
gravitational acceleration (9.81 m/s2) multiplied by leg length [21].

During the turn-around phase we evaluated the coordination across
the head, thorax, and pelvis, as well as the duration to complete the
turn and the average and peak angular velocity for each segment. The
coordination of the segments was assessed by comparison of the timing
of the turn onset for each body segment. Angles in the transverse plane
for the head, thorax, and pelvis were obtained from the Vicon Plug-In
Gait model. A 10-frame window incrementally moved one frame across
the turn phase was used to determine the standard deviation of the
segment angle. Timing onset was determined when the standard de-
viation of the 10 frames was greater than that of the walk-out phase
[22]. This was completed for each segment and normalized as a per-
centage of turn phase. The offset was defined as the time frame when
the segment angle reached the average walk-out angle minus 170°,
indicating orientation in the opposite direction. Turn-duration for each
segment was defined as the difference between the onset and offset. The
angular velocity of each segment was determined using the central
difference method, from which the average and peak velocity were
obtained.

2.4. Statistical analysis

We conducted independent t-tests on the time for each phase and
the entire TUG test between the two groups. For the sit-to-stand and
walk-out phases, we conducted independent t-tests for the COM and
peak joint angle variables. For the turn-around phase, we conducted
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two-way (2 group x 3 segment) ANOVAs with repeated measures on
segment to compare the timing, duration, average velocity, and peak
velocity of the head, thorax, and pelvis. Normality was assessed using
the Shapiro-Wilk test and variables were log transformed if normality
was violated. Post-hoc analysis was conducted using pairwise compar-
isons with Bonferroni adjustments when necessary. Statistical analysis
was conducted using SAS software (Cary, NC). A significance level was
set at alpha=0.05.

3. Results

3.1. Duration of TUG phases

The DS group not only took longer to complete the TUG test, but
also required more time to complete each phase (Fig. 1). On average,
the DS group completed the TUG test in 7.74 s compared to 4.67 s for
the TD group. Statistical analysis demonstrated that the DS group took a
longer time for the entire TUG task (t(24)= 4.82, p < 0.001) as well
as for the sit-to-stand phase (t(24)= 2.11, p= 0.045), the walk-out
phase (t(24)= 4.30, p < 0.001), the turn-around phase (t(24)= 7.69,
p < 0.001), the walk-in phase (t(24)= 3.75, p=0.001), and the
stand-to-sit phase (t(24)= 4.76, p < 0.001).

3.2. Sit-to-stand phase

Both groups demonstrated similar AP and vertical COM excursions
and timing of peak COM velocities, but the TD group had greater ML
excursion than the DS group (Table 2). ML COM excursion was, on
average, 1.28 cm smaller in the DS group than in the TD group (t
(23)= 2.36, p=0.027). The DS group had a slower peak vertical COM
velocity than the TD group (t(23)=-2.33, p=0.029). Further, the DS
group displayed lower peak ankle extension angles (t(23)= 2.26,
p=0.033), slower peak knee extension velocities (t(23)= 2.38,
p=0.026), and slower peak hip extension velocities (t(23)= 2.62,
p=0.015) than the TD group. Both groups reached peak joint angular
velocities around the same percentage of the sit-to-stand phase.

3.3. Walk-out phase

The DS group walked with similar normalized step length and
width, but at a slower normalized velocity than the TD group (Table 3).
Statistical analysis demonstrated that the DS group displayed an
average (SD) slower normalized speed of 0.14 (0.11) compared to the
TD group (t(24)= 3.36, p=0.003).

3.4. Turn-around phase

While the DS group coordinated the turning of the head, thorax, and
pelvis segments similarly to the TD group, they took longer to initiate
and complete their turn, as well as moved at slower angular velocities
(Fig. 2). Statistical analysis demonstrated a group main effect for the
timing of onset (F(1,24)= 50.84, p < 0.001), where the DS group took
longer to initiate the turn of all three segments (Fig. 2a). There was also
a segment main effect (F(2,44)= 5.28, p= 0.009) where the pelvis
turn onset occurred before the head in both groups. Similarly, a group
main effect (F(1,24)= 28.60, p < 0.001) and segment main effect (F
(2,48)= 4.76, p=0.013) was found for the turn duration, where the
DS group took longer to complete the turn of all segments and the turn
duration for the head was shorter than that of the thorax in both groups
(Fig. 2b). Additionally, the DS group showed slower average and peak
angular velocity than the TD group. There was a group main effect (F
(1,24)= 23.88, p < 0.001) and segment main effect (F(2,48)= 19.04,
p < 0.001) for average angular velocity (Fig. 2c), and a group main
effect (F(1,24)= 35.88, p < 0.001) and segment main effect (F
(2,48)= 32.28, p < 0.001) for peak angular velocity (Fig. 2d). Post-
hoc analysis demonstrated that both average and peak angular velo-
cities of the head were faster than those of the thorax and pelvis across
the two groups.

4. Discussion

In support of our first hypothesis, the DS group required a longer
duration to complete the TUG test, similar to previous studies [1,6].
Moreover, the DS group performed each of the five functional tasks at a
slower rate than the TD group. Our methodology of beginning the
timing of the TUG test at movement initiation and not the “Go” com-
mand might have reduced any impact of slower reaction times com-
monly found in the DS population [19]. Therefore, the longer time to
complete the TUG test was not due to a delay in beginning the task.

Partially supporting our hypothesis for the sit-to-stand phase, the DS
group reached a slower peak vertical COM velocity compared to the TD
group, but similar AP movement. This result suggested an under-
developed capacity for power generation in children with DS when
performing a sit-to-stand task. Considering the knee extensors have
been associated with sit-to-stand performance [23], it is unsurprising
that the DS group had lower peak knee extension velocity. Additionally,
the DS group reached a lower peak hip extension velocity, which might
have also contributed to the slower peak vertical COM velocity. These
findings suggest that children with DS may adopt a similar strategy in
regulating horizontal and vertical COM excursions and joint extension
angles; however, power generation from the knee and hip extensors
may be the control parameters which limit peak COM and joint velo-
cities during sit-to-stand [23]. Future clinical studies are warranted to

Table 1
Mean (SD) of subject characteristics.

Group Gender Age (yrs) Height (m) BMI (kg/m2) Body mass (kg) Leg length (m)

TD 6F/7M 8.27 (1.74) 1.33 (0.10) 17.08 (2.25) 30.72 (7.24) 0.72 (0.08)
DS 10 F/3M 9.00 (1.85) 1.25 (0.12) 19.61 (4.43) 31.25 (11.05) 0.64 (0.08)*

TD: typically developing children; DS: children with Down syndrome. Symbol * denotes that the DS group had a shorter leg length than the TD group (student t-test,
p= 0.024).

Fig. 1. Mean and standard deviation of the duration for each phase and the
total duration to complete the TUG test. Symbol * indicates a group difference
between the TD and DS groups at p < 0.05.
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investigate whether increasing power generation of the knee and hip
extensors can improve sit-to-stand performance in individuals with DS.

During gait initiation, there is a ML shift of the COM in preparation
of the first step, which increases when asked to walk at faster speeds
[24]. Given the greater ML COM excursion in the TD group during the
sit-to-stand phase, we postulate that the TD group might anticipate the
transition to the walk-out phase with the intent to walk fast. Moreover,
the TD group reached greater ankle plantarflexion during the sit-to-
stand phase, most likely initiating their first step. Further demon-
strating greater anticipation, the TD group initiated the rotation of each
segment within the first 15% of the turn-around phase compared to the
20–40% required by the DS group. As children with DS take longer to
initiate movement and move slower because they rely on feedback,
rather than anticipation [18,19], our results suggest that the limited

ability of anticipation while transitioning from one motor task to an-
other ultimately slowed down their performance. However, this popu-
lation can improve motor skills and adopt more feedforward control
after instructed practice [19]. It may be clinically beneficial for in-
dividuals with DS to practice sequences of movement to improve their
motor anticipation and transition.

During the walk-out phase, the DS group demonstrated a slower
normalized velocity than the TD group, consistent with previous studies
[9,10]. However, there was no difference of normalized step length or
step width, which did not support our hypothesis. Nevertheless, the
velocity for the DS group, 1.50m/s, was faster than normative pre-
ferred overground velocity, around 1.04m/s [21,25]. This result sug-
gests that the DS group comprehended the instructions to complete the
TUG test as quickly as possible. However, children with DS may have a
reduced ability to modify their gait pattern for a specific task, possibly
due to their inefficient push-off strategy [26] or their reluctance to
reduce their stability to increase speed [27].

During the turn-around phase, the DS group demonstrated a similar
intersegmental coordination pattern compared to the TD group, par-
tially supporting our hypothesis. Specifically, the pelvis initiated rota-
tion before the head, but the head rotated at the fastest angular velocity
resulting in the shortest duration. Unlike other populations such as
Parkinson’s disease who often exhibit a fixed intersegmental co-
ordination during turning [4], the DS group demonstrated the ability to
disconnect the rotation of their pelvis from their head in preparation of
re-aligning their motion. This finding suggests that children with DS
were able to plan their motor behavior when transitioning between
tasks, however, this ability is slowed compared to TD children. It is not
clear whether intersegmental coordination of the lower extremities
[28] contributed to these differences, and further work is warranted.

One limitation of this study is our small sample size. We lost data
from nine subjects with DS due to technical problems. Nonetheless, our

Table 2
Mean (SD) of the COM and joint angle variables during the sit-to-stand phase.

DS TD Statistical
results

95% confidence interval

COM variables
Excursion (cm)

AP 27.64 (11.82) 39.20 (17.70) n.s. [-24.13, 1.01]
ML 2.44 (0.97) 3.73 (1.63) t(23)=2.36, p= 0.027 [-2.41, -0.16]
Vertical 11.60 (4.89) 14.89 (7.35) n.s. [-8.51, 1.92]

Magnitude of peak velocity (m/s)
AP 46.25 (21.44) 41.94 (29.98) n.s. [-17.42, 26.05]
ML 10.49 (4.88) 5.61 (7.15) n.s. [-0.23, 9.99]
Vertical 45.21 (11.54) 62.19 (22.61) t(23)=2.33, p= 0.029 [-32.03, -1.92]

Timing of peak velocity (% phase)
AP 41.56 (23.22) 31.40 (29.02) n.s. [-11.70, 32.03]
ML 68.76 (20.61) 67.19 (23.57) n.s. [-16.82, 19.97]
Vertical 66.24 (19.70) 72.57 (11.70) n.s. [-19.62, 6.94]

Joint angle variables
Peak extension angle (deg)

Ankle 9.14 (8.38) 0.40 (10.69) t(23)=2.26, p= 0.033 [0.75, 16.73]
Knee 27.53 (8.71) 27.43 (6.82) n.s. [-6.35, 6.54]
Hip 36.11 (11.23) 31.50 (5.81) n.s. [-2.70, 11.92]

Magnitude of peak extension velocity (deg/s)
Ankle 217.70 (217.08) 198.90 (81.77) n.s. [-174.00, 136.50]
Knee 233.80 (47.33) 290.40 (49.06) t(23)=2.38, p= 0.026 [7.46, 105.60]
Hip 195.80 (46.55) 241.70 (41.16) t(23)=2.62, p= 0.015 [9.66, 82.24]

Timing of peak extension velocity (% phase)
Ankle 80.41 (10.59) 79.76 (6.37) n.s. [-6.52, 7.81]
Knee 75.68 (17.89) 76.12 (10.65) n.s. [-12.49, 11.63]
Hip 73.82 (10.31) 77.59 (5.84) n.s. [-10.63, 3.09]

DS: children with Down syndrome; TD: typically developing children. AP: anterior-posterior; ML: medial-lateral. For statistical results of t-tests, n.s. denotes non-
significance at p < 0.05. The 95% confidence intervals are of the difference between the two groups. If negative, the DS group had a lower value than the TD group.
If positive, the DS group had a higher value than the TD group.

Table 3
Mean (SD) of normalized gait variables during the walk-out phase.

Variable DS TD Statistical
results

95% confidence
interval

Step length 0.75
(0.11)

0.81
(0.17)

n.s. [-0.18, 0.05]

Step width 0.10
(0.09)

0.10
(0.03)

n.s. [-0.06, 0.06]

Velocity 0.60
(0.10)

0.74
(0.12)

t(24)= 3.36,
p= 0.003

[-0.23, -0.06]

DS: children with Down syndrome; TD: typically developing children. Step
length and width were normalized by the subject’s leg length. Walking velocity
was normalized as v/(g*LL)1/2, in which v was walking speed, LL was leg length
and g was gravitational acceleration 9.81m/s2. The 95% confidence intervals
are of the difference between the two groups. If negative, the DS group had a
lower value than the TD group. If positive, the DS group had a higher value than
the TD group.
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remaining 13 subjects for each group are comparable to previous stu-
dies on individuals with DS [29,30]. Another limitation is that we did
not evaluate IQ of our subjects, which might impact TUG performance.
Moreover, our analytical breakdown of the TUG test provides detailed
insights to understand each functional activity and task transition in
children with DS. This biomechanical analysis can be generalized to
study other clinical populations that present similar or different phy-
siological symptoms. It will help understand how specific physiological
conditions manifest into motor deficits in task execution and transition
during daily functional activities.

The results of this study demonstrated that the slower performance
of the TUG test in children with DS was not influenced by an ineffective
biomechanical strategy during a single phase of the test. Rather, chil-
dren with DS took longer to complete each phase and illustrated a re-
duced capacity to anticipate transitioning from one motor task to the
next. Therefore, physical interventions might focus on sequences of
motor tasks to improve feed-forward control and anticipation in chil-
dren with DS. Moreover, this study highlights turning as a prime motor
task to sequence due to the similar intersegmental coordination pattern
of the upper body found in children with and without DS. Therefore,
children with DS would be practicing an acceptable motor pattern
while improving their ability to motor plan and anticipate transitioning
between locomotion and turning.
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