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the elbow by the use of a tungsten microelectrode, which was 
insulated except for its tip. To control artifacts arising from blood 
circulation, each stimulus or train of stimuli was delivered after a 
systolic pulse pressure wave and after electronically resetting the 
force baseline to zero (Fig. 1). 

Force and electromyographic (EMG) recording 
The hand and fingers were firmly stabilized in molded modeling 

clay. Isometric thumb abduction and flexion force components 
were recorded simultaneously with a two-dimensional strain 
gauge system applied to the interphalangeal joint of the thumb, 
which was immobilized in an extended position. The position of 
the thumb was defined by 0.5 N resting tension in both abduction 
and flexion directions. EMG was measured from both the proxi- 
mal and distal thenar muscle surfaces. 

Protocol 
After isolation of a single motor unit (for criteria, see Westling et 

al. 1990), each axon was stimulated with 5- 10 pulses, at a rate 
corresponding to the heart rate, before and after test protocols 
designed to examine the following motor unit properties: I) their 
force-frequency relations as reported here; 2) the stimulus pattern 
that maximizes their force (to be described in a subsequent re- 
port); or 3) their responses to fatigue (Thomas et al. 199 1). Force- 
frequency responses were recorded when trains of pulses were de- 
livered at 5, 8, and 10 Hz, each train 2 s duration, then at 15, 20, 
30, 50, and 100 Hz, each train 1 s duration. Each pulse train was 
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separated by an interval of 0.5- 1 s, depending on heart rate. The 
stimulation sequences were delivered in order of ascending, then 
descending, frequencies or vice versa. Because there were no obvi- 
ous systematic differences between the forces obtained, the data 
from the ascending and the descending frequency sequences were 
pooled. To determine the stimulus patterns that maximized force 
output, two pulses were delivered 500 ms apart, then repeatedly at 
intervals reduced to 5 ms in increments of 100, 20, or 5 ms. The 
interval that generated maximum twitch summation was then re- 
peated as a third pulse was delivered at progressively shorter inter- 
vals. This process was repeated until six such intervals were estab- 
lished (Thomas et al. 1989). To assess the fatigue properties of 
each unit, trains of 13 pulses were delivered at 40 Hz every 1 s for 2 
min (Burke et al. 1973). 

Most units were subjected to all three tests. However, the first 
test was always either 1 or 2 above. For some units, these test 
protocols were repeated. 

Data collection and analysis 
All force and surface EMG data and stimulus (and trigger) 

events were sampled on-line by a laboratory computer system 
(12-bit A-D converter) at rates of 0.4, 3.2, and 3.2 kHz, respec- 
tively, as described previously (Westling et al. 1990). 

The resultant force was calculated from the abduction and flex- 
ion force components recorded during the force-frequency tests, 
and the following contractile parameters were measured: peak 
force, mean force (total force-time integral/total force duration), 
the maximum positive and negative time differentials of the force 

FIG. 1. Resultant force records from 1 mo- 
tor unit when its axon was stimulated with 
trains of pulses at frequencies indicated. Each 
train of stimuli was synchronized to the heart- 
beat. Note the force baseline reset (v) before 
stimulation, the force fluctuations from subse- 
quent pulse pressure waves (v), and the unitary 
nature of the responses (*no response to 1st 
pulse at 5 Hz, but once the current intensity was 
increased slightly, the unit always responded). 
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