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Abstract 
The electromyographic (EMG) reflex response evoked in muscles stretched by imposed angular 

joint displacement has previously been studied in a variety of muscles and species. In most muscles 
studied, the EMG response consists of an initial burst of activity at latencies comparable to tendon 
tap responses followed by one or more bursts of EMG activity occurring at latencies less than 
somatosensory reaction time. The longer latency bursts or peaks of activity have often been assumed 
to be of similar origin in functionally diverse muscles. The present experiments were performed to 
examine the EMG response to imposed joint displacement in several different muscles of the squirrel 
monkey forelimb. 

The EMG was studied in muscles stretched by elbow, wrist, and metacarpophalangeal joint 
extension. Early (Ml) and long (M2) latency peaks of activity could be observed in the EMG 
responses of short head of biceps (SHB), flexor carpi ulnaris (FCU), and flexor digitorum profundus 
(FDP), at latencies which are similar to those reported in other primate species allowing for 
differences in the size of the animals. The intervals between these peaks did not correspond to the 
period of oscillations in tension which occurred after the onset of the joint extension. The M2 peak 
consistently occurred later in SHB than in FCU and FDP. The Ml peak was smaller in distal than 
in proximal muscles and was frequently absent in FDP at resting levels of EMG activity. The ratio 
of Ml to Ml + M2 activity for different muscles revealed that proximal muscles had prominent 
early with less prominent long latency activity, whereas distal muscles had minimal early latency 
activity with prominent long latency activity. The onset of EMG activity approached tendon tap 
latencies in FCU at high base line EMG levels but in most cases occurred at approximately twice 
tendon tap latencies in FDP at high base line EMG levels. The results demonstrate the presence of 
significant differences between the EMG response to joint displacement in the proximal-distal series 
of forelimb flexors. Differences in the reflex response to joint displacement are discussed in view of 
twitch times and motor unit composition of the muscles studied. 

In 1954, Hammond first reported a prolonged electro- 
myographic (EMG) response in the human biceps to 
imposed elbow extension (Hammond, 1954). The EMG 
response was composed of a short latency burst followed 
by a silent period and then by a second burst of EMG 
activity. The second burst was prolonged if the subject 
had been instructed to “resist” and shortened if the 
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subject was instructed to “let go.” This long latency 
activity was thought to be reflexive because when the 
subject was instructed to “let go” it occurred earlier than 
the shortest reaction time latencies (Hammond, 1960; 
Evarts and Vaughn, 1978). A resurgence of interest in 
Hammond’s observation has occurred over the past dec- 
ade with the application of torque motor technology to 
the study of motor control (see discussion in Colbourne 
and Evarts, 1978). Using this technique, short and long 
latency reflex activity has been reported for numerous 
different muscle groups and species. The EMG response 
can occur as three bursts of activity which were named 
Ml, M2, and M3 by Tatton et al. (1975). Long latency 
activity has been reported in muscles acting across the 
human thumb (Marsden et al., 1976a), wrist (Lee and 
Tatton, 1975; O’Rian et al., 1978), elbow (Hammond, 
1954; Evarts and Granit, 1976; Mortimer and Johnson, 
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1976; Chan et al., 1979a), knee (Chan et al., 1979a), and 
ankle (Chan et al., 1979b; Gottlieb and Agarwal, 1979). 
Similar long latency responses have been observed in 
primate wrist (Bawa and Tatton, 1979; Tatton and Bawa, 
1979) and elbow muscles (Tatton et al., 1975; Evarts and 
Tanji, 1976; Vilis and Cooke, 1976; Cooke and Eastman, 
1977) and in cat triceps brachii (Ghez and Shinoda, 1978; 
North and Tatton, 1980). 

Implicit in the conclusions of many of these studies is 
the assumption that similar peripheral and/or central 
mechanisms generate the later components of the EMG 
response in different muscle groups (Marsden et al., 
1976b; Chan et al., 1979a) and in different species (Ghez 
and Shinoda, 1978). This latter assumption is partly 
based on the premise that, after taking size differences 
into account, latency measurements are comparable be- 
tween primates and humans (Lee and Tatton, 19751978; 
Tatton et al., 1979), between different primate species 
(Vilis and Cooke, 1976; Miller and Brooks, 1981), and 
between primates and cats (Ghez and Shinoda, 1978). 
However, this assumption has never been evaluated 
quantitatively, and the hazards of assuming that the 
results in one species are comparable to those obtained 
in other species have been discussed (Wiesendanger, 
1978; Bawa and Tatton, 1979). 

Even within one species, the assumption of a common 
mechanism of the long latency EMG response may not 
be valid in muscles of different function and composition. 
For example, the response of the intrinsic muscles of the 
hand and the gastrocnemius soleus complex to peripheral 
nerve stimulation is markedly different. In intrinsic hand 
muscles peripheral nerve stimulation produces early 
EMG activity followed directly by long latency activity 
(Upton et al., 1971; Milner-Brown et al., 1975; Stanley, 
1978), whereas a silent period follows the early response 
in gastrocnemius (Magladery et al., 1951). Even between 
the flexors of the human elbow and phalangeal joints, 
significant differences are evident. The tension generated 
by the reflex response to imposed displacements occurs 
after a longer delay in muscles acting across the meta- 
carpophalangeal joint than in those acting across the 
elbow (Brown et al., 1976; Rack et al., 1978). Hence, the 
nature of the EMG response in these different muscles 
bears further examination. In the present study, we have 
examined the EMG activity evoked in muscles stretched 
by displacement of several different forelimb joints in 
one primate species. 

Materials and Methods 

These studies were performed over a period of 18 
months on six normal squirrel monkeys (Saimiri sci- 
ureus) weighing between 600 and 1000 gm. The muscles 
studied were short head of biceps (SHB), an elbow flexor, 
flexor carpi ulnaris (FCU), a wrist flexor, and flexor 
digitorum profundus (FDP), a finger flexor. Alert un- 
trained monkeys were held in a primate chair under 
minimal restraint. EMG was recorded through pairs of 
Teflon-coated stainless steel wires (Basmajian and 
Stecko, 1962) which were inserted together into the mus- 
cle through a common needle. Electrode placement was 
monitored before and after each trial by observing the 
relationship of EMG activity to movements initiated by 

manipulation of different joints. When the electrode was 
positioned so that it responded selectively to movement 
of one joint, the arm proximal to the joint in question 
was immobilized in a padded plastic cast (Sans Splint, 
Smith and Nephew, Lachine, Quebec) fixed to the hous- 
ing of the torque motor. The limb distal to the joint was 
splinted and secured to the handle of the torque motor. 
The cast was placed so that it did not impede rotation of 
the joint, which was co-axial with the shaft of the motor. 
All torque motor-imposed joint displacements were in 
the horizontal plane: the metacarpophalangeal (MCP) 
and wrist joints with the forearm positioned midway 
between the extremes of pronation and supination, the 
elbow joint with the shoulder abducted to 90” (Fig. 1). 

The handle of the torque motor to which the limb was 
attached was fixed to a metal rod fastened to the shaft of 
the torque motor (2015R, Torque Systems, Waltham, 
MA) along a radius from the axis of the motor. Joint 
angle was measured by a potentiometer linked to the 
shaft of the motor. The torque generated by resistance 
to the imposed movement was measured with high sen- 
sitivity strain gauges (Nll-FA-10-1000-11, Showa Meas- 
uring Instruments Co., Tokyo) which were affixed im- 
mediately below the handle. The strain transducers were 
found to be linear within the range of kO.5 N (Newton). 
Tension oscillations following the onset of joint displace- 
ment can give rise to bursts of afferent activity, which 
may cause peaks of EMG activity (Hagbarth et al., 1981). 
In order to demonstrate that EMG activity could be 
independent of tension oscillations, the period of these 
oscillations was altered so that it did not correspond to 
the interval between EMG peaks. The high frequency 
and low amplitude of the tension oscillations (see below) 
was achieved by making the transducer very stiff and 
minimizing the mass of the handle distal to the trans- 
ducer. 

The torque motor was driven by square wave pulses of 
various amplitudes and of approximately 500-msec du- 
ration, which were presented in pseudorandom order and 
at random intervals. The torque loads were chosen so 
that displacements about all the different joints included 
a similar range of initial velocities and accelerations. The 
initial velocity and acceleration were calculated by anal- 
ysis of the position recorded over the first 15 msec 
following the onset of the square wave pulse to the torque 
motor. About the elbow, torque loads in the range of 0.05 
to 0.30 Nm (newton-meter) were imposed and produced 
initial velocities of 50 to 170°/sec and accelerations of 
8,000 to 29,000°/sec2. Torque loads of 0.03 to 0.22 Nm 
produced initial velocities of 40 to 270”/sec with accel- 
erations of 6,000 to 37,0OO”/sec” about the wrist and 
velocities of 50 to 310’/sec with accelerations of 5,000 to 
50,000”/sec2 about the MCP joint. The rotation of the 
torque motor shaft was limited by stops separated by 20 
to 30”. The limb was automatically returned to a uniform 
starting position between trials. EMG, joint angle, and 
tension were recorded on magnetic tape along with a 
sequence of pulses which encoded the occurrence and 
magnitude of a torque pulse for later analysis. The data 
for the randomly ordered step load magnitudes were 
sorted and averaged off-line by a Digital PDP 11-34 
computer. Averages were composed of 20 to 30 events in 
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Figure 1. Schematic diagram of the experimental apparatus. Torque motor step loads driven by a square wave signal were used 
to impose angular displacements about the metacarpophalangeal, elbow, or wrist joint, as shown. A binary word (computer code) 
which was recorded on tape aided the sorting of the responses to the randomly ordered loads before averaging. Insets A and B are 
cross-sections of the forearm and arm showing the positions of the muscles studied. R, radius; U, ulna; LHT, lateral head of 
triceps. 

which the following criteria were satisfied: (I) low back- 
ground EMG levels (prior to the onset of the torque 
pulse) in agonist and antagonist muscles, and (2) baseline 
tensions of zero -110% of the tension generated at the 
onset of the highest torque load employed. 

Whole muscle twitch contraction time to peak was 
measured for the finger flexors by stimulation of the 
ulnar and median nerves in the brachial bundle at the 
medial aspect of the humerus. For this procedure, the 
monkey was sedated with ketamine (10 mg/kg). The 
nerve was stimulated once every 4 set, and the first 10 
stimuli were averaged. Measurement of muscle tension 
by an external transducer in human adductor digiti min- 
imi has been shown to give the same tension response 
latency as is measured by a transducer applied to the 
muscle tendon (Buchtal and Schmalbruch, 1970, 1980). 
Since we used a similar external tension transducer, we 
believe that this method gives a good estimate of whole 
muscle contraction time for FDP. 

Results 

Latency of onset of EMG responses. The EMG re- 
sponse to joint displacement in the muscles studied often 
showed a segmented pattern of two or three consecutive 
peaks of EMG activity which were termed Ml, M2, and 
M3 (after Tatton et al., 1975). Figure 2A shows the 
response in biceps to a torque load extending the elbow. 

All averages are taken from the onset of the square wave 
signal driving the torque motor and hence include the 
isometric time constant of the torque motor, which we 
measured to be 1.8 msec. The top trace shows the force 
resisting the torque motor-imposed displacement of the 
forearm which is shown in the second trace. The third 
trace shows the full wave rectified biceps EMG. M3 
activity was variably present in agreement with previous 
work (Lee and Tatton, 1975) and was not analyzed. 
Figure 2, B and C present data in the same format for 
FCU and FDP in response to wrist and MCP joint 
displacement, respectively. In these figures oscillations 
in tension are superimposed upon the step increase in 
torque following the square wave pulse to the torque 
motor at time zero. Examining the record for FCU (Fig. 
2B) one can see tension peaks which occur at approxi- 
mately the same interval as the consecutive EMG peaks. 
Therefore, it could be argued that the EMG bursts are 
caused by synchronizing bursts of afferent activity. This 
does not seem to be the case in FDP because there is no 
EMG activity corresponding to the first beat of the 
oscillation in the tension trace (Fig. 2C). The average 
from SHB (Fig. 2A) displays a high frequency tension 
oscillation (range from 300 to 350 Hz) overlying two beats 
of a lower frequency oscillation (approximately 140 Hz). 
Neither of these oscillations has a period which corre- 
sponds to the interval between the consecutive EMG 
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Figure 2. EMG responses in SHB (A), FCU (B), and FDP (C). A, B, and C demonstrate the averaged response to torque loads 
extending the elbow, wrist, and MCP joint, respectively. The top traces are the average net tension for the imposed displacement 
shown in the middle trace. The averaged, rectified, EMG response to this displacement is shown in the bottom trace. Mean is the 
mean base line or tonic EMG level and 3 SD is the mean base line plus 3 standard deviations above base line level. The 3 SD level 
was used to measure the onset of EMG activity, Ml in SHB and FCU and M2 in FDP. Inasmuch as the EMG level between Ml 
and M2 did not fall below the 3 SD level in SHB or FCU, the onset of M2 activity in these muscles was taken as the lowest point 
between the peaks. Ml and M2 components are identified by the numbers 1 and 2 under the EMG trace. The time scale is in 
milliseconds. 

peaks. Although the two processes exhibit different fre- 
quencies, it is still possible that the EMG segmentation 
is related to tension oscillations in some nonlinear way 
(cf. Hagbarth et al., 1981) because of the complexities of 
the musculoskeletal system and its contact with the 
manipulandum. 

The work of Hagbarth and co-workers (1981) makes it 
imperative that the investigator carefully examine the 
tension records, because of the possibility that tension 
oscillations contribute to the generation of segmented 
EMG responses. The averaged data in Figure 2 make 
this possibility unlikely in the case of FDP and SHB. 
However, given the high sensitivity of spindle primaries 
(Fetz et al., 1979), it could be that the averaging process 
obscures a variable low frequency oscillation in tension 
or in displacement. Therefore, the averages in Figure 3 
are shown with accompanying rasters which display ten- 
sion and displacement records for the individual trials 
used to construct the averages. The position traces in 
these rasters appear smooth and continuous, although 
very small muscle length variations are beyond the res- 
olution of this technique. The individual tension traces 
in Figure 3 do not display a lower frequency component 
of tension oscillation. The tension oscillations in Figure 
3, A and B are similar to those seen in Figure 2, C and A, 
respectively. The EMG rasters show that the EMG ac- 
tivity in individual trials does not correlate with tension 
oscillations in those same trials (e.g., in Fig. 3B the eighth 
trace from the top, prominent tension oscillations are 
seen without accompanying EMG bursts). FCU, how- 

ever, did not always display such a clear dissociation 
between tension oscillations and EMG activity. 

Hagbarth and his co-workers (1981) measured dis- 
placement both directly at the surface of the joint and 
from the shaft of the torque motor. They state that 
displacement measured from the shaft of the torque 
motor did not display irregularities or oscillatory varia- 
tions which were evident in the displacement measured 
at the joint. The size of the squirrel monkeys prevented 
us from reliably positioning a potentiometer over the 
joint for measurement of displacement. However, dis- 
placement oscillations measured at the joint have been 
illustrated to correspond to tension oscillations (Hag- 
barth et al., 1981, Fig. 2). Therefore, it is unlikely that 
displacement oscillations, independent of tension, ac- 
count for the observed EMG bursts. 

Figure 2 suggests that the onset of earliest EMG re- 
sponse is delayed in FDP as compared with FCU and 
SHB. If we define Ml as a burst of EMG activity which 
occurs within 4 msec of the latency of the tendon tap 
plus isometric time constant, then Ml activity is absent 
in this example. It could be argued that the longer EMG 
onset latency is due to conduction or mechanical lags in 
the torque motor-joint-muscle system. These possibilities 
are unlikely for several reasons. First, the tendon reflex 
latencies in FDP and FCU are only 1 to 2 msec longer 
than those in SHB (see Table I). These reflexes, examples 
of which are shown in Figure 4A for FDP and SHB, were 
elicited by tapping the grip of the torque motor. The 
oscilloscope traces in Figure 4A were triggered from the 
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Figure 3. Rasters of displacement, tension, and EMG for FDP (A) and SHB (B). This figure shows a raster of the events used 
to construct the average trace shown above the raster. There is no evidence of discontinuity in the average displacement trace or 
rasters (top) of either FDP or SHB. Oscillations are present in the tension (middle) trace of FDP, but the EMG does not show 
an early latency peak corresponding to the first and largest component of the oscillation. A high frequency oscillation is also seen 
in the tension trace of SHB without evidence of EMG bursts time locked to the oscillations. There was no evidence in the tension 
raster of a lower frequency component corresponding to the interval between the EMG bursts found in that muscle. Position 
calibration bars are 20” of arc in both SHB and FDP; torque calibration bars are 0.20 and 0.005 Nm in SHB and FDP, 
respectively (note differences in scale of raster and average tension traces for FDP). 

TABLE I 
Onset latencies and durations of Ml and M2 activity in SHB, FCU, 

and FDP of the squirrel monkey forelimb 
These averages are taken from the EMG response to a maximum of 

six different loads in normal monkeys. Latencies are determined as 
described in the legend to Figure 2. The last row gives the tendon tap 
latencies in these same muscles (see Fie. 4). 

Muscle 

FDP FCU SHB 

Ml onset latency 11*2msec 10 f 2 
M2 onset latency 19 * 2 19 + 2 27 f 2 
M2 duration 13 + 2 10 k 1 15 f 2 

N= 37 N = 24 N= 35 
Tendon reflex latency 7.0 f 0.3 6.9 f 0.2 5.5 + 0.3 

N=5 N=6 N=5 

leading edge of the tension trace, and triggered from the 
leading edge of the tension trace, and reflex onset was 
measured from the EMG records. In torque motor stud- 
ies, the latency of the Ml and M2 components includes 
the torque motor isometric time constant which is the 
delay between the start of square wave pulse to the 
torque motor and the rise in tension at the handle of the 
torque motor. If the isometeric time constant of the 
torque motor is added to the latency of the tendon jerk 
reflex response, then the values are within 2 to 3 msec of 
the Ml latencies in Table I. Hence, delays due solely to 
a longer peripheral reflex pathway cannot account for 
the 9-msec delay in onset of EMG activity in FDP as 
compared with FCU and SHB. A second possible mech- 
anism of the delay in onset of FDP EMG activity, me- 
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Figure 4. Early latency activity in FDP. A shows the tendon 
jerk response in SHB (upper) and FDP (lower). Vertical and 
horizontal calibrations are 0.5 mV and 5 msec, respectively. An 
Ml response could sometimes be discerned in the FDP EMG 
response of a normal monkey at usual base line levels (as in B ) . 
In some animals, no Ml response was seen at resting base line 
EMG levels (as in C, upper trace), but a Ml response became 
evident at higher base line levels (C, lower trace) for the same 
animal and recording session). In contrast, Ml activity could be 
seen in the absence of M2 activity in animals with the middle 
cerebral artery occluded (as in D). 

chanical delay in the finger system as compared with the 
wrist and elbow systems, is discounted by observations 
both in normal animals and in animals with occlusion of 
the contralateral middle cerebral artery (Lenz et al., 
1981). The data from normal animals show that an early 
latency EMG response can occur in some normal animals 
at low background EMG levels in FDP (Fig. 4B) and 
becomes evident at higher background EMG levels in 
some other normal animals (Fig. 4C). Early latency EMG 
activity is seen in FDP of animals with the contralateral 
middle cerebral artery occluded as demonstrated in Fig- 
ure 40. Inasmuch as Ml latency activity can occur in 
this muscle, one must conclude that Ml is frequently 
absent in FDP at usual background EMG levels and is 
not simply delayed. 

Onset latencies of EMG activity in forelimb flexors. 
Several papers have attempted to establish that M2 
onset latency varies with distance from cortex (Marsden 
et al., 1976b; Watt et al., 1971; Chan et al., 1979a). 
Although biceps is closer than flexor pollicis longus to 
cortex, the long latency component in human biceps 
occurs later than the long latency component in flexor 
pollicis longus (compare Figs. 3 and 11, Marsden et al., 
1976b). Long latency activity in cat triceps has been 
found to occur at variable latency (Ghez and Shinoda, 
1978; North and Tatton, 1980). Figure 5 demonstrates 
that the pattern of latencies in these muscles was rela- 
tively constant across a range of different velocities and 
in different animals. Timing of the EMG peaks was 
examined by measuring EMG latencies for five normal 
squirrel monkeys at six different initial velocities of limb 
displacement, as outlined under “Materials and 

Methods.” The latencies measured were: the onset of Ml 
activity, peak Ml activity, trough between Ml and M2, 
peak of M2 activity, and end of M2 activity. Represent- 
ative EMG traces and graphs of latency measurements 
for SHB, FCU, and FDP are shown in Figure 5. Note 
that M2 activity in SHB occurs at longer latency than 
that found in the more distal muscles, FCU and FDP. 
Thus M2 activity in these distal muscles occurs at laten- 
ties during which EMG activity in SHB is at a minimum 
(between Ml and M2). These findings were consistent in 
all of the animals. Averaged onset latency data are shown 
in Table I along with latencies for Ml and M2 activity 
occurring in the proximal distal series of forearm flexors. 
Here again, there is a significant delay in latencies for 
M2 activity in biceps as compared with muscles of the 
forearm. 

Continuing afferent input generated by ongoing joint 
displacement is known to contribute to the M2 peak 
(Vilis and Cooke, 1976) because the M2 peak is absent if 
the imposed joint displacement is arrested before a crit- 
ical duration (Lee and Tatton, 1982). On the basis of 
these findings, the authors postulated that M2 activity 
might be generated through the combined action of a 
short latency pathway and a longer latency pathway. If 
the short latency pathway is subthreshold for an EMG 
response, as in FDP, then perhaps short latency mecha- 
nisms are not significant contributors to the longer la- 
tency peak. An afferent volley acting through a short 
latency pathway which is subthreshold for an EMG 
response at low base line EMG levels can give rise to a 
reflex response at higher base line EMG levels (Fig. 4C). 
However, in some animals onset of EMG activity in FDP 
at high base line levels approaches a minimum value 
which is clearly greater than tendon tap latency (Fig. 
6A ). In these animals there is a decrease in onset latency 
of FDP M2 (Fig. 6A) at increasing base line EMG levels, 
but it is small and parallels the decrease in FCU Ml 
latencies demonstrated in Figure 6B (a similar decrease 
in latency was found at the human wrist by Bedingham, 
1981). EMG onset latency (minus the torque motor iso- 
metric time constant) is plotted against base line EMG 
levels for FCU and FDP in Figure 6C. The line indicated 
by the arrow is at 7 msec, which is the tendon tap latency 
for these two muscles (see Table I). FCU EMG onset is 
seen to be asymptotic to the 7-msec line, whereas FDP 
is asymptotic to a line at approximately 14 msec. At these 
base line EMG levels and in these animals, the latency of 
the earliest EMG response does not approach tendon tap 
latencies, suggesting a relatively weak synaptic input to 
the motor neurons responsible for the short latency reflex 
activity. 

Comparison of latencies with other primate species. 
In order to relate latencies in normal squirrel monkeys 
to those in the published literature, the latency values 
given above were compared with the latency of reflex 
responses in other primate species, as shown in Table II. 
Where applicable, the latency measurements were cor- 
rected by the torque motor isometric time constant. The 
length of the peripheral conduction pathway was esti- 
mated by measuring the distance from the vertebral 
column to the muscle in three to eight representative 
animals which had been used in torque motor studies. 
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Figure 5. Relative timing of Ml and M2 activity in SHB, FCU, and FDP. The traces on the left-hand side of the figure show 
the EMG response in SHB (Al), FCU (RI), and FDP (Cl). Note that M2 activity in SHB occurs significantly later than that in 
FCU and FDP. The graphs on the right-hand side plot latency measurements for Ml and M2 in SHB (A2), FCU (B2), and FDP 
(C2) against initial velocity. Initial velocity was measured by the displacement during the first 15 msec after the onset of the 
motor pulse and is given in degrees/l5 msec to the left of the EMG trace. 0, onset Ml; n , peak Ml; a, trough between Ml and 
M2; 0, peak of M2 activity; 0, end of M2 activity. End of M2 activity was defined as the point at which the slope of the EMG 
trace returned to zero, whether M3 was present or not. Inflexions in the FCU and FDP traces at time zero are artifacts produced 
by the motor pulse. 

Average conduction pathway length and onset latency 
were then plotted against each other for different species 
in Figure 7. Since the points for Ml and M2 peaks each 
present a relatively linear relation, size differences seem 
to account in some measure for the variation in latency 
between the species. Hence, the pattern of EMG response 
in the squirrel monkey is comparable, in terms of latency, 
with that found in other primate species. Note that the 
slopes for Ml and M2 latencies against peripheral con- 
duction pathway for primates are different. The values 
for cat triceps brachii seem to correspond to those for 
primate biceps for the first peak of EMG activity but 
differ markedly for the second peak. 

Relative size of the Ml and M2 components. Figures 
2 and 4 illustrate a progressive decline in Ml activity as 
one examines successively more distal muscles. In order 
to quantify this effect the Ml:(Ml + M2) ratio was 
calculated at several different base line EMG levels and 

torque loads as displayed in the average traces on the 
left-hand side of Figure 5. Since the Ml + M2 interval is 
much longer in SHB than in FCU and FDP the Ml:(Ml 
+ M2) ratio is not exactly analogous in all three muscles. 
Therefore, a second ratio was calculated of Ml activity 
to EMG activity above base line from onset of Ml to 42 
msec, the average termination of M2 in biceps. An aver- 
age was calculated for both of these ratios for each muscle 
studied, in five normal animals. These data, shown in 
Table III, demonstrate that Ml activity predominates 
over M2 activity in proximal muscles as compared with 
successively more distal muscles. A similar pattern has 
been found in the proximal-distal series of forelimb ex- 
tensors (Lenz et al., 1980). 

Twitch contraction time in FDP. Bawa and Tatton 
(1979) used single motor unit studies in muscles acting 
across the primate wrist to provide indirect evidence that 
the M2 peak is largely formed from the firing of fast 
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Figure 6. Latency of EMG activity at increasing base line EMG levels. The FDP reflex response at three different base line 
EMG levels is shown in A. Note that the onset latency decreases by approximately 3 msec at increasing base line levels, although 
an Ml component does not become apparent in this case. The FCU reflex response at three different base line EMG levels is 
shown in B. Averages extend from -50 to 50 msec in all cases. EMG onset latency has been plotted against base line EMG levels 
(in 0.1 mV) for FDP (circles) and FCU (squares) in C. 

twitch motor units, while the Ml peak results from the 
activity of slow twitch motor units. If it applies to the 
muscles of the squirrel monkey forelimb, then their find- 
ing suggests that distal muscles, such as FDP, showing 
predominantly M2 activity, contain a larger proportion 
of fast twitch units than muscles such as SHB whose 
response is composed of significant Ml and M2 re- 
sponses. As an incomplete test of this hypothesis, twitch 
times were measured for FDP, the muscle showing the 
smallest Ml:(Ml + M2) ratio. We were unable to reliably 
measure twitch times of the proximal muscles in the 
intact animal. The measured time to peak tension of 
FDP (Fig. 8) in response to a supramaximal stimulation 
of the ulnar and median nerves in the upper limb is 20 
f 3 msec, with a decay time from peak to one-half peak 
tension of 20 + 2 msec (n = 7), in the intact animal. The 
whole muscle contraction time provides a good estimate 
of the tension-weighted mean contraction time (Bagust 
et al., 1973). Although twitch times for other muscles of 

the squirrel monkey forelimb have not been reported, 
contraction time in FDP is less than that in flexors and 
extensors of the macaque wrist, reported as 32 and 30 
msec, respectively (Rietz and Humphrey, 1975). Further- 
more, it compares well with the 19.5 + 0.6 msec reported 
in cat flexor digitorum longus, which is largely but not 
exclusively composed of fast motor units (Olson and 
Swett, 1966; Bagust et al., 1973). Hence, it seems reason- 
able to conclude that FDP is composed largely of fast 
twitch motor units. If comparisons to the macaque are 
valid, then FDP is composed of proportionately more 
fast twitch motor units than wrist flexors and extensors, 
in agreement with the hypothesis of Bawa and Tatton 
(1979). 

Discussion 

The results of this study demonstrate that the EMG 
response to imposed joint displacement differs in proxi- 
mal and distal muscles in the squirrel monkey forelimb. 
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TABLE II 
Onset latency and peripheral conduction pathway in biceps, triceps, and wrist flexors of several different species 

Onset latencies were corrected for the torque motor isometric time constant in all cases except the results of Hammond (1954) and Chan et al. 
(1979a), where timing was triggered mechanically by movement. For wrist flexors (referred to as “wrist” in the table) the peripheral conduction 
pathway was estimated by the distance from C7, posterior to the medial epicondyle at the elbow and the ulnar styloid at the wrist, with the 
shoulder abducted to 45”, the elbow fully extended, and the forearm pronated. The conduction pathway for biceps was measured to the medial 
epicondyle with the arm in the position described above. Peripheral conduction pathway measurements were made on the human subjects or 
animals in the studies of Bawa and Tatton (1979), Lee and Tatton (1975), Miller and Brooks (1981), North and Tatton (1980), and the present 
study. Torque motor isometric time constants were measured or obtained by direct communication with the authors in these cases. In the case 
of other authors reporting results for studies on humans and cats, the peripheral conduction pathway and isometric time constant were assumed 
to be the same as the measurements taken for subiects and motors in the studies bv Lee and Tatton (1975) and North and Tatton (1980). 

Species 
onset Latency 

Muscle 
Ml M2 

Conduction 
Pathway Author 

Human Biceps 

Cebus 
Saimiri sciureus 
Cat 

Human 

Biceps 
Biceps 
Triceps 
Triceps 
Wrist 

Macaca speciosa 
Saimiri sciureus 

Wrist 
FCU 

msec 

18 
17.7 
18 
10.5 

8 
11 
11 
23 
22.5 
12.5 

9 

45 
49.9 
57 
35.5 
25 
42 
39 
49 
51 
32 
17 

B 
60 

cm 

54 

15.5 
8.5 

12.5 

79 

42 
13 

Hammond (1954) 
Chan et al. (1979a) 
Evarts and Granit (1976) 
Miller and Brooks (1981) 

North and Tatton (1980) 
Ghez and Shinoda (1978) 
Lee and Tatton (1975) 
O’Rian et al. (1978) 
Bawa and Tatton (1979) 

cat . 
8 

A cebus 

0 20 40 60 60 0 20 40 60 60 

Conduction Pathway (cm) Conduction Pathway (cm) 

Figure 7. Relation of onset latency to the length of the peripheral conduction pathway. A displays data from wrist flexors of 
several different species as listed in Table II. B displays the data for biceps or triceps. Open and solid triangles represent Ml and 
M2, respectively. Circles represent the first and second peaks in cat triceps. The species is designated below the point representing 
the M2 or second peak in each case. 

TABLE III 
Ml:(Ml + M2) ratios for FDP, FCU, and SHB 

Ml and M2 latencies were determined as described in the legend to 
Figure 2. The second column gives the ratio of Ml activity in a muscle 
to activity occurring in that muscle over the Ml + M2 interval of SHB. 
The area of an EMG peak was defined as the area under the peak 
above base line. 

Muscle 

FDP 
FCU 
SHB 

Ml:Ml + M2 Ml:SHB Ml + M2 

0.10 + 0.11 0.08 f 0.10 
0.38 -t 0.08 0.23 f: 0.09 
0.42 k 0.09 0.42 t 0.09 

At low base line EMG levels Ml activity is pronounced 
in SHB, less pronounced in FCU, and not discernible in 
FDP of normal animals. The Ml and M2 bursts of EMG 
activity are not time locked to tension oscillations initi- 

ated by the imposed torque pulse. The M2 peak in biceps 
occurs later than the M2 peaks in FCU and FDP, raising 
the possibility that M2 may not be generated by the 
same mechanism in the different muscles. 

The multiple bursts of EMG activity which occur in 
response to joint displacement have recently been attrib- 
uted to oscillations in tension following the onset of the 
torque pulse (Hagbarth et al., 1981). Since tension oscil- 
lations were observed in the present study, great care 
was taken to exlude them as the sole cause of EMG 
bursts. This was achieved by increasing the mechanical 
damping or varying the resonant frequency of the system 
so that tension oscillations were not appropriately timed 
to explain the observed bursts of EMG activity. Although 
EMG bursts may be produced by repetitive activation of 
the same short latency reflex pathway (Hagbarth et al., 
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1981), the present study demonstrates that EMG bursts 
may also be generated by other mechanisms, indepen- 
dent of tension oscillations. 

The variation in reflex responses in the different upper 
limb muscles is consistent with previous reports. Mars- 
den (Marsden et al., 1976a) has studied the EMG re- 
sponse to perturbations interrupting flexion of flexor 
pollicis longus. The early latency response is virtually 
absent in this muscle. In contrast to this result, a clear 
Ml component is reported in human wrist flexors (Lee 
and Tatton, 1978), biceps (Hammond 1954, 1960; Evarts 
and Granit 1976; Marsden et al., 1976b; Chan et al., 
1979a) and in nonhuman primate wrist flexors and exten- 
sors (Tatton et al., 1978; Bawa and Tatton, 1979) and 
biceps (Evarts and Tanji, 1976; Vilis and Cooke, 1976; 
Cooke and Eastman, 1977). Therefore, there is support 
for the idea that a progressive decrease in early latency 
activity occurs as one proceeds distally in the primate 
upper limb. 

The differences in the response between muscles ex- 
tend to latency of peaks as well as to the relative mag- 

n 

Figure 8. Twitch contraction for FDP. This figure shows the 
tension response in FDP to supramaximal stimulation of the 
nerve. From top to bottom, the traces show the time of the 
peripheral nerve stimulus, the EMG response, and the tension 
response, respectively. Vertical and horizontal calibration bars 
are 20 gm and 10 msec. 

nitudes of Ml and M2 activity. The onset of M2 activity 
in SHB occurs later than that in FCU and FDP, the 
reverse of what would be expected if the onset of M2 
activity were dependent on central conduction delay in 
all muscles studied. The latencies observed in squirrel 
monkey are consistent with those found in other primate 
species and with the result, from Marsden’s work, that 
human long latency activity occurs later in biceps than 
in flexor pollicis longus (Marsden et al., 1976b). North 
and Tatton (1980) have suggested that the silent period 
preceding the second peak in cat triceps (labeled M2 by 
Ghez and Shinoda (1978)) is due to an inhibition or 
disfacilitation following the first peak. A similar phenom- 
enon may cause the relative delay in squirrel monkey 
SHB M2 because the “trough” between Ml and M2 in 
biceps is usually very pronounced (Fig. 2A) compared 
with FCU (Figs. 2B and 5Bl), although the EMG level 
never fell below base line over this interval as was re- 
ported for cat triceps (North and Tatton, 1980). Finally, 
it is important to emphasize that central conduction 
delay alone cannot necessarily be assumed to account for 
the relative onset latency of M2 activity throughout the 
primate forelimb. 

Comparison of reflex responses between monkeys and 
humans is of particular importance in the choice of 
animals for experimental models of human disease (Lee 
and Tatton, 1975; Tatton et al., 1979; Lenz et al., 1981). 
Onset latencies of Ml and M2 peaks in different primate 
species seem to vary almost linearly with the length of 
the peripheral conduction pathway, suggesting that re- 
flexes are comparable in these species. On this same 
basis, the long latency component in the cat may not be 
analogous to that described in primate species (Fig. 7). 

Bawa and Tatton (1979) have shown that Ml, M2, and 
M3 components at the primate wrist are largely formed 
by the firing of distinct populations of single motor units. 
On the basis of recruitment order to maintained loads 
and median interspike interval, they suggested that slow 

TABLE IV 
Motor unit composition of muscles in proximal-distal sequence 

The species and muscle studied and the percentage of slow and fast fibers are indicated. 

Species 
Percentage of Motor Units 

Muscle” Author 
Slow Fast 

Lower limb 
Human Triceps surae 90 10 Buchtal and Schmalbruch (1970) 

Tibialis anterior 50 50 Buchtal and Schmalbruch (1970) 
Human EDC 13 87 Sica and McComas (1971) 

Upper limb 
Human Biceps brachii 30 70 Buchtal and Schmalbruch (1970) 
Human Biceps brachii 30 70 Hopf et al. (1974) 
Human ADM 0 100 D. Burke et al. (1974) 
Baboon EDC 0 100 Eccles et al. (1968) 

Lower limb 
Cat Soleus 100 0 R. Burke et al. (1974) 
Cat Medial gastrocnemius 28 72 R. Burke et al. (1973) 
Cat Tibialis anterior 8 92 Goslow et al. (1977) 

EDL 2 98 Goslow et al. (1977) 
Cat FDL 10 90 Bagust et al. (1973) 

Olson and Swett (1966)* 
Cat Lumbrical 0 100 Appelberg and Emonet-Denard (1967) 

n EDC, extensor digitorum communis; ADm, adductor digiti minimi; EDl, extensor digitorum longus; FDL, flexor digitorum longus. 
’ Olson and Swett (1966) report fast and slow twitch motor unit populations in cat FDL. Bagust et al. (1966) do not identify fast and slow 

twitch motor unit populations, although the distribution of units by contraction time is similar to that of Olson and Swett (1966). 
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twitch motor units contributed to Ml response and fast 
twitch motor units contributed to M2 and M3 responses. 
Physiological studies of motor units comprising different 
muscles in the cat hindlimb and in humans suggest (see 
Table IV) that distal muscles have a higher proportion 
of fast twitch fibers than do proximal and postural mus- 
cles. In nonhuman primates, the only physiological study 
of single motor units found that extensor digitorum com- 
munis in the baboon is exclusively composed of fast 
twitch motor units (Eccles et al., 1968). Hence, it is 
possible that the Ml:Ml + M2 ratio may to some extent 
reflect the relative proportion of slow twitch motor units 
in the muscle studied. Such a proposal is consistent with 
the findings reported here, that the response is often 
limited to long latency activity in fast muscles, such as 
squirrel monkey FDP (Fig. 8). 

Imposed displacements exceeding a critical duration 
have been shown to be essential for the generation of the 
M2 peak (Lee and Tatton, 1982), whereas the Ml peak 
can be evoked with displacements too short to result in 
M2 activity (Vilis and Cooke, 1976). One possible expla- 
nation of these results is that continuing afferent input 
acting through a short latency pathway is required to 
facilitate a longer latency mechanism (Lee and Tatton, 
1982). A substantial Ml response, which must involve a 
short latency pathway, was found in the muscles studied 
in both of these reports. The relatively small or absent 
Ml component in the FDP EMG response to MCP joint 
displacement suggests that the short latency pathway is 
less effective in recruiting motor neurons innervating this 
muscle. In some animals it was so weak that the EMG 
onset was not asymptotic to tendon tap latencies at high 
base line EMG levels (Fig. 6). Therefore, the role of short 
latency pathways in the generation of FDP M2 activity 
is almost certainly less than in more proximal muscles. 

This study demonstrates that there are substantial 
differences between the relative contribution of short 
and long latency mechanisms to the reflex activation of 
motoneurons in distal as compared with proximal upper 
limb flexor muscles in the primate. Therefore, the results 
of studies of the mechanisms underlying the generation 
of reflex activity in one muscle group in a given species 
cannot necessarily be assumed to be identical for another 
muscle group or species. Finally, the dysfunction of mech- 
anisms which contribute to the EMG response to im- 
posed joint displacement may be more evident in one 
muscle group than in another. The significance of the 
muscle group studied may be reflected in the differences 
between studies of EMG responses in the human thumb 
after cortical lesions (Marsden et al., 1977) and those in 
the cat forelimb after decerebration (Ghez and Shinoda, 
1978). 
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