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664—675, 1999. This study describes two load-independent rhythrﬂﬁa.lt.hy hur?ansdls acco”;]paf‘"fd .by lsmall fluclEluatlonls 'rr]] "T“b
contributions from motor-unit synchronization to normal physiologiPSItion, referred to as physiological tremor. Normal physio-

cal tremor, which occur in the frequency ranges 1-12 Hz and 15—§@ical tremor is a complgx signal resulting from interactions
Hz. In common with previous studies, we use increased inertidftWeen several mechanical and neural factors (Elble 1986;

loading to identify load-independent components of physiologicklble and Koller 1990; Lakie et al. 1986; Stiles 1980; Stiles
tremor. The data consist of simultaneous recordings of tremor accad Randall 1967). It contains different components that can be
eration from the third finger, a surface electromyogram (EMG), arharacterized by the presence of distinct frequency components
the discharges of pairs of single motor units from the extensor digih the estimated spectrum of a tremor signal (Halliday and
torum communis (EDC) muscle, collected from 13 subjects, artledfearn 1956; Stiles and Randall 1967), which have been
divided into 2 data sets: 106 records with the finger unloaded and &dtegorized into two types. One type is due to the natural
records with added mass from 5 to 40 g. Frequency domain analyssonant frequency of the limb segment and is sensitive to
of motor-unit data from individual subjects reveals the presence ipfertial loading, with increased loading decreasing the resonant
two distinct frequency bands in motor-unit synchronization, 1-12 Hrequency (Randall and Stiles 1964; Robson 1959; Stiles and
and 15-30 Hz. A novel Fourier-based population analysis demdRandall 1967). In the case of hand extensor muscles, this
strates that the same two rhythmic components are present in mof@chanical resonance component has been termed the mechan-
unit synchronization across both data sets. These frequency compg reflex component of tremor (Stiles 1980). The frequency
nents are not related to motor-unit firing rates. The same frequeq%ge for this component of postural finger tremor measured
bands are present in the correlation between motor-unit activity aﬂBout the metacarpophalangeal joint is in the range of 15-30
tremor and between surface EMG activity and tremor, despite for the unloaded finger (Stiles and Randall 1967). For
significlalnt zlteration inlthe characterlistics gf the tremor with inlcreas)f_r%mor about the wrist and elbow joints the ranges of frequen-
inertial loa in_g. A muti\_/ariate _anaysis emonstrates conc u_sive es reported for this component of tremor are 8—12 Hz (Elble
that motor-unit synchronization is the source of these contributions bd Randall 1978; Lakie et al. 1986) and 3-5 Hz (Fox and

normal physiological tremor. The population analysis suggests t .
single motor-unit discharges can predict an average of 10% of ndall 1970), respectively. The second type of frequency

total tremor signal in these two frequency bands. Rectified surfac@MPOonentin normal physiological tremor is load independent,
EMG can predict an average of 20% of the tremor; therefore withlr€:» the frequency is unchanged by inertial loading or alter-
our population of recordings, the two components of motor-urftions in limb stiffness. Such load-independent tremor compo-
synchronization account for an average of 20% of the total tremBgNts have been reported in the frequency range of 8—12 Hz for
signal, in the frequency ranges 1-12 Hz and 15-30 Hz. Our resy@stural tremor from the unrestrained finger (Halliday and
demonstrate that normal physiological tremor is a complex signdedfearn 1956; Stiles and Randall 1967), and during isometric
containing information relating to motor-unit synchronization in difcontractions (Elble and Randall 1976). A smaller load-inde-
ferent frequency bands, and lead to a revised definition of nornféndent component at 30—40 Hz in unrestrained finger tremor
physiological tremor during low force postural contractions, which ieecordings has also been reported (Amjad et al. 1994). Load-
based on using both the tremor spectra and the correlation betwastlependent features of tremor are often considered to have a
motor-unit activity and tremor to characterize the load-dependent ap@ntral neuronal origin (Elble and Koller 1990).
the load-independent components of tremor. In addition, both physi-|rregularities in motor-unit firing provide the main source of
ological tremor and rectified EMG emerge as powerful predictors gferturbation to a limb during voluntary postural contractions.
the frequency components of motor-unit synchronization. For an unrestrained limb segment, this stochastic input will
excite the limb at its natural resonant frequency (Stiles and
Randall 1967), generating the load-dependent component of
tremor. Any other mechanical perturbation to the limb, either
The costs of publication of this article were defrayed in part by the paymeﬁ%(temal or Intemal (I'e_" arterial pressure pU|Se)' will contribute
of page charges. The article must therefore be hereby maskbaftisemerit 1O the magnitude of this load-dependent component of tremor.
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. Several different mechanisms have been proposed for the
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load-independent components of physiological tremor. Aftepnditions, motor-unit synchronization does not contribute to
examination of tremor spectra estimated from force recorghysiological tremor (Allum et al. 1978; Dietz et al. 1976;
obtained during isometric pinch grip tasks, Allum et al. (1978 reund 1983; Logigian et al. 1988; Semmler and Nordstrom
concluded that a 6- to 12-Hz peak they observed in tremb®95, 1998). In contrast, the recent observations on the rhyth-
spectra resulted from the unfused twitches of late recruitedc nature of processes generating motor-unit synchronization
motor units. This work supports the earlier view of Marshalluring weak contractions (Farmer et al. 1993) and the corre-
and Walsh (1956) on tremor that normal physiological tremapondence between the frequency bands associated with mo-
reflects only motor-unit firing rates and the biomechanicébr-unit synchronization and the 1- to 12-Hz and 15- to 30-Hz
properties of the musculoskeletal system”ifiberg et al. load-independent components of physiological tremor (Con-
1986). In contrast, other studies examining the relationshigy et al. 1995a) suggest that the role of motor-unit synchro-
between motor-unit activity and tremor have proposed alterr@zation in physiological tremor should be reassessed.
tive explanations for the load-independent frequency compo-The present study therefore investigates the relationship
nents of tremor. Elble and Randall (1976) examined the cdretween the two frequency bands present in motor-unit syn-
relation between motor-unit firing and finger tremor in forcehronization (1-12 Hz and 15-30 Hz) and normal physiolog-
records, and between surface electromyographic (EMG) actival tremor. Our aims aré) to clarify the role of motor-unit
ity and force tremor. They observed a preferential amplitudieing rate in the generation of physiological trema@) to
modulation of extensor digitorum communis (EDC) surfacassess whether there is any relationship between the rhythmic
EMG in the frequency range 8-12 Hz, and correlation betweeamponents of motor-unit synchronization and physiological
surface EMG and tremor, single motor-unit activity anttemor,3) to investigate whether this relationship exhibits any
tremor, and motor-unit pairs in the same frequency range. THepd dependency, amd) to determine whether similar infor-
attributed this to a central modulation of motor-unit firing ifation is available using EMG instead of single motor-unit
the frequency range 8-12 Hz, which was independent discharges, and in particular if surface EMG can predict the
muscle force and motor-unit firing rate. In low force contraachythmic components in motor-unit synchronization resulting
tions, Conway et al. (1995a) observed load-independent cofrem rhythmic inputs to motoneuron pool during maintained
ponents in the correlation between single motor-unit dischargesduntary contractions (Farmer et al. 1993).
in EDC and postural finger tremor in acceleration records in theTo distinguish between load-dependent and load-indepen-
frequency bands 1-12 Hz and 15—-30 Hz, which they attributddnt components of tremor, the complete data are subdivided
to frequency components of motor-unit synchronizatiomto two sets: records obtained without additional inertial load-
McAuley et al. (1997) observed load-independent correlatioimgy, and records obtained with increased inertial loading. We
between first dorsal interosseous (1DI) EMG and tremor aapply a novel Fourier-based population analysis (Amjad et al.
celeration during index finger abduction against elastic loads1&97) to characterize the correlation structure across all records
contraction strengths up to 50% maximum voluntary contraitt each data set. The results, which are similar to those ob-
tion (MVC) in three distinct frequency ranges centred at 10, 2@ained by analysis of sequential records from an individual
and 40 Hz, which they attributed to reflect rhythmic activitgubject (Conway et al. 1995a), demonstrate that normal phys-
generated in central neural oscillators. iological tremor is a complex signal containing information
Pairs of motor units recorded from active muscles duringlating to motor-unit synchronization in two distinct fre-
maintained voluntary contractions in humans exhibit a tegquency bands.
dency toward synchronized firing, which is thought to reflect Preliminary accounts of the present results are published in
the presence of a common presynaptic input to the motoneu@onway et al. (1994) and Conway et al. (1995a).
pool (Bremner et al. 1991; Buchtal and Madsen 1950; Datta
and Stephens 1990; Dietz et al. 1976; Farmer et al. 19 thobs
Milner-Brown et al. 1975). Examination in the frequency do-
main of motor-unit synchronization in humans has reveal@lbjects and recording procedures
distinct rhythmic components, observed as correlations over_ ) o _ )
the frequency ranges 1-12 Hz and 15-30 Hz between the spik |mu|t§1neous recordings of third finger tremor, pairs of motor-unit
timings in motor-unit pairs recorded from 1DI, and betweerP'ke trains, and a surface electromyogram (EMG) from EDC were

. . S : made from 13 healthy adult subjects (12 male, 1 female, age range
1DI and second dorsal interossi (2DI) during isometric co 2—60 yr), with informed consent from each subject and local ethical

tractions (Farmer et al. 1993) and in pairs of motor unit§mmittee approval (West ethical committee, Greater Glasgow Health
recorded from within EDC (Conway et al. 1995a) durin@oard). The tremor signal was derived from an accelerometer fixed to
postural contractions. Three previous studies, employing tim distal phalanx of the unsupported middle finger, while the subject
domain measures, have investigated the relationship betwees seated with the forearm pronated and the other fingers, wrist, and
the level of motor-unit synchronization and normal physiologerearm supported and immobilized by a custom-designed rigid
ical tremor. Two studies in first dorsal interosseous (1DPolypropylene cast. Two single motor units were recorded from a pair
found no significant relationship between motor-unit synchr8f concentric needle electrodes (Medelec DFC25) inserted into the
nization and the peak-to-peak magnitude (Dietz et al. 1976)gjddle finger portion of the EDC muscle. The bipolar surface EMG
root-mean-square (RMS) magnitude (Semmler and Nordstr§ nal was obtained from a pair of Ag/AgCl electrodes placezD

. L S apart on either side of the needles.
1995, 1998) of tremor in force records. Similarly, Logigian e The accelerometer output was amplified and fed to a data collection

al. (1988) concluded that there was no relationship betwegghtace for digitizing. The bandwidth of this signal is determined by
motor-unit synchronization in the wrist extensor muscles amgk characteristics of the accelerometer (Entran EGAX-5), which has
the RMS value of normal physiological wrist tremor. Thesg flat frequency response from DC to above 200 Hz. The surface EMG
studies have led to the consensus view that, under normighal was filtered (3—500 Hz), and amplified 1,000) before digi-
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tizing. The needle electrode signals were amplified and band-passtified EMG and tremor1f-\’xy()\)\2 (Halliday et al. 1995b). Motor-
filtered before being passed through window discrimination devicagjit synchronization has traditionally been studied in the time domain
the transistor-transistor logic (TTL) pulses output from these were féelg., Bremner et al. 1991). In the present study, correlation between
to the digital input of the data collection device. motor unit 0andmotor unit 1is assessed in the time domain through
Acceleration and surface EMG signals were sampled at 1-ms the use of a second-order cumulant density function, the estimate of
tervals, and motor-unit spike times were recorded with a 1-ms samhich is denoted byd,o(u). Cumulant densities provide a general

pling interval. measure of statistical dependence between random processes and will
assume the value zero if the processes are independent (Halliday et al.
Experimental protocol 1995b). Complete details of the analytic framework, including esti-

mation techniques, procedures for construction of confidence limits,

During data collection the subject was asked to extend and maintaind a detailed analysis of a single record drawn from the present data
the middle finger in a horizontal position. The positions of the tware given in Halliday et al. (1995b).
needle electrodes were adjusted to obtain stable recordings fronin assessing the average strength of the four pairwise interactions
separate repetitively firing motor units. Single motor units were idemithin each population of recordings, we use the novel population
tified by their spike shape, which was continually monitored on @nalysis technique of pooled coherence (Amjad et al. 1997). This
digital storage oscilloscope. Once stable pairs of motor units wepeovides a single measure that summarizes the correlation structure
obtained, successive records were collected, initially with the fingaeross all data sets in a population. The use of pooled coherence
unloaded, then subsequently with small weights attached to the disteércomes the problems associated with the more usual examination
end of the finger. The weights were added in 5-g increments, rangiagd presentation of individual records, which may be misleading, by
from 5 to 40 g. The addition of weights was continued until stableharacterizing features that are not representative of the larger popu-
recordings were no longer possible from the identified motor-unit palation (Fetz 1992).
either through contamination from newly recruited units or the ces- Coherence and pooled coherence functions provide normative mea-
sation of repetitive firing. sures of linear association on a scale from 0 to 1 (Amjad et al. 1997;

We have used small incremental changes in limb inertia; RandBiiillinger 1981; Halliday et al. 1995b; Rosenberg et al. 1989). We can
and Stiles (1964) demonstrated that 5-g increments were sufficientherefore interpret the appropriate coherence and pooled coherence
alter the frequency of the 15-30 Hz load-dependent componentestimates as providing an estimate of the contribution from motor-unit
physiological tremor. Stiles and Randall (1967) demonstrated systepnsurface EMG activity to the tremor signal. This provides a measure
atic changes in the tremor characteristics with incremental loadinfthe percentage of the tremor signal, at each frequency, which can
using 5-g increments. In addition using small incremental loadirige accounted for by motor-unit or surface EMG signals, allowing us
allows recordings to be made from the earliest recruited fatigue quantify frequency components of normal physiological tremor
resistant motor units. related to rhythmic neural activity, both for individual records and
complete populations.

In this study we also use estimates of first-order partial coherence
functions to assess whether a third process (or predictor) accounts for

As a consequence of different conduction delays in nerve afite relationship between two other processes (Halliday et al. 1995b;
muscle, the peak in the time domain correlation between motor-uRiesenberg et al. 1989, 1998). In situations where three processes
pairs was not always centered at zero lag. The range of peak latenéidaibit significant pairwise coherence estimates over the same range
for individual records is taken to reflect these conduction delays, agtifrequencies, first-order partial coherence estimates can be used to
delays due to interelectrode spacing (Bremner et al. 1991; Kakuddesit the hypothesis that common frequency components are involved
al. 1992). Before frequency domain analysis, we corrected for thegeall of the pairwise correlations (Halliday et al. 1995b; Rosenberg et
delays using a temporal alignment procedure, in which the timings@f 1989). For the present data we examine the first-order partial
one spike train of each pair were adjusted by a constant time offsgeherence between the two motor units using the tremor or the
which was chosen such that the resultant peak in the time domégetified EMG as the predictor. The partial coherence between the two
correlation between each pair of spike trains was centered at zero lagtor units using the tremor as predictor is denoted Ry ()%
The offset was an integer multiple of the sampling interval, and varigdth EMG as predictor it is denoted bjR,,y(A)|°. If motor-unit
between 0 and 9 ms. In their study of motor-unit pairs recorded frogynchronization contributes to physiological tremor, then the tremor
within intrinsic (1st, 2nd, and 4th dorsal interossei) and extrinsgignal,x, will be able to predict the components [, 4(A)[*. In this
(extensor pollicis brevis, extensor digitorum, and flexor digitorunfase the estimated partial coherengg,(\)|*, will show a clear
hand muscles, Bremner et al. (1991) obtained a range of 0—8 msfeduction in magnitude when compared with the ordinary coherence
the peak offset. estimate between the motor unifiR, 4(\)|?, at the frequency compo-

The framework and notation for the analysis of individual record3ents where motor-unit synchronization contributes to physiological
is that set out in Halliday et al. (1995b). The acceleration signdfemor. Similar comments apply for interpreting the estimated partial
denoted by, and full-wave rectified EMG, denoted lyyare assumed coherence with EMG as predictdR, (A)[*.
to be realizations of stationary zero mean time series. The two
motor-unit spike traingnotor unit 0Oandmotor unit 1,are assumed to
be realizations of stationary stochastic point processes, and are
noted byN, and N,, respectively (Conway et al. 1993). All four SlTlmmary of the data sets
processes are assumed to satisfy a mixing condition, whereby sample

values widely separated in_ time are independent (Brillinger 1981). The present results are based on a total of 190 records
Autospectra of these four signals are denoted i), f,,(A), foo(A), Ogbtained from 101 motor-unit pairs during 21 experiments
n

Analytic methods

ESULTS

andf,,(A), respectively, an estimate is identified by the inclusion . .
the ~ symbol, €.g.1 (). In the frequency domain, the correlatio erformed on 13 subjects. The recordings were made from the

between two processes is assessed through the use of coher gst Fe.CfU'ted’ fatigue-resistant mOtOf units displaying re-_
functions (Brillinger 1981; Halliday et al. 1995b; Rosenberg et aP€litive firing. For the present analysis these records_ were split
1989). The estimated coherence function between the two motor uhitt® two data sets. The first data seata set oneconsists of

is denoted byR,(\)[?. Other pairwise interactions we consider ard06 records obtained with the middle finger unloaded. The
between motor units and tremdiR 4(A)|? and|R,(A)[%, and between second,data set two,consists of the remaining 84 records




MOTOR-UNIT SYNCHRONIZATION AND TREMOR 667

obtained with the finger loaded. The average duration for they
190 records was 89 s (range, 20—-180 s). 2.0 MV
The mean discharge rate for the 212 motor unitdata set 1.0
one was 11.9 spikes/s (range, 7.5-18.8 spikes/s), the meaid-
coefficient of variation (c.0.v.) was 0.31 (range, 0.11-0.75):1-01
The corresponding 106 acceleration records had an averagé™ 2
RMS value of 6.1 cm/s(range, 1.1-37.0 cnfs 20 - SM/sec
The mean discharge rate for the 168 motor unitdate set 1>
two was 12.4 spikes/s (range, 6.3-18.2 spikes/s), the mean |
c.o.v. was 0.32 (range, 0.12—-0.85). The corresponding 840 -
acceleration records had an average RMS value of 8.1zcm/§1‘gj
(range, 1.9-34.1 cns The average load was 11.6 g (range,
5-40 g). The number of records at each load was 5 g, 30 “ " " !I W} H W H ‘1 “ ll “ || ‘Ii “ “ ‘\ll‘ “ I 'll ‘I |‘ “ 'H "“
records; 10 g, 26 records; 15 g, 13 records; 20 g, 8 records;
25 g, 3 records; 30 g,2 records; 35 g, 1 record; and 40 g, 1 oo = os 10 15 20 25 30
record. Time (sec)
Figure 1 illustrates a 3-s segment of data from one subject , C ,
along with estimates of the autospectra of the four signals, fqi> Spectrum - Motor Unit 0 Spectrum - Motor Unit 1

one record of duration 100 s from this subject, with the fingef® 247

unloaded. Log plots of the point process spectral estimates fof | e ; : 2.8 o A

the two motor unitsf,o(A) andf;;(A), are shown in Fig. 1B 2.8 7] W/ 1 v

andC, along with the asymptotic value for a random discharge.2 - 327

with the same mean rates and upper and lower 95% confidengg_| 3.6 -

limits (see Halliday et al. 1995b). The dominant feature in each,, ] 1

estimate is a single spectral peak, at 12.6 Hznfimtor unit O e — X e —

and~10 Hz formotor unit 1,these represent the mean rate of 0 10 20 30 40 50 0 10 20 30 40 50

discharge of the motor units (12.6 spikes/s and 9.9 spikes/sp Spectrum - Tremor E spectrum - Surface EMG

and illustrate that the periodic firing of each motor unit is the l 104

dominant rhythmic component identifiable in each spectreds 11

estimate.Motor unit 0 has a more regular discharge (c.0.v.33 - _1:2;

0.18) tharmotor unit 1(c.0.v. 0.27), resulting in a more clearly ] 13

defined spectral peak and a small harmonic component arourid 1.4

25 Hz in Fig. B. Log plots of the time series spectral estimatesgH0 ] 154

of the acceleration recorél,()), and the rectified EMG,,(A) -4 164

are illustrated in Fig. 1D andE. The 95% confidence interval B L A R s e S S L B S Ry S

for these estimates is indicated by the solid vertical line in the 0 1?: 20 30 4030 0 10 20 30 4950
requency (Hz) Frequency (Hz)

top right of each graph, these lines provide a scale bar against
which to assess the significance of local fluctuations. Theric. 1. Tremor, motor-unit, and electromyographic (EMG) d#taa 3-s
tremor spectrum (Fig. ) contains three distinct frequencySegment of data from 1 subject, illustrating raw surface ENE)( the tremor
bands. The dominant mechanical resonance component is acceleration sgnah@lddle and the times of occurrence of motor-unit spikes
g p &Rbwn as vertical linesbptton). Log plots of estimated auto spectra &) (
tered around 20 Hz; smaller neurogenic components aroundmador unit 0, §,(A), and C, motor unit 1, f,(A). Dashed horizontal lines
and 30 Hz are visible (Amjad et al. 1994; Stiles and Randaépresent the asymptotic value of each estimate; solid horizontal lines represent
1967). The rectified EMG spectrum (FigElLhas two domi- the(;g’g‘;:‘é‘rds'fvr;’ae{f95;/; Z%fgi?g)“fgcgi?;tj-sL?% ELO:ES hﬁée;tiwﬁtef)aggigpedfa
hant peaks around 12 and 20-30 Hz, WhICh W(.:" mterpret3 rtical lines atgthe ?(ﬁ(p r’ight represent the LEJJS% confidenge‘?ﬁgerval for each
reflect increased power due to preferential grouping of MotQstimate.
unit activity (i.e., motor-unit synchronization) in these two
frequency ranges (Halliday et al. 1995b). defined central peak. The other two examples illustrate pro-
gressively weaker correlation, seen as a reduced magnitude in
Pooled coherence and cumulant estimates as population coherence estimetes, and less distinet c'entral peaks in cumulant
measures of motor-unit synchronization estimates; a 5|m|Iar_ range _and variation in the strength of
R motor-unit synchronization is present oata set two(not
Figure 2 shows the estimated coherefieg())|?, and cu- shown). We can use pooled coherence analysis to summarize
mulant density,§,q(u), between three individual motor-unitthe correlation structure across all 106 recorddata set one
pairs drawn fromdata set onglunloaded). These examplesand across all 84 records ifata set twoThese pooled coher-
which all have the same record duration of 100 s and are takamce estimates are illustrated in Fig.A3and B, respectively.
from different subjects, illustrate the range of strengths d@this population analysis across all available data results in the
motor-unit synchronization and intersubject variability presesame correlation structure as observed for individual records,
within this data set. The first example (Fig. &, and B), namely significant coherence in the two frequency bands, 1-12
estimated from the same data as illustrated in Fig. 1, has tie and 15-30 Hz. This result is in agreement with that of
strongest coupling, with significant coherence in two distinétarmer et al. (1993), who studied motor-unit synchronization
frequency bands, and an estimated cumulant with a cleaiyhuman 1Dl and 2DI muscles during isometric contractions.
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A Motor Unit 0 - Motor Unit1 B Motor Unit 0 - Motor Unit 1 lant density estimates in each data set have a significant peak
030 Coherence 3.0 4 Cumulant x10* at zero lag, indicating a high prevalence of synchronization in
both data sets. In their study of motor-unit synchronization in

2.0 EDC, dorsal and palmer interossei, and flexor digitorum su-
10; l perficialis Bremner et al. (1991) observed significant peaks in

| i 88% of records.
o Higy
] A

0,00 AT ey 1.0 4 gl " Pooled coherence estimates for motor unit to tremor
“7°0 10 20 30 40 50 60 70 40 20 0 20 40 correlations and surface EMG to tremor correlations

Pooled coherence estimates were constructed between each

G Motor Unit 0 - Motor Unit 1 D Motor Unit 0 - Motor Uit 1 motor unit and the tremor, and between the surface EMG and

0.30 4 4 o
Coherence 3071 Cumulantx10 tremor fordata sets onendtwo, providing a measure of the
2.0
1.0 ] [\ A Pooled Coherence B Pooled Coherence
0 AV 1 , 0.05- Unloaded 005 Loaded
0.0 | W\A’WW 04 0.04-
- A 1.0 - . 0.03—_
L6010 s L S R B I L S AU 0.024
0 10 20 30 40 50 60 70 -40 20 0 20 40 e
] 0.0lj
E Motor Unit 0 - Motor Unit 1 F Motor Unit 0 - Motor Unit 1 000 ==y g 000 = = T
0.30 Coherence 3.0 4 Cumulant x10* 10 20 30 40 50 60 70 10 20 30 40 50 60 70
0257 1 C Coherence - Histogram D Coherence - Histogram
020 207 10 10 -
0.15 1.0 | | 0.8 0.8
] WMWWMM 0.6 0.6 -
0.0 7 RPN A 1 1
| 0.4 - 0.4
0.00\\\\\|||s\||\\|_1'0711x|!\|[xy\ O'2i 0'2i
0 10 20 30 40 50 60 70 40 20 0 20 40 0.0 T 0.0 T
Frequency (Hz) Lag (ms) 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
. o . Hz
FIG. 2. Examples of motor-unit synchronizatiof, C, and E: estimated Frequency (Hz) Frequency (Hz)
coherence betweemotor unit 0and motor unit 1,|R,o(A)|?, for 3 pairs of
motor units recorded from extensor digitorum communis (EBZD, andF: E Pooled Cumulant ><104 F Pooled Cumulant ><104
corresponding estimated cumulant densitégg(u), for the same 3 motor-unit 54 2.4
pairs. Horizontal dashed lines in the coherence estim#te€(and E) and
horizontal solid lines in the cumulant density estimai#sly, andF) represent 1.6 1.6
estimates of 95% confidence limits based on the assumption of independence.
0.8

0.8
In their study of motor-unit coupling Farmer et al. (1993) used

a histogram to represent the proportion of motor-unit pairs with00 7 &==a == R 0.0 7 =i e T
significant coherence in individual estimates at each frequency.

Similarly constructed histograms are shown in Fig.f8r data G . H _

set oneand Fig. ® for data set twoshowing the proportion Cumulant - Histogram 0 Cumulant - Histogram
of coherence estimates with values above the 95% confidence !

limit (based on the assumption of independence and repreq'8 08

sented by the horizontal dashed line in FigA2C,andE), at %6 0.6

each frequency. These histograms indicate the presence of twia 04

distinct frequency bands corresponding to the peaks in the:2 02

pooled coherence estimates. Pooled coherence has the adva- g’ | N, g

tage of further providing a measure of the strength of coupling <40 20 0 20 40 40 20 0 20 40
at each frequency. Lag (ms) Lag (ms)

Figure 3, E and F, illustrates the corresponding pooled ric.3. Population motor-unit synchronization éata sets 1(Unloaded)
cumulant density estimate and confidence limitsdata sets and2 (Loaded). Pooled coherence estimates Arg(l 106 motor-unit pairs in
one and two respectively. the binwidth is 1 ms. These estidata set 1and @) all 84 motor-unit pairs irdata set 2Histograms showing

tes h Il-defined ti ith tral kfr tion of individual coherence estimates that exhibit significant values above
mates have a well-defined ume course, with a central peak Qo confidence limit at each frequency f@) @data set 1and D) data set

f’:er.UI.’]d 14 ms in width. Hi_StogerS Counting the proportion @f pooled cumulant density estimates f&) @il 106 motor-unit pairs idata
individual cumulant density estimates with values above tlset 1,and §) all 84 motor-unit pairs imlata set 2Histograms showing fraction
upper 95% confidence limit (top solid line in Fig.R, D, and of individual cumulant density estimates that exhibit significant values above

: : : : : an upper 95% confidence limit at each lag f@&) data set land H) data set
F) in each bin, are shown in Flg(Bfor data set oneand Fig. 2. Horizontal dashed lines in the coherence estimakemn(@B) and horizontal

3H for data set twoThese histograms indicate that, after th&oiq lines in the cumulant density estimatésandF) represent estimates of
temporal alignment process, over 95% of the individual cumes% confidence limits based on the assumption of independence.
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A Motor Unito - Motor Unit1 B Motor Unit 0 - Tremor tremor therefore occurs at the same frequencies as the corre-
020 1 Pooled Coherence 020 7 Pooled Coherence lation between motor-unit pairs (Conway et al. 1995a). Within
016 0.16 each data set, the peak in the superimposed firing rate histo-

] . grams lies largely between these two frequency bands, thus
012 7 012 7 these frequencies do not in general correspond to the firing rate
0.08 | 1 L of the motor units (Conway et al. 1995a). For both data sets,
0.04 the pooled coherence estimate between surface EMG and
] tremor (Figs. D and D) is greater in magnitude than those for
000 PR 000 e the motor unit to tremor estimates (Fig.BlandC and Fig. 5,
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 B andC), which in turn are greater than the motor-unit coher-

C  Motor Unit 1 - Tremor D EMG - Tremor ences (Figs.Aar_ld BA). The rectified su_rface_ EMG emerges as
020 4 Pooled Coherence 020~ Pooled Coherence a powerful predictor of that motor-unit activity that is corre-

] 1 lated with the tremor signal (Figs.D4and ). The pooled
0.16 7 0.16 7 coherence estimates between single motor-unit discharges and
0.12 0.12 ~ tremor have a peak magnitude of between 0.04-0.1 (Fids. 4,
0,08 - ’ N 0.08 - andC, and 5,B and C), which indicates that, on average, a

1 1 single motor-unit discharge can account for between 4 and
0.04 7 0.04 7 10% of the tremor signal in the two frequency bands 1-12 Hz
0,00 e == 000 TS and 15-30 Hz. The rectified EMG, which samples the activity

0 10 20 30 40 50 60 70 0 10 20 30 40 S0 60 70 Zcross a number of active motor units, can account for 20% of

Frequency (Hz) Frequency (Hz) the tremor signal in the two frequency bands 1-12 Hz and

Fic. 4. Pooled coherence estimates fiata set 1(Unloaded). Pooled 15-30 Hz (Figs. B and D).
coherence estimates for all 106 records in data set Anestimate between The presence of the same two frequency bands in the above

motor unit 0and1, [R;o(A)|?, (B) betweermotor unit Oand tremor|R o(A)[?, :
(C) betweenmotor unit 1and tremor, Ra(\f% and D) between recified pooled coherence estimates for both loaded and unloaded data

surface EMG and tremokRX)J(/\)F. Horizontal dashed lines represent estimate§etS* des,p'te _the increased inertial load'ng associatecdatth

of the 95% confidence limits based on the assumption of independesets  Set two, implies that these two frequency bands represent
above the coherence estimates\inC are histograms of the mean firing ratesload-independent contributions to tremor. To establish that
of the motor-unit discharges. Vertical scale bar to the left of each histogram

represents 20 counts. Horizontal axes on the pooled coherence estimatef) . . \;nit 0 - Motor Unit 1 B  wMotor Unit 0 - Tremor

represent the Fourier frequencies for the spectral analysis. We plot the . -

frequencies in cycles/s (Hz); the values can also be used to indicate the me%a%o Pooled Coherence 0207 Pooled Coherence
firing rate for the histograms, in spikes/s. Histograms were constructed with @16 — 0.16
binwidth of 1 spike/s. InA the histogram is for all 212 motor-unit discharges; ] ‘

in B it is for the 106 discharges ahotor unit 0,and inC it is for the 106 0.12 ] 0.12 f‘ RN
discharges ofnotor unit 1. 0.08 0.08

average contribution to the tremor from motor-unit and surface.o4 0.04
EMG activity in each data set. In accordance with the assumpy,, _| S,
tion of independent experiments (Amjad et al. 1997), the motor ¢ 10 20 30 40 50 60 70

unit to tremor interactions are considered separately (because

0.00

the tremor signal is common to each motor-unit pair). The G Motor Unit 1 - Tremor D EMG - Tremor
choice of label @ or 1) for each motor unit was specified by the 020 7 Pooled Coherence 020 1 Pooled Coherence
channel on which it was recorded. Including the pooled motorg 14 0.16 -
unit coherence estimates illustrated in Fig. 3, four pooled  _ | 1
coherence estimates are used to charactgrize the in?eract%lr%f‘ji' 0127
between motor units, EMG, and tremor. All four estimates for0-08 0.08
data set on@re shown in Fig. 4. Histograms of the mean firingg g4 - 0.04
rates of the motor-unit discharges are shown above the coher- 1 ]

; - : P . 0,00 e i 0,00 Py e
ence estimates in Fig. M—C.The h|sto_gra_m in Fig. A is for 010 20 30 40 50 60 70 0 10 20 30 40 50 60 70
all 212 motor-unit discharges. Those in FigBiandC are for Frequency (Hz) Frequency (Hz)

the 106 discharges deSignated or unit Qandmotor unit FIG. 5. Pooled coherence estimates datta set 2Loaded). Pooled coher-

L res_p_ecnvely. The corresponding pooled COherence ?St'maéﬁ estimates for all 84 recordsdata set 2. Aestimate betweemotor unit

and firing rate histograms fafata set tware ?hown in Flg- 5. 0and1, |Rio(A)? (B) betweermotor unit 0and tremor|Ro(A)[?, (C) between
Several points emerge from this population analysis of maotor unit 1and tremor|R,(A)[?, and ) between rectified surface EMG and

tor-unit pairs, surface EMG, and tremor. The first point is th&mor, [Ro(M)[>. Horizontal dashed lines represent estimates of the 95%

. ; fidence limits based on the assumption of independénsetsabove the
similarity between the frequency bands present in these pOOE% erence estimates —C are histograms of the mean firing rates of the

coherence estimates, taken across subjects, and those presedilunit discharges. Vertical scale bar to the left of each histogram repre-
single records from individual subjects (see also Amjad et @bnts 20 counts. Horizontal axes on the pooled coherence estimates represents
1997, Figs. 2, 5, 7, and 8; Conway et al. 1995a, Fig. 1; Hallid#ye Fourier frequencies for the spectral analysis. We plot these frequencies in
etal. 1995b, Fig. 4)_ A characteristic feature of the four pOO| cles/s (Hz), the values can also be used to indicate the mean firing rate for

. the histograms, in spikes/s. Histograms were constructed with a binwidth of 1
coherences for both data sets is the presence of the same /s. InA the histogram is for all 168 motor-unit discharges#iit is for

distinct frequency bands, 1-12 Hz and 15-30 Hz, in eag{® 84 discharges ahotor unit 0,and inC it is for the 84 discharges ahotor
estimate. The correlation between single motor units anit 1.
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A Pooled Tremor Spectrum 23 to 17 Hz with inertial loading, which is comparable with
that reported for individual subjects (Stiles and Randall 1967,

e, Figs. 3 and 4). This alteration in the mechanical resonance

component of tremor in the unsupported finger establishes the
load independence of the distinct peaks in the pooled coher-
ences illustrated in Figs. 4 and 5. The pooled EMG spectra for
each data set (calculated by same approach of standardizing the
variance across each data set) are illustrated in BgTBese
have the same form as that for a single subject (Fig, With
power concentrated around 12 and 25 Hz, which we interpret
to reflect frequency components due to motor-unit synchroni-
zation across the two populations of data.

0 5 10 15 20 25 30 35 40 45 50 Load-independent contributions from motor-unit
synchronization to physiological tremor; partial coherence
B Pooled EMG Spectrum analysis using tremor, and surface EMG as predictors of

motor-unit synchronization

The above observations that motor-unit to motor-unit coher-
ences and motor-unit to tremor coherences occur in the same
frequency bands suggests that the processes responsible for
motor-unit synchronization are transmitted to the muscle as a
tension or length change and consequently may be observed as
a component of the tremor signal. This can be directly tested
through the application of partial coherences, in which the
tremor signal is used as a predictor of the motor-unit correla-
tion. If the tremor signal contains frequency components due to
motor-unit synchronization, then the partial coherence between

T S Sy SO S R S motor-unit pairs, with the tremor signal as predictor, will not be
0 5 10 15 20 25 30 35 40 45 50 significant over the range of frequencies associated with the
Frequency (Hz) two components of motor-unit synchronization.

FiG. 6. Pooled tremor and EMG spectra fitata sets {Unloaded) anc The EMG to tremor coherences, which also involve the
(Loaded).A: log plots of estimated pooled tremor specfta(A), for all 106 same two load-independent frequency bands, suggest that sur-
records indata set 1(solid line) and for all 84 records idata set 2(dotted face EMG can be used as a predictor of motor-unit correlation,

line). To obtain these pooled spectral estimates in each data set, which.are * . .
) P P dRdvhich case the pooled partial coherence between the motor-

representative of the frequency components across all the records, each tr A . . . .
record was scaled to have the same root-mean-square (RMS) tremor valudR§ pairs using the surface EMG as predictor will not be
the mean in each data set (6.1 and 8.1 &mBs log plots of estimated pooled significant over the two frequency bands associated with mo-
EMG spectraf,,(A), for all 106 records in data set 1 (solid line) and for all 84qr-unit correlation.
\r/zcric;rr(lj:el?ndgtllar:gct)r?i(sdggfodsélré?éhegggaézg as iA by standardizing the Lo jatq set onethe estimated pooled partial coherence with
the tremor as predictofR,o,(A)|% is shown in Fig. A. The
these frequency bands reflect load independent features ofeélimate with rectified EMG as predict¢|R10,y(A)|2, is shown
data, it has to be established that the increased inertial loading=ig. 7B. The corresponding estimates foata set twoare
in data set twgproduced a significant alteration in the tremoshown in Fig. 7,C and D, respectively. In each graph the
characteristics as predicted by the model for the relationshifiginal estimate of pooled motor-unit coherenig(A)|?, is
between added magw, and the frequencyy, of the dominant shown as a dotted line, this allows a direct comparison of the
mechanical resonance component of finger tremor: 1A/m  pooled partial coherence with the pooled ordinary coherence.
(Stiles and Randall 1967). The average mass applied in the 84€onsidering first the 15- to 30-Hz frequency band with the
records was 11.6 g (range, 5-40 g). The mean RMS valuet@@mor as predictor, the partial coherence estimates (Fig. 7,
the tremor increased from 6.1 cri/m data set onefo 8.1 andC, solid lines) exhibit no consistent significant features in
cm/s in data set two.The RMS values do not give anythis frequency range. Therefore all frequency components in
indication of the dominant frequency components in the tremtire 15- to 30-Hz frequency range present in the motor-unit
records. The estimated pooled spectra for each data set casysehronization are transmitted to the tremor signal, allowing
used to determine whether the frequency components in théo accurately predict the motor-unit synchronization in this
tremor across each population have been altered by the firquency range. We can therefore conclude that there is a
creased inertial loading. Because the range of RMS values $gnificant contribution to physiological tremor resulting from
individual tremor records was 1.1-37 cfy/sach tremor signal motor-unit synchronization in this frequency range. Although a
was scaled to have the same RMS value across each datasseijar conclusion can be drawn for the 1- to 12-Hz compo-
6.1 or 8.1 cm/§ otherwise the pooled tremor spectra would beent, the effect is more complex. The pooled partial coherence
dominated by the records with the largest RMS tremor. Figuestimates (—) exhibit only a part reduction in magnitude of the
6 illustrates estimates of these pooled tremor spectra for eaggnificant features present in the original pooled coherence
data set. The frequency of the dominant peak decreases frestimates-( -). A partial reduction can occur for two reasons:

20—
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DISCUSSION
A Pooled Partial Coherence B Pooled Partial Coherence

0057 MUO-MU1/Tremor 0.057 MUO-MU1/EMG Relationship between physiological tremor and motor-unit
0.04, Unloaded 0.04-, Unloaded activity

0.03 This study considers the relationship between physiological

tremor and motor-unit activity in a number of recordings taken

across subjects performing the same postural task under two
N conditions (unloaded and loaded). The pooled spectral esti-
0.00 |t R, T oo mates (Fig. 6) indicate the relative power (variance) of the
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 tremor at each Fourier frequency and provide a concise de-
scription of the characteristics of the tremor for all records in
each condition. These pooled spectral estimates exhibit the
same load dependency as those obtained from individual sub-
jects (Stiles and Randall 1967). In both conditions the domi-
nant spectral component, which can be taken as an indication
of the dominant tremor rhythm, is the load-dependent mechan-
ical resonance component. This has an average frequency of 23
Hz for the unloaded data set and 17 Hz for the loaded data set.
0.00 el e (00 temeiiBAe . These frequencies overlap with the 15- to 30-Hz band of
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 motor-unit synchronization, therefore the load-independent

Frequency (Hz) Frequency (Hz) contribution to physiological tremor from rhythmic motor-unit
Fic. 7. Pooled partial coherence estimates data sets land 2. Pooled activity in this frequency range cannot be identified from

partial coherence estimates using the tremor as predjgt@j(A)%, (A) forall  examination of tremor spectra. The pooled coherence estimates
106 records irdata set 1and (C) all 84 records irdata set 2Pooled partial (FigS. 4,B and C, and 5,B and C), however, provide an

coherence estimates using the rectified surface EMG as predf?{@,;,()\)\z, : - i
(B) for all 106 records irdata set 1and Q) all 84 records irdata set 2Also estimate of the contribution to the tremor from motor-unit

shown as a dotted trace in each graph is the original pooled coherence esti@&Vity, at each frequency. These indicate that a single motor-
between the motor-unit pairgR,o(A)|2. For A and B this is for the 106 unit discharge can account for between 4 and 10% of the
motor-unit pairs indata set land is copied from Fig.&,and inCandD itis  tremor signal in the two frequency bands 1-12 Hz and 15-30
for the 84 motor-unit pairs |l:_lata set 2and is copied frpm F|g.E_3. I_—|or|zonta| th In some subjects coherence estimates between single mo-
dashed lines represent estimates of the 95% confidence limits based on_ the . .
assumption of independence. tor units and tremor for single records had values up to 0.4,
indicating that, in some cases, an individual motor unit (and all
1) the 1- to 12-Hz component of motor-unit synchronizatiothose correlated with it) can predict up to 40% of the tremor
does not contribute as strongly to physiological tremor as te@gnal at these frequencies. Examples of coherence estimates
15- to 30-Hz component, @) the contribution may involve between single motor units and tremor for single records drawn
linear and nonlinear interactions, possibly reflecting differefitom the present data sets are shown in Conway et al. (1995a),
mechanisms. Partial coherence functions are based on Haliday et al. (1995b), and Amjad et al. (1997). A natural
assumption of linearity and cannot detect a nonlinear interapiestion to ask of this analysis is “are the effects uniform
tion (Halliday et al. 1995b; Rosenberg et al. 1989, 1998). Gatross subjects?” In other words, is pooled coherence an ap-
the basis of the present analysis, we cannot distinguish betweeopriate tool to apply to the present data? As part of the
either of these mechanisms. The partial reduction in the raraealysis, we estimated the pooled motor unit to motor-unit
1-12 Hz does, however, indicate that there is a componentooherence for each subject (by combining all records from each
physiological tremor in the range 1-12 Hz, which can bsubject) and plotting histograms of the peak coherence in the 1-
attributed to this lower frequency component of motor-untb 12-Hz and 15- to 30-Hz frequency bands for each subject.
synchronization. With the exception of a small residual conThese histograms were well fit by a normal distribution (as-
ponent in the pooled partial coherence around 22-28 Hz sassed by constructing normal probability plots and summary
data set onéFig. 7A, —), comparison of this analysis falata statistics for each set of values) indicating a range of values
set oneand data set tworeveals identical results. Thereforedistributed around a central value. Therefore for the present
contributions over a similar frequency range are made to phylata, intersubject variability leads to a range of strengths of
iological tremor in both the unloadeddta set ] and loaded motor-unit synchronization, which appears normally distrib-
(data set 2 populations. This reduction in the partial coherencated. Under these conditions, pooled coherence is an appropri-
estimates compared with the ordinary coherence estimatesia tool to estimate the average strength of correlation at each
Fig. 7,A andC, indicates that common frequency componenfsequency across subjects. In addition, the presence of the same
are involved in the population correlations and establishes ttveo load-independent frequency bands can be inferred from
rhythmic components of motor-unit synchronization as th@herence estimates between pairs of motor units, and between
source of the 1- to 12-Hz and 15- to 30-Hz contributions fromsingle motor units and tremor from single subjects (Conway et
motor-unit activity to the tremor. al. 1995a), as in the present analysis across subjects.

The pooled partial coherence estimates using the rectifiedThe pooled coherence estimates between the rectified sur-
surface EMG as predictor (Fig. B,andD) are similar to those face EMG and tremor (Figs.Dland ) have a larger mag-
using the tremor signal (Fig. 7A and C). Therefore the nitude and indicate that on average, the rectified surface EMG
rectified surface EMG is as efficient a predictor of motor-ungan account for 20% of the tremor signal in the two frequency
synchronization as the tremor signal. bands 1-12 Hz and 15-30 Hz. This increase in magnitude over

0.02
0.01

C Pooled Partial Coherence D Pooled Partial Coherence
0.05 MUOQ-MU1/Tremor 0.057 MUO-MU1/EMG

0.04 Loaded 004 » Loaded

0.03
0.02
0.01
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the pooled coherence for a single motor-unit discharge may $teicted to the frequency range 8—12 Hz. The double discharge
due to the surface EMG containing information representin@atterns of motor-unit firing observed by Elble and Randall
the discharge of many motor units. Thus the surface EMG tHa076) may be a consequence of the larger force exerted by
samples a pool of the active motor units in EDC is able tiheir subjects compared with the present study. Such motor-
account for more of the tremor signal in the two frequenaynit activity was not observed in our data (Fig. 1). Fox and
bands at which the motor-unit discharges are correlated. Randall (1970) observed a 10-Hz peak in the spectra of fore-
some subjects coherence estimates between rectified EMG and tremor and rectified, filtered biceps EMG, which was only
tremor for single records had values up to 0.7, indicating thatesent with the addition of 10-lb load to the wrist, and was not
the surface EMG can account for 70% of the tremor signal present with smaller loads. In recordings of forearm tremor and
these frequency bands. These examples were generally loloeps and brachioradialis EMGs, made under conditions of
tained from subjects who had stronger motor-unit synchrordempliant loading, Matthews and Muir (1980) observed a large
zation. An example of coherence between rectified surfaceherence at 10 Hz between the tremor and rectified, filtered
EMG and tremor is given in Halliday et al. (1995b). EMG only during recordings made with large force levels. In
Using a similar approach based on coherence estimatestudy of the frequency components present in tremor record-
Padsha and Stein (1973) estimated that surface EMG activityinigs, surface EMG and muscle vibration in subjects making
finger extensor muscles could accountfat1% of the tremor contractions of up to 50% MVC against an elastic load, McAu-
activity at frequencies up to 10 Hz. Our pooled coherendey et al. (1997) observed peaks in coherence estimates around
estimates between surface EMG and tremor consider the rel@; 20, and 40 Hz between the signals. It is therefore possible
tionship between motor-unit activity and tremor over a widehat the pattern of motor-unit synchronization may alter when
range of frequencies, and suggest that, on averag@@% of large force levels are used. Although our pooled coherence
the tremor signal in the frequency bands 1-12 Hz and 15-86timates extend to frequencies above 40 Hz, there is no
Hz can be accounted for by EMG activity in a single musclevidence of a distinct frequency band around 40 Hz in the
motor-unit synchronization, or in the correlation between mo-
Relationship between physiological tremor and motor-unit Or-unit activity and tremor (see Figs. 4 and 5) (McAuley et al.
synchronization 1997, Fig. 4). Given thg;e differences in motor-unit and EMG
firing patterns, it is difficult to generalize from the above
We have demonstrated that correlation between motor-uresults to the present study, and vice versa. Indeed Elble and
activity and tremor occurs in the same two frequency bandsRandall (1976) point out that their observed pattern of motor-
the correlation between motor units (Figs. 4 and 5). Partiahit firing cannot be assumed to be present in other muscles.
coherence analysis demonstrates that motor-unit synchroniki@vertheless, there are similarities between the results of Elble
tion is the source of the rhythmic contributions to normand Randall and the present study: both observed a relationship
physiological tremor in these two frequency bands (Fig. Metween motor-unit activity and finger tremor in a preferred
Previous studies on motor-unit synchronization and tremfsequency range, which is not related to motor-unit firing rate.
used a time domain approach based on comparison of the
magnitude of the central peak in the cross-correlation hisr@hysiological tremor and surface EMG as predictors of
gram with either peak-to-peak tremor magnitude (Dietz et g},5tor-unit synchronization
1976) or RMS tremor magnitude (Logigian et al. 1988;
Semmler and Nordstrom 1995, 1998). It is therefore difficult to We have demonstrated that components in normal physio-
reconcile these previous studies of the relationship betwedengical tremor are due to motor-unit synchronization in two
motor-unit synchronization and tremor with the present andtequency bands. The corollary to this result is that normal
ysis, which is based on a frequency domain approach. physiological tremor can be used as a predictor of motor-unit
frequency domain analysis may be more suited to charctermgchronization in the two frequency bands 1-12 Hz and
the relationship between the different rhythmic components ®5—-30 Hz. On this basis a statistical spectral analysis under-
physiological tremor and motor-unit synchronization. Thtaken using a tremor acceleration signal can be used as a
present study demonstrates, using a statistically rigorous ppoedictor of motor-unit synchronization in these frequency
tocol (Amjad et al. 1997; Halliday et al. 1995b), that twdands within the muscles that contribute to the tremor (Halli-
distinct rhythmic components of normal physiological trematay et al. 1995b).
are related to motor-unit synchronization. We therefore con-Rectified surface EMG, when processed according to the
clude that motor-unit synchronization contributes to normatethods in Halliday et al. (1995b), is a powerful predictor of
physiological tremor, and not just to cases of enhanced trentbe presence of distinct frequency bands in motor-unit synchro-
as claimed in Freund (1983). nization (Fig. 7,B and D). Previous studies on estimating
Elble and Randall (1976) did study the relationship betweenotor-unit synchronization from a surface EMG signal have
motor-unit firing and tremor in the frequency domain. Theysed time domain averaging techniques (Milner-Brown et al.
considered tremor in force records recorded from the extendE®l73), which compare spike-triggered averages of unrectified
middle finger and used forces of 200—250 g, to maximize tlaad rectified EMG. This approach is based on a specific model
8- to 12-Hz component of tremor, which resulted in patterns describing the relative contributions of synchronized and back-
motor-unit firing containing transient sequences of double diground motor-unit activity to raw and rectified EMG averages
charges consisting of alternating short and long intervals (s@é¢ilner-Brown et al. 1973). This method has limitations in its
Fig. 2, Elble and Randall 1976). Under these conditions, thege; the model has two major sources of error related to the
obtained coherence estimates between both surface EMG andlinear relation between rectified and unrectified EMG, and
tremor and single motor units and tremor, which were réhe index is sensitive to the background level of surface EMG



MOTOR-UNIT SYNCHRONIZATION AND TREMOR 673

(Yue et al. 1995). In contrast, the complete reduction over thremor reflects rhythmic processes related to motor-unit syn-
15- to 30-Hz frequency range in the estimated partial coharonization within active pools of motor units, and not asyn-
ence between the motor units with rectified surface EMG abkronous activity relating to motor-unit firing rates.
predictor (Fig. 7B andD) demonstrates that rectified surface
EMG can be used as a statistical predictor of motor-unfe ra| structures relating to normal postural physiological
synchronization in a multivariate Fourier analysis (Halliday §fomor
al. 1995b), under experimental conditions similar to those In
the present study. The presence of an 8- to 12-Hz load-independent component
Figure 7 illustrates that tremor and surface EMG signals are physiological tremor that is correlated with motor-unit ac-
equally good predictors of motor-unit synchronization. Physiivity has been well documented (Elble and Randall 1976;
ological tremor and surface EMG recordings are therefore rit¢talliday and Redfern 1956; Stiles and Randall 1967). In the
signals that contain information related to rhythmic compgresent study, we have observed a load-independent compo-
nents associated with motor-unit synchronization, within singteent of motor-unit synchronization that includes this frequency
muscles (EMG) and agonist muscle groups (tremor). range and extends down to lower frequencies. However, the
lowest frequency components in this 1- to 12-Hz range are not
Relationship between unrestrained limb tremor and isomet/@S Strong in the pooled motor unit to tremor or pooled surface
force tremor EMG to tremor coherence estimates for both the unloaded (Fig.
4,B-D) or loaded (Fig. 5B—-D) data sets, when compared with
The present study considers tremor during postural contrather frequencies in this range. These lowest frequency com-
tions involving position holding of the unrestrained fingeponents in the motor-unit synchronization could result from
against gravity. Many previous studies have considered trenommmon slow rate modulation of motor-unit firing rates during
in force recordings during isometric contractions. Halliday arttie postural task. This slow trend in the mean rate will appear
Redfearn (1956) pointed out that the characteristics of trermas an increase in the lowest frequencies in coherence estimate
will depend on how it is measured. The dominant mechanida¢tween the two motor units (e.g., see FigAZandC). Such
resonance component in acceleration recordings of posturahds in point process interval values cannot be easily re-
tremor (Stiles and Randall 1967) is damped out in isometnigoved (unlike trends in amplitude values in time series data).
contractions against a force transducer (Allum et al. 1978herefore the 1- to 12-Hz component of motor-unit synchro-
Elble and Randall 1976; Huberg et al. 1986). The mechanicahization may contain contributions from two different sources,
resonance component reflects activation of a resonant systame of which reflects common rate modulation of motor-unit
by motor-unit activity (Stiles and Randall 1967), or othepairs during the maintained postural tasks and occurs at the
external perturbations to the limb segment. lowest frequency components (DelLuca et al. 1982; Farmer et
The presence of an 8- to 12-Hz load-independent componaht1993). The higher frequency components in this 1- to 12-Hz
of physiological tremor has been reported in postural tremor @nge overlaps with the previously reported 8- to 12-Hz load-
the unrestrained finger (Halliday and Redfearn 1956; Stiles aimdlependent component of physiological tremor. It is in this
Randall 1967) and in force recordings during isometric coffrequency range that the pooled partial coherence estimates
tractions (Allum et al. 1978; Elble and Randall 1976). Browexhibit the largest reduction in magnitude using the tremor as
et al. (1982) observed an 8- to 11-Hz rhythmicity in forceredictor, indicating a clear contribution from motor-unit syn-
recordings obtained under isometric conditions and conditioolronization to the tremor.
of low inertial compliant loading during thumb flexion. The 1- Recent work on the origin of this 8- to 12-Hz rhythmic
to 12-Hz and 15- to 30-Hz components of motor-unit synchréead-independent component of physiological tremor has sug-
nization that we have described for the present data are ajmsted the presence of an 8- to 12-Hz oscillator. A number of
present in motor-unit pairs recorded under isometric fordbeories have been proposed for the location of such an oscil-
conditions (Farmer et al. 1993). Although different types détor. Elble and Randall (1976) proposed Renshaw inhibition.
contraction (postural or isometric) have a strong effect on théinds and co-workers have suggested inhibition-rebound ex-
characteristics of the resultant tremor signal, the 1- to 12-K#tation oscillations in the inferior olive as the source of these
and 15- to 30-Hz rhythmic components of motor-unit synchrascillations (Llina 1984). Other authors have suggested the
nization are present in both types of contraction at low for¢halamus or cerebellum as structures involved in generating the
levels. 8- to 12-Hz component (for a review see Elble and Koller
Allum et al. (1978) and Hmberg et al. (1986) have sug-1990). The present results demonstrate a load-independent
gested that the load-independent component observed in isoatribution to postural finger tremor from motor-unit synchro-
metric force tremor spectra relates to the firing rate of unfusedation in this frequency range and provide strong evidence in
motor units. This suggestion is based only on examination sfipport of an 8- to 12-Hz central generator. However, the
tremor spectra. The present study considers the correlatpmesent experiments cannot provide any evidence in favor or
between a large population of single motor-unit discharges aagainst any of the above origins of such an 8- to 12-Hz
shows no dependence on firing rate (Fig84ndC, and 5,B  oscillator.
andC). Examination of tremor spectra alone will fail to reveal The involvement of the stretch reflex in physiological tremor
contributions from the 15- to 30-Hz rhythmic component ofemains unclear. Early studies suggested that oscillations in the
motor-unit synchronization. Hoberg et al. (1986) suggest thasstretch reflex were the source of the 8- to 12-Hz load-indepen-
tremor is a useful predictor of motor-unit activity and reflectdent component of finger tremor (Halliday and Redfearn 1956;
firing rates of active motor units in isometric force tremor. Theippold 1970). The evidence against this has been well docu-
present data alternatively suggest that unrestrained postunainted (see, e.g., Elble and Koller 1990; Elble and Randall
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1976; Freund 1983). In particular, the frequency of the oscital tremor, which cannot be identified by inspection of the
lations is independent of the conduction time around the refleemor spectrum. Using this approach, the present data have
loop; 8- to 12-Hz load-independent oscillations have beédentified the presence of a third component in tremor during
observed in tremor and EMG recordings from finger (Elble ambstural contraction of finger muscles against gravity: a 15- to
Randall 1976; Halliday and Redfearn 1956), elbow (Fox ar@D-Hz load-independent component, which is masked by the
Randall 1970), and foot (Mori 1973) muscles. Several authargechanical resonance component of the tremor, but which can
have, however, suggested that oscillations in the reflex loop & identified from correlation between motor-unit activity and

a mechanism underlying enhanced or activated larger amptemor. Both the load-independent components at 8—12 Hz and
tude physiological and pathological tremor (Freund 1983; L4530 Hz reflect rhythmic components of motor-unit synchro-
gigian et al. 1988). Hagbarth and Young (1979) demonstratetation and are not related to motor-unit firing rates. Impor-
that human muscle spindle primary endings have sufficigaintly, the latter is expressed at the level of the motor cortex
sensitivity to respond to normal physiological tremor. Th@Conway et al. 1995b; Halliday et al. 1998; Salenius et al.
present results demonstrate that 1- to 12-Hz and 15- to 30-HX97) and may reflect a component of the motor command
load-independent components in motor-unit synchronizatiassociated with the performance of postural tasks.

can be detected in normal postural finger tremor, with the
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