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Human forearm position sense after fatigue of elbow

flexor muscles
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After a period of eccentric exercise of elbow flexor muscles of one arm in young, adult
human subjects, muscles became fatigued and damaged. Damage indicators were a fall
in force, change in resting elbow angle and delayed onset of soreness. After the exercise,
subjects were asked to match the forearm angle of one arm, whose position was
set by the experimenter, with their other arm. Subjects matched the position of the
unsupported reference arm, when this was unexercised, with a significantly more flexed
position in their exercised indicator arm. Errors were in the opposite direction when
the reference arm was exercised. The size of the errors correlated with the drop in force.
Less consistent errors were observed when the reference arm was supported. A similar
pattern of errors was seen after concentric exercise, which does not produce muscle
damage. The data suggested that subjects were using as a position cue the perceived
effort required to maintain a given forearm angle against the force of gravity. The fall
in force from fatigue after exercise meant more effort was required to maintain a given
position. That led to matching errors between the exercised and unexercised arms. It
was concluded that while a role for muscle spindles in kinaesthesia cannot be excluded,
detailed information about static limb position can be derived from the effort required
to support the limb against the force of gravity.
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We have been studying the effects of eccentric exercise
on muscle properties. Eccentric exercise is interesting
because it is the only form of mild exercise which routinely
produces muscle damage if the individual is not trained
to be protected against it (Hough, 1902). As a result it
leaves them stiff and sore the next day (Proske & Morgan,
2001).Ithasalso been reported to produce a disturbance to
proprioception; Saxton et al. (1995) found that eccentric
exercise led subjects to make significant position matching
errors in a forearm matching task. Several years ago we
repeated those experiments under somewhat modified
conditions and came up with a different result (Brockett
etal. 1997). The primary motivation for the experiments
reported here was to try to reconcile the various
observations. The findings led us to adopt a rather different
point of view.

In a forearm position matching task it was found that
after a period of eccentric exercise which reduced muscle
force by 40-50%, subjects made significant position
matching errors. The errors were in the direction reported
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by Saxton et al. The size of the errors correlated with the
drop in force. We concluded that the fall in force led to an
increase in the effort required to maintain position of the
limb against the force of gravity. This increase in effort led
to the matching errors.

A preliminary report of this work was recently
presented at a local scientific meeting (Walsh et al. 2004).

Methods

The study comprised three experiments, each of which
included six subjects. For the 18 individuals, four females
and 14 males, the range of ages was 22—64 years. All subjects
gave their informed, written consent. The experiments
were approved by the Monash University Committee
for Human Experimentation and the experiments were
consistent with the Declaration of Helsinki.

The subjects were required to attend a number of
sessions. A control series of measurements was carried
out, which helped to familiarize them with the equipment
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and gave them some experience in the procedures.
For the eccentric exercise, measurements were made
immediately before and after the exercise, then at 2, 24,
48, 72 and 96 h post-exercise. For the concentric exercise,
measurements were made before and after the exercise
and at 2 and 24h post-exercise. Whether the right or
left arm was exercised was varied at random between
subjects.

Position matching task

Measurements were carried out as described by Brockett
etal. (1997). Each subject’s forearms were strapped to
two light-weight paddles, hinged at one end, with the
hinges aligned with the subject’s elbow joint. The angle
of the upper arm was kept at approximately 45 deg to the
horizontal. Potentiometers attached to the paddle hinges
provided an analog voltage signal proportional to joint
angle. Voltage signals were recorded by computer.

In the first experiment, the experimenter moved the
reference forearm from the horizontal position, in the
direction of flexion, to a predetermined angle and the
subject, who was blindfolded, was asked to hold the arm
in that position. He or she was then asked to match the
angle with the other arm, that is, to align the two forearms
by voluntarily moving the indicator arm.

In the second experiment, the experimenter placed the
reference arm at a set angle where position of the arm was
maintained by means of a support. The subject therefore
did not need to generate any effort to maintain the position
of the reference arm. To ensure that a subject’s reference
arm remained relaxed during the matches, surface EMG
was monitored for biceps. This was done with Ag—AgCl
electrodes, attached to the skin with tape, with a solid
gel contact point. EMG signals were amplified using an
ADInstruments bioAmp and the amplified signal was fed
through a speaker so that the blindfolded subject could
hear it. Once a subject’s reference arm had been placed in
position he or she was instructed to relax, and keep the
EMG signal at a minimum.

A third experiment used concentric rather than
eccentric exercise and here position matching was done
with the reference arm unsupported.

Arm position was defined by the angle subtended by
the forearm to the horizontal, which was taken as zero. So
an angle of 30 deg represented an elbow angle of 105 deg,
given that the upper arm was at an angle of 45 deg. In the
series involving eccentric exercise, matching angles of 30,
60 and 90 deg were used. For the concentric exercise 15, 30
and 45 deg were used. The choice of angles for each trial
was varied at random, as was the choice of reference and
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indicator arms. Each trial was repeated five times for each
of the three test angles for both right and left arms, making
for a total of 30 trials.

Measurements of muscle properties after exercise

Maximum voluntary contraction. For measurement of
maximum voluntary contraction (MVC), a paddle was
moved into the vertical position, that is, an elbow angle
of 90 deg, which approximates to the optimum angle for
torque in elbow flexors (Weerakkody etal. 2003b). The
paddle was held in that position by a horizontal metal
bar which at its other end was attached to an isometric
tension transducer. Subjects were required to flex their
elbow maximally for three contractions, each separated
by a 1 min rest period. The mean peak value of torque
was used as the MVC measurement. In the experiments
on eccentric exercise, MVC was measured before each
position matching session. For the concentric exercise,
additional measurements of MVC were made for the
session immediately after the exercise. Here MVC was
measured both before and after the position-matching
task, to obtain a better indication of the rate of recovery
from fatigue.

Resting elbow angle. Damage from eccentric exercise in
elbow flexors leads the relaxed arm to adopt a more flexed
position than normal (Jones etal. 1987). To determine
whether some damage had been produced after the exercise
in these experiments, measurements were made of resting
elbow angle. For this, the standing subjects were asked to let
their arms hang naturally by their sides. A goniometer was
used to measure the excluded angle between the humerus
and ulna at the lateral epicondyle.

Muscle tenderness. Measurements at 24 h after eccentric
exercise showed that the muscle had developed areas of
tenderness in response to local pressure (Weerakkody et al.
2003a). To quantify this, muscle tenderness measurements
were made with a compression gauge which had a 1.5 cm
diameter plunger and a force range of 1-60 N. Resolution
over that range was £ 0.5N. Experience had shown
that the soreness was distributed unevenly across the
muscle (Weerakkody et al. 2003a). Therefore at the start
of each measurement session different regions were tested
manually until, in the subject’s view, the most sensitive
spot had been identified. Measurements of pain threshold
were made at this site and the value was recorded. For this
the plunger was pushed slowly into the muscle and the
force at which some pain was detected was recorded. If
force values were > 30 N it was assumed that there was no
soreness.
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The exercise

Eccentric exercise. The exercise regime was similar to that
described by Weerakkody efal. (2003b). Subjects were
seated in the chair of a dynamometer (Biodex, Shirley, N,
USA) with the one hand grasping the arm attachment. The
shoulder was strapped to the chair so that it did not move.
Immediately before the exercise, MVC was measured with
the dynamometer in isometric mode. During the exercise
subjects were required to resist elbow extension carried out
by the dynamometer, which was set to generate isokinetic
movents at 60 degs™' with a yield at 30% MVC. Sub-
jects were instructed to exert just enough force to slow the
movement into extension but without stopping it. When
the arm reached full extension the movement stopped, the
subjects relaxed their arm, and the arm attachment was
returned to its starting position by the operator. Subjects
carried out five sets of 10 eccentric contractions with 20's
rests between each set. This comprised one exercise bout.
Typically subjects completed four to five bouts depending
on their fitness. As soon as subjects began to have difficulty
in resisting the extension movements, the exercise was
stopped.

Concentric exercise. In this task subjects were required to
lift a weight which had been adjusted to represent a load of
30% of the isometric MVC for elbow flexors. Subjects were
asked to do aseries of lifts from full extension to full flexion.
They were instructed to lift the weight by only flexing at the
elbow, keeping their shoulder rigid. When the weight had
been lifted to the point where the elbow was fully flexed, the
experimenter lowered the weight again. Subjects carried
out sets of 10 lifts, with a 15s rest period between sets.
They continued until they began to have difficulty lifting
the weight. Subjects differed widely in their endurance,
achieving between 50 and 200 lifts. They were then seated
in front of the forearm matching gear and their arms were
taped to the paddles. Typically by this time a small amount
of force recovery had already taken place.

Statistical analysis

The data were analysed using the software package IgorPro
v.4.07 (WaveMetrics, Inc., Lake Oswego, OR, USA)
running on an Apple iMac computer. All statistical analysis
used the program Data Desk 5.0.1 (Data Description, Inc.,
Ithaca, NY, USA). Analysis consisted of an ANOVA with no
interactions, followed by a Bonferroni post hoc test, if the
ANOVA was significant. When subject was used as a factor,
it was random and the other factors, time post-exercise
and reference elbow angle were fixed factors. Position error
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versus MVC correlations used a general linear model. MVC
wasa continuous, random variable and reference angle was
a discrete, fixed variable. Threshold for significance was
taken as a P value of 0.05. Wherever mean values are cited
they are given =+ s.E.M. (standard error of the mean).

Results

Three different experiments were carried out. The first two
involved eccentric exercise, the third concentric exercise.
In the first experiment, during the forearm position-
matching task, subjects were required to actively maintain
the reference elbow angle, set by the experimenter, by
contracting elbow flexors sufficiently to support the weight
of the arm. They would then move their indicator arm to a
position they considered matched that of the reference.
In a second experiment, once the reference angle had
been selected by the experimenter, the arm was placed
in that position and kept there by means of a support.
It meant that subjects did not have to exert any effort to
maintain the reference position, so no effort cue would be
available during matching. In the third experiment muscle
fatigue was produced by concentric exercise rather than
eccentric exercise and the position-matching test used an
unsupported reference arm. Here the idea was tested that
just fatigue was sufficient to produce position-matching
errors, since it is known that concentric exercise does not
produce any muscle damage (Newham er al. 1983a,b).

Indicators of damage and fatigue

Eccentric exercise. Before considering the effects of
eccentric exercise on position sense it was necessary to
confirm that the exercise had produced some muscle
damage, since our initial hypothesis had been that any
errors in position sense were attributable to the damaging
effects of the exercise. Three indicators of damage were
measured, the drop in MVC, elbow angle and muscle
soreness.

All subjects who underwent eccentric exercise showed
a drop in MVC. The largest fall in MVC occurred
immediately after the exercise, with a mean fall of 46 + 7%
(n= 6 subjects). Force then gradually recovered, until at
72 h it was no longer significantly different from control
values (Fig.1). An ANOVA with MVC of the exercised
arm as dependent variable and subject and time post-
exercise as factors, found that time was significant. A post
hoc test on time post-exercise showed that MVC had fallen
significantly below control values immediately after the
exercise, at 2, 24 and 48 h.
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There is evidence that after eccentric exercise there is
a rise in whole-muscle passive tension (Whitehead et al.
2001, 2003). The rise in tension in elbow flexors leads the
relaxed arm to adopt a more flexed position than normal
(Jones et al. 1987). The shift in mean elbow angle observed
here was 8 deg immediately after the exercise and it peaked
at 12 deg at 24 h. An ANOVA with relaxed elbow angle of
the exercised arm as dependent variable and subject and
time post-exercise as factors showed both to be significant.
A Bonferroni post hoc test showed significant differences
from control values immediately after the exercise and at
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Figure 1. Changes in MVC and the Error-MVC relation for
position errors after eccentric exercise

A, percent change in MVC of elbow flexor muscles over 4 days after
eccentric exercise. The pre-exercise value was assigned 100%.
Continuous line, exercised arm; dashed line, unexercised arm. Values
are means (£ s.e.m.) for 6 subjects. An asterisk indicates where values
were significantly different from the control. B, relationship between
the mean decline in MVC, expressed as a percentage of control values,
and mean position matching errors (unsupported matches) between
reference and indicator arms, given in degrees of forearm inclination
above the horizontal. Matching errors were averaged across 5 trials, 3
angles and 6 subjects. The correlation was significant. The slope of the
relation was 0.05 deg per percentage MVC decline.
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2,24, 48 and 72 h. The values at 96 h were not significant.
The unexercised arm showed shifts in mean elbow angle of
less than 1 deg. The corresponding ANOVA showed that
time was significant but the post hoc test did not show a
significantly more flexed elbow at any particular time.

All subjects who underwent eccentric exercise showed
evidence of tenderness next day, in response to muscle
palpation, stretch or contraction. Pain threshold to local
muscle pressure fell at 24 h by an average of 15+ 4N.
Analysis (ANOVA plus post hoc test) showed tenderness
at 24, 48 and 72 h to be significantly different from control
values.

Concentricexercise. The drop in force after the concentric
exercise was 26 & 6% (n = 6). Unlike the eccentric exercise,
force had recovered to control levels by 2 h post-exercise
(Fig.5). An ANOVA found time post-exercise to be a
significant factor and post hoc tests revealed that MVC
immediately after the exercise was significantly different
from control values.

For the six subjects who underwent concentric exercise,
some reported a slight soreness at the end of the exercise,
but this was gone within a few minutes. Concentric exercise
was not accompanied by any change in relaxed elbow
angle.

Experiment 1 - Position matching after eccentric
exercise with the reference arm unsupported

Here six subjects participated. In this initial series it was
found that the ability of subjects to match forearm angles
under control conditions varied considerably from subject
to subject with an error range of 2—-8 deg. In the later
experiments subjects went through an initial screening
process and after a familiarization procedure using an
active matching trial, only those able to achieve an accuracy
of = 2 deg were selected for further measurements.
Immediately after the eccentric exercise, subjects made
systematic position matching errors. When the exercised
arm was the indicator, it tended to adopt a more
flexed position than that maintained by the unexercised
reference. The reverse trend was seen when the exercised
arm was the reference. The indicator arm tended to adopt
a more extended position in what the subject perceived
to be an accurate match (Fig.2). A second consistent
trend was the finding that at small forearm angles, that
is, with the forearm more nearly horizontal, errors tended
to be larger than when the arm was closer to the vertical

(Fig. 2).
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An ANOVA, with the dependent variable being the
error, expressed as the difference between exercised and
unexercised arms, and factors being reference angle, time
post-exercise and subject, found all to be significant.
For time post-exercise, the post hoc test showed the
immediately post-exercise values to be significantly
different from controls, but no other times were significant
with all P values greater than 0.9. For reference angle,
using the whole data set, errors at 30 and 60 deg were not
significantly different from each other, but errors at 90 deg
were significantly smaller. When the errors at various times
after the exercise were averaged across subjects, they were
found to be correlated with the deficit in force, relative to
its pre-exercise value (Fig. 1B). The slope of the relation
was 0.05 deg per percentage MVC.

Experiment 2 - Position matching after eccentric
exercise with the reference arm supported

A second group of six subjects participated in this
experiment. Here position of the reference arm was
maintained by means of a support and the subject was
instructed to keep that arm fully relaxed during the
matching. It meant that there would be no effort cues
coming from the reference arm.

Subjects were less sure about the position of their
arms when the reference remained relaxed. This became
apparent even before the exercise. Control mean matching
errors for trials with an unsupported reference arm
were 0.6 £ 0.7 deg when one arm was the reference and
0.4 £ 1.2 deg when the other arm was the reference. When
one arm was supported, errors were 6.1 + 1.3 deg with
one arm as reference and 3.8 + 0.8 deg with the other
as reference. Immediately following the exercise, there
were some small errors, particularly for the condition
where the exercised arm was the indicator, but these
were not significant. With this protocol, positioning of
the indicator arm was still done voluntarily by the sub-
ject. So for the indicator arm an effort cue was still
available. However any alteration of the sense of effort as
result of fatigue and damage from the exercise would not
have been apparent when the exercised arm acted as the
reference.

Data for one subject showed that when errors for
the three angular positions were pooled, they were not
significant at the peak of fatigue (Fig. 3). Indeed, this was
the case for the pooled data from the six subjects (Fig. 4),
which showed variations in matching errors during the
days after force had recovered that were larger than the
errors when the force drop was greatest, immediately
after the exercise. The points significantly different from

© The Physiological Society 2004

Position sense after fatigue 709

control values, as indicated by post hoc test, are shown
in Fig. 4. A comparison of errors pre-exercise with errors
immediately afterwards gave P = 0.58 when the indicator
arm was exercised and P = 0.99 when the reference arm
was exercised.

Experiment 3 — Concentric exercise

Because it was more difficult to get large falls in force
with concentric exercise, when compared with eccentric
exercise, it was decided to do the matching with forearm
angles closer to the horizontal (15, 30 and 45 deg). The
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Figure 2. Position matching errors after eccentric exercise
Forearm position matching errors for one subject with their reference
arm unsupported. Forearm angles were expressed in degrees above
the horizontal, which was assigned 0 deg. Three test angles were
used, 30, 60 and 90 deg. The differences in positions of reference and
indicator arms were given in degrees. When matching errors were in
the direction of flexion, they were given a positive value, when they
were in the direction of extension they were negative. Dashed line and
open symbols, reference arm unexercised; continuous line and filled
symbols, reference arm exercised. Zero error is indicated by the dotted
line. Errors were measured before a period of eccentric exercise,
immediately afterwards (0 h) and at 24, 48, 72 and 96 h. All values are
means (£ s.E.M.) across 5 trials and 3 angles. Asterisks indicate values
significantly different from control.
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rationale was that if an effort signal was involved in
position sense this would be larger for forearm angles
where the gravity vector was close to its peak. This was
also the angle range where there were large changes
in torque due to the muscle’s length—tension relation.
It was argued that any disturbance of effort by fatigue
might therefore be more readily detected at these smaller
angles.

As expected, fatigue from concentric exercise was less
and of much shorter duration than after eccentric exercise.
Immediately after the exercise MVC had dropped by
26 + 6% (n=6) and it had returned to control levels 1 h
later. During the post-exercise period subjects exhibited
position matching errors, although these were smaller
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Figure 3. Matching errors for unsupported and supported
reference arms

Pooled data for position matching errors for the 3 matching angles for
one subject. A, the subject maintained the reference angle voluntarily
by contracting elbow flexor muscles (Experiment 1). B, the reference
position was maintained by a support and the subjects were asked to
fully relax their reference arm (Experiment 2). In each panel, dashed
lines and open circles are values when the unexercised arm was the
reference; continuous lines and filled circles are when the exercised
arm was the reference. The dotted line indicates zero error. All values
are means (£ s.e.m.) across 5 trials and 3 angles. Asterisks indicate
points significantly different from control.
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than after eccentric exercise. Errors immediately after the
exercise, when the unexercised arm was the reference,
were significant (ANOVA plus post hoc test). When the
exercised arm was the reference, the ANOVA still showed
time post-exercise to be a significant predictor of matching
errors but the post hoc test revealed no individual point as
significant. The errors were in the direction predicted by
the effort:position matching hypothesis (Fig. 5). When the
exercised arm was the reference, the indicator adopted a
more extended position with a mean error of —0.4 & 3 deg
immediately after the exercise (6 subjects, 5 trials, 3 angles).
When the unexercised arm was the reference, the indicator
adopted a more flexed position with a mean error of
+1.6 £0.3 deg.
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Figure 4. Pooled data for matching errors

Pooled matching errors for 6 subjects, each of which was measured

5 times at each of 3 matching angles before and at various times after
a period of eccentric exercise. A, reference arm was unsupported. B,
reference arm supported. All values are means (& s.E.M.) across 6
subjects, 5 trials and 3 angles. Continuous line and filled symbols,
reference arm exercised; dashed line and open symbols, reference arm
unexercised. Dotted line indicates zero error. Asterisks alongside values
in A and above or below values in B indicate values significantly
different from controls.
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Combining matching errors for the exercised and
unexercised arms, and averaging across subjects for both
reference and indicator conditions showed a significant
dependence on MVC (ANOVA). The slope of the relation
was 0.053 deg per percentage MVC (Fig.5). Because
different matching angles were used for the concentric and
eccentric experiments, a direct comparison between them
was not possible.

Discussion

The working hypothesis that provided the motivation for
these experiments was that eccentric exercise in elbow
flexor muscles would produce muscle damage and any
subsequent errors in position sense would be attributable
to the damage. Position sense has traditionally been
assigned to muscle spindles (McCloskey, 1978; Matthews,
1988; Gandevia, 1996). We speculated that if ordinary
muscle fibres were damaged by eccentric exercise, it was
conceivable that the intrafusal fibres of muscle spindles,
too, could become damaged. This would lead to a
disturbance of spindle function and consequently errors in
position sense. Indeed, we had considered this a possibility
previously (Brockett ef al. 1997). In the event, the data pre-
sented here do not support such an explanation.

Perhaps the most important finding of this study
was that position errors were significant when the drop
in force was at its maximum, regardless of whether it
had been generated by eccentric or concentric exercise.
Furthermore, the sizes of the matching errors correlated
with the fall in force (Figs 1 and 5), suggesting that the
drop in MVC was responsible for matching errors. Given
that both kinds of exercise produced errors, it implied that
the muscle damage associated with eccentric exercise was
not a contributing factor, other than by its effect on muscle
force. It is known that while concentric exercise leads to
muscle fatigue there is no evidence of damage (Newham
etal. 1983a,b).

We have recently carried out a series of animal
experiments in which we eccentrically exercised the
medial gastrocnemius muscle of the anaesthetized cat
using fusimotor-strength stimulation. The exercise was
accompanied by evidence of muscle damage. Yet testing
the responses of muscle spindles to stretch and fusimotor
stimulation before and after the exercise revealed no
evidence of a change in responsiveness (Gregory et al.
2004). It was concluded that eccentric exercise did not
damage muscle spindles.

When we generate a given level of force in elbow flexors
of one arm and try to match it with the other arm, we
appear not to match the force but the effort required to
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Figure 5. Position matching errors after concentric exercise

A, changes in MVC for 6 subjects after a period of concentric exercise.
The value measured before the exercise was assigned 100%.
Measurements were carried out before the exercise, immediately
afterwards and at 2 h and 24 h. Continuous line and filled symbols,
MVC values in exercised arm. Dashed line and open symbols,
unexercised arm. Asterisks indicate values significantly different from
controls. B, mean values for 5 trials, 3 matching angles and 6 subjects
of position matching errors, in degrees, between the two forearms
after concentric exercise. Reference arm unsupported. Open circles,
unexercised arm as reference, filled circles exercised arm as reference.
C, plot of relationship between elbow matching errors and fall in
MVC. The MVC decline was expressed as the percentage below the
control value. Here matching errors were expressed for the exercised
arm relative to the unexercised arm, rather than between indicator
relative to the reference. It allowed pooling of errors for both arms and
calculation of a mean. The four values are from before the exercise,
immediately afterwards, at 2 h and at 24 h. The correlation was
significant. The slope had a value of 0.053 deg per percentage MVC.
In the figure, all values are means (& s.£.M.) across 2 arms, 3 angles, 5
trials and 6 subjects. Asterisks indicate points significantly different
from control values.
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Figure 6. Biceps EMG, the force of gravity and matching errors
for different forearm angles

A, surface EMG from biceps of an unsupported, unexercised arm
recorded for 3 different forearm angles, relative to the horizontal (10,
60 and 90 deg). B, estimated changes in the force of gravity with
elbow angle over the range 0 to 90 deg. The changes were calculated
based on the assumption that the vector acting on the arm was
proportional to the cosine of the angle of the forearm to the
horizontal. C, mean position matching errors for 30, 60 and 90 deg
(dashed line) are shown together with the changes in MVC at these
angles (continuous line). The position matching errors are means from
5 trials and 6 subjects and were measured immediately after a period
of eccentric exercise. The unexercised arm was the reference and it
was unsupported. The length dependence of MVC for elbow flexors
used data from eight subjects. Peak MVC was at 90 deg. The 30 deg
value was obtained by extrapolation (Weerakkody et al. 2003b;

Fig. 6).
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generate it (see, for example, Carson etal. 2002;
Weerakkody et al. 2003b). The present-day view is that the
sensation of effort is generated centrally as a result of inter-
actions between sensory and motor cortex (McCloskey
etal. 1983; Gandevia, 2001). The sense of effort has been
referred to as deriving from a corollary discharge or
efference copy of the motor command (Matthews, 1988).
Here we propose that the effort required to maintain
position of the arm against the force of gravity provides us
with information about its location in space.

For the unsupported matching task, a consistent finding
was that when the unexercised arm was the reference
and matching was done with the fatigued indicator, this
adopted amore flexed position with respect to the reference
(Figs 1 and 3). Mean peak error for the six subjects was
4.0 £ 0.7 deg (Fig.4). So, if the subject was using the
perceived effort in the two arms to achieve a match, they
placed the fatigued arm more nearly vertically. Our inter-
pretation is that the exercise had disturbed the relationship
between force and effort so that more effort was now
required to maintain position of the arm at a given forearm
angle. Adoption of a more vertical position requires less
effort, for two reasons. First, the vector component of the
force of gravity on the arm is less (Fig. 6). Second, a more
vertical position is closer to the elbow flexors’ optimum
length for active tension (Fig. 6). Thus in matching efforts
subjects placed the fatigued arm in a position where the
force generated by its elbow flexors was sufficient to bear
its weight. The relationship between the flexing torque
required to support the arm and forearm angle has the
shape of a half-sinusoid (cosine), with forces peaking
when the arm was horizontal, where the gravitational
vector was largest (Fig.6). The change in torque with
angle becomes steeper for larger forearm angles. We inter-
pret the smaller errors seen with larger matching angles
(Fig.2) as due to the more precise information sub-
jects received about the position of their forearm over
this range.

When the exercised arm was the reference, in the
unsupported task (Figs 2 and 3), the unexercised indicator
adopted a more extended position. Our explanation is that
the reference effort signal was larger than normal, because,
as a result of fatigue, the tension generated by a given
effort was less. Because of the larger reference effort, the
unexercised matching arm adopted a position where more
effort would be required to maintain its position. A more
extended arm is subject to a larger vector component of
the force of gravity and elbow flexors are further down the
ascending limb of their length—tension relation. The errors
with the fatigued arm acting as the reference were generally
smaller, with a mean of 3.1 & 0.6 deg, perhaps because in
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the direction of extension the length—tension relation for
elbow flexors becomes steeper and so the effort required
to generate a given level of force is proportionately greater.

To put our ideas about the sense of effort to the
test we devised an experiment in which there was no
reference effort cue. This was done by supporting the
reference arm. The data from this experiment showed
that with the reference arm supported, subjects no longer
made consistent errors between the two sides. The errors
observed immediately after the exercise, when force levels
had significantly fallen, were less than the random errors
observed during the following days (Figs 3 and 4).

There were some small, if non-significant, errors
immediately after the exercise when the exercised arm
was the indicator. These persisting errors were perhaps
the result of the subjects using their memory of the
relationship between effort and position, in the absence
of a reference cue. This led to errors because elbow flexors
were fatigued.

Following the concentric exercises, errors measured
with the reference arm unsupported, were in the
anticipated direction and they were larger when the
unexercised arm was the reference, compared with errors
when the reference arm had been exercised. There was
also a 10% increase in MVC in the exercised arm at 24 h,
perhaps because of a training effect.

Our findings are consistent with the results of Saxton
et al. (1995). The opposite result observed by Brockett et al.
(1997), we attribute to the fact that effects of eccentric
exercise in one arm were compared with concentric
exercise in the other. No comparisons were made with
unexercised arms. In addition, the exercise was rather
mild, leading to a drop in MVC which was greater for
the concentric exercise (14%) than the eccentric exercise
(10%). The greater fatigue after concentric exercise would
account for the direction of the errors.

We are therefore suggesting that the effort required
to maintain the arm against the force of gravity
provides a positional cue. This idea is not new
(Weber, 1922; Soechting, 1982; Watson etal. 1984;
Worringham & Stelmach, 1985). Its consideration has
recently been brought into focus by reports of the
difficulties encountered by astronauts in carrying out
motor tasks in the absence of visual control in a low-
gravity environment (Young etal. 1993; McCall etal.
2001). In other experiments, by changing the force of
gravity, positional illusions are experienced (Lackner &
Graybiel, 1981). Removing the influence of gravity by
supporting the arm (Paillard & Brouchon, 1968) or by
using a counterweight (Gooey efal. 2000) leads to less
consistent matching. The idea of effort-related positional
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errors has also been invoked in circumstances where
gravity was notafactor. Paralysis of the extraocular muscles
led to a displacement of the visual field and a perceived
displacement of targets. Focusing on targets further out in
the peripheral field required more effort and led to larger
perceived displacements (Stevens, 1978).

A role for muscle spindles in kinaesthesia remains
undisputed. The experiments of Goodwin etal. (1972)
have demonstrated the powerful illusions of position and
movement of a limb produced by muscle vibration. The
receptors responsible are most likely muscle spindles (Roll
etal. 1989). But because of the fusimotor innervation
of spindles, there are difficulties in assigning to them a
role in static position sense (McCloskey et al. 1983). Our
current working hypothesis is that when the arm is moved
into position, the movement information comes largely
from muscle spindles, with additional contributions from
skin and joint receptors. Once the arm is in position,
the effort required to keep it there provides detailed
positional information. How the force—effort relationship
is calibrated, remains unclear. Perhaps it involves tendon
organs. There are, of course, other circumstances in which
tendon organs are likely to play a more major role in
signalling force, for example, during the tonic vibration
reflex (McCloskey et al. 1974).

Consistent with the idea that position information and
movement information have different origins, Sittig et al.
(1985) found subjects’ perception of velocity and position
both affected by muscle vibration. By appropriate inter-
rogation, subjects could readily switch between the real
and illusory positions, as though they were accessing two
different sources of information. More recent experiments
on repetitive hand reaching movements in the absence of
vision have shown hand position drifting while distance
and direction remain accurate. It was concluded that
position and movement information are controlled by
distinct neural mechanisms (Brown et al. 2003).

It could be argued that the pattern of positional errors
observed in this study is the result of fatigue-related
changes in the responses of muscle spindles. Whenever
we carry out a voluntary contraction there is coactivation
of skeletomotor and fusimotor neurones (Vallbo, 1974).
When the fatigued arm was the reference, because of
the greater activation required to maintain its position,
spindle firing rates would be expected to be higher.
This would be matched by the indicator arm adopting
a more extended position, where the muscle and its
spindles were subjected to a greater degree of stretch.
Similar arguments could be used to explain errors in
the opposite direction when the unfatigued arm was the
reference.
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However it is unlikely that the fusimotor-evoked
increases in spindle firing provide a positional signal.
We know that carrying out a voluntary isometric
contraction, where spindles are also coactivated, produces
no positional illusions. The present-day interpretation is
that there is a central subtraction process of any fusimotor-
evoked spindle activity from the length-related discharge
(McCloskey et al. 1983). If that is the case, there should not
be a fatigue-related change in spindle positional signal.

In summary, we have provided evidence from
experiments on eccentric and concentric exercise that the
effort required to hold our limbs in space provides us with
static positional information. Little is known about the
central mechanisms associated with generation of the sense
of effort. One of the challenges for the future will be to
determine how the effort signal is generated and how it
combines with afferent information from the periphery to
give us our kinaesthetic sense.
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