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Abstract It has been suggested that multijoint move-
ments result from the specification of a referent config-
uration of the body. The activity of muscles and forces
required for movements emerge depending on the dif-
ference between the actual and referent body configu-
rations. We identified the referent arm configurations
specified by the nervous system to bring the arm to the
target position both in healthy individuals and in those
with arm motor paresis due to stroke. From an initial
position of the right arm, subjects matched a force
equivalent to 30% of their maximal voluntary force in
that position. The external force, produced at the handle
of a double-joint manipulandum by two torque motors,
pulled the hand to the left (165�) or pushed it to the right
(0�). For both the initial conditions, three directions of
the final force (0�, +20�, and �20�) with respect to the
direction of the initial force were used. Subjects were
instructed not to intervene when the load was unex-
pectedly partially or completely removed. Both groups
of subjects produced similar responses to unloading of
the double-joint arm system. Partial removal of the load
resulted in distinct final hand positions associated with

unique shoulder-elbow configurations and joint torques.
The net static torque at each joint before and after
unloading was represented as a function of the two joint
angles describing a planar surface or invariant charac-
teristic in 3D torque/angle coordinates. For each initial
condition, the referent arm configuration was identified
as the combination of elbow and shoulder angles at
which the net torques at the two joints were zero. These
configurations were different for different initial condi-
tions. The identification of the referent configuration
was possible for all healthy participants and for most
individuals with hemiparesis suggesting that they pre-
served the ability to adapt their central commands—the
referent arm configurations—to accommodate changes
in external load conditions. Despite the preservation of
the basic response patterns, individuals with stroke
damage had a more restricted range of hand trajectories
following unloading, an increased instability around the
final endpoint position, altered patterns of elbow and
shoulder muscle coactivation, and differences in the
dispersion of referent configurations in elbow-shoulder
joint space compared to healthy individuals. Moreover,
4 out of 12 individuals with hemiparesis were unable to
specify referent configurations of the arm in a consistent
way. It is suggested that problems in the specification of
the referent configuration may be responsible for the
inability of some individuals with stroke to produce
coordinated multijoint movements. The present work
adds three findings to the motor control literature con-
cerning stroke: non-significant torque/angle relation-
ships in some subjects, narrower range of referent arm
configurations, and instability about the final position.
This is the first demonstration of the feasibility of the
concept of the referent configuration for the double-joint
muscle-reflex system and the ability of some individuals
with stroke to produce task-specific adjustments of this
configuration.
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Introduction

After unilateral stroke-related brain damage affecting
areas subserving movement control, individuals have a
number of deficits in stabilizing arm postures and in
producing functional arm movement. A large number of
motor deficits can occur such as muscle weakness
(Bohannon et al. 1987; Bourbonnais and Vanden No-
ven1989; Colebatch et al. 1986), increased tone (Burke
1988; Wiesendanger1991), and improper spatial and
temporal muscle recruitment including inappropriate
agonist/antagonist coactivation (Conrad et al. 1985;
Dewald et al. 1995; Hammond et al. 1988; Knutsson and
Richards 1979; Levin and Dimov1997; Reinkensmeyer
et al. 2002). Sensorimotor deficits also influence the
ability to coordinate movement between adjacent joints
(Levin 1996). These impairments may be related to al-
tered mechanical properties of motor units (Hufschmidt
and Mauritz1985; Jakobsson et al. 1992), abnormal
agonist motor unit activation (Gowland et al. 1992;
Tang and Rymer1981), and deficits in segmental reflex
organization such as antagonist inhibition (Hammond
et al. 1988), reciprocal inhibition (Yanagisawa and
Tanaka1978), and stretch reflex threshold regulation
(Levin and Feldman1994; Levin et al. 2000). Several
studies have examined control of the multijoint arm in
individuals with stroke-related brain damage (Beer et al.
2000; Dewald et al. 1995; Kamper et al. 2002; Levin
1996; Roby-Brami et al. 1997; Trombly1993; Wing et al.
1990). Deficits in multijoint movement have been alter-
natively attributed to disruptions in interjoint coordi-
nation (Cirstea et al. 2003; Levin 1996), the presence of
pathological movement synergies (Dewald et al. 1995;
Reinkensmeyer et al. 2002), and impaired feedforward
control of the passive interaction torques at the elbow
joint (Beer et al. 2000). This has led to a somewhat
confusing picture of the origin of the multijoint control
deficits in individuals with stroke.

A better understanding of motor deficits after stroke-
related brain damage might be reached by analyzing
them in the context of a physiologically feasible theory
of motor control. In this respect, it has been suggested
that global factors are used by the nervous system to
control all skeletal muscles of the body and its degrees of
freedom in a coherent and task-specific way (Feldman
and Levin 1995). Specifically, it has been hypothesized
that one such global factor is a virtual or referent (R)
configuration of the body determined by muscle
recruitment thresholds, the latter being specified by
neural control levels. In other words, at the R position,
the muscles are silent and generate zero active torques. If
a joint is moved passively from this position (for
example, due to weights of body segments), muscles
stretched by the motion are activated and generate tor-
ques opposing the deviation whereas the antagonist
muscles will be activated when the joint is moved pas-
sively in the opposite direction. The system will be
deviated from the R configuration until, at some steady

state configuration Q, the muscle activity and torques
become sufficient to balance the external torques. By
shifting the muscle activation thresholds, neural control
levels may intentionally influence the R configuration
and thus the distance between the R and Q. Reacting to
this distance, the muscle-reflex system will generate
activity and forces bringing the body to another
steady state configuration. The control of muscle acti-
vation thresholds thus underlies intentional movements.
Another type of threshold control does not influence
the R configuration but surrounds this configuration
with a spatial zone in which opposing muscle groups
are coactivated (the C command; see Levin and
Dimov1997).

Two predictions stemming from the referent config-
uration hypothesis have been tested and confirmed in
healthy subjects. One prediction is that although the Q
and R configurations are usually different in the pres-
ence of external forces (see above), they may intermit-
tently match each other in dynamic situations, most
likely in movements with reversals in direction, resulting
in a minimum in the electromyographic (EMG) activity
level of the muscles involved. The depth of the minimum
is restricted by the C command. Another prediction is
related to the fact that some reversals in movement
direction may be assisted while others are opposed by
external forces. Both types of reversals occur, for
example, during jumping. From a mechanical stand-
point, by minimizing EMG activity, the system may
enhance the role of passive, external forces in the pro-
duction of movement. The referent configuration
hypothesis implies, however, that neural (such as
matching the Q and R configurations) rather than
mechanical factors alone are responsible for the occur-
rence of EMG minima and, therefore, EMG minimiza-
tions may occur in both types of reversals. These
predictions have been confirmed in studies of several
whole body movements in humans, head movements in
monkeys, and jaw movements in rabbits lending support
to the referent configuration hypothesis (Coté et al.
2002; Feldman et al. 1998; Lestienne et al. 2000; St-Onge
and Feldman2004; Weijs et al. 1999). For a more de-
tailed description of the referent configuration hypoth-
esis in the context of the k model for motor control, see
St-Onge and Feldman (2004).

Deficits in the ability of the nervous system to specify
and modify the R configuration may provide the theo-
retical framework from which problems of multijoint
movement control may be better understood. Previous
studies of the single-joint system of individuals with
hemiparesis after stroke have shown that deficits in the
specification and regulation of stretch reflex threshold
angles (or ks) in elbow flexors and extensors can account
for different motor impairments such as spasticity,
weakness, and abnormal muscle activation patterns in
specific joint ranges delimited by these threshold angles
(Levin and Dimov1997; Levin et al. 2000). These studies
showed that the flexor and extensor muscle activation
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thresholds determined the angular limits within which
normal muscle activation patterns could be produced
during voluntary attempts to flex or extend the
elbow. Attempts to make movements beyond these
limits resulted in abnormal patterns of muscle coacti-
vation and problems in movement production. We
hypothesized that similar limitations in ks of muscles of
adjacent joints would lead to a deficit in the specification
of the R configuration which would, in turn, contribute
to incapacities in the production of coordinated multi-
joint movement (Feldman and Levin 1995; Levin et al.
2000).

The purpose of this study was to test this hypoth-
esis by measuring R configurations of the double-joint
arm that are specified to reach and hold the same
initial position while compensating different loads in
patients with unilateral brain damage. Once the initial
arm position has been established for a given load
condition, the R configuration specified to reach and
hold this position was identified using an unloading
procedure. Results were compared to those recorded
in healthy age-matched control subjects. The method
relies on the assumption (empirically justified for sin-
gle-joint systems; see Feldman and Levin 1995) that
responses to unloading with the instruction ‘do not
voluntarily intervene’ do not involve changes in cen-
tral control variables. In terms of the k model, this
means, in particular, that the threshold position at
which muscles of a single joint begin to be recruited
(or the R configuration for a multijoint system) re-
mained the same during the transition from one steady
state to another resulting from unloading. At a steady
state, all muscle and external forces (torques) are
balanced at a specific position so that, once this state
is reached, the system should remain motionless, if
stability requirements are met. The combination of the
net joint torques and positions of the limb segments in
this state is called the equilibrium point (EP) of the
system organism-environment. Each EP characterizes a
steady state in the interaction of the organism with the
environment and thus reflects a common property of
the two systems. Therefore, by specifying control
variables R and C the nervous system does not pre-
determine a certain EP. One can say, however, that,
once specified, these variables establish a certain range
of possible EPs. Represented as points in torque-angle
space, these EPs produce a curve or a surface
(depending on the number of degrees of freedom) that
is called the invariant characteristic (IC) of the muscle-
reflex system. A specific EP from this redundant set of
EPs emerges in the process of the interaction of the
organism with the environment so that, depending on
external forces, one or another EP is established.

For a single joint, each IC is a monotonic function
relating steady state values of the net joint torque to
position when control variables remain constant (Feld-
man and Levin 1995). For a double-joint system, the
steady state torque at each joint is presumably a func-
tion of two joint angles and thus it can be represented as

a surface in a 3D torque-angle plane. Thus there are two
such surfaces that taken together are called the IC of the
double-joint system where each surface is a component
of the IC. Note that the term ‘invariant’ refers to values
of control variables (R and C) for each IC and does not
imply that the shape of different ICs is the same.

Finding invariant values of R and C associated with
a single IC could not per se justify the suggestion that
these are actually control variables. It is necessary to
demonstrate that these variables can actually be chan-
ged when intentional motor actions are produced. For
such a demonstration, one can, for example, ask sub-
jects to intentionally specify a new initial arm position
or compensate a new external force at the same initial
position and then record a new IC by the unloading
method. By comparing the two (or more) ICs one can
verify that the values of R and C remained invariant
for each IC but changed when the intentional motor
action resulted in another IC. This approach was suc-
cessful in single-joint movement tasks demonstrating
that a change in the threshold position underlies vol-
untary movements in the elbow, knee, wrist, and jaw
joints (Feldman1966, 1979; Ostry et al. 1997). Families
of ICs have also been recorded for different muscles in
decerebrated cats (Feldman and Orlovsky1972; Mat-
thews 1959). The unloading method was used in the
present study to record two ICs and verify whether or
not intentional motor actions resulting in transition
from one IC to another involve a change in the R
configuration and C command. We required subjects to
specify an initial position of the arm while counter-
acting a predetermined amount of force acting in a
particular horizontal direction. Then, for each initial
condition, we mapped out the relationship between net
static torques and shoulder and elbow joint angles by
removing increments of the load in a random order and
recording two double-joint ICs (Archambault et al.
2001). We extended this analysis by including individ-
uals with motor deficits due to stroke-related brain
damage to investigate the similarities and differences in
the ability of the two groups of subjects to specify R
configurations of the arm to accommodate different
external loads. Some of the results have appeared in
abstract form (Mihaltchev et al. 2002).

Materials and methods

Subjects

The study was approved by the ethics committee of
the Rehabilitation Institute of Montreal and has
therefore been performed in accordance with the eth-
ical standards laid down in the 1964 Declaration of
Helsinki. Thirteen individuals with stroke (mean age
51.9±12.1 years; 5 women and 8 men) and 10 healthy
subjects (mean age 49.0±9.0 years; 4 women and 6
men) participated in the study after giving their in-
formed consent.
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The participants with stroke had right spastic hemi-
paresis due to a cerebrovascular accident (CVA) in the
left hemisphere at least 6 months previously. Only those
with lesions in the dominant left hemisphere were
studied in order to control for response variability due
to differences in task performance by the dominant or
non-dominant arm and hand (Chen et al. 1997; Winstein
and Pohl1995). Participants had full passive range of
movement at the shoulder, elbow, and wrist, partial
control of the arm, and no severe apraxia or receptive
aphasia. To perform the experimental tasks, participants
did not need to have control over grasping or grip
strength. Those with bilateral stroke, pain in the arm or
trunk, dysmetria, and static or dynamic tremor were
excluded. Patient demographic and lesion location
information is presented in Table 1. The healthy group
consisted of right-handed individuals with no sensory or
motor impairments or orthopedic problems affecting the
arm or trunk. Those with uncorrected visual distur-
bances were excluded.

Individuals participated in a single experimental ses-
sion consisting of the determination of maximal volun-
tary force (MVF) followed by an unloading experiment.
In addition, participants with stroke underwent a clini-
cal evaluation to determine the sensorimotor status of
their affected arm.

Arm motor impairment and spasticity in the elbow
were assessed by a qualified physical therapist using two
clinical measures:

A. Arm motor impairment was measured with the valid
and reliable Fugl-Meyer scale (Fugl-Meyer et al.
1975). Since we focused on arm and not hand
movement, we used only the arm section of the scale
(36) plus the coordination score (4) for a maximum
score of 40 points corresponding to normal function.
The test evaluates reflex activity, flexion and exten-
sion movement synergies, performance of isolated
movements, and coordination and speed of arm
movements. According to this scale, 7 (P1–P7) had
moderate to severe impairment with scores from 10
to 24 and 6 individuals (P8–P13) had mild motor
impairment with scores ranging from 34 to 39.

B. Spasticity of the elbow flexor muscles was assessed
with the valid and reliable Composite Spasticity In-
dex (CSI; Goulet et al. 1996; Levin and Hui-
Chan1992; Nadeau et al. 1999). The CSI rates the
excitability of biceps-brachii tendon jerks, the resis-
tance to passive elbow extension applied at a mod-
erate speed, and the amount of wrist clonus. Each
subtest is rated on 4-point scales while the resistance
scale is doubly-weighted since this measure most
closely resembles tone. The three scores were sum-
med. Based on clinical experience and results of
previous studies, total scores ranging from 5 to 9, 10
to 12, and 13 to 16 corresponded to mild, moderate,
and severe spasticity, respectively. According to this
scale, 11 participants had mild and 2 had moderate
spasticity in the arm.
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Determination of MVF

We first measured the MVF produced by the right arm
in the two principal directions to be used subsequently in
the unloading experiments. The initial force in the
unloading experiments was set at 30% MVF. Thirty
percent MVF and not maximal forces were used as ini-
tial torques since maximal torques in the arm of indi-
viduals with hemiparesis are known to be significantly
lower than those in healthy age- and sex-matched sub-
jects (Bohannon et al. 1987; Colebatch et al. 1986).
Thus, by using 30% MVF, all subjects performed a
comparable task in terms of the amount of effort re-
quired and fatigue was minimized.

Testing of MVFs was done with the arm in the same
configuration as in the initial position for the unloading
experiment. To determine MVF, the participant was
seated in a chair with a back support and the right
shoulder was positioned in front of a handle connected
to a force transducer fixed to a shaft of adjustable height
(see Fig. 1A). Pulling and pushing arm forces acting in a
horizontal plane were measured at the hand. The hand
was placed at the shoulder level in the same plane. The
shoulder was in 90� flexion and 45� horizontal adduction
(0� is full horizontal abduction defined with the arm in
line with the subject’s right and left shoulders). The

elbow angle was about 45� (full elbow extension was
defined as 180�) and the wrist was in the neutral position
between supination and pronation. The left arm was
alongside the body. No compensation in the form of
trunk forward or lateral inclination was permitted dur-
ing the testing. Participants performed three consecutive
trials per direction separated by 1-min pauses. For the
pushing and pulling directions, the subject pushed the
handle horizontally to the left or right, respectively. Off-
axis forces were not recorded. The participants started to
push or pull on a verbal signal and were encouraged
vocally by the examiner to maintain the maximal force
for 3 s. The force signal was monitored on an oscillo-
scope (Tektronix, type RM 561A) and the means of the
three trials in each direction were used in calculations of
30% MVF. In those participants with hand paresis (P1–
P7), it was necessary to attach the hand to the handle of
the force transducer with a specially made mitt but no
participant required any additional support of the arm
or forearm to maintain their arm in the required posi-
tion.

Experimental set-up

The lengths of the right arm from the acromion to the
lateral epicondyle of the elbow and of the forearm from
the lateral epicondyle to the distal end of the first
metacarpo-phalangeal joint were measured in order to
calculate the torques at elbow and shoulder joints in
later analysis. For the unloading experiment, the par-
ticipant was seated on an adjustable chair in front of a
computer screen. The chair was placed so that in the
initial position, the hand was at a distance of 30 cm from
the subject’s sternum. The initial position of the arm was
identical to that used to determine MVFs (see above).
The trunk was attached to the back of the chair by two
10-cm-wide Velcro straps to avoid trunk movements
often observed in individuals with hemiparesis during
arm movements (Cirstea and Levin 2000; Michaelsen
et al. 2001; Roby-Brami et al. 1997). The right hand,
wrist, and forearm were placed in a polypropylene bi-
valve splint attached to the handle of a manipulandum.
The splint prevented relative movements of the wrist,
forearm, and hand leaving only the shoulder and elbow
free to participate in the movement. It also assured a
firm grip on the handle for those who had disturbed
control of grasping (P1–P6) and partially supported the
weight of the arm against gravity. Both participants with
hemiparesis and healthy subjects used the same splint
during the experiment. The double-joint manipulandum
was controlled in the horizontal plane by two torque
motors (Mavilar motors MT2000), each motor creating
torque at one joint of the manipulandum independently
of the torque produced at the other joint. A software
procedure was developed to reduce the effects of the
manipulandum’s inertia on hand movement. Specifi-
cally, positive feedback was introduced in the torque
output, based on the acceleration (directly recorded with

Fig. 1 Schematic diagram of the experimental set-up and examples
of non-corrected and corrected responses to unloading. A The
subject sat in front of a computer screen with their trunk strapped
to the back of the chair and their right forearm and hand supported
by a splint attached to the handle of a double-joint manipulandum
controlled by two torque motors. Subjects were required to match
the force of the motors by pushing the handle to the left (165�) or
pulling it to the right (0�). For both initial conditions, three
directions of the final force were used, 0�, 20�, and �20� with
respect to the direction of the initial force. B, CHand velocity/
position (phase) diagrams showing uncorrected (B) and corrected
(C, upper arrow) responses to unloading in one healthy subject
(H6). X position refers to the horizontal displacement in the
sagittal direction. Position and velocity shown in B were scaled for
C by factors of 2.5 and 2, respectively. Arced arrows in B and C
show the movement direction
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accelerometers) and the moment of inertia of each seg-
ment of the manipulandum. The feedback factor was
selected by trial and error so as to reduce inertia without
introducing oscillations. The moment of inertia was
measured experimentally for each segment of the ma-
nipulandum by applying a torque pulse of known value
and measuring the angular velocity. This measurement
was repeated after the introduction of the inertia-
correcting feedback. In this way, the effective moment of
inertia was reduced from 0.209 to 0.120 kg m2 (reduc-
tion of 62%) for the proximal limb of the manipulan-
dum, and from 0.038 to 0.031 kg m2(reduction of 18%)
for the distal segment.

Three safety features were incorporated into the
apparatus. First, interrupters were placed near the limits
of the movement of each segment of the manipulandum
(about 110� in the horizontal plane for each articula-
tion), which automatically switched off the motors when
the segment reached these limits. Second, the motors
were automatically turned off if the speed of the ma-
nipulandum approached the limit of the natural speed of
the arm and hand (2 m/s). Third, subjects held a ‘panic’
button that instantly interrupted the electrical supply to
the torque motors when pressed. Finally, the torque in
each motor was limited to about 30% (15 Nm) of its
maximal output.

Experimental procedure

The task was to bring the handle of the manipulandum
to the specified initial position and stabilize it while
balancing an external load, which was subsequently re-
duced or removed. The resultant final positions of the
handle and joint torques after different levels of
unloading were used to construct double-joint torque/
angle characteristics. Two characteristics were mea-
sured: one when the subject’s intent was to push the
initial load (PUSH) and the other when the direction of
the initial load was changed so that balancing the load
required the subject to change the direction of the ap-
plied force (PULL). By specifying different initial load
directions, we implicitly induced subjects to produce
different intentional actions to bring the hand to the
same position before unloading while compensating
different loads. In terms of the k model, subjects were
forced to specify different ICs to accommodate the dif-
ferent initial conditions.

To place the hand at the initial position, the subject
moved the handle of the manipulandum until the posi-
tion of the hand, indicated by a cursor on the computer
screen, reached a target indicated by a 2-cm red circle at
the center of the screen. Elastic resistance was applied to
the handle by two torque motors. The resistance in-
creased linearly as the hand approached the target so
that when the hand reached the target, the load corre-
sponded to its maximal value (30% of the MVF).

The direction of the initial load was set so that sub-
jects either had to pull (0�) or push (165�) against it

(Fig. 1A, B). A load direction of 165� was chosen for
pushing since pilot studies showed that when a pushing
load directly opposite to the pulling load (180�) was
used, some unloading conditions caused the subject’s
arm to hit their body. Unloading was performed first for
PULL and then for PUSH. The magnitude of the load at
the initial target corresponded to 30% of each subject’s
MVF, measured prior to the experiment for each
direction. In addition, in order to determine if any
subsequent differences in behavior between groups were
due to differences in initial load levels, we recorded data
from an additional 3 healthy subjects (‘low-load’ control
group: 3 men, mean age 55.3±13.3 years) using initial
loads similar to the mean initial loads of the stroke
group.

For the PUSH condition, the arm would move to the
left in the horizontal plane, in the direction of 165� to the
frontal plane (Fig. 1A), if it were not opposed by the
load. For the PULL condition, the arm pulled the load
to the right (0� to the frontal plane). The subject was
thus required to match the initial force in order to
maintain the hand at the target position.

After a randomized delay (2–4 s), the load force was
unexpectedly decreased, resulting in motion of the arm
to a new position. The subject was instructed not to
intervene, i.e., let the arm go in a natural way to a new
position without trying to intentionally modify the po-
sition. We used an unloading instead of a loading par-
adigm since stretching of active muscles produced by
sudden loading elicits protective voluntary or triggered
reactions associated with changes in central commands
(Feldman and Levin 1995). The participants had full
vision of their arm and of the computer monitor during
target attainment. However, the position of the cursor
on the screen was not updated after changes in the load.
It has been shown that, with this instruction, the changes
in the EMG activity, muscle forces, and arm position are
reflex-like reactions to changes in the load, typically not
involving modifications of the central control signals in
the sense defined in the k model (see above; Feldman
and Levin 1995). Several training trials (5–15) were done
before data were recorded. Surprisingly, participants
with hemiparesis required fewer practice trials (about 5)
than healthy subjects (about 10–20) since, due to longer
reaction times, they were less able to voluntarily correct
their hand position in response to the rapid unloading.
In contrast, healthy subjects had a tendency to ‘help
stabilize’ the arm position following the unloading.
Practice ended when subjects reliably produced uncor-
rected movements characterized by a smooth transition
to a new position with a single peak in the hand velocity
profile for at least three consecutive trials. In the sub-
sequent experiment, trials in which subjects intervened
and corrected the arm position following unloading
could be identified by visual inspection as those in which
inflections (one or several additional loops) in velocity-
position diagrams occurred (compare trace in Fig. 1C to
traces in Fig. 1B for a healthy subject, H6) or when
terminal oscillations were present, a drift in the mean
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position of the oscillations was observed. Whether or
not the subject intervened was determined by the
experimenter by inspecting the phase diagram of the just
completed trial. Overall, 15–20% of trials in each group
were excluded on-line in this manner. Excluded trials
were repeated so that the total number of recorded trials
per subject was the same.

We anticipated that, for each initial condition, the
relationship between torques and joint angles in steady
states resulting from unloading would be described by a
smooth surface in torque/angle coordinates (i.e., an IC
plane). We used a large number of unloading conditions
in order to better characterize this plane. For each of the
initial loads, there were 12 unloading conditions. Six of
these involved a change of load magnitude while main-
taining its initial direction (unloading to 60%, 40%,
20%, 10%, 0%, and �10% of the initial value). For the
other six conditions, both the magnitude and direction of
the load were changed in randomly selected trials
(unloading to 40%, 20%, and �10% of the initial value
with a ±20� change in direction relative to the direction
of the initial load). Blocks of 12 trials were used, in which
each of the 12 final load conditions was presented once,
in a random order. This was repeated six times (72 trials
for each initial direction of the load). The experiment
thus consisted of 144 trials and lasted 2.5–3 h. The 12
data points for each initial direction (PUSH and PULL)
were used to determine two referent (R) arm configura-
tions accordingly. In principle, a greater number of R
configurations could have been obtained using additional
initial load directions and hand positions. However, be-
cause of the lengthy recording procedure, this was not
feasible in individuals with stroke. Indeed, since fatigue
may lead to increased response variability especially in
individuals with stroke, subjects were allowed 2- to 5-min
periods of rest every 30 min or less if desired. The
development of fatigue was monitored by verifying that
throughout the experiment, all subjects were able to
maintain initial force levels of 30% MVF constant.

Data recording and analysis

The position of four active infrared-emitting diodes
(IREDs) placed on the acromion processes of the two
shoulders, the lateral epicondyle of the right humerus,
and the handle of the manipulandum were recorded
using an Optotrak Motion Analysis System (Northern
Digital, model 3010, Waterloo, Ontario; sampling rate
100 Hz, 3 s/trial). The angular position and velocity of
the segments of the manipulandum were measured with
two axial resolvers. The shoulder and elbow angles in the
horizontal plane were calculated based on the scalar
products of the vectors joining the appropriate IREDs.
Velocity and acceleration of the handle were computed
using x-y positional data. Movement onsets and offsets
were defined as the times at which the hand velocity ex-
ceeded and remained above and then decreased and re-
mained below 20 m/s, respectively. Torques generated by

the motors were measured by strain gauges incorporated
into the axes of rotation. Using these torque values and
the basic geometry of the arm-manipulandum system, we
computed shoulder and elbow torques and the forces
applied to the handle. From the joint angles and force at
the level of the handle, static elbow and shoulder torques
before the onset and after the end of movements were
calculated. These static torques were derived from the
strain gauge data on the manipulandum’s axis, as well as
data on the arm configuration at respective steady state
positions. To accurately estimate joint torques during
movement would have required taking into account the
dynamics of the arm-manipulandum system (inertia,
elasticity, viscosity), which was unnecessary since we
were mostly interested in steady states of the arm before
and after unloading. In most cases, the hand achieved a
stable position after unloading within 1 s. However, in
some individuals with stroke, unloading resulted in ter-
minal oscillations about the final position that achieved a
steady state after two or three cycles at which point, the
final position was measured. In the few cases when the
hand continued to oscillate until the end of the trial, the
mean final positions were measured as the midpoint of
the last oscillatory cycle.

Electromyographic data were recorded from six pairs
of bipolar surface electrodes. The activity of brachio-
radialis (BR), anconeus (AN), biceps brachii (BB), the
lateral head of triceps brachii (TB), posterior deltoid
(DP), and the clavicular portion of pectoralis major
(PM) were recorded. Electrodes were placed so that
crosstalk contamination was eliminated by observing the
response to isolated and associated contractions of the
target muscle. EMG signals (Grass Instruments, Quincy,
MA) were amplified (gain 10–20), filtered (5–500 Hz),
and sampled at a rate of 1,500 Hz. The signals were
filtered offline using high-pass filters (cutoff=35 Hz) to
remove motion artifacts and rectified. The level of tonic
activity after unloading was calculated as the root-mean
square (RMS) value of the EMG activity in a 100-ms
window centered at the 2.5-s mark of the recorded trial.
To determine coactivation ratios, the RMS value of the
antagonist activity was expressed as a percentage of the
total agonist plus antagonist activity.

Instability index

Tangential velocity profiles of the hand were used to
determine instability indices for each subject based on
the amplitude of oscillations around the final hand po-
sition after unloading. We computed the inverse of the
logarithmic decrement of decay (D) of the oscillations of
the arm (Levin and Dimov1997):

D ¼ ln V1=V2ð Þ½ �=T12

where V1 and V2 are the velocities of the first overshoot
and the first undershoot of the hand around the target
after the peak velocity and T12 is the time between them
(Fig. 2). The decrement is related to the damping and
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stiffness of the system so that higher values indicate
decreased damping or greater oscillations. The instabil-
ity index is defined as the inverse of the decrement (1/
D)—the time required for the velocity oscillations to
decrease in amplitude by a factor of 1/e@0.37. For
example, 1/D=0 if the transition from one position to
the other is produced aperiodically, i.e., without termi-
nal oscillations, and 1/D=¥ if oscillations are self-sus-
tained, i.e., proceed without decay.

Torque/angle characteristics and R configurations
of the arm

For the reconstruction of double-joint ICs, we used the
same procedure as that described in Archambault et al.
(2001). The procedure was as follows: for each initial
direction of the external force (PULL or PUSH), the net
static torque generated at each joint before and after
partial or full unloading was considered as a function of
the two (elbow and shoulder) joint angles. Different
conditions of unloading served to map-out the single-
joint IC for the shoulder and elbow. The combinations
of net static torque for one or the other joint together
with the respective values of the two joint angles mea-
sured before and after unloading were plotted as points
in Cartesian 3D space (shoulder or elbow torques versus
shoulder and elbow angles; the bar diagrams on
Fig. 6A, B represent elbow or shoulder torque produced
at a specific position of those two joints). Using regres-
sion analysis, we computed the best fitting 3D planar
surface for the set of points associated with torques of
the respective joint. For each initial direction of the
external force (PUSH or PULL), two surfaces were thus
obtained, one for the shoulder and the other for the

elbow. In fact, these surfaces separately represent the
single-joint IC for the shoulder or elbow, respectively.
Taken together, however, they construct an IC of the
double-joint system. These surfaces were characterized
by slopes representing stiffness coefficients (two per each
single-joint IC). For example, each elbow torque/angle
characteristic was characterized by two stiffness coeffi-
cients, See and Ses (Nm/rad), where the first subscript (e)
refers to the elbow joint from which the net joint torque
was measured, and the second subscript refers to the
angle that influences this torque (e, elbow or s, shoulder;
for example, Sesrepresents the stiffness coefficient for the
elbow torque in relation to shoulder angle).

The intersection of each surface with the elbow-
shoulder angle plane (the denser mesh on Fig. 6A, B),
represents the combinations of the two joint angles at
which arm muscles generate zero net torque at the
respective joint—a zero torque line. For each initial
condition there were two surfaces and thus two zero
torque lines. The point of intersection of these lines
represents the configuration of the arm at which all joint
torques are zero. By definition, this point is a referent
(R) configuration of the arm (see Introduction). The R
configurations were compared across initial conditions
and groups of subjects.

We defined torques that flexed the elbow and ad-
ducted the shoulder as being positive.

Statistical analysis

Student t-tests were used to compare variables between
groups or conditions (initial arm positions and torques,
peak velocities, spatial dispersions of the trajectories). To
confirm that the final hand positions were distinct points
lying on the IC for each joint and that they depended on
the amount of unloading, we reduced the two-dimen-
sional position data to a single dimension. The mean final
hand position was first normalized to its maximum dis-
placement along the x-axis and then three third-order
polynomials were fit to the final endpoint positions, one
for each set of unloading conditions with the same
direction of the final load (change with respect to the
direction of the initial load of 0�, +20�, or �20�). To
each set of points, we added the initial endpoint position
and the position after complete unloading (i.e., the steady
state points also observed in the same unloading exper-
iments). The order of the polynomial fits was selected as
the minimum order yielding a statistical fit in all cases
(P<0.05, with a mean r2 of 0.87). The distances along the
fitted curve to each final endpoint position were consid-
ered trajectory lengths for each unloading condition and
were computed for the two initial load directions as well
as for each of the three directions of the final load. Dif-
ferences between endpoint positions were determined
with repeated measures ANOVAs and post hoccontrasts
using the Bonferroni procedure.

Three-dimensional torque versus angle surfaces were
constructed using regression analysis and their correla-

Fig. 2 Representative velocity profiles of hand movements in the
PUSH direction for one healthy subject and one individual with
stroke (patient 6, Fugl-Meyer score FM=24/40). In the healthy
subject, the hand came to a stable final position after a small
terminal overshoot (V1) and undershoot (V2). In the participant
with stroke, the peak velocity was lower and terminal overshoots
(V1, V2) were greater. The instability index is defined as 1/D where
D was computed as shown in the figure
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tions and slopes were compared between conditions and
groups with Student t-tests. To determine the dispersion
of referent configurations in Cartesian space, we applied
geometrical analysis and compared the slopes and areas
of the computed 95% confidence ellipses with Student
t-tests. The instability indices were compared between
groups by Student t-tests. Relationships between coac-
tivation ratios, instability indices, and levels of clinical
impairment were determined by Pearson product mo-
ment statistics. Non-parametric statistics (Mann-Whit-
ney U-test and Kruskal-Wallis ANOVA) were
substituted when requirements for homogeneity of var-
iance (Levene’s test) were not met. These instances are
indicated throughout the text. The significance level was
set at P<0.05 for all tests and Bonferroni corrections for
multiple comparisons were made.

Results

Responses to unloading: general characteristics

The mean maximal forces (MVF) produced by the
healthy group were 82.6±33.2 N for PUSH and

79.2±51.7 N for PULL which were 41% and 65%
higher (P<0.05) than those of the stroke group (Ta-
ble 1). Based on these forces, the initial loads (30%

Fig. 3 Examples of mean trajectories for each of the 12 unloading
conditions for the pushing (left panels) and pulling (right panels)
directions in a healthy subject (A, B) and in participants with mild
(C, D) and moderate (E, F) arm motor impairment

Fig. 4 Representative kinematic data (means by condition) showing
responses to six different combinations of unloading in the pushing
direction (165�) in one healthy subject (left panels) and one
participant with moderate arm motor impairment (patient 6, Fugl-
Myer score, FM=24/40).A, FHand displacements.B,GTangential
velocities. C, H Hand velocity/position phase diagrams. D, I
Shoulder horizontal adduction angles. E, J Elbow extension angles
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MVF) used in the unloading experiment ranged from
12.0 to 39.9 N (mean=24.8±9.3 N) for PUSH and 11.0
to 37.7 N (mean=19.8±8.1 N) for PULL in healthy
subjects and from 6.3 to 37.0 N (mean=17.8±10.5 N)
for PUSH and 5.0 to 29.6 N (mean=14.2±10.0 N) for
PULL in individuals with hemiparesis. In order to
determine if any subsequent differences in behavior be-
tween groups were due to differences in initial loads, we
recorded data from an additional three healthy subjects
(‘low-load’ control group) using initial loads similar to
the mean initial loads of the stroke group. Thus, the
initial loads for the low-load control group were 17.0 N
for PUSH and 14.0 N for PULL. Throughout the
recording session, initial loads were constant and were
easily reproduced by all subjects.

In healthy subjects, after complete or partial removal
of the load, the hand began to move and, after a tran-
sient overshoot, reached a new position at which the
residual load was balanced after about 1 s (Fig. 4A–E).
Training effectively diminished the number of trials in
which subjects made voluntary corrections sometimes
present in practice trials (see inflection point in Fig. 1C).
During the testing period, trials with corrections were
eliminated on-line (see Materials and methods).

For all groups, the hand displacement was in the
direction opposite to that of the initial load (Fig. 3).
Figure 3A, B shows that hand trajectories were slightly
curved. Similar responses to unloading were observed in
individuals with stroke but, in the latter, hand trajecto-
ries at the end of movements were sometimes more
hook-shaped (Fig. 3C, D) and terminal overshoots and

oscillations were more marked (Fig. 4F–H; see Insta-
bility indices below).

Trajectory lengths (Figs. 3, 5) and joint angles
(Fig. 4D, E, I, J) changed monotonically with increas-
ing amounts of unloading in each subject for each of the
three directions of the final load. Changes in arm posi-
tion were observed in response to even the smallest de-
creases in the load (10% of the load; 4.7 N in the healthy
group, 2.0 N in the stroke group, and 5.6 N in ‘low-
load’ control group), showing that the neuromuscular
system was sensitive to even small perturbations. Hand
trajectories and final position depended on the change in
load. Hand trajectories for the subject in Fig. 3A, B
were slightly curved for both directions. Different levels
of unloading without any change in load direction
brought the hand to final points located at the same
curve at distances gradually increasing with the amount
of unloading as shown by different and distinct trajec-
tory lengths for both groups of subjects in Fig. 5. There
were no differences between the trajectory lengths (mean
of all 12 combinations) between all three groups for
PUSH or for PULL (Table 2). Repeated measures
ANOVAs on the final positions after unloading per-
formed for each subject for PUSH and PULL conditions
showed that the majority (>60%) of intermediate
positions were significantly different from each other
suggesting that there was a unique relationship between
final position and load.

To determine if the variability of final positions after
unloading was affected by fatigue, we compared the
mean final positions in the main (x) direction in the first

Fig. 5 Mean (+SD) trajectory
lengths for the pushing (left
panels) and pulling (right
panels) directions for the 12
combinations of unloading in
healthy subjects (top panels) and
in participants with hemiparesis
(bottom panels). The first six
bars in each panel show data
for the six different levels of
unloading when the direction of
the final load coincided with
that of the initial load (0�). The
next six bars show data for
different levels of unloading
when the direction of the final
load was changed by �20� (next
three bars) and 20� (last three
bars)
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three trials with that of the last three trials in two
unloading combinations (40% and full unloading).
Comparisons of these results were not significant in all
but one healthy subject in whom the final position in the
complete unloading condition shifted by 40 mm in the
second half of the experiment. In the stroke group, only
two subjects had a drift in final position, one of 28 mm
for the 40% condition and another of 38 mm for the full
unloading condition. This analysis suggested that, in the
majority of cases, variability in the final positions may
not have been related to the development of fatigue in
either subject group.

For complete unloading, the mean maximal peak
velocities of the hand were higher in the healthy com-
pared to the stroke group only for the PUSH condition
(t22=�2.23, P<0.04; Table 2). Values of the low-torque
control group were similar to those of the stroke group
(Table 2).

Shoulder torques decreased monotonically with the
increasing amount of unloading for both initial condi-
tions and groups of subjects. While elbow torques also
changed monotonically with the change in the load for
the PULL condition, this was not always the case for the
PUSH condition in seven individuals (P1, P2, P3, P5, P6,
P7, P10) with hemiparesis.

Changes in shoulder and elbow angles as a result of
unloading for both conditions in each of the three
groups are shown in Table 2. In response to unloading,
the shoulder adducted in all subjects for PUSH and
abducted for PULL. However, the shoulder movement
was combined with elbow flexion and extension differ-
ently in each individual with no differences between the
groups. Subjects combined shoulder horizontal adduc-
tion with elbow extension for unloading in the PUSH
condition (67% of the healthy group, 70% of the stroke
group, 67% of the low-load control group) and shoulder
horizontal abduction with elbow extension for unload-
ing in the PULL condition (83% of the healthy group
and 80% of the stroke group). For the PULL condition,
subjects in the low-torque control group combined
shoulder horizontal abduction with slight elbow flexion.

The hand trajectories in most participants with stroke
were restricted in terms of their variability as estimated
by their dispersion in the sagittal direction (for example,
Fig. 3E, F). For each of these individuals, the spatial
dispersion was smaller for both PUSH and PULL con-

ditions compared to the healthy subjects (Table 2). The
dispersion of trajectories in the low-load control group
was also significantly smaller than the healthy group but
larger than that of the stroke group.

Torque/angle characteristics and referent configurations
of the double-joint arm

The net static muscle torque at each joint was considered
as a function of two joint angles (elbow, shoulder) that

Table 2 Mean (SD) values of responses to unloading in the PUSH and PULL directions for the three groups of subjects

Healthy Stroke ‘Low-load’ control

PUSH PULL PUSH PULL PUSH PULL

Peak velocity (m/s) 0.425 (0.120) 0.421 (0.152) 0.295* (0.146) 0.295 (0.175) 0.247 (0.056) 0.321 (0.052)
Trajectory length (mm) 143 (33) 166 (65) 97 (38) 117 (78) 90 (40) 120 (60)
Change in elbow angle (�) 2.0 (3.0) 10.0 (3.5) 2.0 (0.3) 2.5 (1.1) 6.4 (4.0) 4.2 (1.4)
Change in shoulder angle (�) 13.0 (1.3) �10.0 (1.2) 9.0 (1.8) �9.0 (1.7) 13.0 (5.3) �15.0 (7.0)
Trajectory dispersion (mm) 96.8 (42.7) 128.5 (56.8) 59.6 (32.9)* 43.7 (25.4)* 80.0 (53.0)* 80.0 (40.0)*
Instability indices 248.5 (43.9) 279.0 (62.5) 581.9 (279.7)* 383.3 (103.7)* 266.9 (208.9) 250.4 (133.2)

*P<0.05 compared to healthy control group

Fig. 6 Torque/angle characteristics of the arm in one healthy
subject, for the pushing direction. A Elbow torque as a function of
two joint angles (elbow and shoulder) approximated by a planar
surface (wide grids). 3D bars indicate torque/angle combinations
for each condition (0�, gray; +20�, black; –20�, white).The
intersection of the planar surface with the zero torque plane
(narrow grids) forms a line that describes all combinations of elbow
and shoulder angles (arm configurations) at which the elbow torque
is zero for this condition. B Same as in A but for shoulder torque
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could be represented as a planar surface in the 3D tor-
que versus joint angles space. We constructed two such
surfaces (one for the elbow and one for the shoulder
torques for each condition for a total of four surfaces
per subject). The points forming each surface were ob-
tained by averaging the final joint torques and angles for
all trials per condition. Together with the point repre-
senting the initial condition, 13 points were used to
construct each of the four torque/angle 3D surfaces.
Using regression analysis, we approximated each surface
by a plane. Examples of the planar fits obtained for the
elbow and shoulder torques with the pushing load are
shown in Fig. 6 for a healthy subject and in Fig. 7 for a
subject with mild hemiparesis. The regression analyses
yielded significant r2 values (0.83±0.12, range 0.48–
0.99) in all healthy subjects using either regular or low
initial torques (Table 3). In the participants with hemi-
paresis, the r2 values were lower (0.70±0.26, range 0.04–
0.97). Individuals P7 and P8 had non-significant r2 val-
ues for the elbow torque/angles surface for PUSH
(r2 values were 0.33, 0.09) and two other individuals (P2
and P3) had non-significant values for the elbow torque/
angle surface for PULL (0.04, 0.33). One of these par-
ticipants also had a non-significant r2 value (0.28) for
the shoulder torque/angle surface for PULL. There was

no correlation between clinical severity and r2 values.
Thus, the lack of ability to specify an invariant torque/
angle relationship in these four individuals was not re-
lated to their level of clinical impairment (Table 1).
Since these participants could not reliably specify an IC,
their data could not be used for estimation of the ref-
erent configurations (see below and Discussion).

Each regression surface was characterized by two
slopes and there were two regression surfaces per con-
dition (see Materials and methods). The slopes (S) for
the PUSH condition were different from those for the
PULL condition, both in healthy subjects and in par-
ticipants with stroke (Table 3) confirming the suggestion
of the EP hypothesis that ICs were different for different
initial load directions. Between groups comparison,
however, revealed significantly lower slopes (i.e., low
stiffness) for individuals with hemiparesis compared to
healthy subjects for See in the PUSH condition and for
Sse and Sss in the PULL condition (Table 3) while there
were no differences in slopes between the healthy and
low-load control group.

The range of combinations of elbow and shoulder
angles for which the respective joint torque is zero was
described as the intersection of each regression surface
with the angle plane. One zero torque line for each joint
was computed. Zero torque lines are shown as thick
straight lines in Figs. 6A and 7A for the elbow and in
Figs. 6B and 7B for the shoulder. The intersection of the
two zero torque lines described a point (Fig. 8open cir-
cles) at which both elbow and shoulder torques were
zero. This point represents the configuration that the arm
reaches when the initial load is completely removed and,
in terms of the EP hypothesis, the point that describes the
referent configuration (R) of the arm. According to the
EP hypothesis, the neuromuscular system generates tor-
ques when the actual arm configuration (Q) deviates
from R where the amount of torque generated is a
function of the difference between R and Q.

For comparison, the final arm configurations of all
participants (Fig. 9 open circles) were plotted in the same
joint space for the PUSH and PULL conditions for both
groups of subjects. The areas occupied by the R con-
figurations of the stroke and healthy participants were
different for PUSH and for PULL, implying that sub-
jects changed the referent configuration of the arm to
accommodate the changes in the initial load conditions.
The dispersions of R were characterized by 95% confi-
dence ellipses of different orientations (slopes) and sizes
(areas) listed in Table 4. R configurations from the ‘low-
load’ control group fell within the ellipses of the healthy
group. In participants with hemiparesis, the area was
smaller for PUSH while it was oriented differently for
PULL compared to healthy subjects (Table 4).

Stability of the end-point position after unloading

In healthy subjects and in the low-load control group,
the hand stabilized in the final position after a transient

Fig. 7 Torque/angle characteristics in one participant with stroke
with mild hemiparesis (patient 9, Fugl-Meyer score, FM=36/40)
for the pushing direction. Notations as in Fig. 6
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overshoot without oscillating around the final position
(Figs. 1B, 4A, C, E). Mean instability indices (1/D, see
Materials and methods) for all 12 conditions in the
healthy group were 240±5 ms for PUSH and
280±6 ms for PULL (Table 5) and were similar in the
low-load control group (320±137 ms for PUSH and
234±74 ms for PULL; ANOVA,P>0.05). In contrast,
the movement in participants with hemiparesis usually
terminated after several cycles of oscillations
(Fig. 4F, H, J). Compared to the healthy and low-load
control groups, the stroke group had significantly larger
instability indices for PUSH [582±185 ms;

H(2,n=36)=21.0, P<0.001] and for PULL
[338±63 ms; H(2,n=36)=8.89, P<0.02]. In addition,
only in the stroke group, the values for PUSH were

Fig. 9 Referent arm configurations in elbow versus shoulder angle
coordinates for the pushing (squares) and pulling (circles) directions
for all healthy subjects (open symbols) and participants with stroke
(filled symbols). The 95% confidence ellipse for each group of
points is indicated. Open hexagons show the initial configurations
of the arm (Q) that was used in the experiments. Note that the
clusters of points obtained for the two initial conditions are clearly
separated, implying that subjects modified the referent configura-
tions of the arm to accommodate the changes in these conditions

Table 3 r2 values and slopes of regression lines for all three groups of subjects for PUSH and PULL conditions. Negative or positive signs
indicate the orientation of the slope

r2e See Ses r2s Sse Sss

PUSH condition
Healthy 0.88±0.14 0.328±0.183 �0.044±0.149 0.83±0.13 0.053±0.213 �0.433±0.353
Stroke 0.70±0.26 0.193*±0.177 �0.021±0.041 0.72±0.11 0.069±0.235 �0.405±0.314
’Low-load’ control 0.83±0.07 0.243±0.185 �0.060±0.051 0.86±0.04 0.044±0.057 �0.307±0.236

PULL condition
Healthy 0.86±0.11 0.153**±0.141 �0.120±0.063 0.77±0.10 �0.143**±0.229 �0.325±0.202
Stroke 0.67*±0.26 0.139±0.189 �0.091**±0.105 0.70±0.16 0.113*±0.397 �0.169*, **±0.128
’Low-load’ control 0.95±0.03 0.148±0.117 �0.068±0.029 0.93±0.03 �0.382±0.537 �0.271±0.202

*Between group comparisons; P<0.05 (Student’s t-tests)
**PUSH versus PULL; P<0.05 (paired Student’s t-tests)

Fig. 8 The referent configurations of the arm determined from the
data shown in Figs. 6 and 7. In the left panels, the intersection of
the two zero torques lines in elbow-shoulder joint space for the
elbow (dashed lines) and shoulder (solid lines) taken from Figs. 6
and 7 identify the unique, referent configuration of the arm (open
circle, R) at which all joint torques are zero. The solid square shows
the arm configuration at the initial position of the hand (Q). Right
panels As in left panels, but shown in the coordinates of external
space. Stick diagrams show the actual positions of arm segments at
the R and Q configurations

Table 4 r2 values, slopes of regression lines, and areas of ellipses
describing the dispersion of referent configurations for both groups
of subjects for PUSH and PULL conditions. Data from the ‘low-
load’ control group are included in the healthy group

r2 Slope Area

PUSH condition
Healthy 0.67 0.46 105.89
Stroke 0.84 0.89 54.24

PULL condition
Healthy 0.22 0.07 201.86
Stroke �0.14 �0.23 193.35
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significantly larger than those for PULL (U=2.0;
P<0.001).

In the four participants with stroke identified previ-
ously as having insignificant r2 values for the elbow
torque/angle surfaces, a distinguishing feature was that
they also had the highest mean instability indices rang-
ing from approximately 400 to 645 for PUSH (P6, P7)
and from 1,000 to 1,410 for PULL (P2, P3).

Electromyographic activity

The roles of the two single-joint muscles (PM and DP)
acting at the shoulder were clearly classified as agon-
ists or antagonists according to whether there was a
silent period or a stretch reflex, respectively, in re-
sponse to unloading. According to these criteria, PM
acted as an agonist and DP as an antagonist for
PUSH and vice versa for PULL. The identification of
the roles of the two single-joint elbow muscles was

more difficult because of the variability of the EMG
activity. In the majority of cases, AN was an antag-
onist and BR was an agonist for PUSH and vice versa
for PULL. For the two double-joint muscles (BB and
TB), a consistent main role was undetermined since
both muscles were active throughout the unloading.
For convenience, we assigned BB the role of agonist
and TB the role of antagonist for PUSH and vice
versa for PULL conditions.

In healthy subjects, the tonic EMG activity of all
muscles changed systematically with the reduction in the
external load (Fig. 10 top rows). The modulation of
EMG activity was less systematic in the individuals with
stroke (Fig. 10 bottom rows). Mean coactivation ratios
for each AG/ANT pair were computed for each of the
six levels of unloading in the 0� direction and values for
single joint elbow (BR/AN) and shoulder muscles (PM/
DP) are shown in Table 5. In general, coactivation
indices were higher in elbow muscles for PUSH
(P<0.0001 for four out of six levels; see Table 5) and in

Table 5 Mean (SD) instability indices and coactivation indices (CI) for BR/AN and PM/DP for PUSH and PULL conditions in healthy
subjects and individuals with hemiparesis (stroke)

PUSH: level of unloading (%) PULL: level of unloading (%)

60 40 20 10 0 �10 60 40 20 10 0 �10

Healthy
BR/AN CI 0.741 0.734 0.755 0.754 0.504 0.409 0.224 0.207 0.250 0.236 0.242 0.295
PM/DP CI 0.284 0.286 0.338 0.372 0.398 0.440 0.800 0.748 0.709 0.690 0.291 0.638
Instability index 237.2 274.4 274.2 274.5 259.8 273.1 252.3 215.0 273.9 373.7 313.8 239.8

Stroke
BR/AN CI 0.650 0.678 0.664 0.676 0.668 0.498 0.345 0.367 0.389 0.392 0.410 0.414
PM/DP CI 0.396 0.382 0.385 0.452 0.404 0.393 0.392 0.418 0.466 0.473 0.460 0.490
Instability index 804.6 544.5 415.6 559.2 1029 676.0 316.0 330.0 322.5 426.0 398.8 336.3

Fig. 10 Smoothed and rectified
EMG activity for PUSH in one
healthy subject (top) and one
participant with moderate
motor impairment (patient 3,
Fugl-Meyer score, FM=15/40;
bottom). In each panel, the
individual muscle activity for
the six conditions of unloading
in the 0� direction are shown in
descending order from the top
(60% unloading) to the
bottom(�10% unloading). The
intermediate levels are 40%,
20%, 10%, and 0% of
unloading. Muscle activity from
brachioradialis (BR), anconeus
(AN), biceps brachii (BB),
triceps brachii (TB), pectoralis
major (PM), and posterior
deltoid (DP)
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shoulder muscles for PULL (P<0.0002 for five out of
six levels). There was no correlation between coactiva-
tion and instability indices indicating that any level of
unloading could be associated with any level of coacti-
vation.

In individuals with stroke, coactivation ratios in both
muscle groups were not different from those in healthy
subjects for the PUSH direction, but those of the
shoulder muscles were significantly lower for PULL
(F(1,5)=6.11, P<0.02). The lowest levels of coactivation
were found in the four subjects in whom ICs could not
be identified. Indeed, participants with stroke did not
increase coactivation in the shoulder muscles for PULL
as did the healthy subjects. Also unlike healthy subjects,
the amount of instability for PUSH was inversely cor-
related with elbow coactivation (BR/AN, r=�0.58),
while for PULL there was a significant positive corre-
lation between the level of instability and the amount of
shoulder muscle (PM/DP) coactivation (r=0.60).

The amount of instability following unloading was
also related to the clinical impairment level (FM scores)
in the individuals with stroke. For PUSH the arm
impairment level was negatively correlated with insta-
bility indices (r=�0.60) as well as with the elbow (BR/
AN) coactivation ratio (r=�0.58). For PULL, there
was only a significant correlation between arm impair-
ment and shoulder muscle (PM/DP) coactivation
(r=�0.57).

Discussion

Basic findings

Healthy subjects and most participants with arm paresis
(8 of 12) responded similarly to unloading of the double-
joint arm system. Even in participants who used low
initial torques (Table 1), partial removal of the load
resulted in distinct final hand positions (Fig. 5) associ-
ated with unique shoulder-elbow configurations and
joint torques. The net static torque at each joint before
and after unloading could be represented as a function
of the two joint angles describing a planar surface in 3D
torque/angle coordinates, or IC (Figs. 6, 7). Subjects
were also able to specify different ICs related to the two
different initial conditions (PUSH or PULL). This
indicates that most individuals with stroke-related brain
damage and hemiparesis preserved the ability to adapt
their control variables to accommodate changes in the
load conditions. One of these control variables, the
referent configuration of the arm, was identified based
on two criteria: it changed according to the initial con-
ditions and it remained invariant for the whole set of
unloading responses obtained for the same initial con-
dition. This invariance justifies the term invariant char-
acteristic (IC) applied to the torque/angle relationships
associated with this set of responses.

The referent configuration of the arm describes the
combination of the elbow and shoulder angles at which

all joint torques are zero. This analysis thus shows that
the net static torque generated at each joint is a function
of the difference between the actual and the referent
configurations of the arm and that the adaptation to the
initial condition was produced by appropriate adjust-
ments in the referent arm configuration. With this
adjustment, similar responses to unloading were repro-
duced but in another part of the arm workspace. The
finding that the slopes of the ICs were different for dif-
ferent initial conditions suggests the involvement of an
additional control variable presumably modifying the
degree of coactivation of opposing muscle groups. It has
been shown that non-linear torque/angle characteristics
recorded at the elbow joint may be transformed to linear
characteristics by the coactivation of opposing muscle
groups (Asatryan and Feldman1965; Levin and Di-
mov1997). Coactivation was likely responsible for the
linearization of the torque/angle characteristics in our
experiments so that the IC surfaces could be presented as
planes with high r2 values.

Despite the preservation of the basic response pat-
terns, individuals with stroke had a more restricted
range of hand trajectories following unloading (Fig. 3),
an increased instability around the final endpoint posi-
tion (Fig. 4), differences in the dispersion of referent
configurations in elbow-shoulder joint space (Fig. 9),
and an altered pattern of elbow and shoulder muscle
coactivation compared to healthy individuals. More-
over, in 4 out of 12 individuals with stroke, ICs could
not be identified, implying that these individuals could
not specify referent arm configurations in a consistent
way. Distinguishing features of these 4 individuals were
greater instability about the final position after unload-
ing and lower levels of coactivation at the elbow and
shoulder. Healthy subjects using lower torques did not
have behavior similar to participants with stroke using
correspondingly low loads, suggesting that the differ-
ences in the ranges of torques used might not be the
cause of the differences in the unloading responses in the
two groups of subjects.

‘Do not intervene’ paradigm

Our data from healthy subjects are consistent with pre-
vious observations that responses to unloading leading
to transitions to a new position at which equilibrium
with the final load is achieved, are very robust and
reproducible (Asatryan and Feldman1965; Forget and
Lamarre1987). In naı̈ve subjects, they can be observed
when no instruction is given. With repetition, however,
subjects may try to correct unloading responses. The
comparatively short latency of voluntary corrections
observed in healthy subjects (about 150 ms) suggests
that corrections could be initiated before movement
offset in the present paradigm in which the movement
time was about 1 s. Reaction times for corrections of
elbow positions in individuals with hemiparesis are
reportedly longer (later than 400 ms; Dickstein et al.
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1993) making it less likely that individuals with stroke
could correct their responses. In order to decrease the
likelihood of voluntary corrections, subjects were in-
structed not to intervene to the perturbation. In addi-
tion, we used unloading instead of loading perturbations
since it has been shown that subjects often generate
involuntary (‘triggered’) corrective responses to the lat-
ter (Fig. 4 in Feldman and Levin 1995; see also Crago
et al. 1976; Newell and Houk1983).

Several findings indicate that subjects did not make
corrections to unloading in the present experiment. All
subjects were given adequate practice until uncorrected
responses were reliably made prior to the start of
recording. Trials in which subjects did not comply with
the instruction and made corrections (Fig. 1C) were
identified by inspection of the phase diagram after each
unloading trial and those trials in which subjects inter-
vened (15–20% of all trials) were excluded and repeated.
In addition, in the majority of cases, intermediate posi-
tions after partial unloading were significantly different
from each other suggesting that there was a unique
relationship between final position and load. This im-
plies that the change in the load, rather than other fac-
tors such as voluntary corrections or anticipatory
responses to unloading, determined the set of steady
state postures observed after unloading.

Invariant characteristics

Although individuals with stroke had lower initial tor-
ques compared to healthy subjects, (Table 1), partial
removal of the load resulted in a significant number of
distinct final hand positions (Fig. 5) associated with
unique shoulder-elbow configurations and joint torques.
Both groups were also able to adapt their control vari-
ables and specify different ICs related to the two dif-
ferent initial conditions (PUSH or PULL). In 4 out of 12
individuals with stroke, however, ICs could not be
identified, implying that these individuals were unable to
consistently specify referent arm configurations. This
inability was not related to the severity of the arm
paresis since their arm impairments ranged from mod-
erate to severe and other individuals with more severe
impairments did not have similar problems. In addition,
this inability may not have been related to the use of low
initial loads since the low-load control group working at
similar levels of initial torque had no difficulties speci-
fying referent configurations. The role of fatigue in the
inability of these 4 individuals was also minimal since
the loads they compensated were set well below their
maximal voluntary efforts (30% MVF) and intertrial
time was sufficient to prevent fatigue.

It is more likely that the inability to specify ICs may
have been related to the increased instability and re-
sponse variability in these 4 patients who had the highest
and most variable instability indices of all the patients
tested (see below). Similar to what has been previously
shown in the single-joint system (elbow joint; Levin et al.

2000), the inability to adopt a stable final position after
unloading in these patients was also accompanied by
changed patterns of agonist-antagonist muscular coac-
tivation at the elbow and shoulder joints. Problems in
the specification of referent arm configurations in these
individuals could not be predicted on the basis of their
motor impairments measured by standard clinical tests.
This implies that clinical testing is not sensitive to detect
motor control deficits of this type. The testing of the
ability to specify referent configurations may be more
fundamental to the description of muscle activation
patterns during coordinated movement than clinical
tests, such as the Fugl-Meyer, that test whether or not a
movement can be performed rather than how it is per-
formed.

Referent arm configurations

The recording of two distinct R configurations for the
two different initial conditions (PUSH and PULL)
demonstrates the ability of the nervous system to modify
control variables in a task-specific way. In other words,
subjects were able to establish different R configurations
for the same position of the hand to compensate dif-
ferent initial load directions. Once the appropriate R
configuration was established, subjects were also able to
maintain it thus allowing the neuromuscular system to
generate automatic responses to unloading depending
on the difference between the actual and the virtual,
centrally specified R configuration of the arm.

The robustness of the R configurations was demon-
strated by the high r2 values of the linear regressions fit
to the individual joint IC surfaces in all healthy subjects
regardless of the initial load level (Table 2). In most
individuals with stroke, construction of the R configu-
rations was also possible although the r2 values of the
ICs were lower compared to the healthy group. It is
unlikely that the poorer fit of the IC surfaces may have
been related to difficulties in compensating interactive
torques acting on one arm segment due to the motion of
the other as reported by Beer et al. (2000). While such a
deficit could be responsible for the increased variability
and hook-like shape of hand trajectories during the
dynamic phase of the movement (Fig. 3), it would have
little influence on the final, steady state configurations of
the arm. Since interactive torques are velocity- and
acceleration-dependent, they are reduced to zero at the
end of the movement and thus do not influence the final
steady state. It is more likely that the poor fit of the IC in
the four participants with stroke mirrors problems with
the consistent specification of the R configuration in
repeated trials.

Our data suggest that the variability of intermediate
final positions in both groups of subjects was due to
problems in the specification of R configurations and
not due to fatigue for several reasons. First, efforts were
made to minimize fatigue during data recording by
allowing subjects adequate periods of rest. Second, all
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subjects had no difficulty maintaining initial force levels
of 30% MVF throughout the experiment. Third, the
mean final positions of trials recorded near the begin-
ning and near the end of the recording session showed
no evidence of increased variability in the majority of
subjects.

It is also possible that deficits in the specification of R
configurations in participants with hemiparesis may
have been related to restrictions in their ability to pro-
duce movements in certain parts of the workspace.
Following stroke, patients exhibit well-known patho-
logical flexion and extension movement synergies at the
early stages of recovery (Brunnström1970; Twitc-
hell1951). In the arm, the extensor synergy is charac-
terized by shoulder adduction and internal rotation,
elbow extension, wrist pronation, and flexion. An
opposite pattern of synergistic muscle activation is ob-
served when attempts to move the arm evoke the flexor
synergy. In our experiment, the movement in the PUSH
direction could be considered as a movement made
within the extensor synergy (shoulder adduction com-
bined with elbow extension), whereas the movement in
the PULL direction was not similar to either synergy
(shoulder abduction combined with elbow extension).
However, movements in the individuals participating in
this study were only moderately to mildly impaired and
they did not differ from those of healthy subjects making
it unlikely that they were influenced by pathological
synergies.

Alternatively, the deficits in the specification of R
configurations may be related to the empirically ob-
served limitations in the regulation of muscle activation
thresholds that, in turn, restrict the range of shifts in the
torque/angle characteristics, as revealed for elbow flex-
ors and extensors in individuals with hemiparesis. Levin
et al. (2000) showed that for the elbow joint, even pa-
tients with severe motor impairment could control el-
bow flexion and extension movements but this control
was only achieved within a reduced angular range de-
fined by flexor and extensor activation threshold angles.
This angular range was described as a ‘reciprocal zone’
within which movement control resembled that in
healthy subjects producing reciprocal activation of el-
bow flexors and extensors. Movements attempted to
positions outside of this zone were accompanied by
excessive coactivation. Projecting these observations to
the multijoint system, Levin et al. (2002) suggested that
deficits in the regulation of muscle activation thresholds
of adjacent joints would restrict the range of available
R configurations and constrain these joints to act to-
gether in specific areas of the workspace, thus providing
an explanation for the appearance of abnormal move-
ment synergies. The limited range of R configurations
may, therefore, be a consequence of deficits in the
specification of thresholds of muscle activation in
mono- and biarticular muscles which together deter-
mine the R configurations (Feldman and Levin 1995).
Future studies may be designed to address this specific
issue.

Instability

Healthy subjects using moderate or low initial torques
had stable end postures (low instability indices) for both
PUSH and PULL. The amount of coactivation varied
with the direction of voluntary effort. For PUSH healthy
subjects had greater coactivation at the elbow than at
the shoulder, while for PULL there was more coacti-
vation at the shoulder than at the elbow (Table 5). In
marked contrast, individuals with stroke had much
greater endpoint instability. While the pattern of muscle
coactivation at the elbow and shoulder was preserved
for the PUSH direction, individuals with stroke used
significantly more coactivation at the elbow and less
coactivation at the shoulder for the PULL direction. In
addition, in individuals with stroke, the amount of
instability for PULL and PUSH was related to a change
in the amount of coactivation at the elbow and shoulder
and this deficit was related to the severity of the arm
motor impairment.

The fact that both groups of healthy subjects had
similar indices of instability suggests that the increased
arm instability in individuals with stroke was not due to
the use of lower initial torques. On the other hand, the
results are consistent with several previous studies
reporting increased arm postural instability in individ-
uals with stroke (Beer et al. 2000; Levin and Dimov
1997).

In healthy subjects, stability of the single- and mul-
tijoint arm systems is related to the interdependence of
the elbow and shoulder torques and the ability to specify
appropriate agonist/antagonist muscle coactivation
(Archambault et al. 2001; Franklin and Milner2003;
Gomi and Osu1998; Hogan 1985; McIntyre et al. 1996;
Milner2002). Beer et al. (2000) used inverse dynamics to
compute changes in the elbow/shoulder interaction tor-
ques during active arm movements in individuals with
hemiparesis. They attributed inaccuracies of limb posi-
tioning not to such factors as weakness, spasticity, or
stereotypic movements but to problems in the control of
interactive torques. In our unloading experiments, nei-
ther these factors nor the control of interactive torques
themselves play a major role in the specification of end
positions in individuals with stroke, although problems
in the control of interactive torques could partly be
responsible for movement instability (terminal oscilla-
tions; see above). In addition, instability may be related
to the deficits in the specification and regulation of co-
activation as implied by the observations of disruptions
in the specification of coactivation at the elbow (or the
specification of arm stiffness) as well as by the correla-
tion between abnormal coactivation and the instability
indices. According to the EP hypothesis, in addition to
stiffness regulation, coactivation commands have two
important features. First, healthy subjects can regulate
coactivation independently of position (Levin et al.
1995); one can easily coactivate arm muscles while
maintaining the same arm posture. In contrast, many
individuals with hemiparesis have problems producing
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coactivation without influencing arm position (Levin
et al. 2000). Such deficient coactivation might be
responsible for increased variability in the specification
of the R configuration in these individuals. Second,
according to the k version of the EP hypothesis, coac-
tivation has an important spatial characteristic—by
specifying muscle activation thresholds, neural control
levels predetermine where, in the arm workspace, mus-
cles of opposing muscle groups can be coactive (‘coac-
tivation zones’; see Feldman and Levin 1995). It has
been shown that adults with stroke have problems in the
task-related specification of the localization and extent
of coactivation zones in the arm workspace and that this
deficiency results in movement instability—prolonged
terminal oscillations (Levin and Dimov1997), similar to
those found in the present study.

Thus, consideration of motor deficits of the double-
joint arm system in terms of the EP hypothesis allows us
to identify deficits in three basic control processes in
individuals with stroke: a decreased range of specifica-
tion of R configurations, problems with the stable
reproduction of R configurations, and problems in
producing functionally appropriate coactivation. These
deficits may help to explain the increased instability and
response variability observed when some patients at-
tempt to make voluntary movements.
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