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Abstract

Reaching for an object is a basic motor skill that requires precise coordination between elbow, shoulder and trunk motion.
The purpose of this research study was to examine age-related differences in compensatory arm—trunk coordination during
trunk-assisted reaching. To engage the arm and trunk, an older and younger group of participants were asked to (1) main-
tain a fixed hand position while flexing forward at the trunk [stationary hand task (SHT)] and (2) reach to a within-arm’s
reach target while simultaneously flexing forward at the trunk [reaching hand task (RHT)] (Raptis et al. in J Neurophysiol
97:4069—-4078, 2007; Sibindi et al. in J Vestib Res 23:237-247, 2013). Both tasks were completed with eyes closed. Par-
ticipants completed the two tasks with their dominant and non-dominant arms, and at both a fast and a preferred speed.
On average, young and older participants performed in a similar manner in the SHT, such that they maintained their hand
position by compensating for trunk movement with modifications of the elbow and shoulder joints. In the RHT, young and
older participants had similar endpoint accuracy. This similarity in performance between young and older participants in
the SHT and RHT tasks was observed regardless of the arm used or movement speed. However, for both tasks, movements
in older adults were significantly more variable compared to younger adults as shown by the larger variability in arm—trunk
coordination performance (gain scores) in the SHT and higher movement time variability in the RHT. Thus, results imply
that older adults maintain their ability to coordinate arm and trunk movements efficiently during reaching actions but are
not as consistent as younger adults.
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Introduction

In our daily life, we are constantly engaged in actions that
can be performed by numerous combinations of joint rota-
tions [degrees of freedom (DFs)], a characteristic known as
“motor equivalence” (Lashley 1951; Bernstein 1967; Latash
et al. 2007). The fundamental question of how the nervous
system chooses movement patterns from a potential redun-
dant set of DFs for a particular motor task (known as the
redundancy problem), was first raised by Bernstein (1967).
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To deal with the problem of redundancy, it has been pro-
posed that the nervous system constrains the number of DFs
to work in groups known as synergies. Movement synergies
may be engaged in a time-ordered sequence and controlled
as a unit to meet a specific demand in motor output, such as
stabilization of a movement trajectory or prevention of fall-
ing during trunk bending (Bernstein 1967; Jeannerod 1988;
Latash et al. 2002).

Coordination between the arm and trunk has been studied
extensively in healthy adults. For example, Kaminski et al.
(1995) asked healthy young adults to reach to five targets,
two which were within arm’s reach (i.e., near targets), and
three beyond (i.e., far targets). They found that the trunk
participated mainly in reaches to far targets that could not be
attained by arm motion alone. When the trunk did contribute
to the transportation of the hand to the target, its motion
started simultaneously with the arm movement and contin-
ued until target contact. The involvement of trunk flexion
had no effect on the path of the hand or the smoothness of
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its velocity profile. This has also been shown by Ma and
Feldman (1995) who asked participants to make fast uncor-
rected planar movements of the right arm from a near to a far
target placed in the ipsilateral work space at a 45° angle to
the sagittal midline of the trunk. These reaching movements
were combined with forward or backward sagittal motion of
the trunk. Direction, positional error, curvature, and veloc-
ity profile of the hand trajectory remained invariant despite
different trunk movements. Feldman et al. suggested that the
invariance of the hand trajectories across conditions was due
to two synergies: an arm transport synergy that coordinates
the arm joints to bring the hand to the target and a compen-
satory arm—trunk synergy that decreases the influence of
the trunk motion on hand position by additional changes
at the arm joints (Ma and Feldman 1995; Pigeon and Feld-
man 1998). The compensatory synergy is flexible such that
when the target is placed beyond arm’s reach (Mark et al.
1997), the degree of compensation (i.e., modifications in
the arm joints to decrease the influence of the trunk move-
ment on hand movement) is attenuated to permit the trunk
to increase movement extent (Rossi et al. 2002). Adam-
ovich et al. (2001) refer to these angular modifications in
trunk-assisted reaching as “compensatory arm—trunk coor-
dination.” According to Adamovich et al. (2001), sensory
feedback (i.e., proprioceptive, cutaneous, and/or vestibular)
that arises from the trunk motion may underlie the compen-
satory modifications in arm joint angles used to maintain the
same hand trajectory regardless of changes in the number of
degrees of freedom involved in the pointing task.

The role of sensory feedback in compensatory arm—trunk
modifications has been examined in patients with altered
sensation (i.e., deafferented patients) (Tunik et al. 2003)
and patients with unilateral vestibular lesions (Raptis et al.
2007). Tunik et al. (2003) found that patients, who lacked
cutaneous and proprioceptive sensitivity but had relatively
intact vestibular function maintained their ability to adapt
movements using compensatory arm—trunk coordination for
reaching tasks in the absence of vision. Thus, it was sug-
gested that vestibular signals evoked by head motion fol-
lowing trunk flexion may play a major role in the initiation,
maintenance, and modification of compensatory arm—trunk
coordination, as opposed to proprioceptive input. This pro-
posal was later confirmed by Raptis et al. (2007) who found
that patients with vestibulospinal pathology, caused by uni-
lateral vestibular lesions, had deficits in adapting arm joint
motion for reaching when trunk motion was imposed. In
their study, participants were asked to lean forward with the
trunk, in the absence of vision, while maintaining the same
hand position or while moving the hand to a target. While
healthy participants were able to maintain the required hand
position or trajectory to targets by modifying elbow and
shoulder joint rotation after trunk movement onset, patients
with unilateral vestibular deficits did not compensate for
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30-100% of the trunk displacement, leading to alterations
in the final hand position or arm trajectory.

In a similar study, Sibindi et al. (2013) quantified the
extent of arm—trunk compensation in patients with unilat-
eral vestibular deficits using two different reaching tasks: (1)
a stationary hand task (SHT), in which participants main-
tained their hand position while flexing their trunk, and (2) a
reaching hand task (RHT), in which participants reached to a
target while simultaneously flexing their trunk. Movements
were made in the absence of vision. In the SHT, Sibindi
et al. (2013) characterized the efficiency of compensatory
arm-trunk coordination with a gain (g) score that ranged
from a value of 1, when the effect of trunk motion on the
hand position was fully compensated for (the hand remained
in a stable position), to a value of 0 when no compensation
occurred, and the trunk motion was transmitted to the hand
(Raptis et al. 2007; Pigeon and Feldman 1998). The gain
score was calculated based on reach endpoints from trials
in which the trunk was free to move and those in which it
was unexpectedly blocked. On average, gain scores in the
patients (g =0.67 +0.19) were significantly lower than those
in healthy controls (g =0.85+0.07). In other words, the hand
position of vestibular patients deviated more from the tar-
get during trials with trunk movement compared to healthy
controls, indicating an increased influence of trunk motion
on hand position. In the RHT, vestibular patients tended to
over reach the target in trials in which the trunk was free,
again indicating a decreased ability to compensate for the
contribution of trunk motion on hand movement extent.

While deficits in arm—trunk coordination have been dem-
onstrated in deafferented and vestibular patients, it is unclear
to what extent motor equivalence is affected by aging. Aging
is accompanied by a well-documented progressive decline
in motor performance (Wallace et al. 1980; Janicke and
Wrobel 1984), which includes movement coordination dif-
ficulties (Seidler et al. 2002), increased movement variabil-
ity (Contreras-Vidal et al. 1998; Darling et al. 1989), and
movement slowing (Diggles-Buckles 1993). These difficul-
ties negatively impact the ability of older adults to perform
daily activities independently and have been related to an
array of changes in the central nervous system, as well as
peripheral structures, such as sensory receptors, muscles,
peripheral nerves, and joints (Welford 1977; Salthouse 1985;
Stelmach and Worringham 1985). Moreover, with age there
is degeneration within the vestibular system, including a
decrease in the number of vestibular hair cells (Rosenthal
and Rubin 1975; Gleeson and Felix 1987), a decline in the
size and number of neurons that make up the vestibular
nucleus (Lopez et al. 1997), and a reduction in the number
of vestibular nerve fibers (Park et al. 2001). Given these dif-
ficulties, we anticipated that older individuals would have
difficulties in compensating for trunk motion in the SHT
and RHT.
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The aim of this study was to assess compensatory
arm-trunk coordination during trunk-assisted reaching in
healthy older adults over the age of 60, using the SHT and
the RHT. Within our experimental design we considered the
influence of movement speed and hand used. Specifically,
participants performed the task at two speeds, a comfortable
speed (similar to Sibindi et al. 2013) and a fast speed (i.e., as
fast as possible). Since aging is characterized by slowness
in motor performance, performance at two speeds allowed
us to compare performance across older and younger adults
when performing the tasks at a similar speed (e.g., the fast
speed for older adults and the comfortable speed for younger
adults). As well, participants completed all movements with
their dominant and non-dominant arms, since reaching and
rapid aiming movements are typically more accurate when
completed with the dominant compared to the non-dominant
arm (Roy and Elliott 1989; Carson et al. 1993). We hypothe-
sized that, compared to healthy young adults, older individu-
als would: (1) in the SHT, show an increase of the influence
of trunk motion on hand position; i.e., decrease in the ability
to compensate for trunk movement with appropriate angular
modifications at the elbow and shoulder joints, and (2) in the
RHT, exhibit greater endpoint deviation; i.e., greater devia-
tion of the index finger position when the trunk was involved
in the reaches (free-trunk trials) compared to reaches with-
out the trunk (blocked-trunk trials). Moreover, based on pre-
vious literature, we hypothesized that both groups would
perform the tasks better with their dominant hand (Roy and
Elliott 1989; Carson et al. 1993) and when moving at their
preferred speed (Seidler-Dobrin and Stelmach 1998; Messier
et al. 2003) (i.e., better compensation for trunk movement in
the SHT and less arm deviation in the RHT).

Methods
Participants

Two groups of participants were recruited: 18 healthy
young adults (mean age =24.3 +2.9 years), and 18 gender-
matched healthy older adults (mean age=72.1 + 2.4 years).
All participants had no musculoskeletal, neurological, or
cognitive deficits that would interfere with the performance
of the experimental tasks [Dizziness Handicap Inventory
mean score =1.7/100 (Jacobson and Newman 1990), joint
position sense test mean score = 8/8, Ottawa Sitting Scale
mean score =38.6/40 (Thornton and Sveistrup 2010),
Monteral Cognitive Assessment mean score (only older
adults) =27.7/30 (Nasreddine et al. 2005)]. As well, all par-
ticipants were right-handed as indicated by their responses
to the 10-item Edinburgh Handedness Inventory (mean
score=+82.7+17.9, where scores > + 40 indicate strongly
right-handed; Oldfield 1971). All participants provided

informed consent prior to the start of the experiment in
accordance with the ethical guidelines set by the University
of Ottawa’s Research Ethics Board.

Apparatus

The VICON motion capture system (VICON motion sys-
tems, UK; 3D resolution 2.5 mm), including 7 cameras and
8 reflective markers, was used to record movement kinemat-
ics. Five markers were placed on the upper limb being tested
[index fingertip (endpoint), radial styloid (wrist), lateral
epicondyle of humerus (elbow), ipsilateral acromion (ipsi
shoulder), and contralateral acromion (contra shoulder)], and
additional markers were placed on the middle of the sternum
(trunk), forehead, and on the target. Data were recorded at a
sampling rate of 60 Hz for 5 s.

Experimental set-up

Participants were seated on a stool (i.e., chair with no back
support and no arm rests), with their feet on the ground,
shoulder width apart, and facing the motion tracking system
(Portable Cartesian Stand of VICON; Fig. 1a). Participants
wore a harness, fastened posteriorly at the level of the scapu-
lae and held by a second experimenter. A fixed target was
positioned at approximately 60% of the participant’s arm
length (from the medial axillary border of the shoulder to
the tip of the index finger) and was represented by a “yoyo”
attached to a belt hanging from the ceiling and positioned at
nose level. Participants performed one calibration task and
two motor tasks (SHT and RHT), as described below and
illustrated in Fig. 1.

(a) Calibration

The aim of the calibration procedure was to quantify the
maximal hand/index finger displacement possible when the
participant leaned forward at the trunk, with their arm and
trunk fixed relative to each another. Each participant com-
pleted 10 calibration trials per arm. Participants were seated
with their testing arm held at nose level and flexed at the
elbow (80° on average) so that their index finger was posi-
tioned under the fixed target. Participants were instructed
to lean forward; i.e., to maximally flex their trunk. The arm
was attached to a foam form strapped to the trunk that was
used to make sure that the arm and trunk were fixed relative
to one another (i.e., arm and trunk moved forward as one
unit, Fig. 1b).

(b) Stationary hand task

For the SHT, participants were seated with their tested
arm flexed at the elbow at nose level directly underneath
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Fig. 1 Experimental set-up and procedures. a Marker positions:
reflective markers were placed on the upper limb being tested [index
fingertip (endpoint), radial styloid (wrist), lateral epicondyle of the
humerus (elbow), ipsilateral acromion (ipsi shoulder), and contralat-
eral acromion (contra shoulder)], and additional markers were placed
on the middle of the sternum (trunk), forehead, and on the target (not
shown in the figure). b Calibration: participants were seated with
their testing arm held at nose level and flexed at the elbow so that
their index finger was positioned under the fixed target. Participants
were instructed to lean forward; i.e., to flex their trunk as far as pos-
sible. A foam constraint was used to make sure that the arm and trunk

the target without touching it. Participants were instructed
that upon hearing a verbal “go” signal, they should close
their eyes and lean forward with their trunk in a single
uncorrected movement (15-20 cm shoulder displacement
in the sagittal plane from an upright posture; Free-trunk tri-
als). The final position was held for 2 s before participants
returned their trunk back to the starting position (Fig. 1c).
After completing the movement, participants opened their
eyes. Participants were instructed to complete the trunk flex-
ion while maintaining a fixed arm position in space. Four
sets of 10 trials (40 trials) were completed for each hand
and at two movement speeds (see Introduction) for a total
of 160 trials. A 2-min rest was taken after each set of 10
trials. The first 40 trials for each arm were done as fast as
possible, and the subsequent 40 were done at a preferred,
comfortable speed.
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were fixed relative to one another. ¢ Stationary hand task: participants
were seated with their testing arm flexed at the elbow at nose level
directly underneath the target without touching it. In this task, par-
ticipants were asked to maintain their arm position under the target
location and flex their trunk forward, bringing their nose to the target.
d Reaching hand task: participants were seated with the testing arm
positioned on an arm rest which was placed next to the trunk at hip
joint level to ensure a multi-joint movement. In this task, participants
were asked to move their testing arm to the target, while simultane-
ously flexing the trunk forward

During the SHT, the trunk movement was unexpectedly
blocked on a subset of trials (40%) by an examiner who
held the handle attached to the back of the tightly fitted har-
ness strapped to the participant’s chest (Blocked-trunk tri-
als). When blocked, the trunk movement was arrested for
the entire trial. In the blocked-trunk trials, participants were
still able to maintain their initial hand position. The percent-
age of the blocked-trunk trials was chosen based on previ-
ous research suggesting that 40% is sufficient to minimize
anticipation of the upcoming trunk condition (Adamovich
et al. 2001; Raptis et al. 2007).

(c) Reaching hand task

For the RHT, participants were seated with the tested arm
positioned on an arm rest placed next to the trunk at hip level
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to stabilize the initial position. Participants were instructed
to move their tested arm to the target, while simultaneously
flexing the trunk forward (as in the SHT). At a verbal “go”
signal, participants closed their eyes and reached to the tar-
get while simultaneously flexing and leaning forward with
the trunk (see Fig. 1d). When participants believed that their
hand had reached the target, they were instructed to hold
the final hand position for 2 s, and then they were verbally
prompted to return to the start position and open their eyes.
Participants completed the task at two speeds with both
arms, once moving as quickly as possible and once mov-
ing at their preferred, comfortable speed. For each arm and
speed, participants completed 4 sets of 10 trials (40 trials)
with a 2 min rest period between each set of trials, for a total
of 160 trials. In 40% of trials, trunk movement was unex-
pectedly blocked, while the participant was required to reach
the same target position as in free-trunk trials.

Each participant performed the SHT and RHT with the
same arm before testing the opposite arm. The order of
the testing arm (right or left) was counterbalanced across
participants. Within each task, the type of trial (free versus
blocked-trunk) was also randomized.

Data analysis

Data from each task were analyzed using custom-written
software in MATLAB version R2013a and SPSS version 24.
The start and end of the trunk movement were determined
as the times at which the tangential velocity of the ster-
num marker first surpassed and remained above or fell and
remained below 10% of the trunk peak velocity, respectively.

Calibration task

Trunk (sternum marker) and arm displacement (i.e., index
finger marker) in the sagittal plane were determined accord-
ing to the anterior—posterior (A/P) distance covered (i.e.,
position at the end of the movement relative to the posi-
tion at the start of the movement in the sagittal plane) and
expressed in cm. The deviation in the finger position that
was determined from the calibration trials (hm) represents
the maximal horizontal deviation in the index finger posi-
tion that would be expected if the trunk motion were fully
transmitted to the hand (i.e., this mimics what would occur if
the arm joint angles did not compensate for the trunk motion
at all).

Stationary hand task

To determine arm—trunk coordination, a gain score (g)
was calculated in the sagittal (y) plane (Raptis et al. 2007,
Sibindi et al. 2013). Specifically, the gain score was calcu-
lated for each participant for each hand and speed using the

following equation: g = 1—(h/hm); where h was the average
horizontal deviation of the hand position in free- compared
to blocked-trunk trials and hm was determined from the cali-
bration trials. Given that the amount of trunk displacement
could be different between calibration and free-trunk trials,
hand displacement was normalized according to this dif-
ference. A score of g=1 would occur when elbow flexion
and shoulder horizontal flexion fully compensated for trunk
motion resulting in no hand movement from the initial posi-
tion (h~0). Conversely, a score of g=0 indicates that no
compensation occurs (A=hm), and the hand moves with the
trunk. It should be noted that in the gain score calculation,
the influence of trunk motion on final hand position was
considered instead of movement accuracy with respect to
the target, as according to Pigeon et al. (2000), participants
typically make systematic errors that, without knowledge
of results (as was the case in our study), are reproduced
in repeated trials. These errors were not the focus of our
study and thus, to avoid the confounding effect of vision-
dependent systematic errors on gain scores, coefficient h was
determined by calculating the deviation in the final positions
of the index finger in blocked-trunk trials from the respec-
tive positions in free-trunk trials. In addition to movement
time and gain score, trunk displacement and hand devia-
tion (4 from the gain score equation) were computed and
expressed in cm. Trunk displacement was defined as the
anterior—posterior (A/P) distance moved by the trunk in the
sagittal plane during free-trunk trials, while hand deviation
refers to the A/P difference of the final hand position in the
free- compared to blocked-trunk trials.

Reaching hand task

For the RHT, the start and end of movement for free- and
blocked-trunk trials were defined as the times at which the
tangential velocity of the finger marker first surpassed and
remained above or fell and remained below 10% of finger
peak velocity, respectively. Movement time was calculated
as the difference between these two time points. An error
measure indicating the difference (d) in final hand position
in the free- versus blocked-trunk trials was used to deter-
mine compensatory arm—trunk coordination during the RHT
(i.e., hand deviation). This difference was calculated in 2D
from the sagittal (horizontal and vertical) coordinates of the
finger marker in the free- and blocked-trunk trials and was
normalized by each participant’s arm length to allow com-
parison between groups. Specifically, this error measure was
expressed in relation to the ratio (r) of the arm length of the
participant to the group mean arm length. Thus, for each
participant, the normalized difference (dn) was computed as
dn=r-d. A small difference value indicated that participants
were able to compensate for the effect of trunk movement
on hand position. In addition, the 2D positions of the hand
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relative to the fixed target position in both free- and blocked-
trunk trials were computed and expressed in cm.

Statistical analysis

Mean trunk and hand (i.e., index finger) displacements
in the calibration task were analyzed in a two group (old
vs. young) X 2 hand (dominant/right vs. non-dominant/
left) mixed analysis of variance (ANOVA) with repeated
measures (RM) on the last factor. We had initially hypoth-
esized that older participants would move more slowly at
their preferred speed compared to older adults. As outlined
below, this was not the case. Thus, for each variable that was
analyzed in the SHT and RHT, mean values and variabil-
ity (standard deviations) for each kinematic variable were
compared across participants using a two group X 2 hand X 2
speed (preferred vs. fast) mixed ANOVA with RM on the
last two factors. Mean movement time (MT) and variabil-
ity in the RHT were analyzed in a two group X 2 hand X 2
speed X 2 trial type (free-vs. blocked-trunk trials). For all
analyses, differences with a probability of <0.05 were con-
sidered significant and Bonferroni post hoc analyses were
performed to determine the locus of the differences.

Table 1 Kinematic measures for the stationary hand task

Results

1. Calibration task

During calibration trials, trunk displacement did not differ
between groups or hands. The average trunk displacement
was 17.9 cm for older adults and 17.3 cm for younger adults
with the right arm, and 17.0 cm and 16.2 cm, respectively,
for the left arm. Similarly, the average hand/finger displace-
ment caused by trunk movement was similar between groups
and hands. Movement of the trunk led to an average hand/
finger displacement of 14.0 cm and 13.1 cm when the right
and left hands were used, respectively.

2. Stationary hand task

(a) Trunk movement time (MT)

Overall, when participants performed the task at their pre-
ferred, comfortable speed, both groups completed the task in
approximately 1.6 s, using either arm (Table 1). When par-
ticipants were instructed to perform the task as fast as pos-
sible, older participants executed the movement faster than
in the preferred speed condition only when using their left
arm (Table 1). In contrast, younger participants were able to
complete the task faster using both arms (Table 1). In accord-
ance with these observations, ANOVA revealed a significant
group X hand X speed interaction [F(1,34)=20.85, p <0.001].

Hand/speed Right/preferred Left/preferred Right/fast Left/fast

Kinematic Mean Variability Mean Variability Mean Variability Mean Variability
measures

Movement time (s)

Younger adults  1.65 (0.49)  0.35 (0.15) 1.51 (0.54) 0.29 (0.15) 1.18%(0.47) 0.27 (0.12) 1.29 (0.54) 0.33(0.13)
Older adults 1.66 (0.66)  0.42(0.23) 1.58 (0.51) 0.35(0.24) 1.64* (0.88) 0.55 (0.47) 1.41 (0.58) 0.34 (0.19)

Trunk displacement (cm)

Younger adults  16.62 (8.62) 3.53 (1.75)

14.56 (10.59) 5.43 (2.14)

15.53 (9.52) 5.48 (1.31) 15.79 (11.21) 4.92 (2.20)

Older adults 17.59 (3.75) 4.91 (3.42) 14.39 (6.67) 5.88 (3.48) 17.11 (4.13) 6.54(2.28) 16.94 (4.27) 5.01 (2.25)
Hand deviation (cm)
Younger adults 1.53 (0.78)  Free: 0.78* 1.34 (0.78) Free: 0.89* 1.81 (1.00)  Free: 1.06* 1.12 (0.94) Free: 1.02*
(0.24) (0.38) (0.31) (0.45)
Blocked: 0.49 Blocked: 0.65 Blocked: 0.69 Blocked: 0.66
(0.19) (0.28) (0.22) (0.19)
Older adults 1.71 (1.11)  Free: 1.88* 1.24 (0.95) Free: 1.28%* 1.96 (0.95) Free: 1.68* 1.23 (1.01) Free: 1.41*
(1.82) (0.92) (0.82) (0.79)
Blocked: 0.57 Blocked: 0.67 Blocked: 0.76 Blocked: 0.69
(0.22) (0.52) (0.46) (0.63)

Mean (standard deviation) and mean variability (standard deviation) for each kinematic variable for each hand (right vs. left) at each movement

speed (preferred vs. fast)
*Main effect of group (p <0.05)
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Post hoc analysis showed that trunk movement time differed
significantly between speed conditions for the same arm in
the younger group but not in the older group. In addition,
between groups, older adults made significantly slower trunk
movements when moving as fast as possible while maintain-
ing their right hand position under the fixed target (p =0.043).

While variability in MT did not differ significantly
between groups [F(1,34)=2.61, p=0.12], there was a sig-
nificant group X hand X speed interaction [F(1,34)=4.90,
p=0.03] (Table 1). In particular, post hoc analysis revealed
that in the older adults, MT was significantly more variable
when the task was performed with the right hand compared
to the left hand in the fast speed condition (p <0.001).

(b) Trunk displacement

The harness was effective in blocking trunk movement,
such that trunk flexion during blocked-trunk trials was
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the RHT (b, d) when moving the right hand at a comfortable speed.
The endpoint errors for the older adult were more variable than the
younger adult in the SHT when the trunk was involved in the move-
ment, as seen by the scatter in endpoint positions across trials in a
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task was performed with the left hand, collapsed across par-
ticipants and speed conditions. ANOVA revealed no main
effects of group or hand (Table 1). However, there was a sig-
nificant hand X speed interaction [F(1,34)=4.17, p=0.04],
such that participants had a larger hand deviation when they
performed the task using their right hand compared to their
left hand, but this was only significant in the fast speed con-
dition (p=0.01) (Table 1).

As seen in Fig. 2a, older adults were more variable in
their ability to maintain their hand position in the free-trunk
trials using either hand and in both speed conditions com-
pared to younger adults [effect of group: F(1,34)=7.72,
p<0.001] (Table 1). Analyses also revealed a significant
hand X speed interaction [F(1,34)=5.31, p=0.02] when the
trunk was blocked. Post hoc analyses indicated that the vari-
ability in right hand deviation increased significantly when
the movements were executed as fast as possible compared
to when the movements were completed at the preferred
speed for both groups (Table 1).

(d) Gain

Participants in both groups were able to compensate for
the influence of trunk motion on their hand position regard-
less of hand used and movement speed (Fig. 3a). Although
gain scores were slightly lower in older adults compared to
younger participants, across both hands and both movement
speeds, there were no differences between groups, hands
or speeds. In the older participants, the mean gain score
was 0.75 across both hands and speed conditions. Similarly,
for the younger participants, the mean gain score was 0.81
across both hands and speed conditions.

Although both groups were able to perform the SHT with
a high level of compensation, as reflected in the high gain
scores, older adults were significantly more variable in their
performance compared to younger participants, using either
hand and at both speed conditions [main effect of group:
F(1,34)=6.89, p=0.01] (Fig. 3b).

3. Reaching hand task (RHT)

(a) Movement time (MT)

In the preferred speed condition, both groups com-
pleted the task in approximately 1.2 s using either hand in
both types of trials (i.e., in free- and blocked-trunk trials)
(Table 2). Similar to the SHT, in the fast speed condition,
younger participants were able to execute the movement
faster with both hands in both types of trials, while older
adults did not move faster using either hand or in either
type of trial (Table 2). Analysis revealed a significant
group X hand X speed X trial type interaction [F(1,34)=7.00,
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Fig.3 a Mean gain scores in the stationary hand task. Younger and
older participants performed the task in a similar manner with high
gain scores (~0.7), regardless of the hand being used and the speed
of the movement completed. b Variability in gain scores in the SHT.
Performance of older adults was significantly more variable com-
pared to younger participants using both hands, and at both move-
ment speeds. Error bars reflect standard errors of the mean

p=0.01]. Post hoc analysis showed that in the fast speed
condition, older adults were significantly slower in their
performance compared to younger participants, using
either hand, in both types of trials (p =0.01 for both hands
in both types of trials). In the preferred speed condition,
although older adults showed a trend of moving slower
than younger participants, the difference was not significant
between groups with either hand and in either type of trial
(all p>0.08).

With respect to MT variability in free- and blocked-
trunk trials, there were significant main effects of group
[F(1,34)=11.39, p<0.001], trial type [F(1,34)=5.18,
p=0.02], and a hand X trial type interaction [F(1,34)=5.33,
p=0.03]. When moving at a fast speed, older adults were
significantly more variable than the younger adults in both
types of trials, using either hand. In contrast, when moving
at their preferred speed, older adults were more variable than
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Table 2 Kinematic measures in the reaching hand task
Hand/speed  Right/preferred Left/preferred Right/fast Left/fast
Kinematic Mean Variability Mean Variability Mean Variability Mean Variability
measures
Movement time (s)
Younger Free: 1.17 Free: 0.12 Free: 1.14 Free: 0.15% Free: 0.89% Free: 0.09* Free: Free: 0.12%*
adults 0.11) (0.04) (0.18) 0.97) 0.17) (0.04) 0.88*(0.11) (0.05)
Blocked: 1.04 Blocked: 0.11 Blocked: 1.09 Blocked: Blocked: Blocked: Blocked: Blocked: 0.12*
0.17) (0.05) (0.33) 0.15*% (0.14)  0.85*%(0.20)  0.15* (0.09)  0.85% (0.17)  (0.03)
Older adults Free: 1.21 Free: 0.15 Free: 1.27 Free: 0.18* Free: 1.18* Free: 0.18* Free: 1.11* Free: 0.18%*
0.37) (0.07) (0.32) (0.10) (0.48) (0.06) (0.33) 0.11)
Blocked: 1.24 Blocked: 0.22 Blocked: 1.18 Blocked: Blocked: Blocked: Blocked: Blocked: 0.21%*
(0.46) 0.19) (0.30) 0.19% (0.15)  1.18*%(0.48) 0.24* (0.13)  1.14* (0.40)  (0.13)
Trunk displacement (cm)
Younger 18.61 (11.44) 3.79 (2.31) 17.72 (12.24) 4.42(2.39) 17.73 (11.57) 3.94 (1.77) 16.30 (11.32) 5.03 (1.57)
adults
Older adults 19.14 (3.72)  4.17 2.21) 18.19 (4.59) 4.85(2.92) 18.37 (2.71)  5.51 (2.94) 17.02 (4.71)  4.77 (2.34)

Mean (standard deviation) and mean variability (standard deviation) for each kinematic variable is reported for each hand (right vs. left) used at

each movement speed (preferred vs. fast)
*Main effect of group (p <0.05)

the younger adults only when the left hand was used for both
types of trials (p <0.001). (Table 2).

(b) Trunk displacement

Similar to the SHT, trunk flexion was minimal during
the blocked-trunk trials (on average 1.35 cm across hands
and speed conditions). Moreover, there were no effects of
group, hand, speed or any interaction with respect to the
mean or the variability of trunk displacement. Collapsed
across speeds, older adults had an average trunk displace-
ment of 18.8 cm when reaching with the right hand and
17.6 cm when reaching with the left hand (Table 2). This
was similar to the average trunk displacement in younger
adults, which was 18.2 cm and 17.0 cm when reaching with
the right and left hands, respectively (Table 2). In terms
of variability, there was no significance difference between
groups. When reaching with the right hand, variability in
trunk displacement was 4.8 cm for older adults and 3.9 cm
for younger adults, while when reaching with the left hand,
it was 4.8 cm for older adults and 4.7 cm for younger ones,
collapsed across speed conditions (Table 2).

(¢) Hand deviation

Example 2D distance errors relative to the target are
shown in Fig. 2b, d for a typical younger and older par-
ticipant. Overall, participants reached 7.9 cm and 6.6 cm
further from the target (i.e., overshot the target) in free-
and blocked-trunk trials, respectively, with no differences
in reaching errors between trials types for group, hand or

speed (Fig. 4a). From Fig. 4b it appears that older adults
had greater variability in final hand position in the free-trunk
trials compared to younger adults; however, the difference
between groups was not significant (only a trend) [main
effect of group: F(1,34)=0.37, p=0.72] (Fig. 4b). As well,
there was no difference in variability of final endpoint posi-
tions between groups in the blocked-trunk trials.

Discussion

We examined age-related differences in arm—trunk coordi-
nation during two motor tasks; the Stationary Hand Task
and the Reaching Hand Task. In the SHT, both groups were
able to compensate for trunk motion in the free-trunk tri-
als by appropriate changes in elbow and shoulder joint
rotations as demonstrated by high gain scores (mean score
range between 0.75 and 0.81) and minimal hand deviations
(~ 1.4 cm compared to the blocked-trunk trials) regardless of
the hand used and movement speed. In the RHT, young and
older adults made similar small overshoot errors (~ 1.3 cm)
in free- compared to blocked-trunk trials, for both hands
and movement speeds. This small difference suggests that
participants were able to compensate for the effect of trunk
movement on hand position. On the other hand, performance
of older adults was significantly more variable compared to
the younger adults as shown by the larger variability in gain
scores in the SHT, greater variability in final hand positions
when the trunk was involved in the SHT, and higher MT
variability in the RHT.
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Fig.4 a Normalized mean hand position differences in 2D in the
RHT (hand deviation). On average participants reached 1.3 cm fur-
ther in the free-trunk trials compared to blocked-trunk trials. b Vari-
ability in normalized 2D final hand position during the free-trunk
trials in the RHT. ¢ Variability in normalized 2D final hand position
during the blocked-trunk trials in the RHT. In both b, ¢, older adults
showed a trend of greater variability compared to younger adults but
there was no significant effect of group. Error bars reflect standard
errors of the mean

Stationary hand task

The goal for this task was to keep the hand stationary under
the fixed target position while flexing the trunk forward.

@ Springer

Participants in both groups were able to reduce the influ-
ence of trunk motion on the hand position as demonstrated
by high gain scores, reflecting that the hand remained rela-
tively stationary. These findings resemble those previously
reported for young and middle-aged healthy participants
(Adamovich et al. 2001; Raptis et al. 2007; Sibindi et al.
2013). Previous literature has suggested that when the trunk
is intentionally involved in reaching to targets placed within
arm’s reach, the influence of the trunk movement on the
hand position is compensated for by appropriate rotations
of the elbow and shoulder joints (Ma and Feldman 1995;
Pigeon et al. 2000; Adamovich et al. 2001). In neurologi-
cally intact participants, this compensation has been sug-
gested to be driven by afferent signals (proprioceptive and/
or vestibular) elicited by the trunk movement and trans-
mitted to the arm muscles (Adamovich et al. 2001; Tunik
et al. 2003; Raptis et al. 2007). Specifically, trunk motion
is accompanied by vestibular signals from the associated
head movement. These signals can be sent to the spinal cord
by different descending pathways such as the vestibulospi-
nal and reticulospinal tracts (Lobel et al. 1998), influencing
motoneurons of arm muscles and resulting in compensatory
changes in the arm joint angles during movement. Moreover,
trunk flexion evokes proprioceptive signals from muscles in
the hip, trunk and neck in addition to proprioceptive signals
from the joints and skin. These signals can be sent to arm
motoneurons by short- and long-loop pathways (propriospi-
nal and transcortical tracts) resulting in compensatory arm
movements (Adamovich et al. 2001; Bresciani et al. 2002b,
2005; Mars et al. 2003; Guillaud et al. 2006). Since all of
our participants were healthy with no musculoskeletal or
neurological impairments, these sensory feedback signals
would be expected to be available during the performance
of the motor task, potentially leading to similarities in the
degree of compensation regardless of age.

Reaching hand task

Hand deviations were small in both groups of participants
in the RHT despite the task complexity. Specifically, par-
ticipants in both groups were able to neutralize the effect
of trunk movement on hand displacement. These results
are also consistent with the findings of Archambault et al.
(1999) and Adamovich et al. (2001), who reported simi-
lar compensation in healthy young participants, as well as
Raptis et al. (2007) and Sibindi et al. (2013), who showed
good compensation for trunk movement in healthy middle-
aged participants. It has been suggested that while the brain
issues central commands for transporting the hand to the
target and flexing the trunk, compensatory arm movements
are not issued in the same way (i.e., modifications in arm
joint angles to diminish the influence of the trunk flexion on
the hand). Instead, compensation emerges from vestibular
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and proprioceptive signals evoked by the trunk movement,
leading to a reorganization of the arm movement synergy.
Control systems have also been suggested to modulate the
degree of compensation by “gating” the afferent signals
evoked by the trunk movement to provide the appropriate
contribution of the trunk to hand transport based on the task
requirements (e.g., whether the target is within or beyond the
reach of the arm) (Adamovich et al. 2001).

The difference in movement speed between groups

Younger and older adults had similar preferred speeds
when completing both the SHT and RHT. Younger adults
were able to increase the speed of their movements when
instructed to move faster. Older adults were also able to
increase their movement speed, but only when using their
left hand. Previous research has suggested that movement
slowing with aging may be strategic in older adults such
that they may select a strategy in which greater emphasis
is placed on response accuracy leading to a decrement in
speed of performance (Seidler-Dobrin and Stelmach 1998).

In contrast to our hypothesis, the performance of older
adults with respect to mean outcome measures and vari-
ability was similar across instructed movement speeds. One
reason for this similarity across speed conditions, may be
due to their inability to increase their movement speed in
either task with the right hand. Although younger adults
were able to increase their movement speed significantly in
both tasks and with both hands, the increase in movement
speed did not impact their movement kinematics (i.e., gain in
SHT and hand deviation in RHT). In a previous study, Mess-
ier et al. (2003) had older adult participants make reach-
ing movements to four remembered visual targets at slow,
natural, and fast speeds. Their results showed that partici-
pants made larger spatial errors at both slow and fast speeds
compared to their natural speed. However, most movement
kinematic features were invariant across speed conditions.
It is possible that their subjects were able to sustain fairly
accurate and straight hand trajectories for multi-joint reach-
ing movements at different speeds regardless of changes in
inter-segmental dynamics or interaction torques (Morasso
1981; Hollerbach and Flash 1982; Adamovich et al. 1994,
Gordon et al. 1994b).

Handedness

We found that the hand used did not influence movement
kinematics in either the SHT or RHT (specifically, gain and
hand deviation scores). Similar findings have been shown
in other studies. For example, when Al-Senawi and Cooke
(1985) instructed participants to move a lever in the hori-
zontal plane to different distances (i.e., 5°, 10°, 20°, 30°, and
40°) with each arm at a self-selected speed, there was no

difference in spatial error between the arms and the velocity
profiles were nearly identical. In another study, Sainburg and
Kalakanis (2000) asked participants to move their hand to
targets that required 20° of elbow extension and either 5°,
10°, or 15° of shoulder extension without visual feedback
using both the dominant and non-dominant arms. Although
each arm used a different strategy to reach the target (i.e., the
dominant arm used elbow and shoulder torques synergisti-
cally to move the upper arm but the same torques countered
one another in the non-dominant arm), accuracy was similar
for both limbs. Such findings support the notion of motor
equivalence (Head 1920; Bartlett 1932; Bernstein 1967,
Schmidt 1975).

Interjoint coordination

Our findings in both motor tasks did not support our hypoth-
eses. Since aging results in a decline in sensorimotor control
and functioning, we expected that older participants would
show an increase of the influence of trunk motion on hand
position; i.e., a decrease in the gain score in the SHT, and
exhibit greater hand deviation; i.e., greater deviation of the
finger position in the free- compared to blocked-trunk trials in
the RHT. Few studies have evaluated the effects of aging on
coordination. Moreover, most previous studies have focused
on inter-limb rather than intra-limb coordination, with incon-
clusive findings. For example, Stelmach et al. (1988) found
greater reaction time differences between the two hands for
older adults compared to younger adults during bimanual aim-
ing movements. On the other hand, Rothstein et al. (1989)
showed no age effects on inter-limb differences in movement
initiation and termination times. Recently, Seidler et al. (2002)
examined intra-limb coordination in older adults during the
performance of multi-joint arm pointing movements to four
different targets. One target could be reached using elbow
extension only and the remaining three required a coordina-
tion between elbow extension and shoulder horizontal flexion.
Older adults co-activated antagonist muscles to a greater extent
than young adults for single-joint actions, which compensated
for heightened muscle force variability leading to smoother
movements. On the other hand, older adults did not apply
this compensatory mechanism to movements that were more
complex, i.e., double-joint movements. Instead, they decreased
co-activation levels when transitioning from single- to double-
joint actions, while young adults increased their elbow joint
co-activation. Decreasing co-activation was accompanied
by movements that became less smooth and less accurate as
shoulder joint contribution increased. Based on these results,
Seidler et al. (2002) concluded that increasing co-activation
may be difficult for older adults to implement in double-joint
actions due to increases in complexity of movement planning
and associated energy costs. Therefore, older adults appeared
to use co-activation in a fundamentally different manner from
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the younger adults. In our experiment, similar to younger
adults, older adults showed good compensation for trunk
motion in the SHT and attained similar hand deviation errors
in the RHT. However, performance of older adults was sig-
nificantly more variable in the SHT and trended to greater
variability in the RHT compared to younger participants. We
did not investigate the activation in upper-limb muscles while
performing the tasks. Further investigation regarding the acti-
vation in upper-limb agonist and antagonist muscles is needed
to determine what compensatory strategy older adults used
that resulted in similar performance to the younger participants
but accompanied with a significant increment in variability.

Variability in performance (SHT and RHT)

Performance of older adults was more variable compared
to younger participants in both the SHT and RHT (see
Tables 1, 2). Variability in motor output can be defined as
the unintentional variations in the output of voluntary con-
tractions (Christou 2010). It can be found within a trial (e.g.,
movement trajectory) or from trial to trial (e.g., endpoint
variability) (Christou 2010). It is well documented that older
adults exhibit greater motor output variability compared to
younger adults. Literature suggests that both forms of vari-
ability (within trial and between trials) are associated with
greater end-point error in force, displacement and time in
older adults (Christou et al. 2007; Christou 2011), which
influence their ability to move smoothly and accurately
(Christou and Tracy 2005). Moreover, increased variability
may decrease the ability to learn new tasks and adapt to
changing environments, thus compromising their independ-
ence (Christou 2009). The increment in variability in move-
ments of older adults has been linked to altered activation of
the involved muscles due to structural and neural changes
associated with aging in higher centers (e.g., death of corti-
cal neurons) (Eisen et al. 1996) and the spinal cord (e.g.,
motor unit reorganization) (Enoka et al. 2003). According
to Darling et al. (1988), who compared muscle EMG pat-
terns and trajectory variability between movements made
by older participants with those of younger ones during an
aiming task, the increase in variability of movements with
age can be caused by factors affecting the production of joint
torques necessary for acceleration and deceleration of the
limb. These factors include: (1) changes in the motor neu-
ron population and firing rate variability, and (2) abnormal
control of the phasic and tonic antagonist muscle activity.
Moreover, the inconsistency in the performance of older
adults in their ability to maintain endpoint performance (i.e.,
maintain a stable hand position) in reaching tasks requiring
additional DFs (i.e., trunk movement) implies decreases in
movement adaptability (i.e., capacity of motor equivalence)
(Raptis et al. 2007; Sibindi et al. 2013; Tunik et al. 2004).
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Conclusion

To summarize, healthy older adults were able to maintain
a stable hand position when reaching movements involved
the trunk. The preservation of hand position was achieved
by active compensatory changes in the arm joint angles nul-
lifying the influence of the trunk motion on hand position.
The integration of additional degrees of freedom (trunk) into
movement is assumed to be driven by afferent signals (pro-
prioceptive and/or vestibular) evoked by the trunk motion
and transmitted to the arm muscles. Despite the fact that
older adults were able to coordinate arm and trunk move-
ments efficiently during the reaching actions, they were not
as consistent as younger adults. This increase in variability
across movements could be linked to structural and neural
changes at higher centers (i.e., brain and spinal cord) associ-
ated with aging and may suggest a reduction in the capacity
of the nervous system to achieve motor equivalence (i.e.,
reduced movement adaptability).
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