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Abstract
Objective: A satellite potential is a late component of the motor unit action potential (MUAP) that occurs both in pathologic and normal
muscle. We investigated the physiological mechanisms responsible for satellite potentials in normal muscle by relating the latencies of
MUAP features to the timing of the underlying electrical events.
Methods: We analyzed 21 MUAPs with satellite potentials that had been recorded using a monopolar needle electrode from brachial
biceps and tibialis anterior muscles in 10 normal subjects. We estimated the endplate-to-electrode, endplate-to-tendon, and satellite propagation times from the latencies, with respect to the MUAP onset, of the MUAP spike, terminal wave, and satellite.
Results: Satellite latencies ranged from 8.8 to 32 ms, too long to be explained by mechanisms involving regenerating axons or atrophic
muscle ®bers. The spike-to-satellite time intervals approximated either twice the spike-to-terminal-wave interval (17 MUAPs) or twice the
terminal-wave latency (4 MUAPs).
Conclusions: These results are consistent with the hypothesis that satellite potentials are due to retrograde propagation in a non-innervated
muscle ®ber that is connected with an innervated muscle ®ber at one of the muscle/tendon junctions. Such a con®guration could arise as a
result of longitudinal muscle-®ber splitting. q 1999 Elsevier Science Ireland Ltd. All rights reserved.
Keywords: Needle electromyography; Motor unit action potential; Satellite potential; Muscle ®ber longitudinal splitting; Velocity recovery function

1. Introduction
Satellite potentials (or late-latency components) are a
recognized phenomenon in motor unit action potential
(MUAP) analysis (StaÊlberg et al., 1986, 1996; Daube,
1991). The most commonly accepted de®nition for the satellite potential is that it is a late spike, usually an action
potential (AP) from a single muscle ®ber, distinct from
the main spike but time-locked to it (StaÊlberg et al.,
1986). In some rare instances, time-locked potentials have
been reported to appear before the main spike (Lang and
Partanen, 1976; StaÊlberg et al., 1986; Finsterer and Mamoli,
1997). Satellite potentials are most commonly seen in some
neuropathies and myopathies (Borenstein and Desmedt,
1975, 1980; Lang and Partanen, 1976; Uncini et al., 1990;
Cruz-Martinez and Lopez-Terradas, 1992; Finsterer and
Mamoli, 1997; Rowinska-Marcinska et al., 1997). Satellite
potentials are also occasionally seen in healthy muscles
(Buchthal and Rosenfalck, 1973; Borenstein and Desmedt,
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1975; Lang and Partanen, 1976; Finsterer and Mamoli,
1997).
All of the previously proposed explanations for the occurrence of satellite potentials involve pathological mechanisms leading to an increased AP propagation time along
regenerating axons and their branches and/or along atrophic
muscle ®bers. This is based on the existence in pathological
muscle of extremely long and/or slender (possibly unmyelinated) collateral axon sprouts; aberrant endplate positions
because of collateral reinnervation; immature endplates
with slow neuromuscular transmission; and small diameter
muscle ®bers resulting from atrophy, fragmentation after
focal necrosis, or regeneration. However, while satellite
potentials may be caused by one or more of these mechanisms in cases of neuromuscular disorders, it is not clear that
such mechanisms are necessarily responsible for the satellite potentials in normal muscles.
This paper presents a detailed analysis of the waveforms
of several MUAPs with satellite potentials from normal
muscles of healthy subjects. The analysis is based on the
results from previous simulation and experimental studies
(Dimitrova, 1974; StaÊlberg et al., 1986, 1996; Dimitrova et
al., 1991; Gootzen et al., 1991; Lateva et al., 1993, 1996;
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Fig. 1. Analysis of the MUAP waveform. First, 4 MUAP time markers
were identi®ed: onset, spike, terminal wave and satellite, which correspond,
respectively to the following electrical events: initiation of the MUAP at the
endplate, arrival of the MUAP at the recording electrode, arrival of the
MUAP at the muscle/tendon junction and arrival of the satellite potential
at the recording electrode. Second, the following latencies and intervals
were measured: spike latency (SpL), terminal-wave latency (TWL), satellite latency (SatL), spike-terminal-wave interval (Sp-TW) and spike-satellite interval (Sp-Sat).

Lateva and McGill, 1998a,b) that relate speci®c morphological features of the MUAP to certain electrical events in the
muscle. In particular, in MUAPs recorded by monopolar
needle electrodes, the 4 main stages of electrical activity ±
the initiation, propagation, termination, and slow repolarization ± are each marked by a speci®c morphological
feature. The initiation of electrical activity is marked by
the distinct onset of the MUAP (StaÊlberg et al., 1996; Lateva
and McGill, 1998a,b). Since the single-®ber action potentials (SFAPs) are initiated at the endplates of the individual
muscle ®bers of the MU almost simultaneously (Buchtal, et
al., 1955) and since the resulting electrical ®eld spreads
through the volume conductor instantaneously, the MUAP
onset is recorded at the same time at all recording sites. The
propagation of electrical activity past the recording electrode is marked by the spike of the MUAP. The latency of
the spike thus depends on the location of the recording
electrode with respect to the endplate and the muscle/tendon
junction. The termination of electrical activity at the
muscle/tendon junction is marked by a distinct MUAP
de¯ection known as the terminal wave (Gydikov and
Kosarov, 1972; Kosarov and Gydikov, 1975; Gootzen et
al., 1991; Lateva et al., 1996; Roeleveld et al., 1997). Like
the onset, the terminal wave occurs at the same time at all
recording sites. The terminal wave has a ®nite duration
owing to the duration of the intracellular action potential
and the temporal dispersion of SFAP arrival times at the

muscle/tendon junction. Finally, the slow repolarization of
the muscle ®bers has recently been shown to be responsible
for the slow afterwave of the MUAP (Lateva and McGill,
1998a).
The MUAP waveform thus presents a temporal record of
the sequence of electrical events within the MU. In particular, the onset-to-spike and onset-to-terminal-wave latencies
are, respectively, direct measures of the endplate-to-electrode and endplate-to-tendon propagation times. This
makes it possible to compare the propagation times of the
satellite potential and the main MUAP component.
The results of the analysis lead us to propose a new
hypothesis for the origin of satellite potentials in normal
human muscles. The hypothesis states that satellite potentials are produced by pairs of muscle ®bers that are
connected at one of the muscle/tendon junctions. One of
the ®bers receives neural innervation while the other does
not. This con®guration might arise because of longitudinal
muscle-®ber splitting (Bell and Conen, 1968; Swash and
Schwartz, 1977; Editorial, 1978; Swash and Schwartz,
1984; Loughlin, 1993).
2. Materials and methods
We searched for MUAPs with satellite potentials in 516
EMG signals that were recorded as a part of a previous study
(Howard et al., 1988). The EMG signals were recorded from
brachial biceps (BB) and tibialis anterior (TA) muscles of
10 normal volunteers (6 males and 4 females) aged 20±37
years (mean 27) with no history of neuromuscular disease
and with normal EMG exams. All subjects gave informed
consent to the experimental procedure which was approved
by the Stanford University Committee on the Use of Human
Subjects in Research.
The signals were recorded intramuscularly by a monopolar needle electrode (TECA MF25) during voluntary
isometric contractions at less than 30% MVC. The surface
reference electrode was put close to the insertion site.
Signals from monopolar needle electrodes were investigated
because they yield MUAPs in which the onset and terminal
wave can be clearly seen. In signals recorded by concentric
needle electrodes, on the other hand, these components are
often canceled by the contribution from the cannula (StaÊlberg et al., 1986, 1996). Ten needle insertions in different
parts of each muscle were performed and 3 10±s±long EMG
signals were collected at each insertion site at different force
levels. The signals were ®ltered at 8 Hz and 8 kHz, sampled
at 10 kHz, stored on tape, and then transferred to a Macintosh computer for further analysis.
The MUAP trains in each EMG signal were identi®ed offline using a computerized decomposition program that we
developed. The program was able to identify many of the
MUAPs and MUAP discharges automatically using the
ADEMG algorithm (McGill et al., 1985; McGill and Dorfman, 1989). Then one of the investigators checked the entire
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Table 1
Pro®le of subjects
Subject

1
2
3
4
5
6
7
8
9
10
Total

Age (years)

25
24
28
37
20
26
30
27
28
32

Sex

F
F
M
F
M
M
M
F
M
M

MUAPs in BB

MUAPs in TA

Total

With satellites

Total

With satellites

256
246
231
192
190
161
243
236
214
218
2187

0
1
0
9
0
0
0
0
0
2
12

198
273
232
177
186
138
251
213
196
201
2065

0
2
2
0
0
0
3
0
1
1
9

EMG signal using the program interactively to verify the
results and identify any discharges that remained. Finally,
the MUAP waveforms were averaged from the signal using
an interference-cancellation algorithm (McGill et al., 1985).
In this way it was possible to obtain MUAP waveforms with
¯at baselines and very low noise levels, in which the onsets
and terminal waves could usually be clearly recognized.
The MUAP waveforms were inspected for satellite potentials. Signal components were regarded as satellites if they
were time-locked to the main MUAP spike and occurred
before the MUAP onset or after the MUAP terminal wave.
The MUAP averaging window extended from 40 ms before,
to 40 ms after the main spike so that any time-locked activity
within these limits could be detected. These limits were
larger than the maximum spike-satellite interval (26 ms)
reported in normal muscle by Lang and Partanen (1976).
For each MUAP found to have a satellite potential, a
detailed analysis of the averaged MUAP waveform was
performed. First, the important time markers were identi®ed: the onset, the peak of the main spike, the peak of the
terminal wave and the peak of the satellite spike (Fig. 1).
Then the following latencies were measured: (1) the spike
latency; (2) the terminal wave latency; and (3) the satellite
latency. From these measures, two more time intervals were
derived: the spike-terminal-wave interval and the spikesatellite interval. The spike and terminal-wave latencies
correspond to the propagation times of the main MUAP
component from the endplate to the recording electrode
and to the tendon, respectively. The spike-satellite interval
equals the difference between the propagation times of the
main MUAP component and the satellite potential along
both the nerve twigs and muscle ®bers from the point of
axonal branching to the site of the recording electrode. The
peak-to-peak (p-p) amplitudes of the main MUAP spike and
the satellites were also measured. The durations of the terminal wave and the satellite spike were estimated.
Finally, the amount of blocking and the spike-satelliteinterval variability were determined. Each discharge of each
relevant MUAP was reexamined to check for blocking of

the satellite potential and to measure the spike-satellite
interval. The measurements were made to sub-samplinginterval precision by high-pass ®ltering the signal (1.2
kHz) and using a high-resolution alignment algorithm
(McGill and Dorfman, 1984). The interdischarge intervals
(IDIs) were also measured. The jitter of the spike-satellite
interval was then computed as the mean consecutive difference between the intervals, using the correction method of
Davis et al. (1988) to remove the IDI dependency attributable to the velocity recovery function.
3. Results
The EMG signals were moderate interference patterns
with 3±16 MUAP trains (mean 8) and ®ring rates in the
range of 5±18 Hz. Totals of 2187 and 2065 different
MUAPs were obtained from the EMG signals recorded in
BB and in TA, respectively. Among all the MUAPs there
were only 21 with satellite potentials, of which 12 were in
BB (0.55%) and 9 in TA (0.44%). The distribution of MUAPs
with satellites between subjects is shown in Table 1.
The p-p amplitude of the satellite potentials ranged from
50 to 581 mV (mean 205 mV). The satellites were generally
much smaller than the MUAP main spike. The ratio between
the satellite p-p amplitude and the main-spike p-p amplitude
was in the range of 0.05±0.7 (mean 0.2). Measuring the
exact duration of the satellite potentials was dif®cult
because they were usually superimposed on the MUAP
slow afterwave, but their estimated duration was not longer
than that of a SFAP (®brillation potential), i.e. about 2±3 ms.
No MUAPs had more than one satellite, and no satellites
were observed before the MUAP onset. The satellite latencies ranged from 8.8 to 32.2 ms (mean 18.8 ms). The spikesatellite intervals ranged from 6.3 to 21.9 ms (mean 15.5
ms). There was no relationship between the spike latency
and the spike-satellite interval (Fig. 2).
While analyzing the waveforms of the MUAPs with satellite potentials, we noticed that they could be divided into
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latency (assuming that the left and right muscle-®ber semilengths are approximately equal) plus the spike latency. In
this case, the spike-satellite interval equals twice the terminal-wave latency.
Blocking of the satellite potential was never observed in
any of the 1660 recorded discharges of the 21 MUAPs. The
spike-satellite intervals exhibited relatively little variability.
The mean consecutive differences ranged from 18 to 200 ms,
while the IDIs ranged from 53 to 518 ms. A large part of the
variability could be attributed to the velocity recovery function, as evidenced by the signi®cant positive correlation

Fig. 2. No relationship existed between the spike-satellite interval and the
spike latency for 21 MUAPs with satellite potentials.

two groups. The ®rst group consisted of 17 MUAPs for
which the spike-satellite interval was approximately twice
as long as the spike-terminal-wave interval, so that the terminal wave occurred midway between the spike and the satellite (Fig. 3A). The second group included 4 MUAPs that had
longer spike-satellite intervals, so that the terminal wave
occurred closer to the spike than to the satellite (Fig. 4A).
This result is presented in Fig. 5 for all 21 MUAPs. For the
MUAPs in the ®rst group, the midpoint between the spike
and the satellite always fell within the extent of the terminal
wave (which ranged from 2.5 to 4 ms), and in fact always
fell within 1 ms of the peak of the terminal wave (Fig. 5,
open circles). For the MUAPs in the second group, the
spike-satellite interval was always larger than twice the
spike-terminal-wave interval (Fig. 5, ®lled circles) but it
was approximately equal to twice the terminal-wave latency
(Fig. 5, asterisks).
A schematic representation of the hypothesized physiological model that explains these results is given in Figs. 3B
and 4B. The model shows a single ®ber, representing the
bulk of the MU, and a pair of ®bers with an anatomical
continuity at one muscle/tendon junction. During the
MUAP, the rightward-going SFAP in the innervated ®ber
of the connected pair propagates to the point of continuity
and then back along the non-innervated ®ber, where, as it
passes the electrode, it is recorded as the satellite potential.
For the ®rst group of MUAPs (Fig. 3), the electrode is
located between the endplate and the point of continuity,
so that the satellite latency equals the spike latency plus two
times the spike-terminal-wave interval. Thus, in this case,
the spike-satellite interval equals twice the spike-terminalwave interval. For the second group of MUAPs (Fig. 4), the
electrode is located on the other side of the endplate, so that
the satellite latency equals two times the terminal-wave

Fig. 3. In 17 of the MUAPs, the spike-satellite interval was approximately
twice the spike-terminal-wave interval. (A) Example MUAPs from BB
(top) and TA (bottom). Note that the midpoints of the spike-satellite intervals (arrows) occurred within the extent of the terminal waves. (B) Schematic representation of the proposed physiological model, showing a single
®ber and a pair of ®bers connected at the muscle/tendon junction (ep,
endplate; mjt, muscle/tendon junction; mne, monopolar needle electrode;
pc, point of continuity). The direction of AP propagation along the ®bers is
shown by arrows. The satellite potential is hypothesized to be due to retrograde propagation in the non-innervated ®ber of the connected pair. In this
case, the electrode is located on the same side of the endplate as the point of
continuity, so the satellite latency corresponds to the endplate-to-electrode
propagation time (SpL) plus two times the electrode-to-tendon propagation
time (Sp-TW). Therefore, Sp-Sat  2 p Sp-TW.
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muscles are due to the hypothesized mechanism, it should
be asked whether they can be explained in any other way.
Several mechanisms have been previously proposed as
possible sources of origin for late-latency MUAP components.
One proposed mechanism is that satellite potentials come
from newly innervated muscle ®bers. Their long latency is
explained by the slow conduction velocity in the immature
nerve branch, which is initially unmyelinated and of small
diameter. However, even if the conduction velocity along
the immature nerve branch were as slow as 1.5-2 m/s
(Uncini et al., 1990), the branch would have to be up to
33±44 mm in length to account for the spike-satellite intervals we observed, which were up to 21.9 ms. The existence
of such long axon collaterals in a normal healthy muscle is
very unlikely. Moreover, the fact that none of the 21
MUAPs we observed had more than one satellite argues
against the possibility that the satellite came from a reinnervated ®ber that had been denervated due to loss of a motor
axon. If that had been the case, then the reinnervating axon
might have been expected to also reinnervate some of the
other muscle ®bers belonging to the denervated MU, resulting in a MUAP with multiple late components as seen in
some neurogenic disorders.
The long latency of satellite potentials has also been
attributed to increased neuromuscular transmission delay

Fig. 4. In 4 of the MUAPs, the spike-satellite interval was approximately
twice the terminal-wave latency. (A) Example MUAPs from BB (top) and
TA (bottom). (B) Schematic representation of the proposed physiological
model, as in Fig. 3. In this case, the electrode is located on the other side of
the endplate from the point of continuity, so the satellite latency corresponds to two times the endplate-to-tendon propagation time (TWL) plus
the endplate-to-electrode propagation time (SpL). Therefore, Sp-Sat 
2 p TWL.

between the spike-satellite interval and the preceding IDI
(Fig. 6). After correcting for this dependency, the jitter
values ranged from 13 to 71 ms in BB, with 7 of 8 values
being less than or equal to 45 ms, and from 29 to 135 ms in
TA, with 6 of 9 values being less than 80 ms. For the other 4
MUAPs, the signal-to-noise ratios were too poor to allow
accurate measurement of the spike-satellite-interval variation.

4. Discussion
4.1. Previously proposed mechanisms
Before accepting that satellite potentials in normal human

Fig. 5. Spike-satellite intervals of all the MUAPs. For the ®rst group of
MUAPs, the spike-satellite interval was approximately twice the spiketerminal-wave interval (open circles), while for the second group it was
much larger (®lled circles). For all the MUAPs in the ®rst group, the
midpoint of the spike-satellite interval fell within ^1 ms of peak of the
terminal wave (dashed lines), which was well within the extent of the
terminal wave. For the MUAPs in the second group, the spike-satellite
interval was approximately equal to twice the terminal-wave latency (asterisks).
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Fig. 6. Positive correlation between the spike-satellite interval and the
preceding interdischarge interval (IDI). (A) Four different discharges of a
MUAP from BB showing the variability of the spike-satellite interval. (B)
Spike-satellite intervals for all 76 discharges of this MUAP versus preceding IDI and the regression line. The 4 discharges shown in (A) are marked
as ®lled circles.

at a newly formed endplate. However, since the normal
neuromuscular transmission delay is less than 1 ms, it is
very unlikely that this mechanism could account for the
long spike-satellite intervals we observed. The lack of
blocking and the small spike-satellite-interval variability
also argue against an abnormality of neuromuscular transmission.
Late components have also been attributed to an abnormally wide scatter of the endplates along the muscle ®bers
of the MU. The spatial scatter of the MU endplates is
thought to account for the multiple peaks seen in some
MUAP spikes (StaÊlberg and Dioszeghy, 1991; Lateva and
McGill, 1998b), each peak being generated by a fraction of
the MU innervated by a separate branch of the nerve ®ber. In
the case of multiple MUAP peaks, the temporal separation
between the peaks is never more than about 5 ms, which
corresponds to a spatial separation between endplate zones
of 15±20 mm (assuming a muscle-®ber conduction velocity
of 3±4 m/s). However, to account for a satellite potential
such as the one shown in Fig. 1, which has a spike-satellite
interval of 19.2 ms, a spatial separation of 58±77 mm would
be required. This is twice as long as the MU's endplate-to-

tendon distance (based on the MUAP's terminal-wave
latency of 10 ms), which is unrealistic.
Another proposed mechanism involves slow conduction
velocity along atrophic, fragmented, or regenerating muscle
®bers. However, Lang and Partanen (1976) measured
conduction velocities of satellite potentials in normal muscle
and found them to be in the normal range. Moreover, if satellite potentials resulted from abnormally slow muscle-®ber
conduction velocity, then one would expect a strong correlation between spike latency and spike-satellite interval. That
is, when the recording electrode is farther from the endplate,
one would expect a greater difference between the arrival
times of the spike and the satellite due to the longer propagation distance. However, our results did not reveal such a
correlation (Fig. 2). For example, the MUAP in Fig. 1 had
a short spike latency (1.1 ms), indicating that the recording
electrode was very close to the endplate, but a very long
satellite latency (21.4 ms). The satellite conduction velocity
would have to have been only about 0.05 % that of the spike,
or about 0.15±0.2 m/s, to produce so long a latency. Such
slow muscle-®ber conduction velocities have never been
observed.
Finally, Lang and Partanen (1976) suggested that satellite
potentials could be related to late components known as
axon re¯exes which are sometimes seen following nerve
stimulation (Fullerton and Gilliatt, 1965; StaÊlberg and Trontelj, 1970). These components have been attributed to the
existence of an axonal branching point located proximal to
the site of stimulation. A submaximal stimulus may excite
only one of the branches, generating an orthodromic signal
that produces the main response, and a signal that travels
antidromically to the branching point and then orthodromically along the second branch to produce the late component. However, such a mechanism would not be expected to
operate during voluntary activation, since the descending
nerve signal would activate both branches.
Thus, even though some or all of those previously
proposed mechanisms might provide plausible explanations
for late components in pathological muscle, none of them is
suf®cient by itself to explain the occurrence of the satellite
potentials we recorded in normal muscle.
4.2. Split-®ber mechanism
We hypothesize that satellite potentials in a normal
human muscle are due to an action potential propagating
along a non-innervated muscle ®ber which is connected to
an innervated muscle ®ber at one of its muscle/tendon junctions. The long latency of the satellite potential thus re¯ects
the sum of the propagation time along the innervated ®ber
from the endplate to the muscle/tendon junction, plus the
propagation time along the non-innervated ®ber from the
muscle/tendon junction back to the recording site. This
mechanism is consistent with all the results of the present
study as well as with the published results from other experimental studies.
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Fig. 7. The slope of the regression line (rate of change) of the spike-satellite
interval with respect to the preceding IDI (normalized by the mean value of
the spike-satellite interval), plotted as a function of the mean IDI. The
MUAP shown in Fig. 6 is marked as a ®lled circle. The time constant of
the exponential ®t of the data is 160 ms. The right axis shows recalculated
VRF.

Lang and Partanen (1976) used a pair of electrodes with a
®xed interelectrode separation to measure the velocity and
direction of propagation of both the MUAP main spike and
the satellite potential in normal muscle. They found that the
main spike and the satellite had similar velocities, but that
some satellites propagated in the opposite direction to the
spike while others propagated in the same direction (Lang
and Partanen, 1976, Fig. 2). This result is consistent with the
proposed model when the recording electrode is located on
the same (Fig. 3B) or opposite (Fig. 4B) side of the endplate
as the point of continuity, respectively.
Pairs of connected muscle ®bers could come about by the
process of longitudinal muscle-®ber splitting, which has
been observed to occur in normal muscle (Bell and
Conen, 1968; Swash and Schwartz, 1977; Editorial, 1978;
Swash and Schwartz, 1984; Loughlin, 1993). Longitudinal
muscle-®ber splitting is generally recognized in transverse
sections as a ®ber with a deep invagination of its sarcolemma directed toward a centrally located nucleus (Bell
and Conen, 1968; Swash and Schwartz, 1977, 1984).
Muscle ®ber nuclei are normally located just beneath the
sarcolemma, but Bell and Conen (1968) found that many
normal muscle ®bers have centrally located nuclei near their
insertions into fascicle sheets and tendons. They concluded
that in normal muscle, forking of muscle ®bers occurs only
in the vicinity of myotendinous junctions.
The sequence of events that take place during longitudinal ®ber splitting is not known. Our results suggest that the
outcome is a stable con®guration in which two daughter
®bers have been formed which are completely separate
except at one myotendinous junction. One of the daughter
®bers lacks an endplate of its own but survives because of its
connection to the other daughter ®ber, the two in essence
constituting one long ®ber.
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The exact factors that trigger longitudinal ®ber splitting
in normal muscles are also not known, but muscular hypertrophy is believed to be involved (Swash and Schwartz,
1977; Kakulas and Adams, 1985). Hypertrophy denotes an
increase in muscle size because of enlarged myo®brils.
Hypertrophy occurs in normal skeletal muscle as an adaptation to physical stress from work or exercise (Ho et al.,
1980; Salleo et al., 1980; Antonio and Gonyea, 1993). Theoretical considerations suggest that after ®bers enlarge to a
certain size, they must undergo splitting in order to maintain
a normal surface-area-to-®ber-volume ratio. Splitting of a
large parent ®ber would mean that the daughter ®bers would
have nearly normal diameters, which would explain why the
main MUAP spike and the satellite have similar conduction
velocities (Lang and Partanen, 1976). Whether satellite
potentials occur with greater frequency in physically
stressed subjects needs further investigation.
It should be mentioned that while the split-®ber mechanism has been considered here in conjunction with healthy
muscle, it could be responsible for some of the satellite
potentials observed in pathological muscle as well.
4.3. Spike-satellite-interval variation
The small but persistent variability of the spike-satellite
interval can be attributed to two factors: the velocity recovery function and neuromuscular transmission jitter.
The velocity recovery function (VRF) describes the
dependency of muscle-®ber conduction velocity on the
preceding discharge history (StaÊlberg, 1966, 1977; Mihelin
et al., 1991). The VRF predicts the conduction velocity to be
somewhat higher for shorter preceding IDIs than for longer
ones, which explains the positive correlation between spikesatellite interval and preceding IDI (Fig. 6). For the range of
IDI values in our study, the VRF further predicts that the
spike-satellite interval should have a decreasing exponential
relationship to IDI. To con®rm this, we plotted the slope of
each MUAP's spike-satellite-interval-to-IDI regression line
(Fig. 6B), normalized by its mean spike-satellite interval,
versus its mean IDI. The results are shown in Fig. 7. They
are ®t reasonably well by an exponential function with a time
constant of 160 ms. Knowing the time constant allows the
slope values to be converted to VRF values. The results indicate that the satellite conduction velocities were supernormal
by from 5.5% to 1% compared to the velocity that would be
expected after an IDI of at least 1 s. Both this magnitude and
this time constant for the VRF are in substantial agreement
with published data (StaÊlberg 1966, 1977; Mihelin et al.,
1991).
The second component of the spike-satellite-interval
variability can be attributed to normal neuromuscular transmission jitter. The interval between two SFAPs belonging to
the same motor unit exhibits a small variability due to the
stochastic nature of the neuromuscular transmission delay
(Sanders and StaÊlberg, 1996). When we computed the mean
consecutive difference between the spike-satellite intervals,
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using the method of Davis et al. (1988) to correct for the
VRF effects, the values for all but 5 of the satellites fell
within the normal range (#45 ms for BB, #79 ms for TA)
(Sanders and StaÊlberg, 1996).
If the MUAP spike were due primarily to the single-®ber
action potential of the innervated ®ber of the connected pair,
then one might expect a very small spike-satellite-interval
jitter, since both the MUAP spike and the satellite potential
would be activated by the same endplate. Indeed, SFAP pairs
with jitters of less than 4 ms are occasionally encountered in
single-®ber EMG (SFEMG) studies and are considered
evidence of the existence of split ®bers that are activated
by the same endplate via a direct electrical connection
(Ekstedt and StaÊlberg, 1969; Sanders and StaÊlberg, 1996).
We did not observe such low jitter values. There are several
possible explanations for this, as well as for the 5 abnormally
large jitters we found. First, since our signals were recorded
using monopolar needle electrodes, the MUAP spikes probably represented multiple SFAPs rather than a single SFAP.
Also, the potentials were broader than they would have been
if they had been recorded by a SFEMG electrode, making
measurement of the spike-satellite intervals less precise. We
estimate that our measurement errors were between 18 ms
and 125 ms, making it impossible to detect very small values
of jitter. Furthermore, the conduction times in this study were
many times longer than those encountered in SFEMG
studies, which would amplify any conduction irregularities
(Trontelj et al., 1990). It is also possible that our analysis did
not completely correct for the VRF effects.
Thus, the results related to spike-satellite-interval variation provide a further con®rmation of our hypothesis that the
satellite potential is activated by normal neuromuscular
transmission and propagates along a normal muscle ®ber.
They also provide a possible new approach for studying the
VRF.
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