
Surface Versus Intramuscular Electrodes for 
Electromyography of Superficial and Deep Muscles 

JACQUELIN PERRY, MD, 
CATHERINE SCHMIDT EASTERDAY, MS, 
and DANIEL J. ANTONELLI, MS 

The relative selectivity of surface electrodes placed over the gastrocnemius and 
soleus muscles in the standard manner was determined by comparing the 
electromyogram from these electrodes to the electromyogram from wire elec
trodes inserted into the soleus, gastrocnemius, and tibialis posterior muscles. 
Muscle activity was elicited in 11 normal subjects by performing six manual 
muscle tests. Three of the tests followed the standard technique and three were 
modifications designed to provide better differentiation of muscle action. All 
electromyographic data were quantified by computer integration and normalized 
to cancel out sampling inconsistency. None of the muscle tests totally restricted 
activity to the designated muscle, but the tests did determine which was the 
strongest participant. During the standard specific gastrocnemius and soleus 
muscle tests, the corresponding surface electrode provided a lower electromy
ogram than did the matching wire electrode; that is, the surface-to-wire-electrode 
ratio was less than one (gastrocnemius = 0.74, soleus = 0.58). This ratio was 
greater than one when the electromyogram was being recorded from one muscle 
while testing another muscle (gastrocnemius = 1.55, soleus = 1.92). The 
mathematical model relating surface-electrode values to the wire-electrode data 
from all three muscles identified 60 percent of the surface gastrocnemius 
electrode electromyogram as arising from that muscle, while only 36 percent of 
the soleus surface electrode data related to the activity of the soleus: Sg = 
.19WS + 60Wg + .13Wt + .08Wo and Ss = .36WS + .31 Wg + .22Wt + .11WG. 
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Those using EMG for kinesiological investigations 
disagree about the relative value of surface and wire 
electrodes. The advocates of surface electrodes stress 
the freedom from skin penetration and the opportu
nity to monitor a large area of the muscle.1"3 The 
latter advantage presumably better represents the 
muscle underlying the electrodes than wire electrodes 
can. In contrast, investigators who prefer wire elec

trodes emphasize the specificity offered by having the 
sensors within the muscle of interest.4, 5 They mini
mize the significance of electrode separation by point
ing out that the interspersion of motor units makes a 
small sample representative of a much larger muscle 
area. 

To place these claims in perspective, a study was 
undertaken to compare the output of surface and wire 
electrodes using records from a group of overlapping 
muscles. 

METHOD 

As 11 subjects (6 men and 5 women) performed six 
isometric manual muscle tests, simultaneous EMG 
recordings were made from surface electrodes over
lying the gastrocnemius and soleus muscles and from 
wire electrodes within these two muscles and the 
tibialis posterior muscle (Fig. 1). 
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Fig. 1. Electrode appli
cation. 

All data were collected from the right lower extrem
ity during one laboratory session. 

EMG System 

The surface electrodes were standard 4-mm silver-
silver chloride disks with an inside, active diameter 
of 3 mm. Prior to their application, the skin was 
prepared by cleansing, shaving, and abrading the site. 
They were positioned with their centers 4 cm apart 
(Fig. 2). The soleus electrode was placed distal to the 
gastrocnemius on the medial aspect of the right leg in 
eight subjects. A corresponding lateral area was used 
in two others. In one subject tested twice, both loca
tions were used. For all the subjects, the surface 
gastrocnemius electrode was located over the middle 

of the medial muscle head. The selection of a medial 
location for both the gastrocnemius and soleus surface 
electrodes was to avoid the influence of the peroneal 
muscles, which parallel the length of both the target 
muscles. 

The wire electrodes consisted of a pair of 50-µ, 
nylon-coated nickel alloy wires* with 3-mm bared 
tips. Using Basmajian and Stecko's single-needle 
technique,6 the pairs of wires were inserted into the 
soleus and gastrocnemius muscles midway between 
their respective surface electrodes. An anterior ap
proach was used to insert the wires for the tibialis 
posterior muscle. After traversing the anterior com
partment of the leg close to the tibial shaft, the 
interosseus membrane was penetrated to enter the 
tibialis posterior muscle. Correct wire-electrode place
ments were confirmed by electrical stimulation of the 
muscles through their inserted wires. 

The myoelectric signals received by the electrodes 
were amplified by a factor of 1,000, were transmitted 
by a radiotelemetry system, and then were simulta
neously displayed on a multichannel oscilloscope and 
recorded on a seven-channel analog tape recorder for 
later analysis. The four-channel FM-FM VHF telem
etry system,f with a range of 25 m and a frequency 
of 40 to 1,000 Hz, permitted recording the output of 
four electrodes at the same time. An electric timer 
served to identify the 10-second testing interval. Its 
output was included on the oscilloscope and printed 
displays. The analog tape recorder‡ used the FM 

* California Fine Wire Co, 338 S 4th St, Grover City, CA 93433. 
† Model 2600S. BioSentry, 20720 Earl St, Torrance, CA 90503. 

‡ Ampex Model FR1300k. Ampex Corp, 500 Rodier Dr, Glen-
dale, CA 91201. 

Fig. 2. Electrode spacing. 

* California Fine Wire Co, 338 S 4th St, Grover City, CA 93433. 
† Model 2600S. BioSentry, 20720 Earl St, Torrance, CA 90503. 

‡ Ampex Model FR1300k. Ampex Corp, 500 Rodier Dr, Glen-
dale, CA 91201. 
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TABLE 1 
Mean Normalized Integrated Values (N = 12) for Each Electrode During Quiet Standing and the Six Muscle Tests 

Test 

QUIET STANDING 

STANDARD 

MODIFIED 

SOLEUS 
GASTROCNEMIUS 
TIBIALIS 

POSTERIOR 

SOLEUS 
GASTROCNEMIUS 
TIBIALIS 

POSTERIOR 

Surface Electrode 

Soleus 

8 ± 1 

1 6 ± 4 
24 ± 7 

15 ± 3 

1 3 ± 6 
8 ± 2 

9 ± 2 

Gastrocnemius 

8 ± 3 

1 3 ± 6 
31 ± 3 

14 ± 4 

1 0 ± 3 
10 ± 2 

8 ± 5 

Soleus 

7 ± 3 

28 ± 6 
24 ± 4 

10 ± 5 

17 ± 9 
4 ± 2 

5 ± 3 

Wire Electrode 

Gastrocne
mius 

6 ± 3 

1 0 ± 6 
42 ± 8 

13 ± 9 

7 ± 4 
11 ± 4 

6 ± 2 

Tibialis Posterior 

5 ± 3 

1 3 ± 4 
11 ± 5 

34 ± 9 

6 ± 7 
4 ± 2 

24 ± 5 

mode at 7.5 in/sec, had a frequency response of DC 
to 2500 Hz, and had a signal amplitude response that 
was linear for ± 3 V. 

Muscle Testing 

Electromyogram recordings were made during 
eight procedures (two base-line and six muscle tests). 
Base-line data were obtained with the subjects supine 
in a comfortable position and while standing quietly. 
During the standing test, the subject's hands were 
clasped behind the back, and body weight was dis
tributed evenly on both feet, which were 18 to 24 in 
apart and turned outward 30 to 40 degrees. Three 
standard manual muscle tests for normal strength 
were used to obtain high electrical activity in the 
gastrocnemius, soleus, and tibialis posterior muscles.7 

For the gastrocnemius muscle, the subject stood on 
the right foot with heel raised from the floor and knee 
straight, using fingertip support for balance. The so
leus muscle test used a similar standing posture except 
for the knee, which was flexed about 40 degrees. For 
the tibialis posterior muscle, manual resistance was 
applied while the subject lay supine with knee ex
tended and foot in maximum plantar flexion and 
inversion. 

To assure more isolated muscle activity, each mus
cle was also tested and recorded during a modified 
muscle test. All tests were done with the subject prone. 
Gastrocnemius muscle activity was elicited by manual 
resistance to 15 degrees of knee flexion while the 
ankle was kept dorsiflexed and everted. The soleus 
muscle was tested with manual resistance to active 
plantar flexion with the knee flexed 90 degrees and 
ankle in slight eversion. Position for the tibialis pos
terior muscle was similar to that of the soleus muscle, 

except the resistance was offered with the foot dorsi
flexed and inverted. 

Testing Procedures and Data Analysis 

The equipment permitted only four electrodes to 
be recorded simultaneously, so two sets of data were 
run. The first test series compared the surface soleus 
electrode (S8) with the three wire electrodes (W). The 
second set of tests compared the surface gastrocne
mius electrode (Sg) with the wire electrodes. Each test 
was recorded for 10 seconds after achieving the de
sired muscle test performance. A random order of 
muscle testing was used to avoid biased results from 
fatigue. 

Data processing consisted of converting the four 
channels of EMG data per subject from analog to 
digital form and quantifying it by integration by 
minicomputer,** using a sampling rate of 5,000/sec. 
The uncontrollable variation in motor-unit sampling 
was normalized by relating the individual test results 
to the total of all data from that electrode (that is, the 
sum of the eight tests recorded). Normalization of the 
data permitted a comparison of electrode responsive
ness to muscle activity without the bias of differences 
in sample size. The two sets of wire-electrode data 
(one relating to each of the surface electrodes) were 
compared for differences in test performance. No 
significant difference was found, so mean values were 
calculated and used as the representative wire data. 
For the final interpretation, the data of the 12 subjects 
were averaged per electrode per test. All EMG values 
cited are average normalized units (NU). Percent of 
maximum values apply to wire EMG values (% max). 

** Texas Instruments 960A. Texas Instruments, Inc PO Box 1444, 
M/S 7784 Houston, TX 77001. 
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Wire-electrode data were used as the index of the 
muscle's intensity of activity. The ability of the stan
dard muscle test to elicit activity from a designated 
muscle was identified by comparing the normalized 
EMG values from the wire electrodes. Relative selec
tivity of the surface electrodes was determined by 
correlating their output to the intensity of the inte
grated wire-electrode data from the same muscle. 
Discrepancies were related to the associated muscle 
action recorded by the other wire electrodes. 

A mathematical model (S = XWs + YWg + ZWt) 
was developed to identify the amount the three mus
cles contributed to the surface-electrode EMG. The 
data from the three standard muscle tests provided 
known EMG values for the surface (S) and wire (Ws, 
Wg, Wt) electrodes. The coefficients X, Y, and Z were 
unknown and considered to represent, for each mus
cle, the composite influence of distance from skin 
electrode, volume density between muscle and surface 
electrode, and size of muscle. Their values were de
termined by the three-equation algebraic technique. 
Validity of the calculations was confirmed by apply
ing the formula to the findings of the modified man
ual tests. 

RESULTS 

The accuracy with which the second test series 
reproduced the first was basic to interpreting the data, 
as each related to a different surface electrode (soleus 
for one and gastrocnemius for the other). The wire-
electrode data demonstrated no significant difference 
in muscle action, thereby confirming that both surface 
electrodes were sensing the same action. 

Muscle Test Specificity 

The wire-electrode data demonstrated that none of 
the tests (standard or modified) restricted the response 
to just the muscle for which it was designed (Tab. 1). 
While performance by the designated muscle was 
maximal, the other two muscles also participated at 
about 25 percent of their maximum response (Tab. 
2). 

The standard gastrocnemius test of "toe stand," 
with the knee extended, provided maximum chal
lenge to the gastrocnemius but also induced strong 
soleus activity (87% max). Standing with the knee 
flexed provided better soleus isolation. It markedly 
reduced gastrocnemius action (21% max) while in
ducing maximum soleus action. The tibialis posterior 
participated in both tests at about 34 percent of 
maximum. 

Modification of the muscle testing technique re
duced the activity of all three muscles in each test. 
The greatest change occurred in the gastrocnemius 
test, with the mean intensity of function dropping to 
18 percent of maximum (12-27% max). Activity dur
ing the other two tests was reduced to 33 percent of 
maximum. 

Surface Electrode Specificity 

The relationship between the EMG values from 
similarly designated surface and wire electrodes (that 
is, both gastrocnemius or both soleus) varied with the 
muscle being tested. There also was a different re
sponse pattern between the two surface electrodes. 

TABLE 2 
Relative (% of) EMG per Electrode Maximum Recording 

Test 

QUIET STANDING 
1 

STANDARD 

MODIFIED 

SOLEUS 
GASTROCNEMIUS 
TIBIALIS 

POSTERIOR 

SOLEUS 
GASTROCNEMIUS 
TIBIALIS 

POSTERIOR 

Surface Electrode 

Soleus 

29 

67 
100 

63 

54 
33 

38 

Gastrocnemius 

19 

42 
100 

45 

32 
32 

26 

Soleus 

29 

100 
87 

39 

64 
16 

20 

Wire Electrode 

Gastrocne
mius 

15 

21 
100 

22 

17 
27 

14 

Tibialis Posterior 

17 

33 
34 

100 

18 
12 

80 
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Gastrocnemius Electrodes 

The maximum EMG values recorded with either 
electrode system (surface or wire) were from the 
standard gastrocnemius test. The surface-electrode 
maximum was 26 percent lower than the wire-elec
trode maximum (S/W = 0.74). 

During the soleus and tibialis posterior muscle tests, 
the gastrocnemius, while not totally relaxed, did 
markedly reduce its activity, according to wire-elec
trode EMG values (77 and 69%), respectively. Gas
trocnemius surface-electrode EMG showed a lesser 
decrease (55 and 61%), respectively. This reversed the 
gastrocnemius surface-to-wire EMG ratio so that it 
now was greater than one (1.68 and 1.21 for the two 
muscle tests). These differences were significant (p < 
.01) (Tab. 3). 

The modified gastrocnemius test with the knee 
flexed resulted in nearly equal surface- and wire-
electrode EMG values (S/W = 1.05). Surface EMG 
was markedly reduced (—66%) without reflecting bet
ter muscle isolation. Gastrocnemius activity was re
duced as much as soleus activity (—72% each). The 
test also elicited continued activity of the tibialis 
posterior, although at a moderately lower level than 
during the standard test (22 vs. 35% max). 

Soleus Electrodes 

The maximum EMG value obtained with the so
leus surface electrodes occurred during the standard 
gastrocnemius test, not the soleus test. During this 
test, strong soleus action (87% max) accompanied the 
gastrocnemius action. There was also moderate tibi
alis posterior activity (36% max). Through this mix of 
muscle participation, the surface and wire EMG val
ues were equal (S/W = 1). No difference in surface 
soleus electrode response was seen between the three 
placed laterally and the other, medial applications. 

During the standard soleus muscle test, the surface-
to-wire EMG ratio was less favorable—less than one 
(S/W = 0.58) (Tab. 3). Associated events were a 33 
percent reduction in the surface EMG (24-16 NU), 
combined with a 70 percent decrease in gastrocnemius 
muscle activity and a 16 percent increase in soleus 
wire-electrode EMG (24-28 NU). These differences 
between the two standard muscle tests were signifi
cant (p < .01). 

The tibialis posterior muscle test generated about 
as much soleus surface EMG as did the soleus test 
(15 vs. 16 NU). This reversed the EMG ratio between 
the two soleus electrodes, however, because the soleus 
muscle participation was much lower (S/W = 1.7). 

The modified soleus test slightly reduced the sur
face EMG value (-13% max) while producing an 

TABLE 3 
Ratio of EMG Between Like Surface and Wire 

Electrodes. 

Test 

QUIET STANDING 

SOLEUS 
GASTROCNEMIUS 
TIBIALIS POSTERIOR 

SOLEUS 
GASTROCNEMIUS 
TIBIALIS POSTERIOR 

Electrode Pairs 

Soleus 

1.92 

.58 
1.09 
1.71 

.85 
2.62 
2.26 

Gastroc
nemius 

1.38 

1.68 
.74 

1.21 

1.62 
1.05 
1.70 

improved surface-to-wire EMG ratio (S/W = 0.58-
0.85). The associated muscle activity pattern included 
a greater reduction in soleus wire EMG values (—32% 
max) than occurred in the gastrocnemius (—10% max) 
and tibialis posterior (—14% max) wire EMG values. 

Correlation Between the Surface Electrodes 
and Dissimilar Prime Movers 

With the gastrocnemius surface electrode, each 
more distant muscle led to a reduction in the ratio 
between the surface EMG and the wire data from the 
prime mover. Thus, the 0.74 S/W obtained with the 
gastrocnemius muscle decreased to 0.45 when corre
lated with values from the soleus test. A much smaller 
decline was registered by the tibialis posterior muscle 
(S/W = 0.41). 

This same pattern was not exhibited with the soleus 
surface electrode. The ratio between its EMG values 
and the gastrocnemius wire data was not lower than 
the basic soleus value. For both, S/W = 0.57. The 
tibialis posterior test did lead to a lower ratio (S/W 
— 0.44), which, however, was comparable to that just 
noted for the gastrocnemius surface-electrode data. 

Mathematical Model 

The formula (S = XWS + YWg + ZWt), designed 
to explain the additive effect of the neighboring mus
cles, demonstrated that the surface electrode over the 
gastrocnemius muscle was more representative of that 
muscle's activity than was the soleus surface electrode 
for its target muscle. The EMG from the soleus 
surface electrode (S8) was calculated to be the sum of 
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36 percent of the soleus wire-electrode (Ws) EMG 
value, 31 percent of the value registered by the gas
trocnemius wires (Wg), and 22 percent of the tibialis 
posterior wire electrode (Wt) EMG value: S8 = 0.36 
W8 + 0.31 Wg + 0.22 Wt + 0.11 Wo. The 11 percent 
not assigned represents contributions by other mus
cles not included in the study. 

Application of the basic equation (S = XWS + 
YWt + ZWt) to the gastrocnemius surface electrode 
resulted in coefficients that revealed a dominance by 
the designated muscle. The gastrocnemius surface 
electrode (Sg) was determined to register 19 percent 
of the soleus muscle wire-electrode (Ws) EMG data, 
60 percent of the gastrocnemius muscle wire-electrode 
(Wg) output, and 13 percent of the EMG registered 
by the tibialis posterior muscle wires (Wt): Sg = 0.19 
Ws + 0.60 Wg + 0.13 Wt + 0.08 Wo. Eight percent 
came from other unidentified muscles. Validity of 
these formulas was confirmed when their application 
to the modified test data correlated an average of 86 
percent with the recorded EMG values. 

DISCUSSION 

The findings from this study contradict two com
mon assumptions. First, standard techniques of mus
cle testing proved less specific than are generally 
taught. Second, surface electrodes over the gastrocne
mius and soleus muscles were demonstrated to be 
nonselective of the muscle activity they portrayed. 
Validity of these conclusions rests on the reliability 
of the EMG data obtained in the study. The results 
depended on the interactions of three complex factors: 
EMG management, muscle testing techniques, and 
surface-electrode data interpretations. 

Use of Electromyography 

The use of EMG to identify intensity as well as 
timing of muscle action introduces numerous vari
ables to be considered and managed. 

Muscles are not homogenous throughout their in
teriors. Collagenous sheaths of differing density are 
interspersed between the muscle fibers.8 The finest 
sheaths (endomysium) encase the individual muscle 
fibers, while progressively thicker envelopes (peri
mysium) gather these fibers into a series of increas
ingly larger bundles (fascicles). At the muscle's mar
gins (epimysium), these collagenous sheaths converge 
to form tendons or aponeuroses for skeletal attach
ment. Also, within the interior of multipenate mus
cles, such as the soleus, are dense fibrous raphes to 
accommodate the short diagonal muscle fiber pat
terns. Areas near collagenous tissue concentrations, 
whether marginal or central, contain proportionally 

fewer muscle fibers. Therefore, the same level of 
muscle activity would produce a smaller EMG sig
nal.4 

Muscle fiber type is another variable. The EMG 
output per unit of force differs between the slow, fast-
fatiguing, and fast-resistant muscles.9 Although recent 
studies have shown that the three types of fibers are 
broadly dispersed throughout the muscle rather than 
grouped, it is unlikely that one site exactly matches 
another. The recording from any one electrode will 
reflect the local pattern of fiber distribution. 

Trade-off among motor units is another possible 
variable. Fatigue can be avoided or delayed during a 
sustained effort by rotating the action among different 
motor units when the required force does not demand 
total participation. Variability in amplitude and den
sity of the typical normal EMG suggests that this 
occurs, although detailed confirmation awaits study. 

Because of the variables just outlined as well as 
others that await definition, careful placement of the 
electrodes into the muscle's central belly offers no 
assurance of signal consistency. Komi and Buskirk 
found only 22 percent reproducibility with wire elec
trodes inserted on different days.10 This improved to 
69 percent repeatability with surface application un
der carefully controlled circumstances. If this is re
lated to comparing the output of electrodes over two 
different muscles, the potential 30 percent error of 
each could double to an intolerable 60 percent differ
ence. 

To circumvent the limitations of these uncontrol
lable sampling variations, investigators are beginning 
to normalize their data.10, 11 By expressing each EMG 
value obtained with one electrode as a ratio of another 
representative value of that electrode's output (a spec
ified test or the sum of a series of tests), the sampling 
variable is cancelled. The resulting EMG ratio now 
permits direct comparison of the activity by two or 
more muscles. It also permits pooling the data from 
several subjects. With the eight tests included in this 
study (2 static and 6 dynamic) constituting the nor
malizing base, the sampling variability has been di
luted. We consider the differences in electrode selec
tivity we reported to be valid representations of the 
electrodes' capabilities. 

One other area of concern is migration of the wire 
electrodes with muscle contraction. Roentgeno-
graphic investigation of this topic by Johnson showed 
displacement immediately after the electrodes were 
inserted.12 After a few strong contractions, however, 
there no longer was any significant displacement. In 
practice, testing the comfort and security of an elec
trode insertion involves a series of vigorous contrac
tions, which firmly fixes the electrodes in place as 
well. 
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Muscle Testing 

Demonstration by this study that all three muscles 
participated in each of the standard strength tests 
correlates well with the muscles' anatomical charac
teristics. Inasmuch as the three muscles cross the 
ankle posteriorly, all can plantar flex the foot. Sup
porting body weight on one foot with the heel high 
off the ground is correctly used as a high-demand 
strength test. To assume that this would be done only 
by the gastrocnemius muscle when the knee is ex
tended fails to consider the muscle's relative plantar 
flexion capability. Anatomical measurements by We
ber (1851) revealed that the weight of the gastrocne
mius and soleus muscles were equal, but the cross-
section measurement of the gastrocnemius was only 
68 percent of the soleus measurement.13 Unpublished 
data from our laboratory confirm this relationship. 
Haxton,14 among others, has shown that muscle 
strength relates to a muscle's cross-sectional area. 
Thus, the typical gastrocnemius muscle is weaker 
than its plantar flexing companion, the soleus. Energy 
cost studies have demonstrated that if muscles must 
function at more than 50 percent of their maximum 
capability, they rely on anaerobic energy production, 
which is only 5 percent as efficient as aerobic energy 
production.15 It thus is illogical to expect the body to 
assign a strenuous task to just the weaker of two 
muscles with similar functional capability. The find
ing that the soleus muscle participated in the standard 
gastrocnemius test is physiologically rational. Simul
taneous participation of the tibialis posterior muscle 
is consistent with the need for medial ankle stability. 
Recordings not included in this study confirm that 
the two long toe flexors and the peroneal muscles also 
participate. 

Gastrocnemius muscle participation in the flexed-
knee soleus muscle test may result from the neurolog
ical tie demonstrated by Eccles.16 He found that elec
trical stimulation of the motor nerve to either of these 
muscles also activated the other. The fact that this 
neurological tie was stronger between the lateral head 
of the gastrocnemius and the soleus could account for 
our recording only a 30-percent level of function. 

Surface Electrodes 

In comparing surface and wire electrodes, previous 
investigators concluded that both provided the same 
information and so could be used interchangeably.1'3 

The focus of their studies, however, has been the 
timing and parallelism of the signal to muscular force. 
Lack of other comments implies that all these inves
tigators assumed that the surface electrode accurately 
represented the muscle immediately underlying the 

Fig. 3. Overlapping of 
the calf muscles. Coro
nal plane superimposi-
tion of the gastrocne
mius, soleus, and tibi-
alis posterior was ac-\ 
curately derived from 
the transverse anatom
ical relationship pre
sented by Eycleshymer 
and Shoemaker.21 

skin. Pocock reflected this in his comments about the 
techniques he used to record the different heads of 
the quadriceps femoris.17 He was confident that sur
face electrodes were appropriate for all the quadriceps 
femoris muscles except the vastus intermedins. Other 
investigators, by their lack of comment on the subject, 
implied confidence that the representation they as
signed to the surface electrode was correct.18, 19 

The relative merits of surface and wire electrodes 
are beginning to be considered. Zuniga and associ
ates, in an elbow muscle study, noted the ability of 
skin electrodes to pick up EMG from quite distant 
muscles.4 He expressed a preference for fine-wire 
electrodes whenever specific muscle action is to be 
recorded. 

As spacing between electrodes is increased, locali
zation of the signal is reduced, leading to greater 
contamination of the EMG by action of adjacent 
muscles. This is true for both surface- and wire-elec
trode systems. It also relates to the size of the electrode 
sensor. 

The findings of this study contradict the common 
assumption that there is surface-electrode specificity. 
Surface- and wire-electrode EMG values for the same 
muscle did not correlate consistently. Although both 
gastrocnemius muscle electrodes recorded the greatest 
activity during that muscle's maximal effort, there 
were disproportionately higher (ratio greater than 
one) surface EMG values during other tests when this 
muscle was contracting at lower levels. A larger dis
parity was found in the soleus electrode data. The 
highest EMG value from the surface soleus electrode 
did not occur during the maximal soleus test, but 
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rather with the strong contraction of the gastrocne
mius. Electromyogram values from the surface soleus 
electrode were also disproportionately high during 
the tibial muscle tests. 

The nature of electronic signal dispersion combined 
with the anatomy of the test muscles readily explains 
the pattern of surface EMG recorded. Electrical sig
nals emanate equally in all directions from their 
source. As they pass through the tissues, the signals 
are blunted (their frequency characteristics reduced) 
and attenuated.20 Thus, myoelectric signals generated 
by any active muscle may produce surface electrode 
EMG if the distances between source and electrode 
are not too great and the tissues not too dense. 

Each of the three test muscles lies at a different 
depth within the calf (Fig. 3). The broad, thin gas
trocnemius muscle, which spans the upper two-thirds 
of the calf, is entirely subcutaneous. Myoelectric sig
nals from this muscle are thus directly available to 
any electrode placed on the posterior surface of the 
leg (whether it is designated gastrocnemius or soleus). 
Having the surface electrode centered over the muscle 
will produce a larger signal because more of the 
gastrocnemius muscle fibers will be close to the elec
trode and thus less signal will be lost. 

There is considerably less potential for the myoelec
tric signals from the soleus to reach any surface 
electrode. The soleus muscle is equally broad and 
twice as thick, but most of its mass lies underneath 
the gastrocnemius muscle. Only the distal medial area 
and a long but narrow lateral margin are subcuta
neous. Thus, only a small portion of the soleus muscle 
has direct access to a surface electrode. As the my
oelectric signals from the more central portion of the 
soleus emanate through the tissue, they have as much 
opportunity to activate a surface electrode centered 
over the gastrocnemius muscle as one overlying the 
subcutaneous area of the soleus muscle. 

The long cylindrical tibialis posterior muscle lies 
deep to the central area of both the soleus and gas
trocnemius muscles. Proximally, the belly areas of the 
two overlying muscles present a thick tissue mass 
between the tibialis posterior muscle's electric signals 
and the gastrocnemius surface electrode. DistaUy, 
there is only the soleus muscle to penetrate, but the 
soleus surface electrode is to one side, so a greater 
distance must be traveled. The EMG records in this 
study indicated that the distances were functionally 
equal, inasmuch as similar values were obtained from 
both surface electrodes. 

Relative contributions by the adjacent peroneal 
and long toe flexor muscles can only be presumed, 
inasmuch as they were not included in the study. 
Data from the mathematical model indicate that these 
muscles would contribute about 11 percent of the 

soleus surface-electrode reading and 9 percent of the 
gastrocnemius surface-electrode reading. In different 
people, differences in anatomical location would lead 
to dissimilar contributions by the individual muscles. 
The proximal, superficial placement of the peroneus 
longus muscle favors its signals' going mainly to the 
surface gastrocnemius electrode. Conversely, the 
more distal He of the peroneus brevis and flexor 
hallucis longus muscles would direct more of their 
signals to the soleus surface electrode. The depth of 
the flexor digitorum longus muscle makes it a weak 
contributor to either surface electrode. 

Thus, the EMG values obtained with either surface 
electrode represented a composite of muscle action 
intensity and proximity of the myoelectric signal to 
the surface electrode. Subcutaneous muscles domi
nate, but deeper muscles also contribute significantly. 

CONCLUSIONS 

Neither surface electrode (soleus or gastrocnemius) 
provided an EMG reading isolated to just the actions 
of the designated muscle. Instead, a significant por
tion of the signals arose from adjacent or deeper 
muscles. The anatomical and electronic basis for this 
multi-muscle record suggests that no surface electrode 
can relate to a single muscle if others are in reasonable 
proximity. 

The standard clinical muscle test also proved to be 
nonselective. Although each produced the major chal
lenge to the target muscle, the test did not eliminate 
significant participation by others. 

In testing persons with normal neurological control, 
the lack of selectivity of either the surface electrodes 
or muscle tests would have little clinical significance, 
inasmuch as testing is done to identify the general 
functional capacity of the individual. 

Application of the same testing techniques to pa
tients with localized strength deficits or neurological 
control loss could be very misleading, particularly if 
the test were done in preparation for surgical recon
struction. The findings of the test could dictate an 
inappropriate procedure. 

We thus must conclude that surface electrodes 
represent muscle group activity. If all muscles in 
reasonable proximity have a common function, such 
as plantar flexion, the information is a valid indicator. 
When antagonistic muscles are adjacent (such as the 
tibialis anterior and peroneus longus), surface elec
trodes can produce erroneous information. The elec
trodes would fail to differentiate by changes in am
plitude which muscle was active. An EMG of lower 
muscular effort could not be separated from contam
ination by other muscles. 
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