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finger force-production tasks revealed by the uncontrolled manifold
analysis. J Neurophysiol 119: 21-32, 2018. First published September
20,2017; doi:10.1152/jn.00519.2017.—A motor system configured to
maximize the stability of its current state cannot dexterously transition
between states. Yet, we routinely resolve the stability-dexterity con-
flict and rapidly change our current behavior without allowing it to
become unstable before the desired transition. The phenomenon called
anticipatory synergy adjustment (ASA) partly describes how the
central nervous system handles this conflict. ASA is a continuous
decrease in the stability of the current motor state beginning 150-400
ms before a rapid state transition accomplished using redundant sets
of motor inputs (more input variables than task-specific output vari-
ables). So far, ASAs have been observed only when the timing of the
upcoming transition is known. We utilized a multifinger, isometric
force-production task to demonstrate that compared with a condition
where no state transition is expected, the stability of the current state
is lower by ~12% when a participant is cued to make a transition, even
when the nature and timing of that transition are unknown. This result
(stage 1 ASA) is distinct from its traditional version (stage 2 ASA),
and it describes early destabilization that occurs solely in response to
the expectation to move. Stage 2 ASA occurs later, only if the timing
of the transition is known sufficiently in advance. Stage 1 ASA lasts
much longer (~1.5 s) and may scale in response to the perceived
difficulty of the upcoming task. Therefore, this work reveals a much
refined view of the processes that underlie the resolution of the
stability-dexterity conflict.

NEW & NOTEWORTHY We compared the stability of multifinger,
isometric force-production tasks for trials in which force changes of
unknown direction and timing were expected with trials in which
there was no expectation of any force change. Mere expectation of a
change caused the stability of the current motor state to drop. This
novel result provides a much refined view of the processes that
facilitate dexterous switching between motor states.

uncontrolled manifold; manual dexterity; finger force; redundancy;
anticipatory synergy adjustment

INTRODUCTION

Maintaining stability of a motor action is a critical attribute
of a healthy motor system. Stability is the ability to maintain
the current static or dynamic motor state by dissipating the
effects of neuromuscular and environmental disturbances.
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There is converging evidence suggesting that the central ner-
vous system (CNS) ensures stability by exploiting the redun-
dancy in the motor apparatus, i.e., the structural feature that
there are more input variables than output variables associated
with most motor tasks (Bernstein 1967). Redundant systems
afford solution sets (or spaces) rather than unique solutions for
a task. Evidently, the CNS dissipates internal or external
perturbations in part by channeling its effects into the abundant
solution space, thereby mitigating their influence on the output
variables (Dingwell et al. 2010; Latash 2012; Mattos et al.
2011; Miiller and Sternad 2009; Scholz et al. 2007; Schoner
1995; Todorov and Jordan 2002). Motor redundancy, there-
fore, facilitates the stability of motor action.

The notion of a synergy is one theoretical framework that
formalized this idea. It is defined as a neural organization that
ensures covariation of the input variables such that a value or
a time profile of an important output (task) variable is stabi-
lized (Latash 2008). Synergies, quantified using the uncon-
trolled manifold (UCM) method (Scholz and Schoner 1999),
have been observed in several behaviors performed by healthy
and impaired human participants (reviewed in Latash 2008;
Latash et al. 2007). The UCM analysis yields a synergy index
(AV), which reflects the stability conceived as the reproduc-
ibility of task variables or their time profiles across multiple
trials (see METHODS).

However, several researchers have stressed that maximizing
stability is not desirable when adaptable behavior is required to
achieve task goals (Hasan 2005; Latash and Huang 2015;
Riccio 1993; Riccio and Stoffregen 1988; Riley and Turvey
2002). Dexterity is the ability to rapidly transition between
motor states in response to changing task demands (Bernstein
1996), and it is antithetical to stability (Santisteban et al. 2016).
Over the last decade, the notion of anticipatory synergy adjust-
ment (ASA) has emerged, which begins to capture the CNS’s
strategy for managing this dexterity-stability conflict. A drop in
the synergy index is observed beginning 150—400 ms before
any changes in the task-specific output variables are observed.
This drop in AV is called ASA, and it describes the reduction
in stability as the system prepares to change the output vari-
ables. ASA has been observed in manual tasks (Kim et al.
2006; Olafsdottir et al. 2005; Park et al. 2012; Shim et al. 2006;
Togo and Imamizu 2016) and postural tasks involving quick
shifts of the center of pressure (Klous et al. 2011; Krishnan et
al. 2011; Piscitelli et al. 2017; Wang et al. 2006).
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Note that ASA measurements with existing techniques re-
quire that a state change occurs. Because ASA appears imme-
diately before the change, it could be viewed as a part of the
execution of that motor action. In this study, we aimed to
isolate the synergy adjustment associated with mere anticipa-
tion, divorced from subsequent state change. If such adjust-
ment exists, it would qualify as motor planning rather than
execution. The task we employ is essentially a choice reaction-
time (CRT) task in which an initial warning cue is provided,
followed by a blank interval (foreperiod), followed by a reac-
tion signal that identifies, from a predefined set, the particular
action that the participant must execute as fast as possible. It is
well known that performance in the CRT task changes (faster
response time, reduced errors) when the participant is cued by
the warning signal, even when the cue provides no information
about the nature of the upcoming motor action (Brunia 1993;
Goodman and Kelso 1980; Jahanshahi et al. 1992). Presum-
ably, a generalized motor preparation, or planning, that is
somehow common to all the possible upcoming actions occurs
during the foreperiod and leads to these improvements in
dexterous task switching (Brunia 1993; Jahanshahi et al. 1992;
Niemi and Naatanen 1981; Wu et al. 2015). It is plausible that
ASA represents this generalized planning for actions involving
redundant input variable sets, and as such, they would be
interpreted as improvements in dexterity. However, to make
this claim, a change in AV must be observed across a cue
condition: AV during a foreperiod of a reaction-time task must
be smaller than AV when no action is expected. This compar-
ison has not been made. In all previous studies, ASA was
measured as the drop in AV at the instant when the task
variable first changes relative to a baseline AV measured
earlier (e.g., 500 ms before the task variable changes; cf.
Latash and Huang 2015) for trials in which a rapid action is
always expected.

Furthermore, in existing work, ASAs appear mostly when
the participant knows the timing of the upcoming motor action.
ASAs appear in self-paced manual force-production tasks
when both the timing and the direction of the impending action
are known to the participant (Olafsdottir et al. 2005; Zhou et al.
2013) and in postural tasks involving perturbations of unknown
directions administered by the participants themselves (Pisci-
telli et al. 2017). In contrast, ASA disappears in cued simple
reaction-time tasks when only the timing of the action is
unknown (Olafsdottir et al. 2005; Shim et al. 2006; Zhou et al.
2013). Nevertheless, it is plausible that AV reduces across a
cue condition in reaction-time tasks, despite the uncertainty in
the timing.

Finally, it is plausible that ASA scales with respect to the
perceived difficulty of the task. This is consistent with the view
that the CNS utilizes probabilistic models of the task to
optimize performance (Kording and Wolpert 2004; Wolpert
and Landy 2012). Therefore, if such a model generates expec-
tations of faster required responses or larger response sets, the
CNS may reduce AV more during the foreperiod.

The present study explored these possibilities using an isomet-
ric finger force-production task in healthy, young adults. ASA has
been observed for such tasks in diverse populations, including
healthy young (Olafsdottir et al. 2005; Shim et al. 2006; Zhou et
al. 2013) and older adults (Olafsdottir et al. 2007, 2008) and
persons with neurological deficits (Jo et al. 2017; Park et al.
2012). The objectives of the present study were to establish if

1) the stability of the current manual state is diminished by
cuing the participant for quick motor action, 2) the cue effect
is sensitive to the uncertainty in the timing of the upcoming
action, and 3) the cue effect scales with the degree of difficulty
of the expected action. Participants used the four fingers of the
dominant hand to produce a single output force computed as
the sum of the individual finger forces. They produced the
same steady total force as part of three experimental tasks. In
the stable task, they expected to maintain the total force. In the
slow dexterous task, they expected to either increase or de-
crease their total force at an unknown time in the near future.
The fast dexterous task was similar to the slow dexterous task,
except that participants expected a faster force change. The
synergy index for all three tasks was computed. For the
dexterous tasks, the period when AV is computed is analogous
to the foreperiod, the blank interval between the presentation of
the warning cue and the response cue, in traditional CRT
paradigms (Niemi and Naatanen 1981).

Two specific hypotheses were tested. The first hypothesis
was that the synergy index in the stable task (participant not
cued for quick action) would be greater than that for the slow
and fast dexterous tasks (participant cued for action) despite
uncertainty in the timing of the upcoming action. The second
hypothesis was that the synergy index would drop more for the
fast dexterous task compared with the slow dexterous task.

METHODS
Participants

Twenty-five participants volunteered to participate in the study [19
women; age, 20.4 = 2.6 yr; weight, 65.4 £ 13.3 kg; height, 1.68 =
0.08 m (means = SD)]. Two participants were left-hand dominant and
23 right-hand dominant by self-report, and no participant had any
history of neurological issues or musculoskeletal discomfort or injury
in the upper arm. All participants provided written informed consent
in accordance with the procedures, which were approved by the
Institutional Review Board of Purdue University.

Equipment and Procedures

Participants sat comfortably in a chair with both forearms resting
on top of a table. They extended all the fingers of their dominant hand
and placed the fleshy part of the distal phalanx facing downward on
four separate force sensors (Nano 17; ATI Industrial Automation,
Garner, NC) as shown in Fig. 1A. The diameter of the sensors was 17
mm, and the distance between sensors was 30 mm. The signals from
the transducers were collected by The MotionMonitor software (In-
novative Sports Training) and digitized at 1,000 Hz. The sensor
readings were zeroed with the fingers resting on the sensor and with
the hand relaxed so that the weight of the fingers was excluded from
the sensor readings. For all experimental trials, the sum of the vertical
forces (F. = XF,, where i = index, middle, ring, and little finger) was
presented as feedback to the participant as a cross on a 19-in.
computer screen placed ~0.8 m in front of the participant (Fig. 1B).
The cross moved upward if the participant increased Fp, and vice
versa.

The participants first performed maximum voluntary contraction
(MVQ) trials in which they pressed on the sensor using all four fingers
as hard as possible, achieved maximal force level within 6 s, and
relaxed immediately after reaching maximal force. They performed
three consecutive MVC trials with 1-min rest intervals, and the
average of the three F maxima was used to design the experimental
tasks. For the next task, two square icons, the same size as the cross,
representing 5% and 15% of the participant’s MVC were presented on
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Fig. 1. A: experimental setup. Participants placed the
4 fingers of the dominant hand on 4 force sensors and
pressed on them. B: feedback. A computer screen
placed in front of the participant displayed the total
finger force as a cross. The cross moved upward
when the total finger force increased, and vice versa.
Total force target(s) was displayed as square icon(s).

the screen as the targets (Fig. 2A). Participants oscillated their total
finger force between the two targets as fast as possible, and the
maximum force rate was recorded. These values were used to ensure
that the tracking tasks described below required force-production rates
that were significantly lower than their maximal abilities. This rapid
force variation task lasted 7 s, and the participants repeated the task
three times with 30-s breaks between trials.

Next, participants performed three experimental tasks. For the
stable task, participants modulated F; to match a target square icon
representing 10% MVC for 7 s. They were informed that the target
would be stationary during the trial. For the second and the third tasks,
called slow dexterous and fast dexterous tasks, respectively, partici-
pants modulated F. and tracked the square target as it moved in the
vertical direction. They were aware that the target would move but
unaware of its trajectory. A typical dexterous task trajectory, depicted
in Fig. 2B, consisted of linear ramp segments connecting steady force
values and lasted 30 s. The slopes of the ramps and the magnitudes
and durations of the steady target forces varied within and across the
trajectories. The trajectories were bounded between 5% and 15%
MVC, and they included force rates that were well within the
participants’ maximal abilities (estimated from pilot data). Each
trajectory contained one portion of 10% MVC, matching the target for
the stable task. The location of this portion varied across tasks, and its
duration varied between 4.04 and 5.5 s. The variable duration of this
portion introduced timing uncertainty in the upcoming action. We
emphasize that the participants were unaware of the specifics of the
task design. Eight different target force trajectories were composed for
the slow and fast dexterous tasks, each.

The target profiles for the slow and fast dexterous tasks produced
the same impulse on average [slow dexterous profiles: 293.5 =
18.88%MVC:s; fast dexterous profiles: 293.5 £ 7.16%MVC:s; f,, =
0.001; P = 0.999]. The key difference between the two tasks was that
the target moved much faster for the fast dexterous task. This designed
difference in the target profiles made the fast dexterous task more

difficult, and during the constant 10% MVC portion of these trials, the
participants expect to execute a faster F. change in the near future.
Across the 8 target profiles for the fast dexterous task, the maximum
absolute force rate was 102.58 = 92.1%MVC/s, the highest absolute
force rate was 297.95%MVC/s, the mean force rate was 2.57 =
0.37%MVC/s, and the power concentrated within the O- to 2-Hz band
was 65.32 = 5.14%. In contrast, across the 8 target profiles for the
slow dexterous task, the maximum absolute force rate was 20.56 +
10.7%MVC/s, the highest absolute force rate was 38.37%MVC/s, the
mean force rate was 1.75 = 0.24%MVC/s, and the power concen-
trated within the 0- to 2-Hz frequency band was 81.75 £ 6.08%.

Each of the 8 trajectories was presented twice to obtain a set of 16
trials for the slow and the fast dexterous tasks. Similarly, the stable
task was repeated 16 times. The number of trials for each task was
based on the typical number of trials used in most UCM analyses of
finger forces (Olafsdottir et al. 2005; Zhou et al. 2013). The task types
were block randomized across participants, and the trial sequences
were randomized within each block for the slow and the fast dexterous
tasks.

To gain familiarity with the fast and slow dexterous tasks, partic-
ipants performed ten 15-s trials in which they tracked a moving target
before starting the experimental trials. The trajectories used for these
practice trials were different from those used for the experimental
trials.

To limit fatigue, a rest break was given between all repetitions.
Two-minute breaks were given after each kind of task was performed:
MVC trials, rapid force oscillation trials, practice trials, and the three
kinds of experimental trials. Breaks of 30 s were given after each trial
in the practice set, 15-s breaks were enforced after each trial of the
stable task, and 30-s breaks were given after each trial of the slow and
fast dexterous tasks. Participants were instructed to ask for additional
rest if they felt fatigued at any point in the experiment. The entire
experiment took ~90 min, and none of the participants reported any
fatigue during this study.

A B
— 10% MVC
L>) steady-state
Computer screen s portion Fig. 2. A: feedback for the rapid force oscillation
X tasks. Two square targets at 5% and 15% MVC were
O 15% MVC = w displayed on the screen, along with the participant’s
Feedback Oé) current total force. B: typical total force target tra-
. S jectory for the slow and fast dexterous tasks. The
signal X o trajectories were composed of linear ramps connect-
5 ing varying durations and magnitudes of constant
O 5% MvC “—(; 71 force. Each trajectory contained one portion of 10%
5 MVC that lasted at least 4 s.
2 L
5 n n n n n 1
| | 0 5 10 15 20 25 30
Time (s)
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Data Analysis

MATLAB programs were written for data analysis. All data were
low-pass filtered at a cutoff frequency of 10 Hz using a fourth-order,
zero-lag Butterworth filter. The performance of the slow and the fast
dexterous tasks was quantified using cross-correlation analysis be-
tween the generated and the target total force traces. The last 4 s of the
16 trials for the stable task were selected (Fig. 3A) for the UCM
analysis, described below. For the slow and fast dexterous trials, the
16 responses were time-aligned with respect to the start of the
extended 10% MVC portion (lasting over 4 s) separately (Fig. 3B).
The first 4 s of the responses during this portion were isolated for the
UCM analysis. Note that the local task demands for the stable and the
dexterous tasks are identical (Fr = 10% MVC) for the selected
responses. Furthermore, because the period of 10% MVC lasted at
least 4.04 s, we analyze the behavior before the square target begins
to move, and thus study the motor planning associated with the
impending state change rather than the execution of that state change.
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Fig. 3. Representative responses for the stable (A) and the slow dexterous (B)
tasks. Each plot shows 16 separate trials. The last 4 s of the stable task (gray
rectangle in A) were isolated and used for the UCM analysis. The trials for the
slow dexterous trials were time-aligned so that the extended 10% MVC
constant target-force portions began at the same instant. The first 4 s of the
participant’s responses (gray rectangle in B) were used for the UCM analysis.

UCM Analysis

Detailed description of the UCM analysis, in general (Latash et
al. 2002; Scholz and Schoner 1999), and its application to multi-
finger force-production tasks, in particular, is found elsewhere
(Latash et al. 2001; Scholz et al. 2003). The total force-production
task is defined by the function F = XF;; i = [index, middle, ring,
little finger]. For each time instant, t = ¢*, the individual finger forces
across the 16 repetitions were isolated. The mean-subtracted individ-
ual finger forces (i.e., the input variables) were projected onto two
orthogonal manifolds. The first manifold, called the uncontrolled
manifold (UCM), is the null space of the Jacobian relating small
changes in the input variables to small changes in the output (task)
variable (Fp). Variance within the UCM has no influence on Fy. The
second manifold, named ORT, is orthogonal to the UCM. Variance
within this manifold influences F. The variances within these man-
ifolds are called Vcy and Vg, respectively. In the present exper-
iment, the four input variables are constrained by a single task
function. The Jacobian is obtained by computing the partial deriva-
tives of the task function: J =[1 1 1 1]. The null space of this
Jacobian, i.e., the UCM, is a three-dimensional linear space in the
four-dimensional space of the input variables, and the ORT is a
one-dimensional line orthogonal to the UCM. The dimension of ORT
equals the number of constraints on the input variables, and the
dimension of the UCM equals the number of input variables — number
of constraints. The main output of the UCM analysis is the synergy
index AV, which is defined as the relative amount of V{,,, in the total
variance, Vqr, normalized by the dimensions of the spaces in which
the variances are computed: AV = [(Vyem/3) — Vortl(Vror/4).

The synergy index indicates whether the input variables (F,) are
coordinated to stabilize the task variable (Fr). A positive value of AV
shows the presence of such coordination, a negative value of AV
shows that the input variables are coordinated to change (i.e., desta-
bilize) the task variable, and AV = 0 implies that there is no task-
specific coordination. Finally, a higher positive value of AV corre-
sponds to stronger coordination and a greater stabilization of the task
variable (Fr).

The synergy index is bounded: —4 = AV = 4/3 (AV,_yerpouma = —4
when Viey = 05 AV perbouna = 4/3 when Vgr = 0). Therefore,
for statistical analyses, the AV values were transformed using the
Fisher z-transform adapted for the asymmetrical bounds (Zhou et al.
2013) to obtain the following:

4+ AV

AVz O.Sloglj3 AV
Note that AV = 0 implies AVz = 0.5493. Therefore, a AVz value greater
than 0.5493 indicates the presence of a synergy that stabilizes Fr.

These computations were repeated for each time instant within the
4-s window, thus yielding the curves Vcpm(?), Vort(?), and AV(7) for
each task type. An exponential function of the form y(f) = ae” """+
b was fit in the least-squared sense to these curves for the slow and
fast dexterous task types, where 7 is the time constant in seconds, b is
the steady-state value that the variable y reaches after infinite time,
and a is the change in the value of y over that duration.

Statistics

Data are means *= SE, unless mentioned otherwise. The time
constants 7 obtained from the exponential fits to the Vg(f) and
AV(f) trajectories were subjected to paired-sample f-tests. The
Vuem(® trajectories did not resemble exponential functions (see
RESULTS). The Vicm> Vorr and z-transformed synergy index AVz
values for two phases (phase 1, 2 to 3 s; phase 2, 3 to 4 s) were
averaged within those time bins for each participant and subjected to
separate two-way, repeated-measures ANOV As with factors phase (2
levels) and task type (3 levels). To establish the presence of a synergy,

J Neurophysiol » doi:10.1152/jn.00519.2017 « www.jn.org

Downloaded from www.physiology.org/journal/jn by ${individual User.givenNames} ${individualUser.surname} (128.210.126.199) on January 18, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



CUE-INDUCED CHANGES IN STABILITY OF MANUAL TASKS 25

the AVz values for the two phases and three task types were subjected
to separate r-tests to test the null hypothesis: AVz = 0.5493. The
Viuem and Vgpr data were log-transformed to meet the normality
requirement. However, nontransformed values are presented in the
plots and as data in RESULTS. The phases were chosen on the basis of
the time constants computed from the exponential fits to the temporal
trajectories of these variables. The V g(#) curves attain over 99% of
their steady-state value (b) by the end of 2 s for the slow and fast
dexterous tasks. Similarly, the AVz(7) curves reach 90% and 97% of
their steady-state values by the 2- and 3-s mark, respectively, for the
slow and fast dexterous tasks. Note that exponential fits to the AVz(t)
curves [rather than AV(f) curves] were utilized to compute the above
estimates. Thus the dynamics associated with “settling” to the current
task requirement (10% MVC) have been mostly damped by the end of
2 s, and therefore comparison with the stable task becomes reason-
able. Mauchly’s sphericity tests were performed to verify the validity
of using repeated-measures ANOVA. The Greenhouse-Geisser adjust-
ment to the degrees of freedom was applied whenever departure from
sphericity was observed. Significant effects of ANOVA were further
explored using pairwise comparisons with Bonferroni corrections. All
possible pairwise contrasts were conducted. All statistics were per-
formed using an a-level of 0.05 and with SPSS statistical software.

RESULTS
Performance of the Rapid Force Fluctuation Tasks

Recall that the participants produced rapid oscillations of the
total force between 5% and 15% MVC targets. The across-
participant mean (=SD) of the force peaks was 17.48 =
3.09%MVC, that of the force valleys was 3.08 = 1.44%MVC,
and the mean force was 9.82 * 1.93%MVC. The mean force
rate production abilities of the participants were at least three
times greater than those required by the slow and fast dexterous
tasks. The across-participant maximum mean (=SD) of the
absolute force rate was 379.59 = 97.98%MVC/s, mean abso-
lute force rate was 124.34 = 37.42%MVC/s, and the oscilla-
tion frequency with maximum power was 4.26 = 0.7 Hz. Most
of the power in the target profiles (over 60%) was concentrated
in the 0- to 2-Hz band, whereas the participants were capable
of producing rapid force fluctuations at twice that frequency
(~4 Hz). This indicates that the designed target-force profiles
for the slow and fast dexterous tasks were well within the
force-production abilities of the participants. Therefore, the
participants’ strength and finger force-production ability are
unlikely to influence the results of this study.

Performance of the Stable and Slow and Fast
Dexterous Tasks

Figure 3A depicts the performance of the stable task from a
representative participant. The participants requires about 1 s
to achieve the target (10% MVC), and then F; remained stable
about that target with some fluctuations. Figure 3B depicts the
performance of the slow dexterous tasks from a representative
participant. These data are aligned with respect to the start of
the 10% MVC portions that last at least 4 s. Overall, the slow
dexterous tasks elicited slower F; responses than the fast
dexterous tasks. The maximum absolute force rate was as
follows: slow dexterous task (33.61 = 7.6%MVC/s) < fast
dexterous task (47.53 = 8.53%MVCI/s) [t4) = —10.55; P <
0.01]. The mean force rate was as follows: slow dexterous task
(348 £ 05%MVC/s) < fast dexterous task (5.35 = 0091
%MVCIs) [togy = —15.477; P < 0.01].

Despite the faster responses, the participants’ performance
was worse for the fast dexterous task. However, this is consis-
tent with the designed differences between the slow and fast
dexterous target profiles. Table 1 shows the output metrics of
the cross-correlation between the target and response F. curves
averaged across the 16 repetitions and then the participants.
The lag and the root-mean-squared error normalized by the
mean force are larger, and the correlations are smaller for the
fast dexterous task.

Time Evolution of the Variance Components and the
Synergy Index

Figure 4 depicts the across-participant averaged behavior of
the output variables from the UCM analysis for the stable, slow
dexterous and the fast dexterous tasks. Recall these data are
computed when the local task demands are identical (i.e., target
Fr = 10% MVC). Data in Fig. 4, A and C [AV(?), Vcm(?), and
Vort(t) curves], are used for exponential function fitting, and
the data in Fig. 4, B and C [AVZz(f), Vycm(®), and Vopr(?)
curves] are used for the ANOVAs. The curves for the stable
task show no variation with time, because the portion of the
data chosen for this analysis was after the participants had
reached the steady state (see Fig. 3A). In contrast, all variables
for the slow and fast dexterous tasks show temporal variations:
there is an exponential drop in Vg and an exponential
increase in AV and AVz. These initial changes reflect F
convergence at different rates from different previous steady
F targets to the 10% MVC target. The drop in V¢, appears
exponential, on average (Fig. 4C); however, the exponential
fits to individual trajectories yielded low R* values (median
R*=0.73 and 0.79 for the slow and fast dexterous tasks,
respectively). Initially, AV < 0, indicating that the participants
covary their finger forces positively to change F; and achieve
the required target of 10% MVC. The synergy index then
changes sign, indicating that the finger forces switch from
positive to negative covariation in a continuously increasing
propensity to stabilize Fp. Vg drops rapidly during this
period, and by the end of about 2 s, Vg for the slow and fast
dexterous tasks is close to the value observed during the steady
task (Fig. 4D). The key observation is that even after the
convergence of Vg, both Vi and AVz for the dexterous
tasks are lower than the corresponding values for the stable
task (Fig. 4, C and B, respectively).

All the above observations were supported by statistical
analyses. The dynamics of F; stabilization are captured and
described by time constant 7 of the exponential fits to the AV(r)
and Vgry (1) curves. For AV(), the fits for the slow dexterous
tasks yielded high R? values (median and interquartile range:
0.95 and 0.06, respectively), and 7= 0.30 = 0.02 s (Fig. 4A).

Table 1.

traces for slow and fast dexterous tasks

Cross-correlation between target and response F,(t)

Slow Dexterous Fast Dexterous

Metric Performance Performance T4y P
Lag, s 0.27 = 0.03 0.32 = 0.03 —9.832 <0.01
Correlation at zero lag  0.88 = 0.01 0.54 = 0.03 62.582 <0.01
Maximum correlation 0.96 = 0.02 0.90 = 0.02 13.665 <0.01
Normalized RMS error ~ 0.11 = 0.008 0.19 = 0.008 —57.455 <0.01

Values are means * SD across trials and participants.
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Fig. 4. Across-participant means = SE of the synergy index (AV; A), z-transformed synergy index (AVz; B), and the variance components (Vorr and Vyeys
C) are plotted against time. A close view of the orthogonal variance is shown in D. The variance components in C are not normalized by the number of dimensions
of the corresponding spaces. AV > 0 (A) and AVz > 0.5493 (C) indicate the presence of synergy, stabilizing total force Fr.

The corresponding values for the fast dexterous task were

= 0.94 and 0.03, respectively, and 7= 0.43 = 0.03 s. The
values for the Vg trajectories for the slow dexterous task

were R = 0.97 and 0.05, respectively, and 7= 0.16 + 0.01 s

The values for the fast dexterous task were: R* = 0.93 and
0.03, respectively, and 7 = 0.24 = 0.01 s. Figure 4D shows the
magnified view of these trajectories. Repeated-samples #-tests
revealed significant differences for 7 for AV [Tay _gow-dexterous
—4.206; P < 0.01], as well as Vorr
—3902; P <

TAV-fast-dexterous> t(24) =
[TVort—slow-dexterous < TVort-fast-dexterous> t(24) =

0.01].

After the initial transients were exhausted, AVz for both
dexterous tasks /) was greater than 0.5493, indicating the
presence of a synergy stabilizing F, 2) remained lower than
that for the stable task, and 3) continued to increase with time
(Fig. 4B). Based on separate f tests on the averaged AVz values
for each phase and task type, we rejected the null hypothesis
that AVz = 0.5493 (P < 0.01). The mean AVz values were
greater than 0.5493. The two-way, phase X task type ANOVA
revealed a 51gn1ﬁcant effect of task type [F 45) = 13.794; P <
0.01; partial m* = 0.365]. Pairwise comparisons revealed
AVZ e (2.55 = 0.07) > AVZgow-dexterons (2-29 = 0.08) and
AVZ e = AVZigdexterous (2-21 = 0.07). There was also a
51gn1ﬁcant effect of phase [F, 24). = 21.953; P < 0.01; partial
n° = 0.478]. Pairwise comparisons revealed AVzp...
(2.29 = 0.06) < AVzp, 0 (2.41 = 0.06). The interaction was
close to significant [F, 49, = 2.981; P = 0.06; partial
n* = 0.11], and it suggested that the increase in AVz across the
phases tends to be slower for fast dexterous task compared with
the other two tasks (Fig. 5A).

The Vycm values were significantly lower for the dexterous
tasks compared with the stable tasks, but they did not show any
change with phase. The two-way ANOVA revealed a signifi-
cant effect of task type [F(,45) = 6.225; P < 0.01; partial
n* = 0.206] but no effect of phase (P = 0.385) or any inter-
action (P = 0.723) (Fig. 5B). Pairwise comparisons revealed
VUCM—stablc (1]1 * 0]8%MVC2) > VUCM—slow—dextcrous
(070 * 01%MVC2) and VUCMfslable > VUCMffast—dexterous
(0.71 = 0.09%MVC?); this comparison was close to signifi-
cance (P = 0.06).

The Vorr values continued to decrease across phase, but
there was no significant difference across task type (P =
0.074). The two-way ANOVA revealed a main effect of phase
for Vogrr [F124) = 20.586; P < 0.01; [partial n* = 0.462].
Pairwise comparisons revealed Vggrrphase.; (0.009 £ 0.001
%MVC?) > Vit phases (0.007 = 0.001%MVC?). There was
also a significant task type >< phase interaction [F45) =
3.416; P = 0.041; partial n* = 0.125], which reflects the
greater across-phase decrease in Vg for the fast dexterous
tasks compared with that for the slow dexterous task (Fig. 5C).

DISCUSSION

The data support one of the two hypotheses formulated in
the Introduction. Hypothesis I aimed to establish the effect of
cuing on stability. It stated that the synergy index (AV: our
measure for stability) would be lower for the slow and fast
dexterous tasks when the participant expected to change F,
compared with the stable task when they did not expect to
change Fr, despite the uncertain timing of the upcoming state
change in the dexterous tasks. Indeed, the steady-state AVz
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Fig. 5. Values are means * SE of the z-transformed synergy index AVz (A),
Vuem (B), and Vgt (C) across task types and phases. Ve, is not normalized
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values for the dexterous tasks were lower by ~12% than those
for the stable task after the dynamics associated with converg-
ing to the 10% MVC target were dissipated (Fig. 5A).

Hypothesis 2 predicted that the change in stability would
scale with the difficulty of the task, and therefore, the drop in
AV would be greater for the fast dexterous task. We did not
find compelling evidence to support this hypothesis. On the
one hand, the time constant 7 for AV () for the slow dexterous
task (~0.3 s) was shorter than that for the fast dexterous task
(~0.43 s). This suggests that convergence to the steady-state
AV value was faster for the slow dexterous task, despite the
fact that the F(7) response during the slow dexterous task was
slower, on average (the mean force rate for the slow dexterous
task is significantly lower). On the other hand, there was no
significant difference in the AVz values for the slow and the
fast dexterous tasks in phases 1 and 2 (Figs. 4B and 5A), and
the phase X task type interaction for AVz was not significant
(P = 0.006).

The two variance components, Vycy and Vg, influence
AV. To investigate the causes for the changes in AV, we
explored the changes in these variance components and ob-
tained two striking observations. First, a drop in Ve (~37%;
Fig. 4C) was responsible for the drop in AV for the dexterous
tasks, and second, after the convergence to the 10% MVC
target was achieved, there was no significant difference in
Vorr across the task types (Fig. 4D). Below, we discuss the
implications of these findings and other relevant issues.

The Two Stages of Anticipatory Synergy Adjustments

Note that during the 4-s window of the dexterous tasks for
which AV was computed, the anticipated divergence from the
10% MVC target never occurred. The target remained station-
ary, meaning that the participants never transitioned from the
state of preparedness to transitioning between states. This is in
stark contrast with all previous ASA studies in which AV was
computed immediately preceding a state change. Therefore, the
main result of the present study demonstrates that ASA is a
two-stage process, as depicted in Fig. 6. AV drops during both
stages, triggered by different environmental events and via
different mechanisms. When the participant expects no change
in the steady-state behavior, the stability of the current state is
high. This is depicted as the shaded ellipse, and it is reflected
in the relations Vycy > Vogrr and AV > 0. The present study
documents, for the first time, the first process, stage 1 ASA,
which occurs during the foreperiod in response to a cue that
primes the participant for a possible rapid movement in the
near future. Here, Vy\ decreases significantly and Vggr
remains invariant (ellipse with the bold solid edge in Fig. 6),
which leads to a decrease in AV. However, AV > (), indicating
that the current state has lower stability, but it is not unstable.
Stage 1 ASA occurs regardless of the nature of the uncertainty
in the upcoming task. In contrast, previous studies have dis-
covered and documented stage 2 ASA, which begins ~150—
400 ms before the instant when the task variable changes. They
occur only in response to a temporal cue to produce changes in
task variables that is provided sufficiently in advance, but not
otherwise (Olafsdottir et al. 2005; Shim et al. 2006; Zhou et al.
2013). During stage 2 ASA, Vgt increases, Ve may show
a small decrease or increase (Arpinar-Avsar et al. 2013; Jo et
al. 2017; Klous et al. 2011), and AV decreases further (ellipse
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A —— Uncued steady state

Cued steady state up to 400-150 ms
before change in task variable

Just prior to change in task variable

Input variable

space
Fig. 6. Two stages of anticipatory synergy adjustments. The reference frame
represents n-dimensional space of the input variables, the inclined line repre-

sents the UCM, and the ellipses depict variability distributions during various
phases leading up to a change in the output task variable.

with the dashed edge in Fig. 6). AV eventually becomes
negative, the system transitions from being stable to unstable,
and the output variable begins to change.

Conceived this way, the duration of ASAs is much longer
than that reported previously by Latash and colleagues (cf.
Latash and Huang 2015). As seen in Fig. 4D, after ~2.5 s, Vorr
for the dexterous tasks resembles that for the stable task, and
AV values for the dexterous tasks have stabilized (Fig. 4A).
The AV values remain lower than that for the stable task for the
remaining 1.25 s, and this difference will likely persist for
some more time if the target Fy trajectory remains invariant.
Even with this conservative estimate, stage 1 ASA recorded
here are about five times longer than the stage 2 ASAs
summarized by Latash and Huang (2015) (150-250 ms) and
over three times longer than the 400-ms stage 2 ASA reported
by Togo and Imamizu (2016).

Finally, this study provides evidence, although not as strong,
suggesting that stage 1 ASA scales in response to the perceived
difficulty of the task. This scaling is reflected in the longer time
constant of the AV(¢) curve for the fast dexterous task com-
pared with the slow dexterous task. Note that scalability of
stage 2 ASA has not been addressed before. The extent and the
resolution with which stability can be modulated remain to be
established.

Changes in Variance Components

Changes in V. Why does Ve drop during stage 1
ASA? We provide two possible explanations. First, the reduc-
tion in Vycy implies more stereotypical sharing of the total
force among the input finger forces. Whereas cuing reduced
Vyewm 1n the present study despite the uncertainty, previous
studies have demonstrated that in the cued condition, introduc-
ing uncertainty into the upcoming motor actions leads to an
increase in Ve, (de Freitas et al. 2007; Freitas and Scholz
2009). Together, these studies suggest the following relations:
Vuem When a well-defined motion is expected < Vi When
motion of an unknown nature is expected < Ve, when no
motion is expected. A coherent, but speculative, account of

these relations is obtained by extending the argument of de
Freitas et al. (2007), who note that it is unlikely that the entire
UCM is utilized during any behavior. Rather, a subset of
configurations within the UCM facilitate transitions to other
configurations by making them efficient in some sense (e.g.,
faster response time). When a state change is expected and the
target is known a priori, the CNS restricts the system’s current
state to this subset. Furthermore, the “efficient” subsets may be
different for different targets to which the system may transi-
tion. Therefore, when the target is uncertain, the CNS may
allow the system to occupy configurations that belong to the
union of the subsets associated with all possible targets, lead-
ing to the increased Ve, in the cued but uncertain target
condition. We further speculate that when the CNS expects no
movement, it imposes fewer restrictions on the states that the
system can occupy within the UCM, which leads to even
greater amount of Vycp-

Second, in controlled isometric conditions, such as those in
this experiment, the variability in the inputs arises primarily
from neuromuscular noise, and a positive AV indicates that a
larger portion of the noise is channeled into the UCM. Pre-
sumably, for similar system configuration and CNS control,
volitional action and responses to external disturbances will
also display this characteristic variability structure (Martin et
al. 2009; Scholz and Schoner 2014). Studies on reaching
movement (Mattos et al. 2011, 2013; Scholz et al. 2011), finger
force production (Ambike et al. 2016; Mattos et al. 2015;
Wilhelm et al. 2013), and postural control (Scholz et al. 2007)
provide evidence that both voluntary and perturbation-induced
movements indeed have significant components along the
UCM. Note that during voluntary movement, the UCM com-
ponent, known as self-motion (Burdick 1989; Nenchev 1992;
Scholz and Schoner 2014), is detrimental to the system’s
agility because it is simply fails to produce the desired move-
ment in the task variables. Therefore, in the present study, the
drop in Ve, combined with the invariant Vg, ensures that
a larger component of any volitional neural command will
effect a change in the system’s current state.

In conclusion, smaller V¢, for the dexterous tasks implies
1) tighter control over the current system state and 2) a
reduction in the amount of self-motion. In this way, smaller
Vyewm facilitates rapid task switching, i.e., dexterity.

Changes in Vg A small increase in Vg is apparent for
the dexterous tasks compared with the stable task in Fig. 4D.
These trends failed to reach statistical significance. Neverthe-
less, they appear to predict the changes in Vg that follow
when the state transition takes place. Increased Vg is ob-
served in self-paced actions in isometric finger force-produc-
tion tasks (Shim et al. 2005; Togo and Imamizu 2016) as well
as postural tasks (Piscitelli et al. 2017). Furthermore, an in-
crease in Vggpr is more commonly the cause for the drop in
synergy index AV associated with stage 2 ASA (Arpinar-Avsar
et al. 2013; Jo et al. 2017; Klous et al. 2011). Therefore, it is
likely that the small changes in Vgr in stage 1 ASA will
eventually become large during stage 2 ASA.

Changes in the total variance. Note that the total variance in
the input variables is Vygr = Vyem T Vorr- Therefore, the
large decrease in Vycy and minimal change in Vg imply
that the total variance in the finger forces has decreased, and it
is associated with lower stability (lower AV) for the dexterous
tasks. This may seem contradictory, because lower variability
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is often considered a consequence of higher stability. However,
the relation between variability and stability is subtle (van
Emmerik and van Wegen 2000). For example, fall history in
older adults is associated with both too much and too little step
width variability (Brach et al. 2005); persons with Parkinson’s
disease simultaneously display lower variability in their up-
right postural sway and lower postural stability (Horak et al.
1992). For the dexterous tasks in the present study, we have
argued that the system is functioning in configurations that
facilitate departures from the current state. Therefore, it is
conceivable that tight control over these states is maintained to
minimize the chances of false starts.

To illustrate the changes in the variance components, imag-
ine a 100-m runner at the start line of a race. The runner is cued
for a transition from a (barely) stable static posture into a
dynamically stable gait. However, the moment of the transition
is unknown. The runner assumes a rather specific posture that
places her center of mass close to the boundary of the base of
support to facilitate a rapid transition into running. She has not
only lowered the stability of her current state, she has also
constrained her whole body kinematic configuration to a small
subset of the set of all possible stable configurations with the
feet and hands in contact with the ground. In other words, her
posture is minimally stable and has small V- at the same
time. Furthermore, she exerts tight control over Vgt and
Vot to maintain her precarious posture and to ensure minimal
self-motion during the transition to the gait.

Possible Mechanisms for Stability Modulation in
Redundant Systems

Neurophysiological mechanisms for synergies and ASA
remain unidentified. Various researchers have proposed feed-
forward and feedback models that can generate task-specific
structured variability in the input variables, and there exist
mechanisms that plausibly instantiate in the human body the
principles that the models describe. The theoretical models
include optimal feedback control schemes (Todorov and Jor-
dan 2002), schemes using central back-coupling loops (Latash
et al. 2005), and a scheme that unites the control of salient task
variables with referent coordinates (Feldman 2011) and feed-
back loops (Martin et al. 2009). Examples of neurophysiolog-
ical mechanisms include the well-known system of Renshaw
cells, which could be the central back-coupling loop that
generates a synergy stabilizing the output of the corresponding
motoneuronal pool without the use of afferent feedback. In
contrast, the tonic stretch reflex may be seen as a synergy that
relies on peripheral feedback and stabilizes the equilibrium
between the muscle and external load (Latash 2008).

Moving from synergy to ASA, Goodman and Latash (2006)
constructed a model that uses only feedforward control and
achieves stage 2 ASA. In particular, by allowing greater
variance in the assumed input variables, the model generates
similar overall performance of the task (no change in the output
variable) but reduces AV. This view is consistent with the
dynamic systems approach to task switching, which assumes
that that motor behavior emerges from the combined determin-
istic and random processes (Riley and Turvey 2002). Changes
in movement patterns arise as an influx of random noise into
the system destabilizes the current pattern and facilitates a
transition to a new one (Kiefer and Myer 2015). It is possible

that a mixture of feedback and feedforward mechanisms are
employed for establishing synergies and modulating their
strength for varying task requirements.

It is likely that cortical, subcortical, and spinal structures
generate cue-induced stage 1 ASA. Cortical involvement is
suggested by the slow negative wave in the electroencephalo-
gram (Brunia et al. 2012), known as the readiness potential
(RP) that accompanies an expectation of movement. Herrmann
et al. (2008) have shown that the RP appears in response to the
mere expectation of movement even when the participant is
unable to decide which movement to perform. Furthermore,
Churchland et al. (2006) recorded neural firing rates from the
dorsal premotor cortex in monkeys and demonstrated a signif-
icant decrease in across-trial variability during the foreperiod
of a delay-reach task. This finding is similar to the decline in
Vyuem (@and Vo) during the foreperiod of the dexterous tasks
seen in our study. Churchland et al. (2006) interpreted this
result as motor preparation and proposed the optimal subspace
hypothesis, much in the same vein as one explanation provided
in the present study for the decrease in Vy;cy;. This hypothesis
states that there exists in the space of firing rates of all neurons,
a subspace of states that is optimal for producing specific
desired movements. Motor preparation consists in constraining
the neural firing rates to lie within the optimal subspace for the
desired movement. This leads to the observed decline in
variability. Next, the cortex is thought to receive subcortical
motor information gated through the thalamus, especially dur-
ing the foreperiod (Brunia 1993). Finally, supraspinal control
of the gain of spinal reflexes could also contribute to the
appearance of cue-induced stage 1 ASA. This is consistent
with the well-known increase in muscle tone in anticipation of
movement (Sherrington 1906) and changes in spinal reflexes
during the foreperiod in cued simple reaction-time tasks. Al-
though these changes vary depending on task complexity, there
is evidence of increased reflexes in the agonist muscles (re-
viewed in Prochazka 1989). In particular, consistent with the
prolonged decrease in AV during the foreperiod, sustained
augmentation in the Hoffman and tendon-jerk reflexes has been
observed for up to 4 s before movement during the foreperiod
(Scheirs and Brunia 1985).

RP and modulations in the gains of spinal reflexes are
observed in choice reaction-time tasks for movements with a
single actuator, or homologous, bilateral actuators (e.g., button
presses with the left or right finger). To the best of our
knowledge, these phenomena have not been investigated in the
context of actions performed using redundant sets of actuators.
It is tempting to hypothesize that cue-induced stage 1 ASA is
the physical, downstream manifestation of the RP and/or the
reduced variability in the neuronal firing rates in the premotor
cortical areas, mediated in part by alterations in the gains of
spinal reflexes.

Stability Modulation Mediates the Stability-Dexterity Conflict

A key aspect of dexterity is the ability to transition between
behaviors in response to changing task demands (Bernstein
1996). This sets up a conflict between dexterity and stability,
the ability of the motor system to maintain the current static or
dynamic state. Although several researchers have highlighted
the dexterity-stability clash (Hasan 2005; Latash and Huang
2015; Riccio 1993; Riccio and Stoffregen 1988; Riley and
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Turvey 2002), investigations to understand how the CNS
resolves the conflict continue.

Although it has been argued that ASA facilitates dexterous
behavior (Robert et al. 2009; Shim et al. 2005), direct evidence
that relates reduction in AV with gains in subsequent task
performance are lacking. One key exception is the study by
Togo and Imamizu (2016), who imposed accuracy require-
ments on the generated force pulse magnitude in an isometric
finger force-production task and demonstrated that ASA begins
earlier (400 ms) and that earlier ASA is associated with greater
precision in the generated force pulse. In the present study, the
evidence does not suggest that the reduced stability for the fast
dexterous task improved dexterous task switching. Rather, the
tracking performance, global and local (immediately following
the extend portion of 10% MVC), was worse for the fast
dexterous task compared with the slow dexterous task. This is
the main drawback of this work. It is likely that the increased
difficulty of the fast dexterous task washed out the benefit, and
the performance of that task would be even worse had the
stability not been modulated. However, these are speculations
that need further investigation. Another limitation is that our
manipulation of speed (slow vs. fast dexterous tasks) was
perhaps not effective at generating a difference in the perceived
difficulty of the task. There was no significant difference in AV
for these two task types, nor was there a significant phase X
task type interaction. Therefore, although we suspect that
stability modulation is a graded phenomenon, we are unable to
demonstrate this at present.

It must be noted that additional factors likely influence the
resolution of the stability-dexterity conflict. In bipedal loco-
motion studies, the kinematic synergy of the lower limb joints
stabilizing the position of the foot weakens before heel strike
(Robert et al. 2009; Rosenblatt et al. 2014, 2015). The weaker
synergy presumably ensures adaptability in foot placement,
although the need for such adaptability is unclear. Wu et al.
(2015) identified general anticipatory preparations for chang-
ing the direction of forward locomotion to the left or to the
right in response to an external visual cue. When the timing of
the upcoming change was known but its direction was un-
known, participants increased the lateral margin of stability
two steps before the presentation of the cue. The stability was
computed as the distance between the center-of-mass location
and the lateral boundary of the base of support, and this method
does not account for the redundant structure of the lower limbs.
Nevertheless, this result is counter to the evidence presented in
this report, and it suggests that the resolution of the stability-
dexterity conflict may be influenced by safety considerations.

Finally, despite their ignorance, it is plausible that the
participants guessed the presence of the 10% MVC steady state
in the dexterous tasks after a few repetitions. To check for this
possibility, we computed V,cpm, Vorts and AVz using the first
eight trials and then again using the last eight trials for each
subject and for slow and fast dexterous tasks. The three
variables were subjected to separate three-way repeated-mea-
sures task type X phase X adaptation ANOVAs. Adaptation
had two levels, early (first 8 trials) and late (last 8 trials). None
of the variables showed a main effect of adaptation (Vycp:
P = 0.157; Vorp: P = 0.482; AVz: P = 0.157) or any
interactions. We conclude that there was no adaptation across
trial number.

In conclusion, we have demonstrated that /) cuing a partic-
ipant for an upcoming manual, isometric force-production task
reduces the stability of the current motor state (12%), 2) the
reduction in stability occurs despite the uncertainty in the
nature and the timing of the upcoming task, and 3) the reduc-
tion in stability is associated with a substantial reduction (37%)
in the variance along the uncontrolled manifold (Vycy). We
have argued that the reduction in stability and Ve, can
enhance dexterous responses to changing task demands. We
have also argued that this stability reduction is stage 1 antici-
patory synergy adjustment, and it is independent of the stage 2
version of the same phenomenon reported over the past decade
(reviewed in Latash and Huang 2015).
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