1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL "VS)))\

NIH Public Access

Y (A
] a2 & Author Manuscript

o
R s

Published in final edited form as:
Clin Neurophysiol. 2007 August ; 118(8): 1802-1814.
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Abstract

Objective— We tested a hypothesis on two patterns of anticipatory postural adjustments (APAS)
in neck muscles, reciprocal and co-activation, that may be used in a task-specific way. We also
explored possible relation of APAs in leg and trunk muscles to head stabilization.

Methods— Load perturbations (loading and unloading) were applied to the head, trunk, and head
and trunk simultaneously using similar hand actions by standing persons. Electromyographic signals
(EMGs) from ten muscles were recorded. Shifts of the center of pressure and EMG indices were
computed over typical for APA time intervals.

Results— Time-shifted (reciprocal) activation of neck flexor and extensor muscles during APAs
was seen when perturbations were applied directly to the head. Simultaneous activation dominated
when the perturbations were applied to the trunk. Minimal APAs were seen in the leg/trunk muscles
during head perturbation tests. APAs during trunk perturbation were not different from those during
trunk and head perturbation.

Conclusions— The results confirm the existence of two different patterns of APAs in neck
muscles. A time-shifted (reciprocal) pattern is more likely to be used in anticipation of a perturbation
acting directly on the head. A simultaneous activation (co-activation) pattern is used when direction
of head perturbation cannot be predicted with certainty. Leg/trunk APAs are unlikely to help stabilize
head posture.

Significance—These results are important for better understanding of feed-forward mechanisms
of the control of head posture with possible implications for neurological patients who suffer from
impaired feed-forward postural control.
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1. Introduction

When a standing person performs a fast arm movement, the vertical postural is perturbed. A
major feed-forward mechanism of postural stabilization in such conditions is the anticipatory
postural adjustments (APASs) that represent changes in the activity of postural muscles prior to
the initiation of voluntary motor actions (Belen’kii et al. 1967;Marsden et al. 1978;Cordo and
Nashner 1982;Bouisset and Zattara 1987). In particular, APAs have been described in the leg
and trunk muscles prior to a fast arm action or load manipulation (Lee 1980;Horak et al
1984;Bouisset and Zattara 1987;Aruin and Latash 1996;Shiratori and Latash 2000;Slijper et
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al 2002;Shiratori and Aruin 2004). Many of the mentioned studies quantified APAs as changes
in the muscle activation levels within a time window selected to avoid action of stretch reflexes
and other feedback mechanisms.

The purpose of APAs has been commonly considered as producing appropriate shifts of the
point of application of the resultant force acting on the body from the supporting surface (center
of pressure, COP, Bouisset and Zattara 1987;Massion 1992). These shifts are produced by
coordinated changes in the muscle activity (Krishnamoorthy et al. 2003). COP shifts are viewed
as a major mechanism to produce shifts of the center of mass (COM) that is commonly viewed
as a major controlled variable in postural tasks (Winter et al. 1996). During APAs, however,
the purpose of COP shifts is to avoid COM motion that otherwise could be induced by the
perturbation.

Most studies of APAs in standing persons have naturally focused on trunk stabilization
(reviewed in Massion 1992). It has been suggested, however, that during daily activities such
as walking and running, and also during acrobatic movement such as salto, the head posture
with respect to the trunk is well stabilized to ensure a reliable reference frame (Berthoz and
Pozzo 1994;Pozzo et al. 2001). The importance of head stability during whole-body actions
performed by standing persons has received support in another recent study (Freitas et al.
2006). However, only a couple of studies addressed the role of APAs in head stabilization, and
their results are controversial.

Gurfinkel et al. (1988) described increased activation of neck extensors and a drop in the
activity of neck flexors about 60 ms prior to the activation of the prime mover (deltoid muscles).
This pattern was time locked with APAs in leg muscles, and the authors suggested that the
combined APAs in the neck, trunk, and leg muscles formed a complex posture-stabilizing
pattern. Van der Fits et al. (1998) used a similar task in a variety of subject postures, standing,
sitting, and supine. These authors described a co-contraction pattern of neck flexors and
extensors across all conditions.

The discrepancy in the results of the two mentioned studies led us to the following hypothesis.
We suggest that APA patterns in neck muscles may be defined by two factors, local (a
predictable perturbation acting on the head) and global (a perturbation acting on the center of
mass of the body and affecting the head indirectly, due to the mechanical coupling between
the trunk and the head). If the direction of a perturbation acting on the head is well predictable,
a reciprocal APA pattern in neck muscles can be used to counteract the mechanical effects of
the perturbation on the head posture. In contrast, if a self-triggered perturbation acts on the
trunk, APAs in leg and trunk muscles stabilize the trunk posture, but the combined action of
those APAs and the original perturbation may perturb the head posture due to the mechanical
coupling. Since the direction and magnitude of such a perturbation acting on the head may not
be well predictable, an increase in the apparent neck stiffness (co-contraction) may be used as
an APA to increase resistance to perturbation in any direction.

To test the main hypothesis on two APA patterns, we performed experiments where similar
initial positions of the body and similar actions by the subject were associated with
perturbations acting predominantly on the head, predominantly on the trunk, and on the trunk
and the head together. Our first specific hypothesis (Hypothesis #1) was that APA patterns in
the neck flexor-extensor muscles would change from a time-shifted (reciprocal) pattern to a
synchronized (co-activation) pattern when the source of the perturbation changes from that
applied directly to the head to resulting from joint coupling. We also explored a possibility that
APAs in trunk and leg muscles contributed to head stabilization. If so, a combined perturbation
to the trunk and to the head could be expected to lead to significantly larger APAs in those
muscles than a perturbation applied to the trunk alone (Hypothesis #2). Large APAs in the leg/
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trunk muscles could also be expected when a perturbation is applied directly to the head
(Hypothesis #3).

2. Methods

2.1. Subjects

Seven subjects (four males and three females) with the mean age 30.1 years (+ 2.9, SD), mean
mass 77.7 kg (£ 20.3, SD), and mean height 170.4 cm (x 7.9, SD) participated in the study.
All the subjects were healthy, without any known neurological or muscular disorders. All
subjects were right-handed based on their preferential hand usage during writing and eating.
The subjects gave informed consent based on the procedures approved by the Office for
Research Protection of The Pennsylvania State University.

2.2. Apparatus

A force platform (AMTI, OR-6) was used to record the moment of force around the frontal
and sagital axes (My and My, respectively) and the vertical component of the ground reaction
force (Fz). These signals were used to compute the displacement of the body center of pressure
(COP).

Disposable self-adhesive electrodes (3M Corporation) were used to record the surface
electromyogram (EMG) of the following muscles: gastrocnemius lateralis (GL), tibialis
anterior (TA), biceps femoris (BF), rectus femoris (RF), lumbar erector spinae (ES), rectus
abdominis (RA), and sternocleidomastoid as the neck flexor (NF). We also recorded the surface
EMG activity at the dorsal part of the neck. Since the dorsal part of the neck has multiple layers
of muscles, the recorded signals reflected the activity not only of the most superficial muscle
(superior fibers of trapezius) but also of deeper muscles (semispinalis, splenius cervicis, and
splenius capitis). We will refer to this signal as reflecting neck extensor (NE) activity.

All muscles recorded were chosen based on their potential role in postural stabilization of the
head and the trunk and their accessibility to surface EMG recording. The electrodes pairs were
placed over the muscle bellies; the distance between the two electrodes of each pair was 3 cm.
Lower limb and trunk electrodes were placed only unilaterally on the right side of the subject’s
body due to the limitation in the number of channels. Neck electrodes were placed bilaterally
over the right (R) and the left (L) muscles (NF_, NFgr, NE_, and NER). The electrode pairs
recording the NE activity were placed parallel to the spine with the upper electrodes positioned
about 2 cm below the occipital protuberance. Electrodes recording NF activity were placed
along the sternocleidomastoid midway between its sternum and mastoid insertions.

The EMG signals were amplified (x3000) and band-pass filtered (60-500 Hz). All the EMG
signals were sampled at 1000 Hz with a 12-bit resolution. A personal computer (Gateway
450Mhz) was used to control the experiment and to collect the data with a customized Labview-
based software (Labview-5 — National Instruments, Austin TX, USA).

A ProReflex motion analysis system (Qualysis Track Manager vs 1.7.187 — Qualysis Medical)
was used to capture the coordinates of a passive marker placed on the lateral aspect of the index
finger metacarpophalangeal joint on the right hand. Three more markers were placed laterally
on the customized helmet (described later) and their coordinates were used to detect angular
displacement of the head in a sagittal plane (these data were collected only in four subjects).
This motion analysis system was synchronized with the computer collecting the force plate
and EMG data; it recorded 3D coordinates of the marker at 200 Hz. An accelerometer was
placed on the dorsal side of the right hand; its signal was used to detect the moment of hand
movement initiation during off-line data processing.
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A customized hockey helmet was used to apply perturbations to the subject’s head. This helmet
was firmly fitted onto the subjects’ head; the chin support piece was used to improve helmet
stability. Two levers (50 cm long) were attached to the front and back portions of the helmet
about 2 cm above the eye level line; they were used to attach loads during the experiment (see
the next section). The distance between the center of the helmet’s top and the point where the
load was attached to the lever was 0.6 m. A pole (1.77 m height) was positioned 0.7 m in front
of the subject for series of trials involving trunk perturbation (Figure 1). A horizontal lever was
attached to the pole, and a load (0.5 kg) suspended on a flexible fishing line was aligned with
the inferior portion of the sternum (see the next section).

2.3. Procedure

2.3.1 Control tests—The experiment started with three control tests used for normalization
of the postural sway data (COP displacement) and the EMG signals as described in the
following section (Data processing). The first control test involved a single trial with quiet
standing. This test was used to obtain measures of natural postural sway that were later used
to normalize COP migration during APAs for across-subjects comparisons. The subjects were
instructed to stand quietly on the force plate for 10 s while looking at the target placed 2.3 m
in front of them at the eye level.

The other two tests were used to get quantitative indices of activity of postural muscles
associated with a standard task of quiet standing with an additional load that generated torque
in a sagittal plane acting to rotate the head and the trunk either forward or backwards. These
data were used to normalize integral EMG indices during APAs for across-subjects
comparisons. In these tests the subjects were instructed to stand quietly and to hold a 5 kg load
for 10 s with the arms fully extended while another load (1 kg) was attached to one of the
helmet’s levers. The subjects were asked to keep both the head and the trunk vertical; this was
controlled by the experimenter. In one of the tests both loads created moments of force that
tended to rotate the head and the trunk forward. In the other test the same loads held through
apulley system created moments of force that tended to rotate the head and the trunk backwards.

2.3.2 Experimental conditions—The main portion of the experiment involved three tasks
(Figure 1). The tasks required the subjects to produce hand actions that triggered three types
of perturbations in the sagittal plane. The three perturbations were; a) head perturbation (HP)
created by a fast, low-amplitude arm movement with the arm moving the load acting on the
head; b) trunk perturbation (TP) created by a fast, relatively large-amplitude movement of the
arms that moved the load acting on the trunk; and c) both head and trunk perturbation (HTP)
by a fast, relatively large-amplitude movement of the arms that moved both loads acting on
the head and on the trunk. For each task, two different conditions were used involving arm
movement in opposite directions (upward and downward) and resulting in different
perturbations to the posture. As a result, there were six different series of trials: three tasks
(type of perturbation) and two actions (direction of arm movement).

In all series, the subjects were instructed to stand on the force plate with their feet parallel to
each other, spaced by 18 cm, with the body weight evenly distributed between the feet and
look straight at the same target that was used in the control tests. The foot position was marked
on the top of the platform and reproduced across all trials. The arms were extended forward
but not outstretched completely, with the elbows flexed and wrists extended, such that the
hands were at the level of the load(s) (see Figure 1). Before the upward arm movement series,
the two hands formed a “cup” placed just under the load without touching it (Figure 1A, C, E).
Prior to the series with downward arm movements, the load rested on the hands such that the
line connecting the load to the helmet and/or the pole was slightly loose (Figure 1B, D, F). In
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all series, the instructed arm movement was a very fast bilateral shoulder flexion (upwards) or
extension (downward).

In order to generate perturbation acting mainly on the head (HP), a standard load (0.5 Kg) was
attached to the helmet’s front lever and suspended at about the level of the inferior sternum
extremity with a flexible fishing line. In one series, the subjects were instructed to move the
load quickly upwards over the nominal distance of 10 cm in a self-paced manner 1-2 s after
an auditory signal, a “beep” (Figure 1A). This action unloaded the helmet leading to a head
extension perturbation. In another series, the subjects were instructed to hold the load in the
hands such that the fishing line was slightly lose and then perform a quick hand motion
downwards over the nominal distance of 10 cm in a self-paced manner 1-2 s after a

“beep” (Figure 1B). This action resulted in loading the helmet and generating a head flexion
perturbation.

To generate perturbation acting mainly on the trunk (TP), the same 0.5 kg load was attached
to the helmet’s front lever. Another 0.5 kg load was attached to the pole standing on the floor
in front of the subject. The subjects were instructed to perform similar series of trials as in the
HP series: to move the load attached to the pole quickly upward (Figure 1C) and downward
(Figure 1D) in different series. In order to increase the magnitude of the perturbation acting on
the trunk, the instruction for these two series was to perform a very fast hand movement over
the nominal distance of 25 cm. We used this relatively small load (leading to relatively small
trunk perturbations) to avoid fatigue and to have comparable magnitudes of the perturbation
in cases when it was applied to the head and when it was applied to the trunk. Therefore, we
were limited by perturbations that were safe and not uncomfortable when applied to the head.

The last task (HTP) was a combination of the two already described in order to generate a
perturbation acting on both the head and trunk at the same time. Both 0.5 kg loads were used.
The first was attached to the helmet’s front lever and the second load was attached to the pole.
Both loads were kept close to each other and suspended at the level of the sternum. The
instructions were to perform a very fast movement over the nominal distance of 25 cm (same
as in the TP task) upward (Figure 1E) and downward (Figure 1F) lifting and releasing the two
loads together in two different series.

A familiarization period was given to each subject prior to data collection. During the
familiarization period, subjects were asked to perform at least five trials for each of the tasks
and actions. The experimenter paid particular attention to the initial vertical posture of both
head and trunk and to reproducible arm movement over trials within each series. Seven trials
were performed for each series, and the order of the series was balanced across subjects. Resting
periods of 30 s were given between trials, and at least 1 min between series. The average
duration of the experiment was 45 min, and after the procedures all the subjects were asked
about feeling fatigue. None of the subjects complained about any type of discomfort or fatigue.

2.4. Data processing

All signals were processed off-line using LabView-5 and MatLab 6.5 software packages.
Signals from the accelerometer were not filtered to allow better detection of movement
initiation. For all trials and conditions, all data from force plate, EMG, and 3D motion capture
system were aligned according to the first visible change in the signal from the accelerometer
attached to the right hand. This moment of the hand movement initiation will be referred as
‘time zero’ (t5=0).

Signals from the force plate were filtered with a 20 Hz low-pass, second-order, zero-lag
Butterworth filter. Center of pressure coordinates in the anterior-posterior (AP) and medial-
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lateral (ML) directions (COPap and COPy, respectively) were computed using an
approximation:

COPpp= —My/[Fz (1A)

CcopP,, =Mx[Fz. (1B)

ML

As commonly accepted in studies of COP shifts, the effects of the shear forces on the moments
of force measured by the platform were ignored because of the small lever arm of those forces
(the AMT] platforms record the moments with respect to the platform center located 36 mm
beneath the surface). The assessments suggest that the contribution of shear forces to the
estimated COP shifts was always well under 10%.

Changes in the COP displacement happen in two directions, anterior-posterior and medio-
lateral, even when the perturbation is mostly limited to a sagittal plane. The COP shifts are
typically rather small during the APAs (e.g., Aruin and Latash 1995). Therefore, to quantify
them we have used a general measure of COP migration during the time window typical of
APAs — the area of the ellipse that included most of the COP migration data. To quantify COP
migration prior to the perturbation, the COP time series were processed as follows. Ellipses
were fitted to the COP data collected over two time intervals: from —500 ms to —350 ms
(baseline COP migration) and from —100 ms to +50 ms with respect to tg (COP migration
during APAs). Each ellipse contained 85.3 % of the COP data points (cf. Oliveira et al.
1996). The area of each ellipse was computed. The first time interval captured the COP baseline
migration (COPg ) and the second interval captured possible anticipatory changes in the COP
trajectory associated with the action (COPapa). COPapa Was then corrected by COPg, . For
across-subjects comparison, the difference (COPapa-COPpg( ) was normalized by the area of
a third ellipse computed for the data collected over the same period of 150 ms in the middle
of the control trial when the subject stood quietly without any load, COPconTROL-

An index, lcop, was computed as follows:
lcop = (COPppp — COPg) [ (COPCoNTROL): @

All EMG signals were rectified and filtered with a 50 Hz low-pass, second-order, zero-lag
Butterworth filter. The accelerometer signal was used to align the rectified EMG by ty. After
the alignment, all seven trials within each series were averaged and APAs were quantified as
follows. EMG signals for each muscle were integrated over two time intervals: from —500 ms
to —350 ms and from —100 ms to +50 ms with respect to ty The first time interval captured the
muscle background activity (EMGgg) and the second interval captured possible anticipatory
changes in the activity (EMGapa) associated with the action. The interval of EMG integration
associated with APAs was selected to include most of the changes in muscle activity that occur
in a feed-forward manner while avoiding possible effects of stretch reflexes. [EMGapa Was
then corrected by [EMGgg.

In order to compare the EMG indices ([EMG) across muscles and subjects, we normalized
them by the EMG signals integrated over the same period of 150 ms in the middle of the control
trial (EMGconTroL) When the subjects held the two loads while standing quietly. JEMG
indices for the dorsal muscles (GL, BF, ES, and NE) were divided by EMG integrals obtained
when the loads were held in front of the body. JEMG indices for the ventral muscles (TA, RF,
RA, and NF) were divided by the EMG integrals obtained when the loads were suspended
behind the body:
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2.5. Statistics

Standard methods of descriptive statistics and parametric statistical methods were used
(SPSS-13). Four sets of analysis were performed:

1. The COP index (Icop) was analyzed with a two-way mixed design ANOVA with
factors Perturbation (HP, TP, and HTP) and Direction (Up and Down).

2. EMG indices (Igpmg) of the leg and trunk muscles (GL, TA, BF, RF, ES, and RA)
were analyzed using a two-way MANOVA with factors Perturbation and
Direction.

3. EMG indices (Igpmg) of the neck muscles (NF_, NFr, NE , and NER), were analyzed
using a three-way MANOVA with factors Perturbation, Direction, and Side (Right
and Left).

4. To investigate the relative timing of changes in the activity of neck muscles, a cross-
correlation function between the neck flexor and extensor muscles over a time period
from —200 ms to +200 ms with respect to ty was computed. This analysis was done
separately for the right and left muscle pairs. Prior to this analysis, the EMG signals
were filtered at 20 Hz with a low-pass, second-order, zero-lag Butterworth filter to
obtain EMG envelopes. For each trial, the peak magnitude of the correlation
coefficient (R-peak) and the time lag (At) of R-peak were computed. In order to
normalize the R data these data were log-transformed into z-scores by Fisher’s
transformation:

z - Score(Rpeak) =0.5 % (log (1 + Rpeak)/(l — Rpeak)) 4)

Further, the average z-score and At data for each condition were calculated across the trials.
Two one-way ANOVAs (Perturbation as the factor) were performed on the z-score and At
variables.

In all sets of analysis, Tukey’s honestly significant difference (HSD) tests and pairwise
contrasts were used as post-hocs for significant effects. The significance level for all analyses
was kept at 0.05.

All subjects were able to accomplish successfully all tasks. Figure 2 shows a data set from a
TP trial performed by a typical subject (subject #1). Time zero was defined as the earliest signal
from the accelerometer (panel A). For better interpretation of this figure, EMGs of pairs of
muscles are displayed together (panels D through H). In the Figure, the rectified EMG signals
of TA, RF, RA, NFr, and NFI muscles are inverted (turned into negative values) to avoid
superimposed lines. Note that anticipatory changes in muscle activity (APAs) started before
time zero in BF, ES, NE, and NF. Note the simultaneous changes in the activity of NE and NF.
Note also a relatively small head displacement associated with the arm movement (panel B).
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3.1. Upper limb movements and COP displacements

Off-line analysis of the vertical displacement of the passive marker placed on the subject’s
hand showed a sigmoid trajectory (Figure 3). Figure 3 shows the vertical hand displacement
during upward (panel A) and downward (panel B) arm movements averaged across subjects
for each task separately. The amplitude of the movement was much smaller in the head
perturbation series (HP) as compared to the trunk perturbation (TP) and head and trunk
perturbation (HTP) tasks. The amplitude of the vertical hand displacement was 10.0 cm (= 0.8
SE), 23.0 cm (% 1.8 SE), and 22.5 cm ( 1.5 SE) during upward arm movements under the HP,
TP and HTP tasks, respectively. During downward movements, the average displacements
were 7.0 cm (x 0.9 SE), 41.0 cm (% 2.0 SE), and 39.8 cm (% 1.9 SE) for the HP, TP and HTP
tasks, respectively. Movement time was close to 250-300 ms across all series.

The hand motion was accompanied by relatively small COP displacements. Peak-to-peak COP
displacements in both anterior-posterior (AP) and medio-lateral (ML) directions were typically
under 1 cm. Figure 4A illustrates averaged across subjects COP ap time profiles during
downward arm movements for the three tasks, HP, TP, and HTP. In TP and HTP tasks,
COPAp showed larger displacement for the period starting about 100 ms before ty and ending
about 300 ms after tg, as compared to the HP task. Figure 4A also illustrates larger COP
displacements forward in the TP and HTP tasks at about 400 ms after the movement initiation.
COP migration was quantified with an index Icop computed for the time window from — 100
ms to + 50 ms with respect to ty (see Methods). Figure 4B shows larger Icop in the TP and
HTP tasks as compared to HP. This finding was confirmed by a two-way ANOVA
(Perturbation x Direction) that showed a significant effect of Perturbation (F2,36) = 3.35,
p<0.05). Tukey’s HSD tests confirmed significant differences between HP and TP and also
between HP and HTP (p<0.05). There were no significant effects of Direction and no
significant interaction.

3.2. Muscle activation during APAs: Neck muscles

The patterns of changes in the neck muscle activity differed across the HP, TP, and HTP tasks.
Figure 5 illustrates typical EMG time profiles for the right neck flexor and extensor muscles
in a representative subject (subject #1) performing downward arm movements in the HP, TP,
and HTP tasks. The subject showed APAs only in the extensor muscle for the HP task and in
both flexor and extensor muscles in the TP and HTP tasks. Note that the flexor and extensor
both showed an increase in the activity during APAs in the TP and HTP tasks. The left neck
muscles presented similar pattern to those seen in the right neck muscles.

Figure 6 shows the index of integrated muscle activity, Igmg (see Methods) for the neck
muscles across all tasks and conditions (averages across subjects with standard error bars).
Iemc for both flexors and extensors was higher in the TP and HTP tasks as compared to the
HP task. In general, Igpmg for the neck extensor muscles were, on average, 2.5 times larger for
the TP tasks and 2.6 times larger for the HTP tasks as compared to HP task. A similar trend
was seen for the flexor muscles, where Igpg in TP and HTP tasks was 2.9 and 1.9 times larger
than in HP task, respectively.

Three-way MANOVA (Perturbation, Direction, and Side as factors) on Igpg showed no effect
of Direction and Side and no significant interactions. However, a significant effect of
Perturbation was confirmed (Fp4,142)=3.06, Wilks’ Lambda p<0.05). Two three-way mixed
designs ANOV As were conducted on Igpmg of the neck flexor and extensor muscles separately.
The results confirmed a significant main effect of Perturbation for both muscles (F2 72;>2.98,
p<0.05) without significant effects of Direction or Side, and no significant interactions.
Tukey’s HSD tests confirmed larger Igpg for both neck extensor and flexor muscles under the
TP and HTP tasks as compared to the HP task (p<0.05).
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3.3. Relative timing of neck muscle activation during APAs

To explore the relative timing of the changes in the neck flexor and extensor muscle activity,
cross-correlation analyses were run separately for the EMGs in the left and right side muscle
pairs. Figure 7A shows z-scores of the average peak correlation coefficients (R-peak) computed
from the cross-correlation between neck flexor and extensor muscles. This figure shows
combined data from the right and left side muscles because there were no significant differences
between the two sides (described below). TP and HTP tasks showed higher R-peak values
between the neck flexor and extensor muscle activation patterns for both right and left sides
and for both upward and downward arm movements, as compared to the HP task.

The average across subjects time lag (At) at the moment of R-peak is shown in Figure 7B. The
positive time lag for the HP task indicates an earlier burst of the neck extensor activity as
compared to the neck flexor burst. The average time lag for TP and HTP was negative indicating
an earlier burst of neck flexor activity about 10 ms before the neck extensor burst. On average,
there was a difference of about 40 ms in At between HP and the other two tasks (TP and HTP).
Despite its relatively small magnitude, this difference was statistically significant. The
relatively low average value of At in the HP task was partly due to the fact that some subjects
showed clear time-shifted (reciprocal) patterns of activation in the neck flexors and extensors
while others showed nearly simultaneous (co-activation) patterns. The small number of
subjects in each subgroup did not allow us to test these differences statistically; hence, this
remains a gqualitative observation.

One-way ANOVAs confirmed the significant effect of Perturbation on both z-scores
(F2,817=17.89, p<0.01) and At (Fp2,81=3.54, p<0.05). Tukey’s HSD tests confirmed higher z-
scores of the R-peak and smaller At for the TP and HTP tasks as compared to HP task (p<0.05).

3.4. Muscle activation during APAs: Leg and trunk muscles

The actions used in our experiments produced relatively mild perturbations for the trunk. As
aresult, a few muscles such as gastrocnemius lateralis, tibialis anterior, and rectus femoris did
not show reproducible APAs that would differ across the tasks and conditions. However, APAs
in biceps femoris (BF), erector spinae (ES), and rectus abdominis (RA) were reproducible and
showed task dependence.

Figure 8 illustrates typical EMG patterns in BF, ES, and RA for a representative subject (subject
#4). The upper four panels show the EMGs of BF and ES during upward (panels A and C) and
downward (panels B and D) arm movements in the HP task. Prior to head unloading, there was
a reduction in the BF and ES activity, while prior to head loading these muscles showed an
increase in the activity. Similar pattern of changes in the activity of these muscles were also
observed in the TP and HTP tasks (not illustrated).

Panels E and F (Figure 8) shows the RA activity during upward arm movements under the HP
(panel E) and TP and HTP (panel F) tasks. No visible APAs were seen in the HP task, while
there was an increase in the RA activity in the TP and HTP tasks. Similarly, during downward
arm movements, APAs in RA were absent in the HP task and present in the TP an HTP tasks
(not illustrated, see Figure 9).

APAs in the leg and trunk muscles were quantified using an index of integrated EMG activity
(Iemc) over the period from — 100 ms to + 50 ms with respect to tg (see Methods). Figure 9
shows Igpe (averages across subjects with standard error bars) for all the leg and trunk muscles
during upward (panel A) and downward (panel B) arm movements in the HP, TP, and HTP
tasks. Note the effect of hand movement direction on Igp g for BF and ES, and the effect of
task on Igpmg for RA.
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Atwo-way MANOVA (Direction x Perturbation) was used to test these differences. It showed
a significant effect of Direction (Fpg 31j=2.83, Wilks’ Lambda p<0.05) on Igg, While the
effect of Perturbation was just under the level of significance (F12,62)=1.75, Wilks’ Lambda
p=0.077). We explored both effects using ANOVAs. Six ANOVAs (Direction as the factor)
were used as post-hocs on Igpg for each muscle. There was no difference between upward
and downward arm movements for TA, GL, RF, and RA. There were significant differences
for both BF and ES (F,36)=7.70, p<0.01; and F> 36j=13.65, p<0.01, respectively). As
illustrated in Figure 9, there were larger (positive) Igpmg for BF and ES muscles during upward
arm movements as compared to the downward movements. Tukey’s HSD tests confirmed this
result (p<0.05). One-way ANOVA (Perturbation as the factor) revealed differences in Igpg
for RA (F=3.76, p<0.05). Tukey’s HSD test confirmed larger Igpg for RA in the TP and HTP
tasks as compared to the HP task (p<0.05).

4. Discussion

4.1. APAs in

The main hypothesis tested in the study suggests the existence of two patterns of APA in neck
muscles, reciprocal and co-activation, used in a task-specific way. The main findings of the
experiments related to this hypothesis can be summarized as follows. When perturbations were
applied directly to the head, APAs in the neck muscles showed a reciprocal pattern that is an
increase in the activity of one muscle of a flexor-extensor pair without an increase in the activity
or its antagonist (Figures 5-7, similar to results described by Gurfinkel et al. 1988). When
perturbations were applied to the trunk, APAs represented predominantly unidirectional
changes (co-contraction) of the activity in both neck flexor and neck extensor muscles (Figures
2,5-7, similar to the report by Van der Fits et al. 1998). Taken together, these observations
support our first specific hypothesis formulated in the Introduction.

Note that any muscle activation pattern during fast actions has elements of both co-activation
and reciprocal muscle activation. Even the famous tri-phasic EMG pattern during single-joint
fast movements may be viewed as a combination of time-shifted (reciprocal) bursts of
activation in the agonist and antagonist muscles superimposed on their co-activation (e.g.,
Gottlieb et al. 1989). In our study, we found a shift from nearly perfectly simultaneous bursts
of muscle activity in the neck flexor-extensor pair, which we address as “co-activation”, to a
pattern characterized by a significantly larger time delay between the two EMG bursts, which
we address as “reciprocal”.

The remaining two specific hypotheses were falsified. In particular, the results showed similar
APAs when perturbations were applied to the trunk and to the trunk and the head
simultaneously, but APAs were much weaker or even absent when perturbations were applied
to the head (Figures 6 and 9).

neck muscles: Two patterns for two purposes?

Two APA patterns were observed in our experiments. One represented time-shifted
(reciprocal) activation of the neck flexors and extensors while the other consisted in nearly
simultaneous unidirectional changes in the activity of both muscle groups (co-activation). The
first pattern was more frequently observed when perturbations were applied directly to the head
(HP series) while the second pattern dominated in trials with perturbations involving the trunk
(TP and HTP). Another potentially important observation is the high magnitude of APAs in
the neck muscles in the series with perturbation applied to the trunk (TP condition), at least as
high as in the HP condition. Taken together, these observations allow to offer the following
interpretation.

A predictable perturbation applied to the head may be expected to be associated with APAs
organized optimally to minimize the effects of the perturbation on the head posture. A
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reciprocal pattern of changes in muscle activation leads to a time-varying net torque either in
flexion or in extension to counteract the expected direction of the perturbation. Reciprocal APA
patterns have been indeed reported in many studies of vertical posture (Cordo and Nashner
1982;Horak et al 1984;Bouisset and Zattara 1987;Aruin and Latash 1995,1996).

However, all APAs are based on prediction and are expected to lead to under-compensation
in some trials and over-compensation in others (reviewed in Massion 1992). Hence, the net
result of a combined action of an APA and an external perturbation on the trunk may be hard
to predict. For example, the COM can in one trial deviate forward and in the next trial, under
seemingly identical conditions — backward. This may be the reason for much more reproducible
EMG indices during APAs as compared to mechanical indices such as COP shifts (Massion
1992;Aruin and Latash 1995,1996;Shiratori and Latash 2000). Because of the mechanical
coupling across the body segments, perturbations applied to the trunk and leg/trunk APAs are
both sources of head perturbation. The direction of this net perturbation may be poorly
predictable. Co-contraction of neck flexors and extensors may be viewed as a method of
increasing the apparent neck stiffness to a perturbation irrespective of its direction — a method
of alleviating effects of perturbations whose direction is poorly predictable. This interpretation
remains speculative since we did not manipulate predictability of perturbations and have no
independent measure of how the subjects perceived predictability of the direction of the
perturbations.

As suggested in the Introduction, APAs may be defined by two groups of factors, local and
global. The former represent effects of perturbations acting directly on a particular segment.
The latter reflect perturbations that are secondary to a perturbation acting on the COM of the
whole body. Earlier publications (reviewed in Massion 1992) and the current results suggest
that a default APA pattern to deal with local perturbations represents time-shifted (reciprocal)
changes in activation of agonist-antagonist muscle pairs. Perturbations from the second group
may be associated with reciprocal or co-contraction patterns depending on predictability of
direction of their net effects.

Co-contraction patterns of changes in muscle activation during APAs have been described in
a number of studies. In particular, they are more common in persons whose postural control
system may be challenged such as elderly (Woollacott et al. 1988) and persons with Down
syndrome (Aruin and Almeida 1997). They can also be seen in young control subjects in
challenging conditions such as standing on roller-skates (Shiratori and Latash 2000) or on a
surface with decreased support area (Aruin et al 1998;Slijper and Latash 2000). In all these
studies, co-contraction patterns have been interpreted as reflecting a trade-off between efficacy
and safety, which is ensured by increased joint apparent stiffness that counteracts any
perturbation, very much in line with the interpretation offered in this study.

4.2. Do APAs in the leg and trunk muscle help stabilize the head?

APAs in trunk and leg muscles produce joint torques that act on the head because of the
mechanical coupling among the body segments. These effects can help stabilize head posture
or produce additional perturbations for the head. Based on previous studies that have
documented head stabilization during a variety of actions (Berthoz and Pozzo 1994;Pozzo et
al. 2001), we hypothesized that leg/trunk APAs might contribute to head stabilization. This is
an attractive hypothesis because of two reasons. First, the functional importance of head
stability during standing is obvious. The sensitivity of posture to visual and vestibular
information (Lestienne et al 1977;Horstmann and Dietz 1988;Buchanan and Horak
1999;Maurer et al. 2006) makes it imperative for the central nervous system to ensure stability
of sensory signals of those modalities during standing. Second, APAs are typically associated
with rather small net changes in such variables as COP location and shear forces (e.g., Massion
1992;Aruin and Latash 1995). For example, COP shifts during APAs are typically of the order
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of 1 mm. Mechanical effects of such small shifts on vertical posture seem unlikely, particularly
if one considers the much higher amplitude of typical spontaneous COP shifts during quiet
standing (e.g., Winter et al. 1996).

However, in our experiments, perturbations applied only to the trunk led to APAs that were
not different from perturbations applied to the trunk and the head. In other words, when the
same action led to larger head perturbation (in addition to the trunk perturbation), the controller
did not use larger APAs. Moreover, a perturbation applied to the head only induced minimal
APAs in the leg and trunk muscles. Taken together, these results fail to support the hypothesis
on the importance of APAs in leg/trunk muscle for head stability.

If APAs in the leg/trunk muscles are not generated by the central nervous system to ensure
head stability, they represent an additional source of head perturbation. The idea that APAs
may be viewed by the central nervous system as perturbing factors is not novel; it was invoked
to interpret APA changes during standing on surfaces with a decreased support area (Aruin et
al. 1998).

Our results suggest that the main purpose of APAs in postural muscles is to ensure stability of
a body segment, which is directly under the control of these muscles. In particular, APAs in
leg/trunk muscles try to alleviate mechanical effects of expected perturbations on vertical
posture, while APAs in neck muscles try to ensure head stability under perturbations coming
from the trunk as well as from the environment. This is the most straightforward interpretation
on our results as well as of many earlier studies (reviewed in Massion 1992).

One of the limitations of the current study is the use of relatively unusual tasks and
perturbations. As in most studies with relatively artificial (but easy to standardize) tests, we
have assumed that the behaviors observed in our experiments reflected adjustments of
previously learned APAs based on the variety of everyday actions associated with perturbations
to the trunk and to the head. We have also assumed that APAs developed over the lifetime can
be scaled and adjusted to new tasks based on a couple of practice trials. Unfortunately, using
artificial laboratory tests remains an unavoidable component of movement studies that allows
to separate and explore specific factors that affect movement patterns (although see Cordo et
al. 2006). Within this study, we did not explore learning effects over the short series of trials
and hope to address this issue in future.
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Figure 1.

An illustration of the six main experimental series: Head perturbations (HP, panels A and B),
trunk perturbation (TP, panels C and D), and head and trunk perturbation together (HTP, panels
E and F). Arm upward and downward movements were used to produce perturbations in
different directions.
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Figure 2.
A typical data set from a representative subject (subject #1) during downward arm movement

ina TP trial. Hand acceleration (Panel A), Head angular displacement (Panel B), displacement
of COP in both directions (Panel C), and EMGs of all ten muscles recorded (Panels D through
H) are displayed. Time zero (tg) corresponds to the initiation of hand action. Note: TA, RF,
RA, NFg, and NF_ EMG time profiles were inverted (turned into negative values) to avoid
superposition of lines; for these muscles negative values of larger magnitude indicate increased
muscle activation.
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Vertical hand displacement during upward and downward arm movements (panels A and B,

respectively). Each panel shows the average time profiles across subjects for head perturbation
(HP), trunk perturbation (TP), and head and trunk perturbation (HTP) tasks. The vertical dashed
lines indicate the moment of movement initiation (tp). Standard error bars are not presented to
make the Figure readable.
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Figure 4.

Panel A shows the anterior-posterior center of pressure displacement (COPap) for downward
arm movement condition under head, trunk, and head and trunk perturbations (HP, HTP, and
TP, respectively). The vertical dashed line indicates the moment of movement initiation (tp).
Average time profiles across subjects are shown and standard error bars are not presented to
make the Figure readable. Positive values indicate anterior COP displacement. Panel B shows
the index of COP shift (Icop) over the period from — 100 ms to + 50 ms with respect to tg
during upward and downward arm movements and the HP, HTP, and TP tasks. Averages across
subjects with standard error bars are shown; * means p<0.05. Lines connecting the mean bars
indicate significant differences.
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Figure 5.

EMG of the right neck muscles (averages across trials by a representative subject, subject #1)
during downward upper limb movements. The neck flexor (panels A, C, and E) and neck
extensor (panels B, D, and F) activity under the head perturbation (HP), trunk perturbation
(TP), and head and trunk perturbation (HTP) tasks, respectively. Note the APAs only in the
extensor muscle for the HP task and in both flexor and extensor muscles in the TP and HTP
tasks. The vertical dashed lines indicate the moment of the movement initiation (tg).
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Figure 6.

Integrated EMG index (Igpmg) of the left and right neck flexor and extensor muscles (NF,
NFRg, NE_, and NER, respectively) during upward and downward arm movements, and under
head, trunk, and head and trunk perturbations (HP, TP, and HTP, respectively). Average time
profiles across subjects and standard error bars are shown; * means p<0.05. Lines connecting
the mean bars indicate significant differences across conditions.
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Figure 7.

Results of the cross-correlation analysis between neck flexor and extensor EMGs. Panel A

shows averaged across subjects z-scores with standard error bars of the peak correlation

coefficient (R-peak). Panel B shows the average time lag (At) at R-peak under the head, trunk,

and head and trunk perturbations (HP, TP, and HTP, respectively). Positive values in panel B

indicate an earlier EMG burst in the neck extensor as compared to the neck flexor. * means

p<0.05. Lines connecting the mean bars indicate the differences found.
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Figure 8.

Page 22

Panels A, B, C, and D: Averaged across seven trials EMGs of biceps femoris (BF) and erector
spinae (ES) muscles are shown for a representative subject (subject #4) who performed the HP
task. Data for upward arm movements are shown in panels A and C, and data for downward
arm movements are shown in panels B and D. Note the opposite changes in muscle activity
during APAs for different arm movement directions. Panels E and F: rectus abdominis (RA)
EMG during upward arm movements in the HP task (panel E) and TP and HTP tasks (panel
F). The vertical dashed line indicates the moment of the movement initiation (ty). Note: RA
time profile for the TP condition (panel F) was inverted (turned into negative values) to avoid

superposition of lines; negative values of larger magnitude indicate increased muscle

activation.
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Figure 9.

Integrated EMG index (Igpmg) of gastrocnemius lateralis (GL), tibialis anterior (TA), biceps
femoris (BF), rectus femoris (RF), lumbar erector spinae (ES), and rectus abdominis (RA)
during upward and downward upper limb movements (panels A and B, respectively) for the
three tasks, head perturbations, trunk perturbation, and head-and-trunk perturbation (HP, TP,
and HTP, respectively). Average data across subjects with standard error bars are shown; *
means p<0.05. Lines connecting the mean bars and { signs indicate significant differences.
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