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The Electromyogram and the Mechanical Response
Indirectly Stimulated Muscle in Anesthetized
Man following Curarization

Ralph A. Epstein, M.D.,* and Robert M. Epstein, M.D.}

The electromyogram (EMG) and tension evoked
by single and tetamc stxmuh were studied during
curarization in d subj d-Tub -
rine depressed both evoked twitch tension and
EMG, but not identically. Before curarization
posttetanic potentiation (PTP) was present on
tension recordings but not on EMG recordings.
Small amounts of tetanic fade were present on
both tension and EMG recordings before curariza-
tion. On tension recordings PTP and fade in-
creased significantly only during profound curari-
zation, while on EMG recordings both increased at
all Jevels of i Electr hy is
more sensitive than tension recordings in the in-

jon

vestigation or monitoring of curarization. (Key
words: EI gram; Twitch i Neuro-
Jar ¢ issit d-Tub ine; P i

potentintion; Tetanic fade.)

EvaruaTioN of neuromuscular transmission in
anesthetized man has been beset by basic
problems of method. First, there has been the
question of what is the most useful measure-
ment. Is it the evoked muscle tension or the
muscle compound action potential (EMG)?
Second, how should the data be analyzed?
Tetanic fade and posttetanic potentiation
(PTP) have been used to determine the
amount of paresis. These indices have each
been derived in fundamentally different ways
by different investigators. The result of both
these problems has been conflicting opinion
conceming seemingly simple matters. The
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very existence of curare-induced posttclani&
potentiation and tetanic fade has been que_&_
tioned. To resolve these problems, we hnve
studied partial paralysis by d-tubocuraring

with the simultaneous measurement of t\vitcg'
tension and EMG, and in addition have comg
pared the use of several different indices og
fade and PTP.

Methods
AxesTHETIC TECHNIQUES

Eight healthy patients were studied duringi
surgical procedures not requiring entry into :p_
body cavity. After premedication with atrot,
pine (0.007 mg/kg, im) alone in five subjectss
or in combination with secobarbital (1.5 mgg
kg, im) in three subjects, all were anesthetizedS
with halothane in 60 per cent nitrous oxide ind
a high-flow circuit. Endotracheal mtubabon\;
was performed without the use of a musc]eh
relaxant and ventilation was controlled wusin,

a volume-limited ventilator. For at least h:

an hour prior to and during data collectionR
inspired halothane concentration (1 per cent).ﬁ
and minute ventilation were held const:mt@
After control data had been obtained, 0.1 mg/c»
kg of d-tubocurarine was administered mhn-b’
venously.
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TECHNIQUES OF STUDYING NEURO-
MUSCULAR TRANSMISSION

The methods used have been described.’-
In bdef, the thumb tension and adductm{é
pollicis EMG evoked by indirect stimuli wereG
simultaneously recorded. The ulnar nerve wasm
stimulated at the wrist using bare subcutzme~3
ous needle electrodes. After testing thh@
paired stimuli to exclude the possibility of'c
repetitive firing,* the stimulator was set top,
deliver isolated supramaximal pulses of 0.1-J
msec duration (Grass S8 and SIU 4678). At®
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Fic. 1. Tetanic fade in one sub- S i
ject 20 minutes after administra- ] _!
tion of d-tubocurarine. Top: EMG 0
and tension during tetanus (EMG N

bandpass reduced to 800 Hz to

decrease stimulus artifact). Initial

fade with recovery is evident on

both recordings. Bottom: EMG at a
the beginning (2) and end (b) of
tetanus at a faster polyg.mph speed
(EMG bandpass at least 2,400
Hz). The individual compound
action potentials can be seen,
showing the rapid initial fade and [
partial recovery.

@XM

5-second intervals, a relay driven by a syn-
chronous motor triggered the stimulator. Sin-
gle stimuli were used, except that at 5-minute
intervals a tetanic train at 30 Hz lasting 5
seconds was given. The first posttetanic stimu-
lus always followed the tetanic train by 5
seconds.

Tension was recorded using a force trans-
ducer (Grass FT-10) and a chopper-stabilized
DC amplifier (Offner 481) with an upper fre-
quency response of 100 Hz. Care was taken
to ensure that the force of adduction was ap-
plied in the axis of movement of the trans-
ducer and that the resting tension (preload)
of 300 to 400 g remained constant.

The adductor pollicis electromyogram was
recorded by means of bare needle electrodes,
using a Grass P-15 preamplifier. The electro-
myogram and tension, along with a code sig-
nal from the motor-driven relay, were recorded
on frequency-modulated analog tape running
at 30 inches per second (Hewlett-Packard
3917B). At a later time, using 16-to-1 speed
reduction, the analog signals were played back
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onto a direct-writing polygraph (Offner-DynoX
graph Model R). Details of the method cag
be found on page 287 of this issue.! Th
tetanic stimulus frequency of 30 Hz permitted
clean separation and measurement of ind&
vidual EMG’s recorded following each stimu®
lus during the tetanus. The system frequenc§
responses were 0 to 100 Hz for tension records
ing and 0.1 to at least 2,400 Hz for EMG red
cording.t Data from studies in which resting
tension was not maintained or single indirec®
stimuli caused repetitive muscle firing were re(%
jected.* T
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ADMINISTRATION OF DRuUG

After a constant inspired anesthetic conce%
tration had been established for at least 3¢
minutes, 2 control tetanus was administered®
One minute later, 0.1 mg/kg d-tubocurarine
was given intravenously, and the evoked tenz
sion and EMG were recorded during the ong;
set of block. Stimulation was continuous, withd
tetanic trains interspersed at S-minute inter>
vals, usually for at least 50 minutes.
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TasrE 1. Maximal Twitch Depression
after d-Tubocurarine
Maximal Twitch Depression
(Per Cent Control)

EMG Tension
Subject 1 36 71
Subject 2 79 86
Subject 3 7l 90
Subject 4 90 8
Subject 5 72 85
Subject 6 48 82
Subject 7 57 64
Subject 8 79 82

Mean 66.5 80.9

SE %64 42,9

ANALYSIS OF DaTta

The data employed in the evaluation of me-
chanical and electrical events in this study are
in each case the amplitudes of the responses.
No attempt has been made to quantitate rates
of rise, durations, etc., of the waveforms mea-
sured. From comparison of the changes in
amplitude after d-tubocurarine with control
values, per cent twitch depression was calcu-
Iated both for tension and for the primary
EMG peak.

To quantitate the effect of tetanus on the
twitch response, indices of posttetanic poten-
tiation (PTP) were calculated in two ways.
First, the ratio of the amplitude of the first
posttetanic twitch to that of the last pretetanic
twitch was determined for tension (PTRgp)
and for EMG (PTRg).

Because of recent work of Heisterkamp
et al.5 “incremental” PTP was calculated as
well. These workers regarded the absolute
enhancement of twitch tension after tetanus as
the measure of PTP, as opposed to calcula-
tions which relate the change to the existing
level of response. For uniformity among dif-
ferent subjects, this increment can be related
(at all levels of curarization) to the constant
baseline of the pre-curare twitch height. To
that end, and to permit numerical comparison
of this technique with that of the PTR, we
define PTR-I; as the posttetanic enhancement
in the amplitude of twitch divided by the
control (pre-curare) amplitude. PTR-Ig is de-
fined for EMG amplitudes in the same way.
See Appendix 1 for the numerical derivation.
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Tetanus was analyzed by noting the maxim@
and minima of the tension or EMG amplitude
during tetanus. In general, during tetanus
each shows a local maximum shortly aft%
the onset of tetanus, falls to a2 local min®
mum, and recovers at the end of tetanus 1§
an amplitude that may be greater or less thag
the initial maximum. See figure 1 for a typxwﬁ
tracing. A schematic representation of thesg
waveforms is shown in figure 4 and describe
in Appendix 2.

We define true fade of tension (Fp) or DE
EMG (Fg) as the difference between the firs
maximum and the first minimum. Pseudofade
of tension (PFp) or of EMG (PFg) (th8
usual “fade” of other investigators) is define
as the difference between the first maxlmun%
and the amplitude existing at the end of teta;-
nus. Each is expressed as a per cent of t]le
first maximum of that tetanus.

Student’s t tests for paired and u.npzureg
data were used. Changes were considered sigh.
nificant when P < 0.05.

1" RSy

Results

Errects oF d-TUBOCURARINE ON EVORED
Twitcr TexnsioNn axp EMG

As expected, 0.1 mg/kg d-tubocurarine ad®
ministered intravenously depressed the evuLezg
twitch tension and EMG in every subject. Théﬂ
maximum twitch depressions varied wxdelyé
ranging from 64 to 90 per cent for tensior
(mean 81 per cent) and from 36 to 90 pel%
cent for EMG (mean 67 per cent), and genzg
erally occurred 2—4 minutes after administracy
tion of the drug (table 1). The mecham‘m@
depression and the electrical depression corS
responded roughly to each other, althoughg
the mean tension depression was SIgmﬁwntl)p
greater than the mean EMG depression (& twlb
for paired data).

9/z1z/€/8€/pd-a10

PoSTTETANIC POTENTIATION BEFORE
d-TUBOCURARINE

ysanb Aq Jpi

Posttetanic potentiation was always ob-S
served on tension recordings prior to adminis-o
tration of d-tubocurarine (table 2, control).Z
PTRy’s ranged from 107 to 148 per cent, \wth—
a mean of 1236 per cent, sxgmﬁmntlyo
greater than 100 per cent. On the other hand, S
significant electromyographic PTP did not
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TanLk 2. Effects of a-Tubocurarine on PTR and PTR-I g
Level of EMG Twitch Depression 2
QO
Q
None (Control) Maximum £ 63 Per Cent < 40 Per Cent £20PerCent &
g
EMG | Tension | EMG | Tension| EMG | Tension | EMG | Tension| EMG | Tension 3
Per Cent Mean Tirilch >
Depression for Class: 66 s1 34 73 33 57 16 8 F
PTRe PTRT PTRe PTRr PTRe PTRr PTRe | PTRr | PTRe | PTRr g
N
PTR (per cent) 7%
Subject 1 95 109 150 124 * * 150 124 107 | 115 g
Subject 2 98 148 273 300 m 168 13| 146 112 130 3
Subject 3 100 120 206 366 165 174 136| 180 15 140 g
Subject 4 110 141 476 256 164 124 1401 127 117 | 132 =
Subject 5 101 117 218 212 208 183 143 112 n7| 127 8
Subject 6 102 132 138 173 138 173 124 134 12| 141 3
Subject 7 107 107 183 160 183 160 130 119 12| 14 8
Subject 8 102 108 352 213 256 181 130 159 118| 166 §
Meax 102 123 250 226 186 166 136 | 138 1141 133 g
+8SE 2 6 41 30 11 8 3 8 6 o
Pt <.005 | <.005| <.001 | <.001 | <.001| N.S. | <.001{ N.S. 2
<
PTR-Iz | PTR-Ir | PTR-Ig | PTR-It | PTR-Ig | PTR-I7 | PTR-Ig | PTR-Ir | PTR-Ig | PTR-It £l
[=X
PTR-T (per cent) 2
Subject 1 -3 9 34 11 > hd 34 14 7 12 g
Subject 2 -2 48 39 42 41 43 23 27 10 23 @
Subject 3 0 20 31 32 32 23 24 32 13 24 5
Subject 4 10 41 51 a0 355 17 28 20 14 23 E
Subject 5 1 17 32 27 39 26 26 7 14 17 p
Subject 6 2 32 20 30 20 30 16 20 10 23 9
Subject 7 7 7 36 30 36 30 21 13 10 10 :
Subject 8 2 8 53 37 53 37 23 35 16 40 @
Meax 2 | 23 37| 33| 39| 29 2 2 2| 2 3
=SE 2 6 4 4 35 3 2 3 1 3 8
Pt <.001] N.S. | <001| N.S. | <.001] N.S. 001 NS. @
S
* At no time was the EMG depressed more than 40 per cent. §
 Change from mean control (unpaired Student’s ¢ test). N.S. = not significant. Q
5]
S

occur before administration of d-tubocurarine.
The mean PTR;; was 102 = 2 per cent, with a
range of 95 to 107 per cent, not significantly
different from 100 per cent.

POSTTETANIC POTENTIATION AFTER
d-TUBOCURARINE

Table 2 shows the effects of d-tubocurarine
on posttetanic potentiation at various degrees
of EMG twitch depression during recovery
from curarization. To permit pooling of data,
five points are shown: control, time of maxi-
mal EMG twitch depression, and times of the
first occurrence of EMG twitch depression of
less than or equal to 635, 40, and 20 per cent

of control. Because tension recovery was noto
always complete or was somewhat slower thano
EMG recovery, mean twitch tension depreso
sion was generally greater than mean EMGc
depression. There was significant PTRg at-"
every level of curarization, but PTRy was sxg—
nificantly greater than control only at the ﬁmesg
of maximal and 65 per cent depression. When%
expressed as PTR-I, significant e]ectromyo—:
graphic PTR-I;, could still be demonstrated ato
any level of curarization. Tension recordmgsm
however, failed to demonstrate sxgmﬁcant—
PTR-I; at any level of curarization. O
Figure 2 shows pre- and posttetanic twm:hh
tensions from one subject at the various levels



216

of curarization. The control electromyographic
recording shows no PTP, but after curare PTP
is obvious. Note particularly that after curare
the posttetanic EMG is always equal to or less
than the EMG prior to curarization. The ten-
sion recordings show PTP both before and
after curarization.

Tetanic FADE 1N ANESTHETIZED CONTROLS

Various patterns of fade were seen on the
EMG’s. Even before curarization, the initial
compound action potential of the tetanic train
was generally the largest. In one subject the
compound action potential gradually increased
in height during the first 500 msec of tetanus
but the total increase was only 12 per cent.
Fade on the EMG was seen in recordings from
three subjects. The greatest Fy, was 30 per
cent, and the mean Fg was 10.6 3= 4.3 per
cent. After this initial fade there was often a
small increase in the height of the compound
action potentials, causing PFp to be slightly
less than Fz. The mean PFy was 7.3 5.0
per cent (P = <0.05, ¢ test for paired data)
(table 3).

The simultaneously recorded mechanical ten-
sion was also well sustained. Tension initially
increased rapidly and generally reached a
maximum after 300 to 400 msec of tetanic
stimulation. The greatest fade was 16 per
cent, and the mean Fp was 7.8 = 1.4 per cent,
which is not significantly different from the
corresponding electromyographic fade. There
was little or no increase in tension after this
fade, so that mean PFy was 7.1 %= 1.7 per
cent, not different from mean Fr.

TeTANIC FADE AFTER d-TUBOCURARINE

The degree of tetanic fade after curariza-
tion roughly corresponded to the magnitude of
twitch depression. Electromyographic fade in-
variably exceeded mechanical fade. The ini-
tial electromyographic fade was always maxi-
mal within 300 msec of the start of tetanus,
but the time of maximal mechanical fade
varied widely from subject to subject. Gen-
erally, after the initial fade there were sub-
stantial recoveries of both tension and EMG
heights which caused Fg and Fy, to exceed PFg
and PF;. On occasion, after this recovery of
tension small secondary decreases occurred.

R. A. EPSTEIN AND R. M. EPSTEIN
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This “secondary fade” was not seen on the,
electromyogram (fig. 1).

Fade was measured for the tetanus nearest
the time of maximal twitch (EMG) depres:
sion and during recovery at 63, 40, and 20 pef
cent twitch depression. Fg was significant aff
every point. Fq, although less than Fy, was3
significant when twitch depression was maxiZ
mal, and at 65 per cent of the control response-i
(table 3). “Pseudofade” was smaller th:ug;
fade. PFy was still significant at every level®
of curarization, whereas FFy was of only bor-<
derline significance when twitch depressxona
was at 65 per cent of control response and wass,
insignificant at other times (table 3). 'o

Recordings from Subjects 5 and 8 showeda
no mechanical fade at all at any level of cura &
rization. The same two subjects also had the}
smallest amounts of electromyographic fadeg
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cent at maximal twitch depression.

Discussion
TECHNIQUES OF STUDY OF NEURO-
MUSCULAR TRANSMISSION
The study of neuromuscular transmission ing
man in vivo presents difficulties, because muchg
of the sophisticated apparatus of modern elec-_\
trophysiology, such as well-localized xntracel—
lular electrodes, cannot be used. It is neces—J>
sary to rely on two far less precise methods®
involving either mechanical or electrical re-g
cording of the indirectly evoked muscle con-g
traction. Both methods have numerous tech-
nical pitfalls. These are briefly mentioned be-1>
low, and specific points are emphasized in the\n
context of the physiologic discussion. g
Proper stimulation characteristics are neces-S
sary. An excessive stimulus duration or an in- 5
appropriate waveform, as used by some ear-
lier investigators, can cause repetitive nerve ®
stimulation.? In some subjects repetitive mus-g
cle activation occurs in response even to shortg
nerve stimuli.* In addition, truly supramaxi-g
mal stimuli are necessary. The very high-out-
put impedances of older stimulus isolation E;
units such as the Grass SIU 4 make it doubt-
ful that sufficient current density to assure >
supramaximal conditions has always been at-3
tained by investigators.® N
Mechanical recordings present several tech-
nical difficulties. The transducers commonly
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used (Grass FT-03 and FT-10) are extremely
sensitive to the direction of the applied force,
and it appears that few investigators have con-
sistently positioned the transducers with this
consideration in mind, making comparisons of
data difficult. The force itself (during teta-
nus) may exceed 8 kg, and it is puzzling
that some investigators have used transducers
which have a capacity of only 1 or 2 kg (c.g.,
various models of the Grass FT-03). It is
possible that such transducers have been
positioned so that the force was applied
obliquely to blunt their sensitivity. This can-
not be considered stable or reliable, because
small shifts in the angle of obliquity can pro-
duce significant changes in output.

The Jower tension output measured may also
have resulted from the initial resting state of
the muscle. With the use of certain trans-
ducer holders it is possible that there was little
or no initial tension. This could easily result
in lower levels of evoked tension. In such
cases, however, the experimental conditions
would not even remotely approach being iso-

metric, and interpretation of such data is there®
fore difficult™® It is not possible to knovg
whether changes in evoked tension are in pai
due to unrecognized changes in the initial
stretch.  Although we found that we could
maintain a relatively constant resting tension
(300400 g), no claim is made that we hav§
studied a perfectly isometric system. @
In contrast, electromyographic technique$
offer far fewer difficulties. A large number of
motor units may be sampled with either sur8
face or bare needle electrodes. Maintenancg
W

of a constant electrode position as judged by
constant EMG waveform has not been 2 pmbg
lem. The inconvenience of having to photds
graph the oscilloscope tracing can be avoided;
by the system we have developed.! For clini
cal use, observation of the waveform aloné
may be sufficient.

'LVEJUUUU?E

NEUROMUSCULAR RESPONSES TO SINGLE
INDIRECT STIMULI

0z Iudv 61

N
Of even more concern than these technical”
problems are several theoretical considera-
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tions. If neuromuscular transmission is de-
fined as events occurring between the release
of acetylcholine by the nerve terminals and
endplate depolarization sufficient to activate
the adjacent muscle membrane, then both
mechanical and electromyographic techniques
fail to study directly the phenomenon of in-
terest. Both methods rely on the preservation
of nerve excitability and conduction as well as
the excitability of the muscle membrane. Me-
chanical responses, but not electrical responses,
are affected by changes in contractility. It
would thus be surprising if the same results
were achieved by measuring mechanical and
electrical events. While d-tubocurarine, of
course, depresses both mechanical and elec-
trical responses, we cannot confirm the claim
that the two methods are equivalent.1%11 Al
though in our subjects there was a roughly
linear relation between depression of the nor-
malized mechanical twitch and the EMG, de-
pression of the two to identical degrees was
not seen.

PostTETANIC POTENTIATION

More important, the difference between the
utility of ‘hanical and that
of electromyographic measurements is appar-
ent from a consideration of posttetanic poten-
tiation and tetanic fade. It is essential to hold
in focus the enormous evidence in favor of
the existence of both phenomena during cura-
rization. During rapid stimulation two com-
peting processes act to alter the number of
quanta of acetylcholine released per impulse
(quantal content). Early in tetanus the supply
of readily releasable acetylcholine in the nerve
terminal decreases because of its rapid re-
lease. This decreases the quantal content.2?
Because maximal muscle responses can be
produced by the action of acetylcholine on a
small fraction of the endplate receptors, the
so-called “margin of safety” of neuromuscular
transmission,®® in the absence of muscle relax-
ants or deep anesthesia, tetanus should be
well sustained despite the decreased quantal
content. With a general decrease in the mar-
gin of safety, as with curarization, the de-
creased quantal content does not suffice to de-
polarize all of the muscle fibers, and fade oc-
curs. While this depletion of the readily
releasable acetylcholine fraction is occurring,

ement:
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however, compensatory processes increase tl]w
mobilization of acetylcholine from a storagé
pool and increase its synthesis.’* This tends
to increase the readily releasable fraction, an

secondarily the quantal content. These latef
processes start only after tetanic stimulatios
has already decreased the readily releasable,
fraction, but continue into the posttetanic pe§
riod. Thus, in the posttetanic period thg
quantal content exceeds that in the pretetanig
control period. In the absence of neuromus:
cular blocking drugs (and with supramaximal
single stimuli), this increased quantal outpu€
will fail to cause PTP because the muscle
fibers were maximally excited by the pretetanic
stimulus. However, with curare-induced Pag
resis (or with submaximal stimulation), thep
pretetanic twitch is submaximal. Vith the in&
creased posttetanic quantal content a largerd,
number of muscle fibers may be excited by2
nerve stimulation, thus cavsing PTP. <

The phenomena of fade and PTP are thereq
fore necessary concomitants of curarization,2
and indeed we have consistently observed-c
them electromyographically in this study. De-\
spite this, previous workers have denied thelr\
importance as signs of curarization durmgw
clinical anesthesia.>11  We believe that this®
is because of the widespread use of tension as%
an index of muscular depolarization, as well*‘
as other methodologic problems. PosttetamC\
potentiation, it seems, has been considered too
be a particularly unreliable index of curariza-&
tion. Various investigators, having observed
PTP (tension) before administration of curare, © Q
have insisted on 150-200 per cent PTP be- &
fore they considered it “significant.”

The need for resolution of this issue is re-
flected in our statistical treatment. In table 2
(PTP), and also table 3 (fade), the unpzured ]
t test of sample differences rather than theu
statistically more “efficient” test of paired data =
was used to examine mean differences. Al-
though the latter is formally “correct,” it is not %
appropriate. Conirol measurements are not al-
ways available in clinical practice. We are
not attempting to determine whether the par-
tially curarized muscle behaves differently
from its own control—it does—but whether
in general PTP and fade can be useful indi-

cators of residual curarization when twitch
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TasLg 3. Effects of d-Tubocurarine on Tetanic Fade 9

Y.evel of EMG Twitch Depression ng_)

Q.

None (Control} Maximum =< 65 Per Cent % 40 Per Cent. & 20 Per Cent g

3

EMG | Tension| EMG { Tension| EMG | Tension|{ EMG | Tension EMG | Tension 3

Per Cent Mean Twitch =3
Depression for Class: 66 81 51 3 33 57 16 43 %
Fe Fr Fe Fr Fe Fr Fe Fr Fr Fr §

N

Fade (per cent) 123
Subject 1 ES 10 87 33 * * S7 33 89 21§
Subject 2 24 9 71 33 83 60 83 33 80 20 3
Subject 3 7 6 87 20 79 36 68 11 55 9 3
Subject 4 20 6 92 66 94 27 86 8 76 3 2
Subject 5 0 a5 64 o 69 0 3 8 a5l 0 o
Subject 6 0 7 (S8 33 88 33 §7 | 43 68 17 3
Subject 7 30 16 97 65 97 (153 92 22 79 10 8
Subject 8 1] 3 63 0 65 0 32 0 18 [ 2
=

MEaN 10.6 7.8 | S14 313 | Ss21 31.6 76.0| 19.8 |6i5 10.0 3
+SE 4.3 1.4 4.5 8.9 4.6 9.7 69| 54 8.1 3.05
Pt <.001] <.05| <.001| <05 | <001 =05 | <.001| N.S. §
<

)

PFe PFr PTe PFr PFe PFr PFe PFr PFe PFr %

Pseudo-fade (per ,'f
cent) S
Subject 1 —1 10 80 22 * * 80 22 66 78
Subject 2 22 9 62 16 7 40 70 13 52 ~33 &
Subject 3 3 6 7 20 (123 18 60 3 45 —4 E
Subject 4 20 6 60 66 76 33 71 0 60 0 D
Subject 5 o o 55 0 58 0 5t 0 19 [
Subject 6 -1 7 S3 20 §3 20 78 28 57 —-25 :
Subject 7 28 16 88 63 88 65 78 23 73 15 @
Subject 8 0 3 33 0 30 0 -10 0 —20 05
S

MEeax 73 7.1 | 66.9 26.1 | 67.6 25.1 6011 11.3 440 -508
+SE 5.0 L7 6.4 9.1 T4 8.7 105 4.1 10.8 5.7 ¢
Pt <.001| N.S. | <.001| =.05 <.00L| N.S. <.01f N.S8. »

©

* At no time was the EMG depressed more than 40 per cent. g

+ Change from mean control (unpaired Student’s ¢ test). N.S. = not significant. @
S

S

has largely recovered. They are, if the mea-
surement is made on the EMG.

PTP observed in the control period by pre-
vious investigators represents a different phe-
nomenon from that observed after curariza-
tion. Before curare is given there is no elec-
tromyographic PTP because neuromuscular
transmission is intact and all the muscle fibers
depolarize in response to the single supramaxi-
mal indirect stimulus before tetanus. Under
these conditions, mechanical PTP cannot repre-
sent depolarization of additional muscle fibers.
PTP detected before curarization, therefore,
must represent an increase in contractility fol-

lowing tetanus, and is not indicative of a
change in neuromuscular transmission.

With curare-induced paresis the pretetzmicc
EMG is depressed more than the posttetamcg
EMG, and PTP is invariably observed. Theza
height of the posttetanic EMG never mmeeds“’
that of the control EMG observed before cura-§
rization. This is predictable, since the latter
results from depolarization of all the muscle>
fibers following a supramaximal stimulus. Thus,
the existence of electromyographic PTP estab-o
lishes the existence of residual depression of X
neuromuscular transmission, and the PTP dis-
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appears only with full return of the EMG
twitch height to control.

We believe that electromyographic PTP may
be a clinically useful monitor of residual cura-
rization. Tension records are not nearly so
useful. The initial “PTP” is fairly large (mean
123 per cent), with a large range. It is im-
possible on tension records to distinguish this
“PTP” originating in contractility changes from
true PTP resulting from curarization. It is
precisely at the times of least twitch depres-
sion, when a clinical guide is needed, that
PTP is indistinguishably greater than control
PTP. These problems can be obviated by the
use of electromyography.

Although these considerations detract from
the usefulness of PTP derived from tension
measurements, we cannot agree with Heister-
kamp et al.® that curare as used clinically fails
to produce PTP. Heisterkamp et al. made
tension measurements, but compounded the
problem by calculating an incremental PTP
(which we have called PTR-I;). We do not
disagree with their data, and indeed ealcula-
tion of our data in a similar fashion shows that
PTR-I; does not increase with curarization
(table 2). We do not believe that incremental
PTP (PTR-I;) has any meaning, however.
There are two major lines of argument to be
considered. First, the great mass of basic
physiologic data suggests that curare must
cause PTP in man. And indeed, we have
demonstrated significant PTRg at all of our
levels of curarization, as well as PTRy at in-
tense levels of curarization. That PTR-Iy fails
to allow detection of PTP at times when one
can show that it exists testifies to the inappro-
priateness of the concept of “incremental”

Second, 2 more fundamental consideration
is that PTP as measured by tension has both
a neuromuscular component and a contractile
component. The neuromuscular component is
absent prior to curarization and occurs only
after administration of curare. The contractile
component is present before curarization, and
since it is 2 muscular rather than a neuromus-
cular event, it may be assumed to be propor-
tional to the number of fibers contracting.
Thus, that part of the incremental PTP due to
contractile changes may be presumed to de-
crease following curarization. Since after cura-
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rization neuromuscular factors tend to increas®
PTR-I; while contractile factors produce as
offsetting decrease in PTR-Iy, it is not suranm
ing that little change is observed. On thg
other hand, since PTR; is the ratio of the postsr
and pretetanic responses, its contractile com3
ponent is unaffected by the number of fibers
contracting and thus by curarization. PTth
therefore, may and does increase with the ap®
pearance of the neuromuscular component. Imd
passing, it may be noted that PTR-Igis a vah&a—
concept because there is no contractile com§
ponent to the electromyographic PTP. Thag
is, control PTR-Ig is zero. Indeed, we have]
demonstrated significant PTR-I;; after curar§
(table 2). However, because PTRg and PTR
are both meaningful concepts, we do not find}
it useful to retain the concept of incrementaE
PTP even when applied to the e]ectromvo%

gram.
Fape purine TETANUS

Tetanic fade can be quantitated both byp
tension measurements and by e]ectromyo&
graphic measurements. Fade is a complig
cated phenomenon depending upon deplenong
of readily releasable acetylcholine, which com-_\
petes with a delayed increased moblhzahonm
and synthesis of acetylcholine. Furthermoreg
its demonstration is dependent upon a require2
ment for a high concentration of acetylcholineS
at the endplate, and thus it is seen following3S
curarization, when most receptors are unavail-&
able. Our data show that electromyography i 1sA
more useful in demonstrating fade than are ten«n
sion measurements. Fy was seen at every ]eveIO
of curarization, while Fy was always less thano
Fr and insignificantly different from contro]o
when the single twitch amplitude had recov-3
ered to within 20 per cent of control. The3
T EMG ts of fade give morea
information than tension measurements are notc-
obscure. They can be understood in termsa
of the opposing processes which control the$
quantul content during tetanus, along with theg

averagmg aspects of tension measurements. i
During a 5-second tetanus at 30 Hz, the mus—:(>
cle fiber depolarizes 150 times. Each depo-S
larization causes a compound action potenhalm
whose amplitude reflects the state of the neu-R
romuscular junction at that time. The de-
velopment of tension, however, is a slower
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process. It takes approximately 350 msec to
develop maximal tension at the start of tetanus
and 150 msec for tension to disappear at the
end of tetanus. Thus, the tension at any point
in time reflects a sort of moving average >f the
neuromuscular events of the last few hundred
milliseconds. Since the actual neuromuscular
events causing fade occur in a few hundred
milliseconds (electromyographic fade was gen-
erally complete within ten stimuli) the fre-
quency bandpass inherent in tension recording
substantially degrades the registration of this
event and blunts its magnitude. Thus, in ten-
sion recordings from Subject 5, whose EMG
showed relatively little fade, and in those from
Subject 8, whose EMG showed considerable
recovery during tetanus after the initial fade,
no mechanical fade was seen at all. Whether
there are contractility changes during tetanus
as well, which would further confuse the in-
terpretation of tension records, is unknown.

Technical problems may contribute to diffi-
culties in demonstrating significant fade on
tension recordings. A constant preload in the
tension-measuring system is essential to define
the initial condition of the muscle and set it
at a given point on the curve defining maxi-
mum tension output as a function of length.
In addition, the absence of a preload implies
slack and therefore backlash (mechanical hys-
teresis) in the system. Not only does this
make the system non-isometric, but it can pre-
vent registration of the true peak tension and
thus further decrease the incidence of de-
tected fade. It has been uncommon for clini-
cal investigators to state under what resting
tension, if any, they have placed the muscle
(thumb).

Because of the widespread use in previous
human studies of the Grass FT-03 transducer,
which overloads with constant output on forces
greater than 1 kg, we suspect that peak te-
tanic force has not been registered and that te-
tanic fade may have been undetected. Trans-
ducer overload must always be suspected when
the maximal tetanic force is less than two to

{ The Grass FT-03a and FT-03b overload at 1
ke. The newer FT-03c overloads at 2 kg.  R. de
Jong® correctly notes that a transducer with linear
responses to 10 kg is essential. In the present
study the greatest twitch tension we observed was
24 ke while the greatest tetanic tension was

88 kg.
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three times twitch tension. Apparently thi©
transducer may have been carried uncriticallyg
from the tissue bath into the operating roomg’
We have often found the FT-03 to be overg
loaded by tetanus even in a cat tibialis prepa-i
ration. S
The difficulties in interpretation of fade cang
be compounded by errors in definition of fadef
“Fade” properly refers to the initial rapid deg
crease in muscle electrical or mechanical acf,
tivity, and we have defined Fg and Fr as pef
cent decrease between the first maximum ands
the first minimum recording. Fade, ho\vever‘ér
is often defined as the per cent decrease froms
the initial maximum to the tension or EMQ
height at the end of tetanus.’s Because of theg:
frequent occurrence of recovery during teta
nus, presumably from increased mobilization
or synthesis of acetylcholine, this is a smallex
value. We have called this “pseudofade” (PFg
and PF,). Although PFy is smaller than Fe<
it was significant at every point measured irf,
this study after administration of curare. Hows;
ever, PF; was so decreased as to be of borderg
line significance at 65 per cent depression andy}
was insignificant at all other levels of curarizag
tion. N
To improve the sensitivity of Fp measureX
ments, clinical investigators have proposed thel
use of high-frequency tetanus at 200 Hz.’&
This indeed will increase depletion of transs
mitter and therefore increase fade, but ex3
tremely high-frequency stimulation is unphysiQ
ologic, since muscle cannot respond this raps®
idly. Even during maximal voluntary efforts
there are seldom more than 30 to 50 depos
larizations per second. Moreover, tetanus, esS
pecially rapid tetanus, increases the averaget,%
neuromuscular refractory period (unpublished3
data). It is possible, therefore, that part o
the “fade” seen is due to a decreased ability ofg
muscle to respond rapidly during the latter
part of tetanus rather than to receptor blockg
ade or inactivation by relaxant drugs. Obsers
vation of the electromyogram during lu'gh-fre-g*
quency tetanus shows a widening and a pro-
longation, as well as a diminution of the©
height, of the compound action potential (un{;’j
published data). This probably implies an in-
crease in the asynchrony of excitation, whichQ
would be expected to decrease the force of™
contraction.?® While these changes may be
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real enough, they are distinct from the phe-
nomena we have been discussing, which are
generally understood to represent decreased
neuromuscular transmission. Indeed, in the
presence of potent anesthetics, fade has been
observed during high-frequency tetanus even
without relaxant drugs, and thus it appears
that interpretation of high-frequency tetanus
is difficult at best.r* With the use of electro-
myography, tetanus at reasonable frequencies
(30-50 Hz) lasting a few hundred millisec-
onds appears adequate to study or monitor
curarization.

The authors ack
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ArpENDIX 1
Calculation of PTP

Two fundamentally different indices have been
used to quantitate PTP (fig. 3). The first, which
we call “PTR,” is the ratio between the amplxtudts
of the post- and
as a per cent, PTR =100 x/w or 100 z/y. "~ Alter-
natively, this concept can be expressed as 100
(x—w)/w or 100 (z—y)/y, as the value of these
expressions differs from the original only by a con-
stant (100). Thus, PTR may be considered to be
the difference l‘)etween the post- and pretetanic re-

nor i; to re-

e current p
sponse.

On the other hand, the incremental PTP of
Heisterkamp, for which we use the term “PTR-L,”
is the difference between the post- and pretetanic

to the g jc response
that was obtained before curare. Thus, PTR-I =
100 (x — w)/w before curare and 100 (z—y)/w
after curare. Before curare, PTR and PTR-I are
equivalent (except that they differ by a constant
100). Ie, PTRI=PTR—100 (see derivation
in fg. 3). After curare the two indices diverge,
since with twitch depression w>y. us, when
twitch depression exists, PTR-I < PTR — 100 (see
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Fic. 4. Calculation of fade. Top: envelope olig
EMG amplitude during tetanus. Bottom: ten-§
sion amplitudes during tetanus. a, b, and ¢ areo
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amplitudes, respectively. Recovery of e initial =%
fade usually occurred during tetanus on both EMG &
and tension records. Thus, PF <F. See Appendix &
2 for details.
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derivation in fig. 3). This underestimation ofm
P’I'P by PTR-I becomes greater as cu:anzabon»

more d (see di ic fig. 3%
and original data in fig. 2).

APPENDIX 2
Calculation of Fade

Fade induced by curare develops rapidly during o
tetanus and is maximal at about 300 msec with a 3
30-Hz stimulus. If tetanic stimulation is con-&
tinued for the 5 seconds traditionally used in chm-
cal studies there may be recovery of the amplitude S
of the response. Fade (F) is calculated as the S
difference between the first maximal response and“’
the following minimum, normalized to the valuea
of the maximum. Expressed as a percentage, &
F=100 (a~Db)/a.

Pseudofade (PF), on the other hand, is deﬁned [
as the difference between the first maximum and
the response at the end of tetanus, again normal- 9

ized to the original resp As a

PF=100 (a—c)/a. Since, in general e>b, ©
(See diagrammatic fig. 4 and original 5
data in fig. 1.)
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