
It has been demonstrated that slow finger movements in

man are not smooth but discontinuous, with peaks in the

velocity recurring with a frequency of about 8—10 Hz.

Surface electromyography (EMG) recordings have revealed

that the discontinuities are brought about by pulsatile

modulations of agonist muscular activity, often with an

alternating increase with antagonist muscle activity as well

(Vallbo &Wessberg, 1993).

The underlying neuronal mechanisms for producing the

pulsatile motor output remain to be elucidated. It has been

demonstrated that the modulation of muscle activity is not

dependent on peripheral feedback loops but is generated

within the central nervous system (Wessberg & Vallbo,

1995, 1996). A number of central mechanisms can be

considered. Recurrent inhibition has been suggested as a

factor promoting the 8—12 Hz oscillations in physiological

tremor during position holding (Elble & Randall, 1976). On

the other hand, it has been suggested that the Renshaw

system would tend to desynchronize motoneurone activity

rather than sustain oscillations (Stein & Oguzt�oreli, 1984;

Windhorst & Kokkoroyiannis, 1992). In addition,

experimental observations in animals and humans indicate

that recurrent inhibition is lacking in motoneurones

innervating finger muscles (Person & Kozhina, 1978; H�orner

et al. 1991; Katz et al. 1993).

Another potential central mechanism would be the

intrinsic frequency-regulating properties of the moto-

neurones themselves. Newly recruited neurones have been

demonstrated to fire at frequencies in the 6—10 Hz range

(Freund et al. 1975), and modulation of motor output could

result from the unfused contraction of the last recruited

motor units. Such a mechanism has also been suggested for

physiological tremor (Taylor, 1962; Allum et al. 1978), but

experiments involving recording of single motor unit

activity during position holding have revealed that motor

units firing at higher rates are frequency modulated at the

rate of tremor (Elble & Randall, 1976; Logigian et al. 1988;

Conway et al. 1995a). This suggests that a coherent synaptic

input to the motoneurone pool is providing the observed

modulation of motor output. However, it is not clear if or to

what extent physiological tremor and the 8—10 Hz EMG

modulations observed during finger movement are related

phenomena. While the frequencies of the oscillations are

similar, the EMG variations during movements are usually

of much larger amplitude than is commonly assumed for

physiological tremor. Moreover, the kinematic patterns are
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1. Forty-six single motor units in the common finger extensor, superficial finger flexor, and first

dorsal interosseus muscles were recorded with intramuscular wire electrodes while subjects

made voluntary flexion and extension finger movements at a single metacarpo-phalangeal

joint.

2. Motor unit firing was analysed in relation to the 8—10 Hz discontinuities which previously

have been shown to characterize these movements. Statistical time- and frequency-domain

analyses of the activity of individual motor units in relation to the discontinuities showed

that when the muscle was the agonist, all motor units in the common finger extensor muscle,

and all units except one in the flexor muscles exhibited significant frequency modulation of

their discharge in close temporal association with the joint acceleration. On the other hand,

motor unit firing rate was not related to the frequency of the discontinuities. When the

muscle recorded from was the antagonist, 21 of the 25 active units exhibited a similar

frequency modulation.

3. When angular movement velocity was increased from 4 to 25 deg s¢, the strength of motor

unit frequency modulation increased. Peak coherence between motor unit activity and

acceleration increased by 74%, on average, in the common finger extensor units.

4. The findings rule out a tentative mechanism attributing the discontinuities to newly

recruited motor units firing at circa 8—10 Hz. Instead, a coherent 8—10 Hz input to the

agonist and antagonist motoneurone pools is implied.
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subtly different, with an asymmetry between the phases of

acceleration and deceleration during movements (Vallbo &

Wessberg, 1993).

The aim of the present study was to test directly the

hypothesis that 8—10 Hz discontinuities during slow finger

movements are caused by individual motor units firing at

these rates. An alternative hypothesis is that the activity

of motoneurones firing at higher rates are frequency

modulated at 8—10 Hz, and that coherent modulations of

motoneurone activity cause the observed variations in

motor output. The experimental approach was to record the

activity of single motor units in the finger extensor and

flexor muscles, and to analyse the coupling between motor

unit activity and kinematics quantitatively with a series of

statistical signal analysis tools. It was found that all

recorded motor units in the extensor muscles and the

majority of the motor units in flexor muscles exhibited

frequency modulation of discharge. No support could be

found for the hypothesis that the movement discontinuities

are caused by motor units firing at 8—10 Hz. A preliminary

report of some of this work has been published previously in

poster format (Kakuda &Wessberg, 1995).

METHODS
The experiments were performed on 24 healthy volunteers, 10

female and 14 male, aged 18—34. Informed consent was obtained

according to the Declaration of Helsinki (British Medical Journal

1964, vol. 2, p. 177), and the study was approved by the Ethical

Committee of the Medical Faculty of G�oteborg University.

General procedures and equipment

The subject was comfortably seated in a reclining chair with the left

arm resting on a supporting platform. The hand was held with a

clamp which permitted free finger movements but prevented

movements of the wrist, which was held lightly flexed at a joint

angle of 165—175 deg. Care was taken to position the hand in a

manner the subject felt was natural for fine manipulatory hand

movements.

One finger was strapped to a splint which permitted movements only

at the metacarpo-phalangeal (MCP) joint. The splint was attached

to an actuator device by means of a low mass hinged bar. The

actuator has been described previously (Al-Falahe & Vallbo, 1988).

Transducers on the actuator provided continuous recording of

metacarpo-phalangeal joint angle, velocity and torque. An integral

servo motor compensated for friction and inertia; thus the actuator

device normally presented zero load to the moving finger. The

actuator could also produce a constant torque load, and loads up to

0·2 N m were used during some of the recordings in order to ensure

activation of some of the higher threshold motor units (see Results).

An oscilloscope in front of the subject was used for visual tracking

of either joint angle or torque. One beam was swept vertically and

split into two halves, the top half displaying the desired target, and

the bottom half the actual joint angle or torque. A microcomputer

was programmed to control the actuator, the tracking oscilloscope,

and other equipment.

Surface electromyography (EMG) was recorded with pairs of 6 mm

diameter silver—silver chloride electrodes taped to the skin over

either the common finger extensor or superficial finger flexor

muscles. The skin was cleansed with abrasive pads, and electrode

impedance was measured with an impedance meter (Checktrode

1089, UFI, Morro Bay, CA, USA). Only values below 2·5 kÙ per

electrode were accepted.

Recorded signals were sampled on a separate microcomputer. Surface

EMG was sampled at 1600 Hz and the kinematic parameters at

400 Hz. Acceleration was derived off-line by digital low-pass

filtering (−3 dB at 52 Hz) and differentiation of the velocity signals.

Intramuscular electromyographic recordings

Intramuscular EMG electrodes were prepared by inserting a pair of

flexible polyurethane-coated 80 ìm diameter wires (Molecu-Wire

Corporation, Wall Township, NJ, USA) into a 0·4 mm diameter

injection needle. The wires were cut at straight angles with a sharp

wire cutter, and the distal 2 mm tips of the wires were bent over

the tip of the injection needle. The muscle to be recorded from was

impaled, and the injection needle was withdrawn completely. The

pair of wires were then withdrawn in small steps by hand until the

activity of a single motor unit could be recorded while the subject

made voluntary muscle contractions. Usually, a bipolar differential

recording between the two wires was used, but occasionally a

unipolar recording between one of the wires and a common ground

electrode provided better discrimination of the single motor unit

being recorded. The portion of the muscle actually impaled was

identified by asking the subject to extend or flex each finger in

sequence against a resistance, and the finger which elicited the best

response from the recorded unit was connected to the actuator as

described above. A muscle was impaled only once in each subject,

and subjects reported no pain or discomfort once the flexible wires

were in place.

During pilot experiments, concentric needle electrodes were tried.

As expected, these provided excellent signals and discrimination of

single motor units, but subjects reported significant pain or

discomfort when making movements. Results from experiments

using needle electrodes have not been included in the present study.

Intramuscular EMG was sampled at 6400 Hz. Discrimination of

single motor units was achieved on-line with a digital time-

frequency window algorithm originally developed for the

discrimination of single unit nerve discharges in microneurographic

recordings (Edin et al. 1988). The procedure was also repeated off-

line using the ZOOMÏSC software system (Department of

Physiology, Ume�a University, Sweden). Each recorded motor unit

discharge was inspected on an expanded time scale and records

where the single-unit nature of the recordings were in any way in

doubt were discarded. Only these validated single unit records were

used for subsequent motor unit identification and data analysis. The

intramuscular EMG signal was also played through a speaker for

auditory feedback to the subject.

Motor unit characterization

The recruitment threshold for a single motor unit was measured

during voluntary isometric contractions with the torque rising

steadily from zero by 0·1 N m s¢, acquired by visual tracking. The

threshold was defined as the highest torque at which the motor unit

started firing steadily in two or more repeated trials. The single

unit twitch torque was assessed by spike-triggered averages of

records of isometric contractions. Several 30 s periods were recorded

during which the subjects were given auditory feedback of the

intramuscular EMG, and were requested to keep the motor unit

firing steadily at the lowest frequency possible. Spikes for which

either the preceding or following interspike interval was less than

100 ms were discarded, and any linear trend in the average torque
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record was removed (defined as the linear regression fitted from

−250 to 250 ms). The average twitch torque was defined as the

amplitude from the torque at the spike to the subsequent peak in

the average torque record.

Experimental procedures

The main experimental protocol comprised a visual tracking task,

each trial consisting of five phases: position holding, an extension

movement of 20 deg, an inter-movement position-holding phase, a

flexion movement back to the initial position, and finally position-

holding again at the starting position. Auditory cues prompted the

subjects to begin to move, the movement of the target starting 0·3 s

after the cue. During the movements, the target moved with a

constant speed of either 4, 10, or 25 deg s¢. Movements were made

around a neutral flexion angle of 140—145 deg angle in the MCP

joint.

For all units, at least eight trials with 10 deg s¢ movements were

recorded first, followed by blocks of 4—10 trials with alternating

movement speeds for as long as the unit could be reliably recorded.

Motor units which could not be recorded for the duration of at least

eight movements with the 10 deg s¢ speed were not included in the

sample. Altogether 2473 extension—flexion movement trials from

46 motor units were analysed, the number per unit ranging from 8

to 192.

Data analysis

For each movement, three firing rate indices were calculated. The

overall firing rate was assessed by calculation of the reciprocal of

the median interspike interval over the period of the movement

phase where the motor unit was active. Initial and final firing rates

were defined as the reciprocal of the medians of the first and last

four interspike intervals in the movements.

The signals were further analysed using a number of time- and

frequency-domain methods. Estimated auto- and cross-spectra were

computed and analysed statistically using standard methods; the

spike trains of the single motor units were treated as stochastic

point processes, whereas acceleration or surface EMG were treated

as realizations of continuous processes (Bendat & Piersol, 1986;

Rosenberg et al. 1989; Halliday et al. 1995). The data segment

length for Fourier transformation was 1 s, giving a spectral

resolution of 1·0 Hz. The estimated cross-spectra between two

processes were normalized as the coherence spectra, which describe

the linear correlation squared between two signals as a function of

frequency on a scale from zero to one. Estimated phase spectra were

also derived from the cross-spectra, showing the average phase

between the two processes as a function of frequency. Confidence

limits for all estimates were calculated according to Rosenberg et al.

(1989).

The average time delay between single unit activity and acceleration

was estimated by two different methods. First, a time domain

estimate was obtained by finding the lag time at the largest peak in

the cross-correlation function. Second, a frequency-domain-based

estimate of time delay was obtained. Where a fixed time delay

exists between two processes the phase spectrum will show a

sloping line over a range of frequencies where coherence is

significant. Accurate estimates of delay were obtained with a method

involving weighted least-square linear regression over this part of

the phase spectrum (Halliday et al. 1995).

All calculations were made on a PC-type computer, using software

written in Borland Pascal and MATLAB (Mathworks Inc., Natick,

MA, USA) by the authors.

RESULTS

The purpose of the present study was to investigate the

patterns of single motor unit activity in the finger extensor

and flexor muscles during slow finger movements, in relation

to the previously reported 8—10 Hz modulation of agonist

and antagonist surface EMG (Vallbo & Wessberg 1993;

Wessberg & Vallbo, 1996). The test procedure comprised a

visual tracking task with the target moving at a constant

speed of 4, 10, or 25 deg s¢.

Sample of single motor units

The activity of 46 single motor units was recorded with

flexible wire electrodes in 24 subjects, 31 units in the

common long finger extensor muscle (m. extensor digitorum

communis, EDC) and 10 units in the deep long finger flexor

(m. flexor digitorum superficialis, FDS). In addition, five

units were obtained from the first dorsal interosseus muscle

(1DI) (see below). A reasonable number of movements was

required for statistical analysis, and only units for which at

least eight flexion—extension movement pairs could be

recorded were included in the present study.

Recruitment threshold was measured in repeated isometric

contractions with slowly rising torque. Single unit twitch

force was assessed by spike-triggered averaging of the torque

records during repeated 30 s periods of weak isometric

contraction, where the subject’s task was to keep the unit

active at the lowest possible rate. The range of recruitment

thresholds for the EDC units was 1—82 mN m, corresponding

to 0·1—6·8% of maximum voluntary contraction (MVC), for

FDS, 13·5—166 mN m (0·4—4·7% of MVC), and for 1DI,

24·4—143·5 mN m (0·7—3·4% of MVC). The corresponding

twitch forces varied between 0·06—0·86 mN m for EDC,

and 0·24—0·62 mN m for the flexor muscles. There was a

significant (P < 0·01) linear correlation between recruitment

threshold and twitch force for all muscles (r = 0·81 for EDC,

r = 0·75 for FDS and 1DI).

The slightly higher recruitment thresholds for most FDS

units compared with EDC units conformed with the general

impression during the experiments that it was easy to find

and record low threshold motor units which were active

during movements in the EDC, whereas this was usually

not the case for the FDS. This finding is in agreement with

a previous study, where it was found that extrinsic flexor

surface EMG could more often be recorded with external

loading or with an instruction to the subject to co-contract

during the movements (Vallbo & Wessberg, 1993). Hence six

of the FDS units could only be kept active during the

movements when the flexor muscles were loaded either by

application of a constant extending torque of 10—200 mN m,

corresponding to 0·25—6·5% of maximum voluntary

contraction. Another approach was to shift the range of the

movements to a more flexed joint angle by 5—20 deg, so that

the flexor muscles had to work against a larger passive

elastic load from the soft tissues around the metacarpo-
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phalangeal joint. These procedures were also used for three

of the EDC units with higher recruitment thresholds.

The anatomical arrangement of the tendons around the

metacarpo-phalangeal joints makes the EDC the only

extensor at this joint. Intrinsic hand muscles produce flexion

as well as abduction or adduction at this joint, and extension

at the inter-phalangeal joints. Activation of the dorsal

interossei has previously been noted during finger extension

as well as flexion (Bremner et al. 1991). In the present study,

a smaller sample of motor units from the first dorsal

interosseus muscle was included in the present study in order

to test the hypothesis that these muscles are active in the

employed finger movement task. All recorded units in the

first dorsal interosseus exhibited firing patterns which were

in all respects similar to those of the extrinsic flexor motor

units. Because the finger was fixed to a splint limiting the

movements to the metacarpo-phalangeal joints, it is likely

that the subjects did not activate the first dorsal interosseus

to actively extend the fingers at the distal joints. Surface

EMG from intrinsic hand muscles was not included in the

study originally describing 8—10 Hz periodic motor output

(Vallbo &Wessberg, 1993).

General characteristics of motor unit activity

A sample movement trial comprising an extension and a

flexion movement is shown in Fig. 1. The target used for

visual tracking moved with a constant speed of 10 deg s¢,

which was the principal movement speed used in the study.

A sample EDC motor unit is depicted in Fig. 1, exhibiting a

pattern of activity typical for the whole sample. This unit

was recruited shortly after onset of the concentric

contraction, in this case finger extension. For the 10 deg s¢

movements, the median firing rate of the EDC units was

16·6 Hz (range 11·0—22·1 Hz). The units remained active

throughout position holding, but at the onset of flexion

movements 16Ï31 EDC units fell silent. The remaining

units fired with a median rate of 11·1 Hz (range 8·7—14·4

Hz) until de-recruited at some point during the flexion

movement. Corresponding data for FDS motor units are

13·2 Hz (range 9·5—18·2 Hz) for flexion (muscle shortening),

and 9·0 Hz for extension (range 7·1—14·8 Hz, 1Ï10 unit

silent). For 1DI units median rates were 13·4 Hz during

flexion and 9·3 Hz during extension (no unit silent).

An increase in motor unit firing rate was usually evident

over the first few discharges after recruitment. This was

analysed by comparing the median firing rate over the first

four interspike intervals after recruitment with overall

firing rate. For EDC, the rate at recruitment was, on

average, 22% lower, and for FDS and 1DI it was 15% lower.

This is significant both for EDC units and the pooled flexor

motor units (Wilcoxon ranked sum test, P < 0·05). On the

other hand, no consistent changes in firing rate were evident

after the first few interspike intervals. A similar comparison

between the last four interspike intervals during the

movement phase and overall rate showed small (average

1—2%) and altogether non-significant changes in firing rate.
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Figure 1. Recording of a single motor unit during finger movement

A sample extension—flexion movement trial. The target used for visual tracking moved at a fixed rate of

10 deg s¢. Records show, from above: angle at the metacarpo-phalangeal joint; angular velocity;

acceleration; intramuscular EMG; a symbolic representation of the motor unit discharge train;

instantaneous frequency of motor unit discharge; and the surface EMG. EMG signals were obtained from

the common finger extensor muscle (m. extensor digitorum communis, EDC).



Hence, although all units could be kept voluntarily activated

at below 10 Hz during isometric contractions for unit

identification (cf. above), most units fired with higher rates

during movements. Apparently, subjects used a low level of

co-contraction during movements, as expected during a

precision movement task (Smith, 1981).

Statistical signal analysis

Figure 1 highlights the pulsatile nature of the movements,

with prominent 8—10 Hz components evident in the

velocity and acceleration records. A number of statistical

signal analysis tools were used in order to analyse any

coupling between the velocity variations and the activity of

each motor unit. For each unit, available data for

movements made in a single direction with the same overall

velocity were pooled for each analysis; conversely, data for

different movement directions or speeds were never pooled.

Figure 2 shows the results for one EDC motor unit for

48 extension movements recorded with a tracking target

velocity of 10 deg s¢. The power spectrum of acceleration

shows a strong peak around 8 Hz, confirming that such

oscillations were a consistent and prominent feature

throughout the movements. As shown previously, such

peaks are an ubiquitous feature of slow finger movements in

man (Vallbo & Wessberg, 1993). In the present study, these

peaks were seen in the 7—10 Hz range for all subjects and

movement directions.

Whereas acceleration was treated statistically as a time

series, motor unit activity was treated as a point process,

and the statistics of the power spectrum in the two cases are

subtly different. For a point process, the variance will tend

towards the average variance with increasing frequency, as

may be seen in the motor unit power spectrum in Fig. 2.

The broad peak around 20 Hz indicates the approximate

overall firing rate of the unit, as confirmed by the finding

that the location of this peak showed significant correlation

with the median firing rate of all motor units (Spearman’s

r = 0·77 for movements in the muscle shortening direction

for all units, P < 0·01).

Coupling between acceleration and motor unit activity was

analysed in the frequency domain (Halliday et al. 1995). The

first step consisted of calculation of the cross-spectrum,

which contains information regarding both degree of

coupling and the average phase between the two processes.

The absolute cross-spectrum can be normalized as coherence,

which shows coupling as a function of frequency on a scale

from zero to one. Figure 2 shows a significant coherence

between acceleration and motor unit activity for the 1—12 Hz

range, with a strong peak at 8 Hz. There is also significant

coherence at slightly lower levels in the 24—42 Hz range.

Significant (P < 0·01) coherence between acceleration and

motor unit activity was observed for all units except for one

FDS unit. This unit did not exhibit any coherence with
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Figure 2. Frequency- and time-domain signal analysis

Results for 48 extension movements at 10 deg s¢ overall speed for a sample EDC motor unit. A, power

spectrum for acceleration and for single motor unit activity. The peak in the motor unit power spectrum

close to 20 Hz represents the overall firing rate of this motor unit during movements. B, analysis of the

coupling between acceleration and motor unit activity. There is a prominent peak at 8 Hz corresponding to

the main peak in the acceleration spectrum. Weighted linear regression over part of the phase spectrum is

shown with a straight line. The slope of this line as well as the main downward peak in the cross-correlation

graph indicates that the motor unit is leading the acceleration in the muscle shortening direction by 20 ms.

Horizontal lines in the coherence and cross-correlation plots indicate approximate 99% confidence limits.



acceleration even though 64 movement trials were recorded

for this unit. A possible explanation was that this

exceptional unit was located outside the FDS, for example in

a wrist flexor, but the unit appeared unremarkable

throughout the identification procedures, and was recruited

and de-recruited during movements in a manner similar to

all other flexor units.

Figure 2 also illustrates the statistical analysis of mean time

delay between motor unit activity and acceleration. Time

delay was assessed in two different ways. First, a constant

time delay between two processes will show up as a sloping

line in the phase spectrum. Time delay can be measured

accurately by linear regression, where phase estimates are

weighted by the corresponding coherence at each frequency

(Halliday et al. 1995). In addition, time delay was estimated

by finding the time lag for the major deflection in the cross-

correlation graph. This deflection is negative in Fig. 2

because acceleration in the direction of muscle shortening

was negative for the EDC, and hence change in EDC muscle

activity and the corresponding finger acceleration had

opposite signs. Time delays determined from the phase

spectrum were similar for all muscles and movement

directions, with an average of 21 ms (range 10—29 ms) delay

from motor unit to acceleration. These values are identical

to those previously been reported for surface EMG (Wessberg

& Vallbo, 1996). The values were confirmed by delay

estimates based on the cross-correlation (range 12·5—30 ms,

mean 23 ms), the two methods showing a strong linear

correlation for all muscles and movement directions

(Spearman’s r = 0·85, P < 0·001). The close coupling, with

only a short time delay, between motor unit activity and

acceleration at the frequencies where coherence was strongly

significant (i.e. for the peak around 8 Hz in Fig. 2) is evidence

that frequency modulation of motor units contributed

significantly to the 7—10 Hz discontinuities. In no units was

there any indication of a time delay in the other direction,

i.e. from muscle stretch to motor unit activity, again

confirming previous surface EMG observations which have

been advanced as supporting evidence for the notion that

stretch reflexes do not constitute a major mechanism for

producing the observed discontinuities during movements

(Wessberg & Vallbo, 1996).

The relationship between motor unit firing rate and

acceleration and coherence between the two is summarized

in Fig. 3. The histograms show median motor unit firing

rates as black bars, and frequencies for the corresponding

peaks in the coherence spectra as open bars for extensor and

flexor muscles, and for extension and flexion movements. To

enable direct comparison between different units, all

observations have been normalized by dividing by the

frequency of the peak in the corresponding acceleration

spectrum. The two histograms for movements with muscle

shortening (i.e. extension in EDC, flexion in the flexor

muscles) show that the motor units fired at a wide range of

frequencies during movements. There was no indication that

a proportion of the motor units in the sample fired at the

same rate as the variations in acceleration, i.e. at unity in

the normalized scale in the histogram. Neither did they
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Figure 3. Summary of motor unit firing rates and coherence vs. acceleration

Histograms for motor unit firing rates (4), and the frequency of peak coherence between motor unit

activity and acceleration (5) for all 10 deg s¢ movements. Observations are normalized by the frequency at

the main peak in the corresponding acceleration power spectrum. A, EDC muscle, extension movements. B,

EDC muscle, flexion movements. C, finger flexor muscles, extension movements. D, finger flexors, flexion

movements. The number of observations are fewer in B and C because some units fell silent during muscle

shortening.



preferentially fire at any fixed integer multiple of the rate of

the acceleration.

Instead, for movements with muscle shortening, a peak in

coherence located near the same frequency as the peak in

the acceleration spectrum was a consistent finding with all

units. For all units except for one unit in both EDC and the

flexor muscles the coherence peak was within 1 Hz of the

peak in the acceleration spectrum, which was the spectral

resolution limit of these analyses. The consistency of this

observation over recorded motor units and muscles is

notable, and provides important evidence that the relevant

mechanism producing the discontinuous kinematic pattern

was a coherent frequency modulation of the active agonist

motor units.

For movements with muscle lengthening, when the muscle

recorded from was the antagonist (i.e. flexion in EDC,

extension in flexors), peak frequency of the coherence was

somewhat more variable. For 7Ï10 active EDC units and

14Ï15 flexor units the coherence peak was within 1 Hz of

the peak in the acceleration spectrum. Remaining units

showed peak coherence at frequencies lower than the peak

in the acceleration spectrum, which was also lower than the

motor unit firing rate. Hence, it can be concluded that a

sizeable proportion of the EDC, FDS and 1DI motor units

which remain active during muscle lengthening do

contribute to the production of the observed 7—10 Hz

discontinuities, again confirming earlier observations based

on surface EMG (Vallbo &Wessberg, 1993).

A different type of analysis of significant coherence between

motor unit activity and acceleration is shown in Fig. 4. The

histograms show the percentage of all units exhibiting

coherence at the P < 0·01 significance level for movements

with muscle shortening (extension in EDC in A, flexion in

flexors in B). In both cases, there is a broad peak around

7—10 Hz. It should be emphasized that the proportion of

units which were significant at the P < 0·01 level as shown in

Fig. 4, was strongly dependent on the number of movements

on which each coherence calculation was based. If the

database for the EDC was split in two groups depending on

the number of movements recorded with each motor unit, the

group with the larger number of movements showed 100%

significance at 8—9 Hz for both movement directions. This is

not unexpected given the relationship between significance

level of a coherence estimate and the amount of available

data (Rosenberg et al. 1989). It should also be noted that the

lack of a 100% coherence at any frequency in Fig. 4 is

consistent with the observation that all units except one

FDS unit showed significant coherence at the corresponding

peak in the acceleration spectrum, because these peaks

occurred at different frequencies in the 7—10 Hz range.

The sample motor unit in Fig. 2 exhibited significant

coherence with acceleration around 35 Hz. Figure 4 shows

that in the total sample, a smaller proportion of the units

showed significant coherence over a broad range of

frequencies over 1—60 Hz, although there is a possible peak

near 30—35 Hz for the EDC. Motor unit synchronization at

these frequencies has previously been described as a

prominent feature of human hand muscle contractions

(Farmer et al. 1993). The coherence between motor units

and acceleration at higher frequency in the present study

probably indicates that such synchronization occur also

during slow finger movements, albeit at a low level, in

addition to the prominent 7—10 Hz component.

Significance of movement speed

The motor unit firing patterns were further analysed for

movements with different overall velocity, as shown in

Fig. 5. The figure shows recordings from one motor unit

during extension movements made while the target moved

with a constant velocity of 4, 10 and 25 deg s¢. The

instantaneous rate records reveal that the rate is not

constant but is frequency modulated, and the depth of

modulation, i.e. the variations in instantaneous rate above

and under the mean rate, increase with increasing movement

speed. For the faster movements, modulation is conspicuous

for some of the peaks in the velocity and acceleration records,

where frequency modulation can be observed in the motor

unit discharge records as groupings of two or three

discharges, apparently in a fixed phase relationship with the

oscillations of acceleration.
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Figure 4. Summary of proportion of significant coherence

Proportion of units exhibiting significant coherence with acceleration at the P < 0·01 level for 10 deg s¢

movement. A, EDC muscle, extension movements. B, flexor muscles (FDS and 1DI), flexion movements.



The frequency-domain analysis for all movements recorded

for the same motor unit is shown in Fig. 6. In the acceleration

power spectra there is a peak at 8 Hz, which increases in

amplitude with increasing movement speed. Motor unit

power spectra show a peak near 20 Hz, with little change

with increasing movement velocity. Coherence in all three

cases shows a dominant peak at 8 Hz, but with an increase

in amplitude, confirming that the apparent increase in

modulation in the sample records in Fig. 5 was a constant

finding for the larger sample of movements. On a neuronal

level, this implies that the input providing the 8 Hz

modulation of motor unit activity had a stronger effect on

motor unit firing during faster movements. This was true in

spite of the motor unit firing rate staying approximately

constant. In conclusion, the 8 Hz signal reaching the moto-

neurones apparently increased in amplitude with increasing

movement velocity.

Units which exhibited significant coherence with acceleration

in the 10 deg s¢ movements always did so for the other

movement velocities tested, and the single exceptional FDS

unit remained non-coherent. During extension movements,

a significant (P < 0·05) increase in peak coherence from the

slowest to the fastest movements was seen in 12 of the

27 EDC units for which data from movements made at

different speed were available. The average increase in peak

coherence from slowest to fastest speed was 74%. One unit

showed a significant decrease, and the remaining showed

non-significant increases. However, it must be noted that

the statistical test employed requires a large number of

movements for smaller differences in coherence to reach

significance (Halliday et al. 1995). Because a fair number of

movements at the 10 deg s¢ speed were made first for all

units, in most units only a limited number of movements

were available for the other speeds. This was particularly the

case for the flexor motor units, and only 1 out of 9 flexor

units for which data were available showed a significant

increase in coherence (P < 0·001 in this unit), all other

units showing a non-significant increase. Pooling of data

from different flexor motor units to further analyse this

trend of increasing peak coherence with increasing

movement speed was not attempted.

The firing patterns of the population of motor units were

further analysed qualitatively by visual inspection of the

discharge records. In all units, except for the single FDS unit,

a tendency for a change in firing pattern with increasing

movements similar to Fig. 5 was observed. Hence, as

movements became faster, there were groupings of motor

unit discharges in groups of two or three discharges for

every peak in the acceleration record. This qualitative

observation was true also for the flexor motor units, which

showed a statistically non-significant increase in coherence.

This observation supports the frequency-domain statistical

results provided above, indicating that frequency modulation

for single motor units became larger as movement velocity
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Figure 5. Single motor unit activity during finger movements with different speeds

Records show parts of visual tracking movements acquired with the target moving at different overall

speeds: 4 deg s¢ in A, 10 deg s¢ in B, and 25 deg s¢ in C. The motor unit and surface EMG were recorded

from the common finger extensor. Records show, from above: angle in the metacarpo-phalangeal joint;

angular velocity; acceleration, a symbolic representation the motor unit discharge train; instantaneous

rate; and surface EMG. An increasing circa 8 Hz modulation of motor unit activity with increasing

movement speed may be discerned in the instantaneous rate traces.



increased. The change in firing pattern parallels previous

observations made by Elble & Randall (1976) for enhanced

physiological tremor, where similar changes were observed

when the amplitude in tremor oscillations became larger.

DISCUSSION

The main finding in the present study was a frequency

modulation of the discharges of motor units during finger

movements which was coherent with the circa 8—10 Hz

discontinuities, in spite of the overall firing rate of the

motor units being higher. This was true for all 46 motor

units except one, indicating that the discontinuities during

finger movements are caused by variations in an input which

is common to a large proportion of the active motoneurones.

Frequencies of the discontinuities

Previously, the frequencies reported for discontinuities during

slow finger movements in man have been 8—10 Hz. This was

with reference to the location of the maximum of the

highest peak in the power spectrum of acceleration for a

large number of subjects, and for different contextual factors

such as movement direction or speed (Vallbo & Wessberg,

1993). However, it is important to note that the peak in the

spectrum is always quite wide, including frequencies well

outside the 8—10 Hz range. Hence, the ‘8—10 Hz’ designation

must be taken as a label rather than a complete description.

In the present study, the peak in the acceleration power

spectrum and motor unit-to-acceleration coherence occurred

at 7 Hz in some subjects. Based on observation of a large

number of movements in these subjects, we have no reason to

believe that these discontinuities were in any way different in

character from what has previously been described for the

‘8—10 Hz’ pattern. Because a slightly higher frequency

resolution was used in the previous analyses, 0·78 Hz versus

1·0 Hz in the present study, it is possible that some peaks in

the spectrum occurring just below 8 Hz may be rounded to

different frequencies. This idea was also supported when

previous data were analysed again using the lower resolution.

For the present study, we believe we keep the discussion

consistent with previously reported results by using a ‘circa

8—10 Hz’ label for the phenomenon.

Motor unit recordings

The overriding goal during the experiments was to ensure a

stable single-unit discrimination over a sizeable number of

movements, rather than to obtain a large sample. The spike

detection algorithm and subsequent inspection of all

discharges off-line was adopted from the methods used for

the usually considerably more difficult problem of recording

the activity of single afferents using the microneurographic

technique, with which we have great experience. Hence, we

are confident in the single-unit nature of the reported

sample of motor units. However, the sample is limited to

units with fairly low recruitment thresholds. Attempts were

made to record units with higher thresholds, which required
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Figure 6. Signal analysis of movements of different speed

Frequency-domain signal analysis of 20 movements at 4 deg s¢ overall speed in A, 48 movements at

10 deg s¢ in B, and 50 movements at 25 deg s¢ in C. Graphs show, from above: acceleration power

spectrum; motor unit spectrum; and coherence between motor unit activity and acceleration. Horizontal

lines in the coherence plots indicate approximate 99% confidence limits. There is a significant increase in

peak coherence with increasing movement speed.



voluntary co-contraction or external loading to become

active. Although a few units with slightly higher thresholds

are included in the present study, it was usually difficult to

discriminate such units due to the high level of

electromyographic noise. Anyway, the reported sample

should be representative for the motor units normally active

in unloaded movements made with normal levels of co-

contraction.

With the technique of using cut flexible wires, signal-to-

noise ratio was lower than for comparable recordings using

needle electrodes, and motor unit discharges often varied in

amplitude or shape during the movements, usually in a

systematic fashion with the changing joint angle. This was

true particularly for the long flexor muscles, where several

experiments failed to provide any recordings. Nevertheless,

the thin wire approach was preferred over needle electrodes,

which would probably have resulted in a better experimental

yield. As noted in the Methods section, such electrodes were

tried, but subjects commonly reported significant pain and

discomfort during movements. Because we wanted to

explore possible mechanisms underlying the circa 8—10 Hz

discontinuities, we preferred to avoid the risk that such pain

could even subtly upset or affect the patterns of motor output.

Mechanisms for circa 8—10 Hz discontinuities during
slow finger movements

The possibilities regarding the mechanisms which might

contribute to the discontinuities have been discussed in a

previous study (Wessberg & Vallbo, 1996). In summary, it

was concluded that the observed tight coupling between

muscle activity and acceleration seems to rule out purely

passive mechanical factors such as mechanical resonance.

Second, it was concluded that discontinuities cannot be

caused entirely by a mechanism involving feedback from

the periphery. This was based both on direct observation of

stretch reflexes elicited during movements, which were

found to be too delayed and too weak to possibly generate

the observed patterns, as well as analysis of coupling

between EMG and acceleration in both time and frequency

domains. These findings have been further corroborated in a

concurrent study involving briefly arresting ongoing

movements, or weak rhythmic torque pulse perturbations.

As outlined in the Introduction, a remaining important

possibility was that the discontinuities were a reflection of

the intrinsic frequency-regulating properties of the moto-

neurones. It has been reported that newly recruited units

discharge at 6—10 Hz (Freund et al. 1975). Force produced

by these motor units could strongly influence total muscle

force, since contractions are unfused at these frequencies,

and since the last recruited motor units are the strongest.

Hence, according to this hypothesis, at all levels of

contraction 8—10 Hz discontinuities would be produced by

unfused contractions by a small proportion of the active

motor units, without any specific mechanism being required

to synchronize the discharges of different motor units with

different recruitment thresholds.

Considering the results of the present study, it now seems

that this idea can be refuted as well. During the 10 deg s¢

movements no units were observed which exhibited a

sustained 8—10 Hz firing pattern, and units consistently

fired at higher rates after at most a few discharges after

recruitment. Instead, motor unit activity was frequency

modulated at circa 8—10 Hz, and was coherent with the

discontinuities in 45 of 46 randomly collected motor units,

implying that a common modulatory input reached a large

proportion of the active motoneurones. This view is further

corroborated by the demonstration of a close temporal

coupling, so that motor units were leading acceleration by

10—30 ms. Since this was based on both time- and frequency-

domain analyses, we know that this time temporal

relationship is true for the 8—10 Hz frequency range. Hence,

it may be concluded that a coherent modulation of motor

unit activity caused the observed discontinuities. As noted

in the Introduction, a similar explanation has previously

been put forward for the related problem of 8—12 Hz

physiological finger tremor during position holding (Elble &

Randall, 1976; Conway et al. 1995a).

When the muscle was the antagonist, a major proportion of

the motor units were similarly modulated, but some were not.

Hence, it is possible that the involvement of the antagonist in

the production of circa 8—10 Hz discontinuities is variable

between subjects or over time.

With increasing movement speed, a prominent increase in

frequency modulation of the discharges of single motor units

was observed. This was determined by visual inspection of

the discharge records of the recorded units, where modulation

was commonly evident for the fastest movements, and it

was confirmed that coherence between motor unit activity

and acceleration at around 8—10 Hz increased significantly

in several units for which the statistical test could be made.

Hence, it can be concluded that one mechanism which

contributed to the large increases seen in the 8—10 Hz

velocity peaks was an increase in the 8—10 Hz modulation

of discharges of the active motor units.

However, it must be emphasized that the firing patterns of

units which may have been specifically recruited during the

faster movements were not assessed in the present study. As

discussed above, we did record only a few units with higher

recruitment threshold, and the experimental protocol used

means that only motor units which were already active

during 10 deg s¢ movement were included. It is possible

that newly recruited units may have fired in a different

pattern during fast movements, possibly contributing with

a single synchronized discharge during each velocity cycle.

This cannot at present be ruled out, and the relative

contribution to the 8—10 Hz velocity variations by units

specifically active during the faster movements cannot be

determined.

Common modulation at different frequencies

In the total sample, a proportion of the units also showed

significant coherence with acceleration at higher frequencies,
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up to about 60 Hz. Previous work has established 16—32 Hz

common modulation of motor units during steady

contractions of human hand muscles, caused by a coherent

temporal pattern (Farmer et al. 1993) in the activity in

shared cortico-spinal inputs to the motoneurones (Datta et al.

1991). In the present study, coherence between a proportion

of single motor units and acceleration was observed at

similar frequencies as well, as discussed in relation to Fig. 4.

This can be taken to indicate that higher-frequency common

modulation is present during finger movements, although at

a low level. Such modulation would then co-exist with the

circa 8—10 Hz modulation. It can hence be suggested that in

addition to the common modulation described for steady

contractions, there is an 8—10 Hz component which appears

or is enhanced in task-dependent fashion specifically during

movements. It should be noted that during steady

contractions, common modulation over a broad range from

1—12 Hz is usually present as well, but coherence peaks at

8—10 Hz appear to be notably absent (Farmer et al. 1993).

However, the direct analysis of the complete spectrum of

common modulation, for example to determine any task-

dependent change in relative strength of the different

frequency components suggested above, or analyses of the

character of the temporal synchronization of different motor

units, must rely on the simultaneous recordings of more

than one motor unit. Such recordings are currently under

way for precision hand movements at the wrist, and results

which provide support for the notion that there is an 8 Hz

component of the common modulation which is specific for

movements has been reported in poster format (Kakuda &

Nagaoka, 1996).

Theoretical reasons for an intermittent control mode
for finger movements

In relation to the conclusions reached above it is of interest

to examine the theoretical advantages of a pulsatile

organization of motor output during finger movements.

The low inertia of the fingers means that there is less

mechanical filtering than for, say, the forearm, and the

kinematics will therefore more directly reflect the muscular

activity. This feature of finger movements can be addressed

from different points of view. Do the low-inertia fingers

require a specialized mode of control during precision

movements? Or, on the other hand, is it possible that

pulsatile or intermittent control signals are a general feature

of the human motor systems but fail to emerge in the

kinematics due to the large inertia in many joints, whereas

they are more easily detected in the fingers?

A discontinuous motor pattern may entail advantages at

several levels. Some of these advantages are related to the

very kinematics of the movements, others are related to a

rhythmic modulation at the level of the motor command.

First, as suggested above, there is a biomechanical level. It

has previously been argued that a more optimal control of

the thumb could be achieved by a system which produces

rapid movements, the reason being related to the low limb

inertia in combination with the relatively high viscosity of

the muscles (Bizzi et al. 1984). Hence, a better control would

be obtained if a slow movement is made as a series of rapid

movement pulses. This conclusion has also been put forward

in relation to the finding that slow grasp movements

typically are discontinuous (Darling et al. 1988).

Next, there may be advantages with a pulsatile motor

pattern from an information theory standpoint. The

reliability of transmission of information can in general be

improved by use of some kind of digital rather than

analogue modulation (Haykin, 1988). The observed

8—10 Hz patterns would most closely resemble a so-called

pulse-amplitude modulation. By using a modulation, the

transmission of a neural signal could in theory be made

more distinct in relation to a ‘noisy’ background, or less

susceptible to interference. This would apply for the

descending motor command as well as for the control

exerted by the motoneurones over the kinematics of the

moving limb. Alternatively, but in similar fashion, the

pulsatile modulation of the afferent activity resulting from

the discontinuous kinematics could be advantageous for the

sensory systems involved in producing the movements. The

pulsatile nature of muscle spindle activity during these

movements has been confirmed in a previous study

(Wessberg & Vallbo, 1995). In conclusion, a pulsatile pattern

might have arisen to comply with the high precision

demands in some finger movements. The drawback would be

a limitation in the temporal resolution, i.e. the position of

the fingers can only be updated about 8—10 times s¢.

The origin of the 8—10 Hz modulation

Finally, it is of interest to consider information processing

at the level of the controlling motor circuits. It has been

proposed that motor co-ordination can be achieved by

spontaneous phase and frequency synchronization that is

characteristic of some types of non-linear oscillatory circuits

(Kelso et al. 1981; Sch�oner, 1990; Kelso & DeGuzman, 1992).

These theories resemble the theories proposed for, in

particular, the sensory cortices, where it has been suggested

that co-ordinated information processing by widely separated

neuronal circuits can be achieved by synchronized oscillations

(reviewed in Singer, 1993), although the proposed oscillations

occur at higher frequencies than 10 Hz.

While any connection to the 8—10 Hz processes presently

described for finger movements must remain conjectural, it

is interesting to note that hypotheses involving a 10 Hz

modulation have previously been advanced. First, the

computations required for producing a precision movement

could be aided by the relevant information being assembled

at fixed intervals in time. Because of variable conduction

delays, the assembly of relevant visual, proprioceptive and

tactile information may be difficult to achieve continuously.

It was suggested by Bernstein (1967, pp. 137—142) that

there exists a fundamental ‘time interval’ (Ät) for the co-

ordination of both sensory and motor activities. On the

basis of unpublished observations from foot and hand
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movements, Bernstein suggested that Ät in man is about

100 ms.

Related to this idea is the hypothesis regarding the function

of the inferior olive proposed by Llin�as and co-workers. The

cells of the inferior olive have intrinsic membrane properties

promoting 10 Hz oscillations, and, furthermore, they are

coupled by electrical synapses. It has been proposed that a

synchronization of climbing fibre input to the cerebellum

provides a mechanism for motor co-ordination (Llin�as &

Volkind, 1973; Llin�as, 1991; Welsh et al. 1995; Welsh &

Llin�as, 1997).

At present, it cannot be said whether the mechanism

producing circa 8—10 Hz discontinuities is spinal or

supraspinal. The demonstration of intermittent left—right

synchronization in a bimanual task suggests a significant

degree of supraspinal control (Wessberg, 1996). Recordings

of sensorimotor cortical activity from humans or behaving

primates have so far, in general, been focused on the

important problem of cortical control during steady

maintenance of force, establishing the existence of a circa

16—32 Hz modulation of cortical activity in this situation

(Conway et al. 1995b; Baker et al. 1997; Salenius et al.

1997). In addition, several rhythmic phenomena related to

movements, but which are generally suppressed during

execution of movements of relatively short duration have

been described, such as the 10 Hz sensorimotor cortex

rhythm in man (Salmelin & Hari, 1994), or a 13—18 Hz

oscillation in cerebellar cortex in behaving primates

(Pellerin & Lamarre, 1997). Whether 8—10 Hz oscillations

are present in the motor cortex specifically during execution

of slower precision movements remains an open question.
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