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Effects of Aging on Motor-Unit Control Properties

ZEYNEP ERIM! M. FAISAL BEG,? DAVID T. BURKE,®> AND CARLO J. DE LUCA"?
INeuroMuscular Research Center afidepartment of Biomedical Engineering, Boston University, Boston 02215; and
3Department of Physical Medicine and Rehabilitation, Harvard Medical School, Boston, Massachusetts 02114

Erim, Zeynep, M. Faisal Beg, David T. Burke, and Carlo J. tractions (Kamen et al. 1995). Another study on the first dorgal
De Luca. Effects of aging on motor-unit control properties.Neu- interosseous (FDI) reported an altered mode of recruitmgnt/

rophysiol. 82: 2081-2091, 1999. It was hypothesized that the aggerecruitment in the elderly (Kamen and De Luca 1989).

related alterations in the morphological properties of a motor u bntrast, Galganski et al. (1993) reported no age-related ch

would be accompanied by modifications in the control aspects of t - . . ;
motor unit, as either an adaptive or compensatory mechanism tothe firing behavior of FDI motor units during a thresho

preserve smooth force production. In specific, the objective of tlji@Sk' Apart from these few studies, there is little published d
study was to investigate the age-related alterations in the concur
firing behavior of multiple motor units in the first dorsal interosseod®rce levels.

(FDI) muscle in isometric contractions at 20 and 50% of the subject's The Precision Decomposition technique (De Luca 19
voluntary contraction level. Analysis of the data collected from 1DeFever et al. 1982) allows accurate identification of the firi
young (24-37 yr of age) and 10 elderly (65—88 yr of age) subjects léighes of motor units enabling investigation of the firing behd

/B8Rt the control aspect of the motor unit, especially at higfer
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o
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g

to three novel observations regarding the firing behavior of agesk of several concurrently active motor units as a function
motor units. 1) Among elderly subjects, there is a Qecrease in theme. The objective of this study was to investigate the a
common fluctuations that are observed among the firing rates of mof@[te alterations in the firing behavior of concurrently acti

units in the young?2) The relationship observed between the firin o
rate and recruitment threshold of young subjects is disturbed in t gman motor units in the FDI muscle at force levels that w

elderly. Although in young subjects, at any point in a given submax?—'gn'f'camIy d'ﬁef?”t from threshold [20 and 50% maxim
mal contraction, earlier recruited motor units have higher firing rat¥9luntary contraction (MVC)], using the accuracy offered
than later-recruited units; in aged subjects this dependency of firif§¢ Precision Decomposition technique. At these force lev
rate on recruitment rank is compromis&)i The progressive decreaseespecially at 50%MVC, it is possible to observe a motor u
observed in the firing rates of concurrently active motor units isample that is representative of the whole population.
constant-force contractions in the young is not seen in the aged. In

addition to these original findings, this study provided support for

earlier reports ofl) decreased average firing rates probably reflectifyE THOD S

the slowing of the muscle) a shift in recruitment thresholds toward

lower force levels in line with the shift toward type | fibers, aBd Experimental design

multiphasic action potential shapes indicative of the reinnervatiGBJECTS. Data were collected from a total of 20 subjects. The

process that takes place during aging. Taken as a whole, these find@igs!p of 10 subjects 20-37 yr of age (32:25.66 yr, meant SD)

indicate significant age-related modifications in the control propertiggre classified as “young,” and the group of 10 subjects 65-88 y
of human motor units. age (76.9*+ 6.56 yr) were classified as “elderly.” The elderly subjeg

were screened by a practicing physiatrist for neuromuscular disor
that may interfere with the study. Local and institutional review bog
approval was obtained, and all the subjects gave informed cong
INTRODUCTION Force and myoelectric data were collected from the FDI muscle of

It is well-known that the physiological characteristics offominant hand.

human nerves and muscle fibers change with age. The VSMETRIC FORCE RECORDINGS. The hand of the subject was im
bulk of research in this area has been on identifying tfgePilized by placing it in a special mold so that the FDI w
nstrained to contract isometrically. The force of isometric abduct

changes n the morphological (Kanda and HaSh!Zume 198?% flexion were measured by placing a high-stiffness strain-gal
physiological (Roos et al. .1997)’ and hlstochemlcal (.Ansv%irce transducer against the proximal interphalangeal joint of
and Larsson 1995) properties of the motor unit (MU) with ag@,gex finger. The force signals were amplified and filtered (DC-3
In light of the significant changes in the properties of thgz) pefore acquisition and storage on a PC as well as being reco
elements of a motor unit, it can be hypothesized that the contepl instrumentation tape for backup.

aspects of the motor unit would be modified as an adaptive 0TOCOL. The MVC was acquired by instructing the subject
compensatory mechanism to preserve force production. ’ﬁ{ '

lowered in several studies (Howard et al. 1988; Nelson et @ken as the abduction MVC. Subsequently, the same procedure
1984; Newton et al. 1988; Soderberg et al. 1991). Other studiepeated for the flexion direction, and the flexion MVC was det
reported decreased firing rates specifically at high level caomined. Flexion force was recorded (as a percentage of the fle

MVC) to ensure that the subject was performing the prescribed task of

The costs of publication of this article were defrayed in part by the paymeg@ntracting only in the abduction direction. ) _
of page charges. The article must therefore be hereby maeidacbftisemerit The subjects were asked to trace a trapezoidal trajectory on
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. =~ computer screen by abducting the index finger with visual feedb

0022-3077/99 $5.00 Copyright © 1999 The American Physiological Society 2081

o ) aximally abduct the index finger and measuring the force produged.
deed, the firing rates of aged motor units were found to Bjs was repeated three times, and the maximum force measured was
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on force. The plateau of the trapezoidal trajectory was scaled to fiirst four firing instances of the motor unit. The choice of four spikps
subjects’ MVC, and the ramp parts of the trajectory had a slope kpresents a compromise between reducing the variance of the |esti
10%-MVC per second. The subjects practiced a few short trials at @@&te and capturing transient changes in the firing rates, given the high
and 50%-MVC to familiarize them with trajectory tracing. When theynstability of motor-unit firings at recruitment. Theoefficient of
were able to follow the trajectory smoothly, the needle electrode weariation of forcein a given interval was defined as the ratio of the
inserted in the belly of the muscle. standard deviation of the force samples to the mean of the force signal
Myoelectric data were acquired while the subject traced the trajan-the interval.
tories at plateau levels of 20 and 50% of the MVVC. The duration of the
force plateau in these trials was 60 and 20 s, respectively. The se[?q:is ULTS
contractions was repeated, with a minimum rest period of 3 min
between the trials. Before beginning each trial, the needle electrodeData from a total of 231 motor units were acquired apd
position was checked at a low level contraction-610%-MVC to  gnalyzed during isometric contractions at 20% (69 motor urjits
ensure the presence of three or four large and distinct motor-Ughm the young, 68 from the elderly) and 50%-MVC (43 motpr

action potentials in the detected intramuscular electromyograptuﬁitS from the young, 51 from the elderly) force levels
(EMG) signal. ’ ’

MYOELECTRIC SIGNAL RECORDINGS AND ANALYSIS. The specially |ar4ction among firing rates of concurrently active motor
designed 25-gauge quadrifilar needle electrode used to acquire mliﬁi_ts

electric data carries in its bore four pickup wires (cross-section

diameter 5Qum), which are exposed from a side port on the cannula |t h55 heen proposed that motor units of a given motoneuron
and separated by 2Q@m. The three differential pairs of intramuscular

signals (band-pass filtered 1-10 kHz) derived from these four pickE)OOI resgonc_l toa "C‘?m”f'on drive” (Dde rl;ucahet al. 1982b; ]E)e
surfaces were recorded in addition to the electrical activity detected. caan Erim 199.4’. Erim 19.92) an .t "’.ltt € response ofjan
the cannula of the needle with respect to the reference (band-p vidual motc_Jr ,un't IS _prescr'bed by its inherent drive/firing
filtered 10 Hz to 1 kHz). The surface EMG signal was recorded usifigte characteristics (Erim et al. 1996). The common fluctyig;
a bipolar surface electrode (band-pass filtered 10 Hz to 1 kHz).tns observed in the mean firing rates of concurrently ac
moistened velcro strap placed around the forearm near the elbow anator units in healthy, young subjects were attributed to {2
an electrode with a gel interface placed on the middle finger servedfhgctuations in this common drive to the motoneuron pool. I§
reference electrodes. _ _ ~ data collected from young subjects in this study, com

The intramuscular EMG signals were resolved into the individuglyctuations were consistently observed in mean firing rate gt

motor-unit firing trains using the Precision Decomposition techniqysoth the 20% and the 50%-MVC levels FigureAandB, |§
(De Luca 1993; LeFever and De Luca 1982; LeFever et al. 1982 - ; : : ' .
Mambrito and De Luca 1984). This technique uses template matchi splays the firing behavior of young motor units at two coffs

template updating, firing probabilities, and superposition resolution%(ggi(:tIon levels. In addltlon_to the common firing rate fluc_tu s
identify the individual firing times of the motor unit with up to 100%{10NS. thetop panelof the figure exemplifies other collectiv

accuracy (Mambrito and De Luca 1984). Operator inspection of tf&ing properties of motor units, which will be discussed.
identified motor-unit action potentials was carried out on the decorf0st aged subjects and in most of the time during the contee-

visually and correct any misidentifications. motor units were found to be decreased as seen in Fgahd
D. Note that decreased commonality in MU firing rates is a

; seen in Figs. 3 and 4, where in addition to the out-of-ph

Data analysis behavior of fluctuations, motor units even exhibited differ

DETERMINATION OF CONSTANT FORCE INTERVAL. To ensure a trends (some increasing at the same time as others decre
common basis for comparison of motor-unit firings, a 5-s-long stabjlg their firing rates.

force interval was determined for each trial in which the force at any To study the commonality of firing rate fluctuations in t

instant in the interval was withinc10% of the mean force in the S .
elderly, the pair-wise cross-correlation of the dc-removed

interval, and the coefficient of variation (CV) of force wa$.4 over firi f | . ; |
this period. Average firing rates and cross-correlation functions H&€an firing rates of concurrently active motor units was cgl-

tween mean firing rates were calculated over the first such stable fofedated over the 5-s constant force interval. The cross-corrgla-
interval. tion values obtained from a young and elderly subject are
MOTOR-UNIT PARAMETERS. The recruitment thresholdf a motor shown in F'g: 2. The Cro_ss—c_orrelatlon values in the elderly
unit was calculated by averaging the force over 15 samples (cor g-dUCEd as Is _ewdent in FigB2and random phgse Vawe
sponding to a window of 7.5 ms) beginning at the first discharge tinR€tween the firing rates are observed. In performing statistjcal
of the motor unit. The continuousean firing rateof a motor unitwas comparison of the common drive behavior in the two
obtained by passing a Hanning window of duration ranging from ogroups, the cross-correlation function was calculated betwgen

continuous mean firing rate signal in the stable force interval. Thghd 182 pairs in the elderly group. Because there was no effect
firing rate slopewas calculated as the slope of the regression line fip > 0.05) of force level on cross-correlation peak values,

to the mean firing rate signal in the region starting from where t ak cross-correlation values obtained at 20 and 50%MNC
force and mean firing rates stabilized at the target level to the endl8

e ; Is were grouped together within each age group. The grpup|
the force plateau. Thmeanandstandard deviation of the interpulse ve
interval were calculated in the same stable force region, and t eanst SD were 0.49- 0.16 forth_e young, and 0.48 0.14
coefficient of variation of the interpulse intervaias defined as the 1OF the aged group. Because the distribution of the peak values
ratio of the standard deviation of the interpulse interval to the me&fd not conform to a normal distribution, the nonparametfic
interpulse interval. Thénitial firing rate was calculated by inverting analogue of the two-sampletest, the Mann-Whitney test,
the average of the first three interpulse intervals corresponding to thas used to compare the two age groups. The hypothesis|thaf
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Mean firing rate curves of concurrently active motor units in 2 yokran(B) and 2 agedE andD) subjects at 20%X and

C) of maximal voluntary contraction (MVC) and 509 é@ndD) of MVC. The mean firing rates of motor units (the Igfaxis) as well

as the force (the right-axis) at which they were observed are plotted on the same time scale. The mean firing rates were obtained by
passing a Hanning window of 2-s duration over an impulse train corresponding to the firing instances of each motor unit.

FIG. 1.

the two groups had the same distribution was rejectd®lat process, which alters the distance the action potentials tra
0.005 level of significance. Although the group means appealong the neurons that have picked up orphan fibers.
to be close, théistributionof the cross-correlation peak values

were different. For instance, in the young 48% of the pairs hMing rate—recruitment threshold dependence
peak values>0.5, whereas in the aged only 30% of the pairs

had peak values above 0.5. In fact, this difference in distribu- Another significant property displayed by concurrently g
tions is what is captured by the Mann-Whitney test, with thi&ve motor units in healthy, young subjects is the inver
high number of samples available for both groups yieldingralationship between their firing rates and recruitment thre
high power for the comparison. The location of the peaddds (De Luca etal. 1982a; De Luca and Erim 1994; Erim et
values, or the delay between the mean firing rates of mott®96; Person and Kudina 1972). This relationship manifg
units (0.16+ 0.28 s for the young, and 0.28 0.31 s for the itself as a nestling of the mean firing rate curves within o
aged group) were also found to be differenPat 0.005 using another, with the earlier recruited motor units achieving
the Mann-Whitney test. Increased delays and increased vduigher firing rate than the ones recruited subsequently, res
ability in delay are to be expected from the reinnervatioimg in the term “onion skin phenomenon” (De Luca and Eri

G
S

Im

A Young B Aged

FIG. 2. Cross-correlation of continuous
mean firing rates of concurrently active motoy
units for a youngA4) and agedB) subject in a
5-s interval. Each line denotes the cross-corr
lation function of the continuous mean firing
rates for a pair of motor units. Cross-correlg
tions were obtained after the dc componen|
were removed from the mean firing rate sig

nals to study the correlation specifically amon
- - the fluctuations.
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Fic. 3. “Cross-over” of mean firing rate curves of motor units observed in the elderly. The later recruited motor units reach a

higher firing rate than those recruited earlier. The firing rate curves from 2 elderly subjects are shown here at 2099-BR4C (
50%-MVC (B) force levels.

1994). In the elderly, the “onion skin” behavior was disrupteHiring rate trends during sustained contractions
in almost all the trials with the mean firing rate curves of the
later recruited motor units “crossing over” the mean firing rate During 8—15 s constant-force contractions in young st
curves of the earlier recruited motor units. Figure 3 shows thjgcts, the firing rates of motor units gradually decrease w
altered firing behavior in the elderly subjects at the two fordéme and the rate of decrease is positively correlated to
levels studied. “Cross-over” is also evident in thetom panel recruitment threshold of the motor unit (De Luca et al. 1996
of Fig. 1 and in Fig. 4. This behavior was observed in the data collected from
To quantify the extent of the violation of the onion skin ruleyoung subjects in this study (see Figtdp pane). In the data
in the elderly, motor units observed from a given subject wepellected from the elderly, few motor units decreased th
pooled for each contraction level. Regression lines were fit fioing rates with time during the constant force plateg
sample points representing the recruitment threshold and shereas other concurrently active motor units increased
erage firing rate of each motor unit identified for the subject ataintained their mean firing rates as seen in Fig. 4. Note
a given force level. Although due to the small sample sizéscreasing trend after the first 20 s following the decreas
statistical significance for the regression fit was reached onlyrand in the mean firing rates in FigA4Firing rate trends in
quarter of the time, for all of the young subjects (100% of thdifferent directions among concurrently active motor units &
subjects at both force levels), the slope of the regression liakso seen in théottom panelof Fig. 1 and in Fig. 3. In
was negative, indicating the onion skin phenomenon. For themparing firing rate trends, we used the slopes of the reg
elderly subjects, at 20% of MVC 56%, and at 50% of MVGion lines fit to mean firing rate signals. In agreement with g
50% of the subjects had negative slopes, whereas the rest offitevious findings, firing rate drops were significantly higher
subjects displayed positive slopes indicating violation of thée higher force level for both age grougs € 0.005). As the
onion skin phenomenon. distribution of firing rate slopes did not conform to a norm
It is well-known that in the young, the order of de-recruitdistribution @ > 0.05), the nonparametric Mann-Whitnéy
ment of motor units is the reverse of the order of recruitmetest was used to compare the age groups. For the 20% M
(see Fig. 1). In the elderly, the same order of recruitment andntractions, there was no statistically significant differer|c
de-recruitment was noted to be preserved in almost all tffe > 0.05) between the two age groupsQ.050+ 0.049 pp$
cases, i.e., the motor units that were recruited later were derthe young;—0.040+ 0.049 pp$ for the aged). However, af
recruited earlier. 50% MVC, there was a significant difference Rt<< 0.005
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FIG. 4. Mean firing rate curves for 2 elderly subjects at 20%-MWAE&nd 50%-MVC B) force levels showing an absence of
decrease in the firing rates at a sustained force level.
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FIG. 5. Average firing rates of motor units vs. recruitment threshold in the O R . L R ——
young and the elderly at 20%-MV@\) and 50%-MVC B) force levels. The 0 10 20 30 40 50
average firing rate was calculated by averaging the continuous mean firing rate Recruitment Threshold (%MVC)

signal in the 1st 5-s stable force region. The recruitment threshold is theFIG 6
averaged force in a window of 7.5 ms beginning at the time of the 1st firing 86%—'M\./C
the motor unit. Linear least squares regression lines were fit to each dataﬁgé fit to
from the young and the elderly.

Initial firing rates vs. recruitment threshold at 20%-MVA&) @nd

each data set.

_ o depressed in comparison to those observed in the young at
gggazfi 0.27 pps for the young;—0.16 = 0.24 pps for the force levels as displayed by the regression lines fit to e

Average firing rates of motor units

together for each force level. The average firing rate of eaglpPes for the young and the elderly was rejected, resultin

identified motor unit is plotted against its recruitment thresholfi€ rejection of the null hypothesis that the data from the yoyrgg

in Fig. 5 for 20% @) and for 50%-MVC B) levels, with and elderly were generated by the same regression model

squares representing data from young subjects and triandf& 50%-MVC case, the null hypothesis of equal slopes could
corresponding to aged subjects. Table 1 summarizes the pat be rejected. The intercepts of these lines were then cpm-
rameters of the linear regression analyses at the two foR@ed, and the null hypothesis of equal intercepts was rejedted

levels. The firing rates of the motor units in the elderly werdUS resulting again in the rejection of the null hypothesis that
the data from the young and elderly were generated by [the
TABLE 1. Regression values on the average firing rates versus same regression model. Averaging of the firing rates acrpss
recruitment threshold relationships for the young and elderly at 2gN0tor units of all thresholds yielded 18.332.76 pps for the
and 50%-MVC force levels young, 15.17+ 3.31 pps for the aged at 20% MVC; anfd
26.08=* 4.52 pps for the young, 22.1% 5.57 pps for the aged
Intercept Slope R SD P n at 50% MVC. The difference between the age groups wegre

significant P < 0.001) for both force levels.
A. 20% of MVC

Young 19.26 —-0.09 -0.22 270  0.05 69 Initial firing rates
Elderly 16.37 -0.18 -0.28 319 001 68

The initial firing rates of motor units in the elderly subjects
B. 50% of MVC were lower as compared with the young at both 20% gnd
50%-MVC force levels. Figure 6 shows the initial firing raf

Young 29.50 -0.16 -0.46 405  0.001 43 : ;
Elderly 9299 —006 014 556 031 5; Plotted as a function of the recruitment threshold for 20

MVC (A) and 50%-MVC B) contractions. As seen from th

MVC, maximal voluntary contraction. figure, the slight positive correlation between the initial firing

(B) force levels in the young and elderly. A linear least squares |

group. The coefficients for the regression equations were cpm-
pared at a significance level of 0.05 at each contraction | vcel
using the statistical tests described by Zar (1984). For fze

The results from all the subjects in each group were poolé§%-MVC case, the null hypothesis of equal regression Ijne
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TABLE 2. Regression values on the initial firing rates versus 20% of MVC

recruitment threshold relationship for the young and the elderly at 50 Young
20 and 50%-MVC force levels =
- 487 Elderly
Intercept Slope R SD P n %
%)
A. 20% of MVC o
Young 11.48 0.05 0.07 4.89 0.5 69 2
Elderly 8.927 0.05 0.10 2.88 0.41 68 8
03]
a

B. 50% of MVC

Young 11.73 0.03 0.15 2.69 0.30 43 . i3
Elderly 10.26 0.08 0.22 451 0.12 51 12 16 20
Recruitment Threshold (%MVC)

MVC, maximal voluntary contraction.
. B 50% of MVC
rates and recruitment threshold (Clamann 1970; De Luca and
Erim 1994) is maintained in the elderly. Table 2 presents the

parameters of the regression lines calculated for the two age
groups at the two force levels. The regression equations were
compared at a significance level of 0.05 at each contraction
level using the same statistical tests employed for the compar-
ison of average firing rate versus recruitment threshold com-

parisons. For both force levels, the null hypothesis of equal

slopes for the two equations could not be rejected. The inter-
cepts of these lines were then compared, and the null hypoth-
esis of equal intercepts was rejected.

Percentage Count

20
Recruitment Threshold (%MVC)

Coefficient of variation of interpulse intervals
) o ) ) _ FIG. 7. Percentage distribution of recruitment thresholds at 20%-MAC
In analyzing the variability among interpulse intervals, unit®rce level and 50%-MVCR) force level. The percentage count was calc

recruited within 5%MVC of the target level were not considlated by dividing the number of recruitment thresholds points observed in g
ered. Such units, operating too close to their recruitm Elbythetotal number of motor units on which the histogram was construc
. - ; . e total number of motor units in each group are 20% of ML 69 from
threshold, would be effectively turning on and off with slightoyng, 68 from elderly; 50% of MVCR): 43 from young and 51 from elderly.
fluctuations in drive, and hence were considered unstable. At
50% of MVC, the CV of interpulse intervals of a given motoimaximal voluntary contraction force
unit was independent of the recruitment threshold of the unit in
both age groupsR > 0.10), in agreement with our previous The maximal voluntary contraction force measured at {
findings (Erim et al. 1995). Studentigest revealed no statis- beginning of each experiment was significantly different in th
tically significant differenceR > 0.05) between coefficients of young and the aged subjects. The maximal force of abduc
variation of the two groups at this force level (young: 0.283 is plotted as a function of age in Fig. 8. tAest between the
0.071; elderly: 0.301= 0.083). In contrast, at 20% of MVC, groups indicated that the mean abduction forces in the {
the CV of interpulse intervals appeared to be linearly related populations (37.5- 8.253 N in young and 27.4 10.55 N in
recruitment threshold < 0.005) for the aged group, whereashe elderly) were significantly differenP(< 0.05). There was
it was independent of recruitment threshold for the young
group P > 0.10). At-test between the two groups pointed to 50 o "Young"
a statistically significantR < 0.005) difference between the o A A " Bdery"
groups (young: 0.18& 0.078; elderly: 0.234- 0.074).
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Distribution of recruitment thresholds

Recruitment was observed throughout the range up to 50%
of MVC in both the young and the elderly. However, the
recruitment threshold distribution in the elderly reflected a shift
toward lower values. Figure 7 shows the percentage count of
recruitment thresholds of motor units observed throughout the
range in 20% A) and 50%-MVC B) trials. The recruitment
thresholds were observed to be almost the same for motor units — L
sampled from a single trial in many instances in the elderly. On 10 20 30 40 50 60 70 & 90
the other hand, the recruitment thresholds of motor units sam- Age (years)

pled in a given trial were found to vary in a wider range in the g 8. Maximum abduction force of the 1st dorsal interosseous (FP
young. plotted as a function of the subject’s age.
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a high variation in the maximum strength among both therphaned fibers by collateral nerve sprouting from a surviving

young and the elderly groups. axon (Dorfman et al. 1988). Motor units possessing the

satellite potentials were detected more often in the elderly|(in
Fluctuations in force all, 8 satellite potentials from 4 elderly subjects were obseryed
s compared with 2 satellite potentials from 1 young subjeft).

. a

The elderly subjects were able to track the presented trape-
zoidal trajectories with fair amount of accuracy in force. How-

ever, in many cases, the elderly subjects’ force containB4SCcYSSION

high-frequency fluctuations. The power spectral density esti-The most important contribution of this work has been [t

mate on the force plateau (60 s duration at 20% and 2Quffer insight into the age-related changes in the time coursg
duration at 50% of MVC) was calculated (Welch 1967) usingotor-unit firing patterns throughout a contraction. In additi
10-s duration windows with 50% overlap to examine whethg the decrease in average firing rates, which had been repq
the spectral content differed in some fashion from the youngefore, our results reveal that there are significant modifi
Even though there was variability in each group, power was figns in the instantaneous behavior of aged motor units, wh
general distributed over a greater bandwidth in the elderly afe averaged out when average f|r|ng rates over the W:r
exemplified in Fig. 9. _ contraction are used. For example, when only average fi
The CV of force (defined as the ratio of the standard dewiates are considered, it would seem that the main effec
ation to the mean of the force signal) was calculated over thging is similar to that of hand dominance: a decrease in
entire force plateau at both 20%-MVC level (young: 0.G81 firing rates (Adam et al. 1998) that could be explained by {
0.012; elderly: 0.030+ 0.010) and 50%-MVC level (young: general slowing of the muscle with a shift toward type | fibe
0.028= 0.005; elderly: 0.03G= 0.013). At-test on the CV of However, the investigation of the firing rates as a function
force between the young and the elderly groups indicated thiate throughout the contraction along with the interacti
it was not significantly different (using significance le®ek  petween the firing rates of concurrently active motor unj
0.05) at either force level. reveal significant differences between the two paradigms
suggest important age-induced alterations in the control
Satellite potentials and polyphasic potentials motor units.

IS

Satellite and polyphasic motor-unit action potentials, . . .
(MUAPSs) were observed in the signals recorded from thdMe-varying behavior of motor units
elderly muscle. Figure 10 shows MUAPs recorded via theECREASE IN COMMON DRIVE. The most striking finding of this

intramuscular needle electrode from two elderly subjects. &tudy is the decrease in the commonality of motor-unit firings
e

Fig. 10A a distinct satellite potential fires after the first potenin the elderly. This diminished commonality, manifest in t
tial, and inB, two satellite potentials fire after the first potendecreased correlation among the fluctuations in motor-u

tial. Satellite potentials suggest reinnervation of a group &fing rate as well as the different firing rate trends raises the

B
A —
w Fic. 10. Satellite potentials in the intramuscular sig

nals acquired from 2 elderly subjects via the quadrifil

%

electrode. Three views of the same motor-unit actign
potential (MUAP) provided by the 3 channels of th
electrode are plotted with the associated time scale. Jat-

ellite potentials indicate collateral reinnervation of of-
— e P — phaned fibers by surviving motor units.
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guestion as to whether the natural aging process resultsdire to reinnervation of fibers with age, the higher conduction
significant modifications to the arrangement of the motoneursglocity fibers may be innervated by the smaller motoneurgns
pool. and thus may be recruited earlier in older subjects (Merlett| et
The most direct explanation for the observed decrease in e 1992). This age-induced decoupling among various prpp-
correlation among the firing activities of concurrently activerties of the motor unit may result in a “loosening” of the
motor units would be a decrease in the ratio of shared verdg&tionship between the recruitment order and firing rate of the
unshared inputs received by the motor units. This decred8gtor unit. Even if the recruitment threshold of the neuron

could come about via a decrease in the common inputs, 'BRerent membrane property) may remain unaltered, the fifing
T?%awor of the neuron, once it is recruited, may be affected by
art

increase in the unshared inputs, or a combination thereof. : . .
actual force output and/or the fatiguability properties of the

balance of shared versus unshared inputs to motor units c le fibers it i tes th h A lear feeddack
altered by age-related changes in spindles including increa jyScie tibers 1t Innervates through some yet unciear leedyac
Fhanlsm. Hence a mismatch in the type of the neuron pnd

X ) . m
c_apsular thlc_kness, a deprease in the mean number of 'ntraﬂfﬁg type of orphan fibers it picks up can cause a disturbanck in
fibers per spindie, spherical axonal swellings and degeneratiyg o1\ jitment threshold/firing rate relationship
changes in the spindle neuromuscular end plates (Swash and '

Fox 1972), and a decrease in reflex sensitivity resulting fronl-&CKk OF DECREASE IN FIRING RATES DURING SUSTAINED
decline in the spindle sensitivity with age (Corden and Lippol@ONTRACTIONS.  In the elderly, the systematic decrease in fir-
1996); by the atrophy and reinnervation that modifies tHgg rates of motor units during a sustained contraction was ot
afferent input from Golgi tendon organs that are sensitive @pserved consistently. In many cases, concurrently active no-
contractions of single motor units (Binder et al. 1977); agéor units displayed differing trends in their firing rates, wi
related changes in presynaptic inhibition of la afferent term$ome motor units increasing their firing rates while othgrs

al. 1995); a change in distribution of synaptic strength amotgeviously proposed to account for the progressive decreagedr
individual motoneurons within the pool, caused by sprouting 8fe firing rates include a combination of the late adaptatjos
motoneuron dendrites and la fibers and formation of neoperties of the motoneuron (Kernell 1965; Kernell and M
synapses between them (Ramirez and Ulfhake 1992); increast&l 1982) and an accompanying decrease in drive to
synaptic noise (Poliakov et al. 1996); and possible neurod@otoneuron pool (De Luca et al. 1996) due to twitch pote
generative processes in the corticospinal tract (Lexell 199@fion of motor units (Macintosh et al. 1994; Vandervoort et
Although in other muscles the Renshaw cells that receive mdr@83). Aging has been shown to be associated with decregged
excitation from the largeta-motoneurons (Hultborn et al. twitch potentiation in the tibialis anterior muscle of huma g
1988) may also play a role in disturbing the shared/unshar@dicks et al. 1991) and the medial gastrocnemius of r
input ratio, in the FDI Renshaw inhibition is most likely absenKanda and Hashizume 1989j the twitch potentiation ca-| 3
as in the distal muscles controlling the digits (Rossi and Mapacity is decreased also in the FDI due to the aging processgit
zachio 1991), in particular the opponens policis and the abdigeuld be in line with the observed absence of firing r
tor digiti minimi in the upper limb (Katz et al. 1993). decline. Another reason for the lack of decrease in firing r
may be the selective loss of larger motor units, as reflecte
CROSS-OVER: VIOLATION OF THE ONION SKIN PHENOMENON. The 4,0 gignificant difference observed in firing rate drops at 5 %
disturbance to the onion skin phenomenon and the observaiig{y and jack thereof at 20% MVC. At the low level, both a &=
of cross-over as well as different mean firing rate trends amo Fbups use low-threshold motor units that show the least bsr

the motor.units of the t_elderly may be'a direct result'of ntiation (Burke 1981) that leads to minimal firing rate slo
decrease in common drive. If motor units are responding e Luca et al. 1996) in both age groups. However, at {f@

significantly different drives, they cannot be expected to ke 9%MVC level where all motor units are expected to be

the orderly relationship among their firing rates. However, t%?cruited in the FDI (De Luca et al. 1982a,b; Milner-Brown bt

possibility of a disturbance in the intrinsic excitability and, 1973 ‘the elderly are still limited to the small, low-thres-
firing responses of motoneurons cannot be ruled out. A dg- ' {

g e units, whereas the young rely on high-threshold motor units
creased sensitivity to excitation has been reported fc_)r AG t display the most potentiation (Burke 1981) and hence |the
motoneurons (McComas 1977). Apparently at odds with thgﬁeatest firing rate decrease
report, but nonetheless demonstrating a disturbance in the ’
excitation/firing rate characteristics, Morales et al. reported that
motoneuron rheobase current was lower in aged compared whifne-averaged motor-unit parameters
young adult cats (Morales et al. 1987).

Another possible contributor to the cross-over phenomen nin addition to the novel findings regarding the time coursejof
ring rates during constant-force contractions, our study

in the elderly is the disturbance to the tight relationship b 'plded several findings that had been reported by other grdupd

tween the electrical and mechanical properties of the mo . ¢ lated ch . " it function. 4
unit due to the collateral reinnervation process (Ansved a @rareview of age-related changes in motor unitfunction, see

Larsson 1990, 1995; Campbell et al. 1973; Doherty et 4r°0S €t al. 1997).

1993a,b; Kadhiresan et al. 1996; Kanda and Hashizume 19B88¢CREASED AVERAGE FIRING RATES. Several studies (Howard
Lexell et al. 1988). It has been reported that in the FDI, thet al. 1988; Nelson et al. 1984; Newton et al. 1988; Soderberg
correlation between the macro EMG (which is a measure of teeal. 1991) have reported a general decrease in firing ratgs in
size of the motor unit) and the recruitment threshold (a measwider subjects, in agreement with our findings displayed in Hig.
of the size of the motoneuron) is decreased with ade In contrast to these reports, no age-related change |was
(Masakado et al. 1994). In another study, it was concluded tleddserved in the firing behavior of motor units in the FDI during
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a “threshold” task (where the force level was just sufficient ®ingle motor unit at a constant low rate. This resulted in
maintain a constant, low discharge rate for a single motor ueiderly subjects contractinge50% more than their youn
value) by Galganski and coworkers (Galganski et al. 1993)unterparts in terms of MVC. Hence, were the two gro
Others reported no change at 50%MVC (Kamen et al. 199%) activate their muscles at the same level, it is likely t
and decreased firing rates at higher (Roos and Rice 1996)tloe young subjects would recruit many more of their hig
maximal force levels (Kamen et al. 1995). These differemécruitment threshold motor units, revealing a different fe-
results may have arisen from the difference in the controlleduitment threshold distribution.
parameter (firing rate as opposed to force output), or differ-
ences in calculating the average firing rate, neglecting tp%
dependency of firing rates on recruitment threshold and con-

sidering an overall average firing rate for the whole motor-unit pog expected from the obvious signs of muscle atrophy
population (thereby allowing motor units with different threshand waste, the mean MVC force for the young and
olds to weigh differently in the average). elderly subject groups were found to be significantly diffdr-
Some of the possible mechanisms underlying the decreasgjf ¢ < 0.05) using the-test. However, the CV of forc
firing rates are a decrease in excitability of axonal membrangsoughout the contraction revealed no statistically sign|fi-
with age (McComas 1977) and a decrease mthe net drive to g};m difference among the two age groups at either fofce
motoneuron pool (Kamen et al. 1995) resulting in a decreasgdyel. In contrast, Galganski and coworkers (Galganski et/al.
firing rates. The increase in the size of surviving motor unitsg93) found a higher CV of force in the elderly. In a similar
due to reinnervation (Ansved and Larsson 1995; Kanda agqjdy, Keen et al. found higher CV of force at levels up fto
Hashizume 1989) leading to increased twitch forces, the ipos MVC, but no significant difference at 50%MVC (Keg|
crease in the contraction times and half-relaxation times of tBe a1, 1994). Galganski et al. (1993) found no differente
surviving motor units (Campbell et al. 1973; Doherty angetween the two age groups in terms of the CV of interpulse
Brown 1993; Kanda and HaShInge 1989, Newton et al. 193%terva|s_ In the present Study, a|though there was no |§_
Newton and Yemm 1986), the increase in the percentagerfificant difference at 50%MVC, the CV of interpulse inte
type | fibers, and the decrease in the percentage of typeyHis was higher in the elderly at 20% MVC. Although the
(Ansved and Larsson 1995; Grimby et al. 1982; Larsson 199%8nflicting results do not draw a clear picture, our finding
Larsson et al. 1977) are all factors that require lower firingcreased CV of interpulse intervals at 20% MVC, consi
rates. Slower twitch characteristics would require lower firingred in ||ght of the increased CV observed by Keen et
rates to fuse. Likewise, the increased amplitude of motor-urmay indicate a mechanism for compromised motor con
twitches, combined with the availability of a larger number oft |ower force levels in the elderly.
lower threshold, type | motor units at a given force level enable Thjs study has revealed that significant changes in the
the muscle to produce the required force with lower firingo| properties accompany age-related alterations in the
rates. . ) phology of motor units. Some of these changes, like the [r&-
The suggestion that the slowing of the muscle results fuction in the average firing rates in response to a genpfl
lower firing rates may seem at odds with the onion ski§owing of muscle fibers, can be speculated to be a direct resalf
phenomenon. It may appear that because according to §i&he changes in mechanical properties. However, it remdias
onion skin notion, slower-twitch motor units maintain highefo he understood if other age-related changes, specifically| g
firing rates, a shift in the fiber composition toward slowerdecrease in the common drive and onion skin behavior
twitch units would result in higher firing rates. However, onioReryved in this study, are compensatory/adaptive mechanis
skin is a result of the need to match, within a given pool, thgitigate the diminutive effects of aging on the musculature|as
firing rates to the fatiguability of the motor units and not t@uggested by Roos et al. (Roos et al. 1997); or if they bre
achieve maximum fusing of twitches (De Luca et al. 1982a; Qgdependent, age-induced insults to the neural control of mus-

Luca and Erim 1994). On the other hand, given a set of motges that might be stopped or reversed through approprjate

units, a general slowing of the fibers would decrease the naggining and neural “relearning.”

for high firing rates, because in this case the twitches fuse at

lower firing rates. However, also among the units of the . . .

“slowed-down” muscle, the relationship of onion skin WOU'%rngt:lngg{;sg.e grateful to M. Khouri for technical assistance and J. Mgyer

be expected to hold if a systematic slowing of the muscle wererhis work was supported by a grant from the Department of Veterns

the only alteration in question. For instance, in the case @fairs Rehabilitation Research and Development Service.

hand-dominance where an increase in type | fibers reflectéddress for reprint requests: Z. Erim, NeuroMuscular Research Center}, 19

slower fiber characteristics and consequent lower firing rat@§erfield St, Boston, MA 02215.

the onion skin relationship is nonetheless maintained in th@ceived 15 March 1999; accepted in final form 8 June 1999.

dominant and nondominant sides (Adam et al. 1998). The

violation of the onion skin phenomenon in the elderly is an

indication that there exist significant alterations to the m&EFERENCES
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