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This articzle reviews the literature related to motor unit behavior in Parkinson's 
disease (PD). The focus is o n  bradykinesia, or slowed movement. There is sparse 
literature o n  muscularpe@ormance in PD, as PD is regarded as a disease of 
higher mator centers. Nevertheless, a decrease in muscle activation has been dem- 

Parkinson's disease (PD) is a degener- 
ative condition of the central nervous 
system that is clinically classified un- 
der the rubric of movement disor- 
ders. The disease dects  mainly older 
persons and is sometimes thought of 
as acce1e:rated aging because the 
symptolrls and pathology associated 
with PD closely resemble those of 
normal aging.' Experimenters study 
PD for two reasons. First, medical 
research seeks to find a cure for PD, 
which is a crippling and progressive 
disease that worsens with time and as 
the efficacy of pharmacological treat- 
ment wanes. Second, PD is studied 
for the purpose of understanding the 
functions of the basal ganglia, as PD is 
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considered to be the prototypical 
disease of these nuclei. 

onstrated, and motor unit behavior is altered so that (I) the dischatge patterns of 
motor units are irregular and intermittent, (2) a greater number of motor units 
are recruited at low thresholrki as compared with the findings for age-matched 
conml su@ects, and (3) antagonist muscles are abnormally coactivated. Posnsnble 
reasons for these changes include imbalances in excitatory and inhibitory inputs 
to motor neurons, adaptations in motor neurons secondary to disuse, or devia- 
tions in the normal aging process For the physical therapy of persons with PD, we 
propose a greater emphasis o n  strength-training exercises. [Glendinning DS, 
Enoka RM. Motor unit behavior in Parkinson's disease. Phys Ther. 1994; 
74.61-70.1 

The main feature of PD is decreased 
movement. Both reflexive and volun- 
tary movements are diminished, and 
are usually described as "negative" 
features of PD, based on the belief that 
they result directly from damage to 
motor centers. Tremor and rigidity 
constitute the "positive" symptoms of 
PD because they are thought to be 
caused by release, or &inhibition, of 
different (intact) motor centers that 
normally receive input from the dam- 
aged areas. This review focuses on the 
negative features of PD, or more gen- 
erally, bradylunesia (slowed 
movement). 

This article describes what is known 
about the behavior of motor units 
(MUs) in PD. An MU comprises a 
single motor neuron and the muscle 
fibers it innervates, and can be stud- 
ied using intramuscular electromyog- 
raphy (EMG). Because motor neurons 
are the last cells to receive central 
commands from spinal and supraspi- 
nal motor centers, their behavior 
provides a window into central motor 
processes that are otherwise inaccessi- 
ble in studies involving human sub- 
jects. By examining intramuscular 
EMG records, it is also possible to 
determine whether MUs are them- 
selves dected by the disease process. 
Motor units are known to alter their 
properties as a result of damage to 
the central nervous system, even if 
the spinal cord is untouched.14 Thus, 
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This article begins with a general 
description of the motor symptoms 
caused by PD, with a focus on brady- 
kinesia. The proposed mechanisms 
for bradykinesia are described, fol- 
lowed by a review of the literature 
describing MU activity in persons with 
PD. Some recent data collected in our 
laboratory are included in this sec- 
tion. Taken together, the observations 
suggest that there is normal recruit- 
ment of MUs in PD, but that the over- 
all population of MUs in individuals 
with PD includes more lower- 
threshold MUs compared with those 
of healthy age-matched control sub- 
jects. Motor unit discharge patterns 
and the degree of antagonist coactiva- 
tion also differ between subjects with 
PD and healthy subjects. We discuss 
the implications of these findings to 
physical therapy in the last section. 

Overview of Parklnson9s 
Dlsease 

Parkinson's disease was described 
originally as a "shaking palsy," with 
tremor at rest considered as the 
pathognomonic sign. It is now clear, 
however, that other motor problems, 
such as rigidity, bradykinesia, and 
postural instability are often more 
prominent features of the disease.6.7 
The manifestations of PD can differ 
widely among individuals with the 
disease. In addition to varying de- 
grees of bradykinesia, rigidity, and 
tremor, individuals also differ in the 
degree to which sensory, autonomic, 
and cognitive functions are affected by 
the d i ~ e a s e . ~  Changes in these non- 
motor systems could also contribute 
to the movement abnormalities in PD. 
Indeed, several authors'll have sug- 
gested recently that motor distur- 
bances in PD are sensorimotor in 
origin. 

Tremor and Rigidity 

Before describing the characteristics 
of bradykinesia, we will briefly de- 
scribe the other prominent symptoms 
of PD-tremor and rigidity-as these 
symptoms are usually present to some 
extent in individuals with PD. The 
tremor of PD is distal and is typically 
considered to be a "resting tremor," 

although it can also occur during 
active movement.12 The frequency of 
the tremor is low (4-6 Hz) as com- 
pared with that of physiological 
tremor, and increases to 8 to 12 Hz 
with m o ~ e m e n t . ~  Surface EMG re- 
cordings have revealed that agonist 
and antagonist muscles are activated 
alternately during the tremor of PD.l3 

The mechanisms underlying parkin- 
sonian tremor are poorly understood. 
Parkinsonian tremor does not appear 
to be related to afferent feedback or  
hyperactivity in the stretch reflex. This 
is demonstrated by the failure of 
deafferentation to abolish tremor and 
by the absence of an increase in mus- 
cle afferent activity preceding single 
tremor beats.12 One suggestion is that 
tremor is generated by cells within 
the ventral intermediate nucleus that 
receive abnormal inhibitory inputs 
from the globus pallidus in PD.14 
Surgical lesions of the ventral inter- 
mediate nucleus in the thalamus abol- 
ish resting tremor.'5 

Patients with PD also commonly have 
muscular stiffness, o r  rigidity. Clini- 
cians identlfy the rigidity of PD as 
"lead pipe" because of the constant 
resistance of the muscles to passive 
displacement throughout the entire 
range of joint motion. The rigidity of 
PD is also sometimes characterized as 
"cogwheel," in reference to the repet- 
itive (5-6 Hz) stops that can occur as 
the limb is passively moved.15 Cog- 
wheel rigidity is believed to be 
caused by an underlying tremor that 
is usually masked by rigidity, but 
uncovered when the muscle is 
stretched. 

As with tremor, the mechanisms that 
underlie rigidity are unclear. Three 
possibilities are currently being con- 
sidered. First, there is evidence that 
the gam of long-latency stretch re- 
sponses is abnormally high in parkin- 
sonian rigidity.16 These responses are 
elicited by muscle stretch and occur 
later than the segmental stretch reflex. 
The circuitry underlying the long- 
latency responses is the subject of 
debate. Some authors hold that affer- 
ent signals reach the cortex to activate 
corticospinal neurons,17 whereas oth- 

ers believe the reflexes are spinal, with 
the longer latency attributable to de- 
layed afferent input.18 Irrespective of 
the mechanism underlying these re- 
sponses, if they are increased in gain, 
the expected result would be an over- 
all increase in muscle activation, and 
hence rigidity. A second suggestion to 
explain rigidity is that the activity of 
inhibitory interneurons in the spinal 
cord is decreased, which would in- 
crease the excitability of motor neu- 
rons.19 A third proposed mechanism 
for rigidity is that the elastic properties 
of muscle are changed in PD second- 
ary to disuse, causing the muscle to 
stiffen independent of neural activa- 
tion.Z0 This view is supported by the 
observation in persons with PD that 
range of motion can be limited and 
muscles can be stiff in the absence of 
any EMG ~ignal.20~21 

Bradykinesia 

Bradykinesia is the hallmark and most 
disabling symptom of PD. Early in the 
disease, the most notable manifesta- 
tion of bradykinesia is difficulty with 
walking, speaking, or  getting into and 
out of chairs.22 Individuals might fail 
to swing an arm during walking, or  
they may be lacking in facial expres- 
sion.22-24 Later, the bradykinesia af- 
fects all movements and, at its worst, 
can result in a complete inability to 
move. Patients require intense con- 
centration to overcome the apparent 
inertia of the limbs that exists for 
even the simplest motor tasks. Move- 
ment initiation is particularly impaired 
when unnatural o r  novel movements 
are attempted,25 or  when combining 
several movements concurrently.2Gj27 

The causes of bradykinesia are not 
known. The most popular view is that 
cortical motor centers are inade- 
quately activated by excitatory circuits 
passing through the basal ganglia.28J9 
As a result, motor-neuron pools are 
not provided with adequate facilita- 
tion, and movements are small and 
weak.28~29 The implication of this view 
is that cells in the motor cortex and 
spinal cord are functioning normally. 

Support for the notion that bradykine- 
sia is caused by insufficient excitation 
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Figure 1. Patterns of electromyographic (EMG) activity in biceps brachii and hiceps 
brachii muscles during attempted rapid elbow flexion to 10 degrees (A and D), 20 de- 
grees (B and E), and 40 degrees (C and F). m e  top trace is the biceps brachii muscle 
electrompgram; the middle trace b the triceps brachii muscle electromyogram, and the 
lower trace represents the elbow position. The displacement in adjacent traces are 
equal, despite dzferent scaling factors between the nght and left. Traces A through C are 
from a heczlthy 83-year-old woman; traces D through F arefmm a &?-year-old man 
with Parkinson's disease who was receiving treatment at the time of the study. Note the 
single mpbasic agonist-antagonist M G  pattern for the healthy subject (AX) and the 
multiple hphasic patterns for the subject with Parkinson's disease (D-4. (Adaptedfmm 
Hallet and Khoshbin,35 by permission of Oxford University Press Inc.) 

of the motor cortex derives partly 
from reports that patients with PD 
will move normally under some ex- 
treme cir1:umstances.3~ "Kinesia para- 
doxica" was described in the classic 
papers on PD and refers to normal 
movement by otherwise akinetic pa- 
tients in certain situations. For exam- 
ple, when a building was on fire or  
when a ball was thrown to them, 
some patients were able to move with 
apparently normal speed.30 If bradyki- 
nesia is caused by inadequate activa- 
tion of otherwise normal cortical and 
subcortical centers, normal movement 
would be expected when these cen- 
ters were activated by other routes 
not involving the basal ganglia. 

Actually, kinesia paradoxica is poorly 
documented and it is unclear whether 
"normal" movements have really 
been prajuced by persons with PD.31 
Although there is some recent evi- 

dence that speech movements can be 
normal in some contexts,25 experi- 
menters have generally not been able 
to reproduce kinesia paradoxica. Even 
with medication, or  when movement 
cues are changed, bradykinesia seems 
to persist to some extent in patients 
with PD.32-35 Thus, the phenomenon 
of kinesia paradoxica alone is insuffi- 
cient evidence of normal motor cen- 
ters in the cortex and spinal cord of 
individuals with PD. 

Whether rigidity contributes to 
bradykinesia is unclear. We will pre- 
sent data that demonstrate increased 
coactivation during isometric contrac- 
tions in subjects with PD as compared 
with healthy older subjects. Other 
investigators,36-39 however, have used 
surface EMG to measure antagonist 
activity during dynamic movements 
and have reported no coactivation in 
subjects with parkinsonian bradykine- 

sia. Also, rigidity and bradykinesia 
have been reported to occur indepen- 
dently? suggesting that rigidity does 
not always cause bradykinesia. One 
resolution to these discrepancies is 
that antagonist muscles are activated 
abnormally in PD only under some 
conditions; rigidity "at rest" may ditfer 
from rigidity that occurs during dy- 
namic or  isometric contractions. 

Muscle and Motor Unlt 
Acthratlon Patterns 
Assoelated Wlth Bradyklnesla 

Hallet and Khoshbinss have described 
the EMG patterns of muscle activity in 
persons with parkinsonian bradykine- 
sia. Figure 1 shows surface EMG rec- 
ords of a healthy 83-year-old subject 
(traces A-C) and a patient with PD 
(traces D-F) attempting to move as 
quickly as possible. The temporal 
patterns of muscle activity were simi- 
lar in both individuals and exhibit a 
triphasic EMG pattern (three bursts 
occurring in the order of agonist- 
antagonist-agonist). Thus, the patients 
with PD seemed to select the appro- 
priate muscle groups and activation 
patterns to perform a simple move- 
ment. The EMG patterns in the mus- 
cles of the patient with PD, however, 
differed from those of the healthy 
subject in that the bursts of EMG 
activity in the agonist muscle did not 
increase in magnitude for the larger 
amplitude movements (compare 
traces A and C with traces D and F). 
Hallet and Khoshbin interpreted their 
data as indicating that patients with 
PD are unable to sufficiently "ener- 
gize" agonist muscles during move- 
ments made as quickly as possible. 
This view was also put forth in 1978 
by Wiesendanger, who observed that 
the surface EMG signal was less syn- 
chronized and more temporally dis- 
persed in subjects with PD.40 An ap- 
parent compensation for the 
decreased muscular activation was to 
evoke more "cycles" of activity to 
complete movements. This pattern is 
illustrated clearly in Figure 1, which 
shows that the triphasic EMG pattem 
occurred once in the healthy subject 
but was repeated several times in the 
patient with PD. 
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Figure 2. Frequency histogram (left) andjoint-interual histogram (rtghr) of a single 
motor unit in the first dorsal interosseous muscle of a healthy person (A and C) and a 
person with Parkinson's disease (PD) (B and D). The subjects were instructed to keep a 
constant pressure against a force transducer for 20 seconds by using visual feedback of 
the force signal. The frequency histogram of the healthy subject (A) demonstrates a rela- 
tively constant discharge rate of the motor unit, whereas the rate is highly variable for 
the subject with PD (B). The joint-interual histogram in the healthy subject (C) comprises 
a single cluster of interimpulse intervals around mean values. In contrast, the interim- 
pulse intervals were more dispersed for the subject with PD (D), indicating an increased 
dischatge variability. (AdaptedJiom Freund et ~ 1 , ~ ~  with permission of S Katger AG, 
Medical and Scientific Publishers.) 

For a given electrode arrangement, 
the size of a surface EMG signal de- 
pends on the number of MUs re- 
cruited as well as the discharge rate 
and size of these MUs. Therefore, the 
underlying cause for the diminished 
surface EMG signal can be better 
understood by examining the behav- 
ior of single MUs. A decreased num- 
ber of MUs, a reduction in the rate at 
which each MU discharges action 
potentials, and a failure to recruit 
large MUs are three possible factors 
that could contribute to a decrease in 
the magnitude of the surface EMG 
signal. Large MUs are believed to be 
necessary to make fast m o ~ e m e n t s ~ ~ j ~ ~  
and might be unavailable to patients 
with PD, given that fast-twitch muscle 
fibers appear to atrophy selectively in 
the disease.43 

To record the EMG signal from single 
MUs, either needle or  fine-wire elec- 

trodes are inserted directly into the 
muscle belly.44 When this technique is 
combined with force recordings of an 
isometrically contracting muscle, it is 
possible to determine the force at 
which an MU is recruited and its 
behavior over the course of a contrac- 
tion. Averaging techniques can also be 
used to estimate the contribution of 
the single MU to the overall force.45 

There are limitations to using intra- 
muscular electrodes to monitor activ- 
ity in single MUs. Typically, subjects 
must perform contractions that are 
isometric and have a low force. The 
reason for these restrictions is that, as 
muscle fibers shorten during aniso- 
metric or  high-force contractions, the 
inserted electrode can move relative 
to the active muscle fibers. The move- 
ment alters the geometrical relation- 
ship between the recording surface(s) 
of the electrode and the MU, resulting 

in a change in the shape or amplitude 
of the recorded action potential. Be- 
cause these characteristics of single 
MU records are used to identify indi- 
vidual MUs, it is difficult to isolate a 
single MU when the shape of the 
action potential changes. Another 
reason that high-force contractions 
cannot be studied is that an increase 
in contractile force involves the re- 
cruitment of more MUs. As more MU 
action potentials are recorded, the 
signal from the MU of interest is ob- 
scured in the interference pattern and 
is difficult to isolate. Because of these 
limitations, MUs sampled with intra- 
muscular electrodes tend to be those 
recruited at lower forces. 

In a typical MU experiment, subjects 
are asked to maintain low-force con- 
tractions over several minutes. Their 
ability to control discharge rate, re- 
cruit new units, o r  maintain a con- 
stant force is then assessed. Several 
authors4619 have examined MU be- 
havior in persons with PD using these 
techniques. Their reports are mostly 
descriptive, but nevertheless reveal 
aberrant patterns of discharge in MUs. 
For example, MUs are only activated 
after long delays and often stop dis- 
charging for several seconds as the 
subjects maintain low-force 
contractions.46,47 

Several authors46.48.49 have also dem- 
onstrated that the discharge rate of 
single MUs is highly variable in PD. In 
these experiments, subjects were 
asked to maintain either a constant 
MU discharge rate or a constant force 
and were unable to do  so. Figure 2 
shows some results, in the form of 
instantaneous discharge rates (left 
panels) and joint-interval histograms 
(right panels), for single MUs. The 
graph of instantaneous discharge rate 
reveals a steady rate in a healthy sub- 
ject (panel A), but a highly variable 
rate in a subject with PD (panel B). 
The joint-interval histogram, in which 
the time between consecutive MU 
action potentials is plotted, provides 
another method of examining the 
regularity of MU discharge patterns. 
Again, a comparison between the 
joint-interval histograms (panels C 
and D) reveals more variability in the 
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Flgu~e 3. Motor unit (Mv recruit- 
ment in subjects with Parkinson's disease 
(PD) (7 men and women aged 40-78 
years; mean age=65 years), healthy el- 
derly subjects (11 men and women aged 
60-75 years; mean age =67 years), and 
healthy young subjects (11 men and 
uromen aged 20-3 7 years; mean age =28 
years). Each data point corresponds to a 
single MC! The abscissa is the force at 
which the MU was activated voluntarily 
at the slowest, steady discharge rate, and 
the ordinate is the spike-triggered average 
force contributed ly the MU to the net 
force. The spike-tnaered average force is 
used as an index of MU size. All mea- 
surements are expressed on logarithmic 
plots as a percentage of the marimal 
voluntag, contraction e/aMVC)). Note that 
all three groups of subjects demonstrated 
a progressive recruitment of MUs, so that 
smaller MUs were recruited at lower 
forces and larger MU. were recruited at 
higher forces. me plot for the subjects 
with PD, however, more closely resembled 
that of the healtby young subjects than 
that of the healtby elderly subjects. In the 
latter group, fewer MUs were recruited at 
forces les than 1% of MVC (Portions of 
this graph were adaptedjbm Galganski 
et al, 79 with permission.) 

discharge pattern of MUs in the sub- 
ject with PD than in the healthy 
subject. 

The lowest constant rate of MU dis- 
charge in PD has been described as 
abnormally low (3-5 Hz) in subjects 
who were able to learn to maintain a 
regular rate in some M U S . ~ ~  Petajan 
and J a r ~ h o ~ ~  have reported that this 
rate could not be raised even with 
increased effort. It is now clear, how- 
ever, that healthy subjects can also 
maintain such low discharge rates.sO It 
could be that a larger proportion of 
MUs are activated at these low dis- 
charge rates in persons with PD than 
in healthy subjects. Thus, in experi- 
ments that require activation of single, 
low-threshold MUs, a larger fraction 
of those recorded have low discharge 
rates. These low rates are related to 
the lower tremor frequencies (4-6 
Hz) in patients with PD,47>51 which is 
to be expected given that MUs dis- 
charging at the lowest (unfused) rates 
probably provide the greatest contri- 
bution to trern0r.5~ 

To date, patterns of MU recruitment 
have not been examined quantita- 
tively in subjects with PD. According 
to the sue  principle, MUs are re- 
cruited in a fixed order that proceeds 
from slower MUs (type S) to faster 
MUs (types FR, FI, and FF).53354 This 
recruitment order can be evaluated 
by examining the relationship be- 
tween the force at which a single MU 
is activated and the force exerted by 
that single MU, because slower MUs 
generally produce smaller forces. than 
faster MUs.55 Thus, MUs that exert 
smaller forces are normally recruited 
when a muscle contracts at low 
forces, and larger MUs are recruited 
as the force increases. When a muscle 
is activated to make any movement, 
whether the movement is fast or  slow, 
voluntary or involuntary, recruitment 
should generally follow an orderly 
progression according to the magni- 
tude of the force exerted by the MU.54 

Only one study has addressed the 
issue of MU recruitment in patients 
with PD. Young and Shahanilz exarn- 
ined whether smaller MUs were con- 
sistently activated before larger MUs 
within single bursts of EMG activity 
produced during resting tremor. They 
derived MU size from the amplitude 
of the MU action potential and ob- 

served that smaller action potentials 
always preceded larger action poten- 
tials in subjects with PD. These data 
are suggestive of recruitment by MU 
size, but cannot be taken alone as 
evidence for normal recruitment for 
two reasons. First, the magnitude of 
the recorded action potentials could 
have been influenced by the proxim- 
ity of the recording electrode to the 
recorded MUs (and not the sue  of the 
MU). Second, only involuntary move- 
ments were examined, and it is possi- 
ble that recruitment patterns differ for 
voluntary movements. 

We have recently begun experiments 
to evaluate patterns of recruitment 
during voluntary contractions in sub- 
jects with PD. To do  this, we have 
adopted the methods of Milner-Brown 
et a1,45 in which the force contribu- 
tion of single MUs is estimated from 
the magnitude of the spike-triggered 
average force (see the article by Cla- 
manns in this special series). Our 
records are from the first dorsal in- 
terosseous muscle (FDI), which ab- 
ducts the index finger around the 
metacarpophalangeal joint, and the 
second palmar interosseous muscle 
(SPI), which is the antagonist muscle 
to the FDI. Records from the SPI 
allow us to address the possibility that 
antagonist muscles are coactivated in 
PD. Coactivation would result in a 
decrease in the measured recruitment 
threshold and spike-triggered average 
force of MUs in the FDI. 

Preliminary results from these experi- 
ments are depicted in Figure 3, which 
shows recruitment patterns in subjects 
with PD, healthy elderly subjects, and 
healthy young subjects. Single MUs 
from the FDI are plotted according to 
their s pike-triggered average force 
and recruitment force. For this com- 
parison, we d e h e d  recruitment force 
as the average force at which each 
MU maintained the slowest steady 
discharge rate. The spike-triggered 
average force provides an index of 
MU sue. A comparison among the 
three groups revealed no differences 
in overall patterns of recruitment; 
MUs with smaller forces had lower 
recruitment thresholds than those that 
produced larger forces. The PD and 
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Figure 4. Activity in antagonist finger muscles during isometric contractions ofthe 
f i t  dorsal interosseous muscle. In each panel, the upper trace is the electromyogram 
fiom the f i t  dorsal interosseous muscle, tbe middle trace is the electromyogram from 
the second palmr interosseous muscle, and the lower trace is the abduction force of 
the index finger. On the lefr (A and B), records are shown when subjects were instructed 
to increase the force over a period of 2 seconds; on the right (C and D), they were in- 
structed to increase the force "as quickly as possible." The force target for both contrac- 
tions was 20% of maximal voluntary contraction. Records A and C were from a 
healthy m n  (aged 65 years); records B and D were from a 40-year-old woman with 
Parkinson's disease. 

healthy young groups differed from 
the healthy elderly group, however, in 
that fewer MUs were recorded at 
lower forces (<I% maximal voluntary 
contraction [MVC]) in the healthy 
elderly subjects. The reason for this 
finding appears to be an age-related 
reorganization of MUs that results in 
fewer but larger MUs innervating a 
1nuscle.5~ 

Another observation from these early 
experiments is depicted in Figure 4, 
which shows the patterns of MU activ- 
ity in the SPI and FDI during isomet- 
ric contractions of the FDI. The sub- 
jects were asked either to slowly 
increase the muscle force over 2 
seconds or to move as quickly as 
possible to a target that was 20% of 
their MVC force. The top panels show 
the records from a healthy older 
subject, and the lower panels show 
those taken from a typical subject 

with PD. During both the graded 
contraction (records A and B) and the 
quick contraction (records C and D), 
both subjects recruited MUs in the 
FDI. In the healthy subject, the SPI 
was silent for both types of contrac- 
tions, except for a small amount of 
activity as the subject released the 
graded contraction. In contrast, the 
antagonist muscle in the subject with 
PD was active for both the graded and 
quick contractions. Often the antago- 
nist muscle appeared to be activated 
in bursts of approximately 6 Hz dur- 
ing the dynamic contractions. Low- 
frequency bursts of activity in agonist 
muscles has been described previ- 
ously in subjects with PD and attrib- 
uted to long-term synchronization of 
MUs-even in cases of no overt trem- 
or.l2,46 It is unclear why such activity 
would be present in antagonist mus- 
cles. More subjects need to be exam- 
ined to determine whether coactiva- 

The observation that coactivation was 
greater in PD contradicts previous 
reports that antagonist muscles were 
not activated during movements in 
PD.3&39 Three possible factors might 
explain the discrepancy. First, coactiv- 
ity may not have been detected be- 
cause surface electrodes were used in i 
previous experiments. Surface elec- 
trodes are further away from muscles 
than intramuscular electrodes, and are 
therefore less likely to pick up small 
amounts of activity in the muscles. 
Second, coactivation may only occur 
in distal muscles, and not in the more 
proximal muscles studied in these 
earlier experiments. Third, antagonist 
muscles may only be coactivated 
during isometric contractions in PD, 
and not during the dynamic contrac- 
tions that were previously examined. 

Taken together, these data suggest 
that MU behavior is altered in PD. 
The three main differences in MU 
behavior in persons with PD as com- 
pared with healthy aged subjects were 
(1) inconsistent discharge rates, (2) 
activation of more MUs at low forces 
of contraction, and (3) increased 
coactivation. The first two of these 
changes might contribute to the de- 
creased magnitude of surface EMG 
activity that has been observed in 
persons with bradykinesia (Fig. 1). 
Overall, there has been little work in 
this area, which probably reflects the 
view that the motor deficits in PD are 
related to abnormal processing at 
cortical levels. Whether the changes 
in MU activity reflect altered descend- 
ing input, or actual changes in the 
physiological properties of MUs, re- 
quires further testing. 

Mechanisms for Abnormal 
Motor Unit Behavlor 

Why should PD produce changes in 
MU behavior? One possibility is that 
the described changes in MU activity 
are caused by abnormalities in the 
descending commands sent to motor 
neurons. These abnormalities might 
originate in the motor cortex o r  in 
other supraspinal centers receiving 
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input from the basal ganglia. For 
example, it has been suggested that a 
route through the nucleus gigantocel- 
lularis plays a role in altering spinal 
cord neurons in PD.19 This nucleus 
receives inputs from the substantia 
nigra pars c0mpacta,5~ which is dam- 
aged in PD, and projects to the spinal 
cord. Delwaide et all9 suggested that 
reticulospinal pathways originating in 
the nucl.eus gigantocellularis were 
disinhibited in PD, resulting in abnor- 
mal descending influences on spinal 
cord interneurons. Unbalanced influ- 
ences on interneurons could change 
the gain of circuitry mediating recip- 
rocal activation or alter the tonic state 
of motor neurons, and thus the ability 
to maintain constant discharge. 

Motor neurons may also be affected 
directly by neuronal degeneration at 
sites other than the basal ganglia. 
Parkinson's disease attacks not only 
the basal ganglta cells in the substan- 
tia nigra, it also causes cells to degen- 
erate in the locus coeruleus, thala- 
mus, brain stem, autonomic nuclei, 
and spinal cord.5- The spinal cord 
also receives dopaminergic projec- 
tions from the thalamus and hypothal- 
amus.61 Given that motor neurons 
receive numerous inputs from de- 
scending brain-stem and cortical path- 
ways as well as from propriospinal 
and sensory afferents, damage to 
many of these areas in PD could dis- 
turb the normal balance of excitatory 
and inhibitory influences onto motor 
neurons. The result of such an imbal- 
ance would be a change in the func- 
tion of motor neurons. If, for exam- 
ple, motor neurons receive more 
inhibition than facilitation, activation 
by descending systems would need to 
be increased to bring these cells to 
threshold. 

There is evidence to suggest that such 
imbalances occur in spinal cord neu- 
rons. Delwaide et all9 have demon- 
strated that activity in the Ib interneu- 
ron is dtrreased in patients with 
rigidity secondary to PD. This inter- 
neuron is excited by Ib primary affer- 
ents (from Golgi tendon organs) and 
inhibits homonymous motor neurons 
(see review by McCrea6*). It also 
receives inputs from other afferent 

types and descending tracts. Delwaide 
et al demonstrated that reflexive inhi- 
bition of the soleus muscle H-reflex 
was decreased in PD when the gas- 
trocnemius medialis nerve was stimu- 
lated. Because this inhibition is be- 
lieved to be mediated by the Ib 
interneuron, these results were inter- 
preted as evidence that the Ib inhibi- 
tory interneuron functions abnormally 
in PD, perhaps due to changes in its 
activation by long descending path- 
ways. Decreased Ib inhibition is ex- 
pected to result in increased muscle 
stitfness during active movement or  
when a muscle is stretched.63 

Other researchers,-6 using similar 
techniques, have demonstrated in- 
creased Ia reciprocal inhibition in 
patients with PD, both with and with- 
out rigidity. Reciprocal inhibition 
refers to the inhibition of antagonist 
muscles that occurs when an agonist 
muscle is excited by a stretch.62 A 
disynaptic circuit, utilizing the Ia in- 
hibitory interneuron, mediates the 
response. Increased reciprocal inhibi- 
tion could conceivably function in 
bradykinesia by decreasing the excit- 
ability of motor neurons during active 
movements. Increased Ia inhibition 
could also contribute to increased 
muscle stiffness in persons with PD, 
as experiments with animals have 
shown that reciprocal inhibition can 
reduce the response of a limb to a 
perturbation.67@ 

These findings suggest that spinal 
cord circuits behave abnormally in 
PD, and could alter motor-neuron 
behavior. These changes most likely 
influence active movements given 
that, at rest, motor-neuron excitability 
is unchanged. Experiments utilizing 
the H-reflex to examine motor neu- 
ron pools in the relaxed muscles of 
persons with PD have clearly demon- 
strated no differences in the magni- 
tude of this reflex.@s70 Because the 
H-reflex represents the number of 
motor neurons activated by the 
monosynaptic reflex, the H-reflex 
would be increased if motor neurons 
were tonically facilitated. Thus, the 
effect of increased or decreased inhib- 
itory interneurons might only be 

realized when those neurons are 
activated during movement. 

Another explanation for the changes 
that have been observed in MUs is 
that they occur secondary to disuse. 
After movements have been slowed 
by disease, adaptations could occur in 
either motor-neuron pools or  muscle 
fibers. Both fast- and slow-twitch mus- 
cle types are affected by disuse, al- 
though slow fiber types appear to be 
more susceptible to atrophy.71-73 
Disuse has also been shown to in- 
crease the proportion of MUs re- 
corded at high recruitment thresholds 
and to decrease the maximal firing 
rates of M U S . ~ ~  Except for weakness, 
the changes resulting from disuse 
differ from those described for PD, 
suggesting that disuse is not an im- 
portant factor altering MU behavior in 
PD. 

The final possibility regarding the 
changes in MU behavior described in 
this article is that they reflect varia- 
tions on the process of cell death and 
reinnervation that occur in normal 
aging. As mentioned earlier, PD is 
often thought of as accelerated aging, 
given that bradykinesia is a prominent 
feature of movement in aging and that 
the amount of dopamine and the 
number of dopamine receptors pro- 
gressively decline with aging.69,7>7 In 
normal aging, motor neurons-partic- 
ularly the fast types-appear to die.78 
Some of the muscle fibers left dener- 
vated by this neuronal loss can be 
reinnervated by surviving motor neu- 
rons. The functional result of this 
process is an increase in the force- 
contribution of MUs and an impaired 
ability to maintain a constant force 
c0ntraction.~9 It may be that cell death 
occurs in PD, but without the normal 
reinnervation. Alternatively, PD may 
represent a process that occurs nor- 
mally at much older ages (after age 
80 years).80 As aging progresses, it is 
thought that neurons that once ex- 
panded in response to neuronal death 
begin to shrink. Either of these sce- 
narios might explain the observation 
that subjects with PD both recruited 
small MUs at lower forces and were 
weaker than age-matched control 
subjects. 
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lmpllcatlons for Physlcal 
Therapy 

The goal of physical therapy interven- 
tion for PD is to maximize a patient's 
ability to function independently. For 
example, therapy should focus on 
preventing musculoskeletal deformi- 
ties and on maintaining the ability to 
balance, walk, and perform daily activ- 
ities for as long as possible.81-83 Ide- 
ally, therapy would delay or  minimize 
the need for drug treatment, as long- 
term levodopa use can produce un- 
wanted dyskinesias.**85 To these ends, 
we believe that an argument can be 
made for a program of muscle 
strengthening for persons with PD. 
The major deficits described in this 
article-weakness, coactivation, and a 
decreased EMG signal-ontribute to 
the diminished function of persons 
with PD and are amenable to change 
through strength training. A program 
of resistive exercise aimed at strength- 
ening the muscles might also prevent 
the aggravation of symptoms second- 
ary to disuse atr0phy.~3 

To date, physical therapy approaches 
to PD have not emphasized strength- 
ening. Instead, therapy has focused on 
improving motor control and prevent- 
ing unwanted movements. For exam- 
ple, a treatment program recom- 
mended recently for patients with PD 
begins with relaxation, passive muscle 
stretching, and positioning.82~8~ It is 
thought that these treatments will 
prevent excess muscle activity and 
decreased range of motion from con- 
tributing to abnormal movement.87 
Treatment then progresses to exer- 
cises for active range of motion, pos- 
tural alignment, balance, and gait. 
Other recommended approaches 
include stretching,83 light marching to 
music,24183 moving to sensory trig- 
g e r ~ , ~ l , 8 ~ ~ w  electrical stimulation,81 and 
biofeedback.81 Weakness is not con- 
sidered to be a problem that needs to 
be addressed by physical therapists, 
even though it is a widely recognized 
sequela of PD.39~~9.9~ 

The few controlled trials of physical 
therapy procedures have produced 
equivocal results. One study91 showed 
some improvement in symptoms (eg, 

tremor), coordination, and strength 
following 12 weeks of karate training 
or  stretching. Another studye3 showed 
that movement therapies such as 
marching to music or  light exercise 
improved gait, but not balance or 
posture. Whether neuromuscular 
therapies such as neurodevelopmental 
treatment and proprioceptive neuro- 
muscular facilitation benefit persons 
with PD has not been shown conclu- 
sively. In one study, these treatments 
had no effect on the movement of 
subjects with PD?2 whereas another 
study demonstrated that these meth- 
ods combined with movement train- 
ing and flexibility exercises improved 
the movement of two subjects with 
advanced PD.82 

It is not clear why resistive exercises 
have not been attempted with persons 
with PD. The literature generally sug- 
gests that resistive training is beneficial 
to other patient populations in which 
the muscles have been denemed.  For 
example, persons with post-polio syn- 
drome have been trained successfully 
using weight training, without any 
long-term deficits.93194 Resistive training 
also benefits elderly persons,95 who 
also have partially denervated mus- 
~ l e s .~8 ,9~  Strength training could com- 
plement more traditional treatment 
approaches to PD. Exercise has been 
shown to be associated with decreased 
reaction time in elderly individuals.97~98 
Thus, it is possible that strength train- 
ing could improve akinetic and 
bradylunetic symptoms. Programs of 
strength training have also been 
shown to decrease coactivation in 
young people, suggesting they might 
be useful for decreasing unwanted 
coactivation of m~scles.9~ Strengthen- 
ing would represent a new approach 
to reducing the overactivity in antago- 
nist muscles-a problem usually 
treated with relaxation.82387 Strengthen- 
ing muscles in patients with PD may 
also help to prevent falling, which is a 
tremendous problem for these pa- 
tients. Decreased strength is a factor 
contributing to increased falling in 
elderly persons.*J00 

Even very old subjects can increase 
their muscle strength with weight 
training prograrns.wt95 Thus, it is rea- 

sonable to believe that persons with 
PD can make similar improvements. 
The increased strength in elderly 
individuals has been attributed to 
both increased MU recruitment and 
muscle hypertrophy.95JOl Because 
strength training is asssociated with 
neural adaptations,l02 it is conceivable 
that the EMG activity pattern pro- 
duced by trained subjects with PD 
will improve in both consistency and 
"energy." We are currently designing 
experiments to determine whether 
some of these beneficial effects can 
be produced with strength training of 
subjects with PD. 

Summary 

This article described observations on 
MU activity in persons with PD. These 
persons are unable to maintain con- 
stant discharge rates in MUs, particu- 
larly for extended periods of time. 
Other observations included a possi- 
ble shift in the MU population to 
lower recruitment thresholds, in- 
creased coactivation, and muscle 
weakness in persons with PD as com- 
pared with healthy control subjects. 
These observations alone do  not 
indicate mechanisms underlying these 
changes. They might be produced by 
altered descending commands to 
motor neurons or spinal cord inter- 
neurons. Alternatively, they may re- 
flect changes that have occurred in 
motor neurons due to either disuse 
or accelerated aging. Current physical 
therapy approaches to the manage- 
ment of PD have produced equivocal 
results. Instead, we advocate the pre- 
scription of strength-training pro- 
grams for patients with PD. 
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