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with the SD. For the SD of time to peak force, there was
a significant Order x Limb interaction, F(l, 8) = 7.62, p
= .02, which indicated that time to peak force variability
decreased by 22% for elbow flexors when elbow flexor
contractions were preceded by ankle dorsiflexor contrac-
tions and by 23% for the ankle dorsiflexors when ankle
dorsiflexor contractions were preceded by elbow flexor
contractions (see Figure 1B). For time to peak force error,
there was a significant Order x Limb interaction, F(l, 8)
8.48, p = .02, which indicated that time to peak force error
decreased by 23% for the elbow flexors when elbow flexion
was preceded by ankle dorsiflexor contractions and by 24%
for the ankle dorsiflexors when ankle dorsiflexion was pre-
ceded by elbow flexor contractions (see Figure IB).

Discussion

Our purpose in this study was to compare force and time
end-point accuracy of goal-directed ipsilateral upper and
lower limb isometric contractions and to determine the
components of motor performance that can be transferred
from one limb to the other after practice. The novel finding
of this study is that participants were able to transfer the
time component but not the force component of motor per-
formance between the ipsilateral upper and lower limbs after
100 practice trials. Our findings specifically demonstrate
that timing error and variability significantly decreased for
the limb that performed the goal-directed task second. That
transfer of performance between ipsilateral upper and lower
limb contractions supports and extends previous findings on
interlimb transfer (Shin & Ivry, 2002; Teixeira, 2000). The
transfer of time between ipsilateral upper and lower limbs
may be possible because planning of the timing (but not the
force) of the contraction may occur at a common part of the
brain for both upper and lower limbs. We believe that trans-
fer of time was central (preprogrammed) in origin for two
reasons: (a) The speed of the goal-directed contractions was
200 ms, which does not allow sufficient time for processing
of sensory feedback (no visual feedback) and adaptations to
the descending input to influence the motor output (Chris-
tou, Poston, Enoka, & Enoka, 2007), and (b) the transfer
was similar between the two contraction orders (upper to
lower limb vs. lower to upper limb). Such evidence comes
from the study of Floyer-Lea and Matthews (2005), who
showed that initial learning of an isometric task was associ-
ated with decreases in activity in the prefrontal cortex, pari-
etal cortex, and cerebellar cortex and with increases in the
cerebellar dentate nucleus, putamen, and thalamus. In con-
trast, the inability of participants to transfer the force output
between the two limbs may be related to the following fac-
tors: First, force gradation is primarily caused by additional
recruitment of motor units and an increase in discharge rate
(Enoka et al., 2003). The motor unit recruitment range for
the primary agonist muscles involved in upper and lower
limb contractions is -90% (for biceps brachii, see Kukulka
& Clamann, 1981; for tibialis anterior, see Van Cutsem
et al. 1997). It is possible, therefore, that because force was

normalized to 25% of the maximum and time to peak force
was restricted to 200 ins, both recruitment and discharge
rate of motor units were similar for the two limbs.

Another finding was that the error and variability in peak
force was greater for ankle dorsiflexor contractions than
for elbow flexor contractions, which supports the findings
of Christou, Zelent, and Carlton (2003). In contrast, our
finding is contrary to a previous demonstration of similar
force control with the upper (fingers and forearm) and
lower (foot) limbs (Keele, Ivry, & Pokorny, 1987). The limb
differences in force accuracy were associated with greater
peak force variability in the lower limb, which could be
related to a noisier descending input to the motoneuron pool
of the lower limb.

In summary, the present results demonstrate that
timing-but not force-end-point accuracy and end-point
variability transfer between ipsilateral upper and lower
limbs. In addition, the findings indicate that participants'
upper limbs exhibit greater force end-point accuracy and
lower peak force variability than do their lower limbs.
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