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Abstract: Nondepolarizing neuromuscular blocking drugs in- 
duce train-of-four (TOF) fade, i.e., the reduction of the fourth 
to the first twitch height in a train under TOF stimulation. It 
has been observed that the degree of TOF fade varies with the 
drug used and is inversely correlated with the potencies of the 
drug. In this study, the cause of difference of TOF fade was 
considered using a dynamic model. The model was based on 
the following assumptions: (l) Twitch response is evoked by 
the binding of acetylcholine (ACh) molecules to the postsyn- 
aptic nicotinic receptors in a neuromuscular junction, (2) 
time-dependent ACh mobilization in a motor nerve terminal 
results in less ACh output at the fourth stimulus in a train than 
at the first stimulus, (3) the drugs compete with ACh for the 
postsynaptic receptors and inhibit the receptor-binding of 
ACh, and (4) the drugs have various affinities for the recep- 
tors. This study suggested that the difference of affinities 
of the drugs for postsynaptic ACh receptors may cause the 
difference of TOF fade. 
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Introduction 

Train-of-four (TOF) stimulation at frequencies lower 
than 4.0 Hz is used to monitor neuromuscular function 
[1-7]. The four successive twitch height responses (T1, 
T2, T3, and T4) evoked by the stimulation have similar 
height in the absence of relaxants. Nondepolarizing 
neuromuscular blocking drugs, however, induce fade in 
the series of four twitch heights as well as the depression 
of T1. The T O F  ratio (T4/T1) at a certain degree of T1 
depression varies depending on the drugs [3-5]. It has 
been considered that the difference of TOF  fade among 
the drugs is due to the presynaptic action of the drugs 
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[8-10]. Recently, it has been suggested that the TOF  
fade has no relation with the presynaptic action [11]. 
The mechanisms underlying the various TO F  fade have 
not yet been fully elucidated. Careful survey of the re- 
ported data [3-5], however, indicated the existence of 
regularity: the degree of T O F  fade is almost inversely 
related to the potencies of the drugs. TO F  fade is a 
clinical index of the depth of neuromuscular blockade 
produced by the drugs. The clarification of the differ- 
ence of fade will help to achieve an appropriate dosage 
regimen. The magnitude of blockade is modulated by 
the affinities of drugs and the transmitter acetylcholine 
(ACh) for the postsynaptic receptors as well as the con- 
centrations of the drugs and ACh. The purpose of this 
study is to propose an explanation of the relationship 
between the degree of T O F  fade and the potencies of 
the drugs using a dynamic model  based on the law of 
mass action. 

Theory 

Because nondepolarizing neuromuscular blocking 
drugs compete with ACh for the postsynaptic nicotinic 
receptors, the concentrations of ACh-receptor  complex 
(RA) and drug-receptor complex (RC) in a neuromus- 
cular junction are written by Eqs. (1) and (2), respec- 
tively, applying expressions used in competitive enzyme 
kinetics: 

A 
RA 

RTA + KA(1 + C/Kc) (1) 

C 
RC (2) 

where RT is the total concentrat ion of the receptor,  and 
A and C are the unbound concentrations of ACh and 
drug, respectively. KA and Kc are the dissociation con- 
stants for the receptor complex of ACh and the drug. 
The total concentration of ACh (AN i.e., the concentra- 
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tion of released ACh) and drug (Cr) are written by Eqs. 
(3) and (4), respectively: 

AT = A + R A  (3) 

C r =  C + RC.  (4) 

Substituting Eqs. (3) and (4) into Eqs. (1) and (2), RA 
and R c can be written as follows: 

A r - R A  
R A  = R r (5) ( cT- 

A T - R A + K  A 1 +  ~2 c ] 

C r - R C  
R C  = R r  (6) ( AT-_ RA] 

C T -  R C  + Kc  1 + K~ ] 

It was assumed that the concentration of ACh re- 
leased by the fourth stimulus in a train (AT4) is lower 
than the concentration of ACh released by the first 
stimulus (AT1), irrespective of the presence or absence 
of a drug, because ACh mobilization in a motor  nerve is 
t ime-dependent  [12] and the ACh molecules released 
by each stimulus are immediately metabolized after 
binding to the receptors and causing a muscle contrac- 
tion [13]. 

The receptor-binding of ACh evokes the twitch re- 
sponse of a muscle. In neuromuscular  transmission, the 
margin of safety exists and the maximum twitch re- 
sponse is evoked at submaximal receptor  occupancy by 
ACh [14]. Hill's equation can accommodate such a non- 
linear transduction of the receptor occupancy by an 
agonist into the pharmacological effect [15]. Hence,  to 
describe the relationship between the receptor occu- 
pancy and twitch response, the twitch height ( T W )  is 
related to R A  with Hill's equation as follows: 

RA s 
T W  = TWMA x R A  s + RAso s (7) 

where TWMAx is the physiological maximum twitch 
height, RAso is the concentrat ion of the ACh-receptor  
complex which causes 50% twitch height of TWMAx and 
s is Hill's coefficient. 

Methods 

Simulation with the model was carried out on a personal 
computer (PC-9801/RA, NEC, Tokyo, Japan). The in- 
fluence of difference of K c on the T1-TOF ratio re- 
lationship as well as the drug concentration-muscle 
relaxation relationship was studied. The parameter  val- 
ues other than Kc and C r were fixed to the reported 
values [6,7] shown in Table 1. For the simulation, R A  
and R C  in Eqs. (5) and (6) were first solved numerically 
using Newton's  iterative method after specific values of 
K c and C r were given. Then twitch heights in the pres- 

ence or absence of a drug were obtained by using Eq. 
(7), and the twitch height ratio (the ratio of a twitch 
height to the control value) and the T O F  ratio (the ratio 
of the fourth twitch height in a train to the first twitch 
height at a certain drug concentration) were calculated. 

Results 

Relationships between drug concentration and twitch 
height ratios of T1 and T4 were simulated using various 
values of K o  the results of which are shown in Fig. 1. 
The T1-T4 relationship and the T1-TOF ratio relation- 
ship are also presented in Fig. 2. The TO F  ratio in the 
absence of a drug was estimated to be almost 1.0. Irres- 
pective of the value of Kc, T4 at a certain drug concen- 
tration decreased more than T1 as shown in Fig. 1. As 
the value of Kc increased, the drug concentration-twitch 
height curves of T1 and T4 shifted to the right (Fig. 1) 
and the T1-T4 ratio curves became concave (Fig. 2A). 
The characteristics of T1-T4  curves denoted  that an 
increase of K c augments the degree of T4 depression at 
a fixed T1 depression. Consequently, an increase of K c  
reduced the TO F  ratio as shown in Fig. 2B. It was 

Table 1. Parameter values used for simulation 

Parameter Value 

KA (~M) 0.100 
A T1 (vM) 0.866 
Ar~ (~M) 0.610 
Rr (~M) 0.205 
RAso (vM) 0.0665 
s 8.56 
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Fig. 1. Drug concentration-twitch height ratio relationship of 
T1 and T4. The twitch height ratio denotes the ratio of T1 or 
T4 to the value of each in the absence of drugs. Solid and 
dashed lines represent the twitch height ratios of T1 and T4, 
respectively. Values of Kc used for the simulation are a, 0.001; 
b, 0.01; c, 0.1; d, 1.0 (FM). The abscissa is expressed on loga- 
rithmic scale 
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Fig. 2A,B. T1-T4 relationship and T1-TOF ratio relationship. 
The TOF ratio denotes the ratio of T4 in a train to T1. 
A Relationship between twitch height ratios of T1 and T4. 
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B Relationship between twitch height ratio of T1 and TOF 
ratio. Values of K c are a, 0.001; b, 0.01; c, 0.1; d, 1.0 (~tM) 

predictable that the degree of fade is inversely corre- 
lated with the potencies of drugs. 

Discussion 

Vecuronium (VEC), pancuronium (PAC), alcuronium 
(ALC), atracurium (ATR),  d-tubocurarine (d-TC), 
fazadinium (FAZ),  and gallamine (GAL)  have been 
used as nondepolarizing neuromuscular blocking drugs 
for clinical and research purposes. The order of the in 
vivo potencies is VEC > PAC > A L C  > A T R  > d-TC 
> F A Z  > G A L  [16]. Williams et al. [3] compared the 
degree of T O F  fade in human subjects and repor ted 
that the degree of fade was PAC < ALC < d-TC < 
F A Z  < GAL.  Gibson and Mirakhur [4] demonstrated 
that the degree of TOF fade in human subjects was 
VEC = PAC < A T R  = d-TC. Klein et al. [5] found that 
the degree of fade in horses was VEC < PAC = GAL.  
These repor ted  orders of the degree of TOF  fade were 
almost in inverse relation to the order of the potencies 
of the drugs. 

The difference of T O F  fade induced by non- 
depolarizing neuromuscular  blocking drugs has been 
attributed to a presynaptic action of the drugs [8-10]. 
At the presynaptic level, the drugs inhibit the feedback 
control of ACh release and reduce the ACh output  at 
the fourth stimulu s in a train in comparison with that at 
the first stimulus. However,  it has been reported that d- 
TC fails to inhibit ACh output from a nerve terminal 

under train stimulations of 15 pulses at 5.0 Hz [11], sug- 
gesting that the presynaptic action is not operative un- 
der the TO F  stimulations at usual frequencies lower 
than 4.0 Hz. A more feasible explanation of the differ- 
ence of TO F  fade is necessary. 

Our previous work suggested that the time-depen- 
dent ACh mobilization results in less ACh output at the 
fourth stimulus than at the first stimulus [6,7]. The 
nondepolarizing neuromuscular  blocking drugs share 
similar pharmacokinetic properties because of their 
similar physicochemical characteristics [17]. Thus, it is 
conceivable that the magnitude of the affinities for the 
postsynaptic receptors is responsible for the difference 
of T O F  fade. 

For  a drug with a low affinity, a considerable amount  
is necessary to compete with ACh for the receptor and 
to depress twitch responses. It is assumed that the frac- 
tion of drug bound to the receptor  is negligible with 
respect to the total concentrat ion of the drug. Thus, C in 
Eq. (1) tends to be constant and the apparent affinity for 
the formation of ACh-receptor  complex ( R A )  is hardly 
affected by the reduction of ACh output through the 
first to the fourth stimulus in a train. Subsequently, R A  
directly reflects the change of ACh output. The reduc- 
tion of ACh output diminishes the receptor  occupancy 
by ACh. In this way, the drug concentration-relaxation 
curves of T1 and T4 separate from each other and the 
TO F  fade is observed (Figs. 1, 2). 

On the other hand, the degree of TO F  fade decreases 
in the presence of a drug with a high affinity. In this 
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case, the fraction of drug bound to the receptor  be- 
comes nonnegligible with respect to the total drug, and 
then the unbound concentrat ion of the drug is no longer 
proport ional  to the total concentration. When A C h  out- 
put decreases, the resulting increase in receptor  occu- 
pancy of the drug concurrently leads to a significant 
decrement  of C relative to Cr and augments the appar- 
ent affinity for the format ion  of RA,  i.e., the inverse of 
KA (1 + C/Kc) in Eq. (1). This augmentat ion of the 
affinity counteracts the reduction of A C h  output for the 
maintenance of receptor  occupancy by ACh. Eventu-  
ally, the difference in R A  at both  stimuli becomes 
smaller and the twitch heights of T1 and T4 become 
similar. 

The pharmacological  potency is generally assumed to 
be directly proport ional  to the affinity for the receptors 
associated with the drug effect. However ,  in neuromus-  
cular transmission, the relation is not always valid. The 
potency ratio of P A N / G A L  is repor ted  to be 40 [16], 
whereas the examinat ion of ACh-elicited currents for 
the mouse muscle A C h  receptor  [18] showed the affinity 
ratio of P A N / G A L  to be about  400. The present results 
also account for the relationship between the potency 
and the affinity for the receptor.  In Fig. 1, the ECs0 of a 
drug with K c = 1 .0vM for T1 depression is about  
10 ~tM, whereas that with K c = 0.001 ~M is 0.1 ~tM. Then 
the 1000-fold difference in the affinity for the receptor  
would lead to a potency ratio of 100. If  in all instances 
the unbound concentrat ion of a drug adjacent to the 
receptor  site is nearly equal  to that of the total drug, 
these results could not be  observed. The twitch re- 
sponse is evoked even at submaximal  receptor  occu- 
pancy by A C h  and a drug must occlude a large port ion 
of the receptors to block the muscle contraction. When 
the receptors densely exist on a motor  end-plate, the 
formation of the drug-receptor  complex would be ac- 
companied by a decrease in the amount  of the unbound 
drug available for promot ing  receptor  occlusion. Subse- 
quently, even when a drug has a fairly high affinity, a 
total drug concentrat ion of at least more  than the recep- 
tor concentration is necessary to exert the blockade 
effect. Thus, the discrepancy between the potency and 
the affinity for the receptors  would be much greater  for 
high-affinity drugs. 

In previous reports,  we showed that the max imum 
twitch responses at the first and fourth stimuli in the 
absence of a drug and the faint T O F  fade by c~-bun- 
garotoxin could be primari ly explained in terms of the 
existence of the margin of safety [6,7]. Nondepolarizing 
neuromuscular  blocking drugs competit ively inhibit the 
ACh-recep tor  binding and produce the blockade effect. 
Therefore,  in this study, we constructed a dynamic 
model  including the receptor  occupancy by ACh,  the 
competi t ive inhibition of the receptor -ACh binding by 
drugs, the difference of affinities of the drugs for the 

receptors  and the transduction of ACh- recep to r  binding 
to a muscle contraction. As a result, it was demon-  
strated that the pharmacological  response mediated 
through the densely existing receptors would be modi- 
fied by the unbound fraction rather  than the total drug 
amount.  

To date, in researches on the difference of T O F  fade 
induced by the drugs, the difference of affinities of the 
drugs for the postsynaptic receptors has not been  taken 
into account. Additionally, al though several kinetic 
studies on the pharmacological  effect of non-de- 
polarizing neuromuscular  blocking drugs have been 
documented  [19-21], the difference of T O F  fade among 
the drugs has not been clarified. The present  study, 
however,  pointed out that T O F  fade is not always an 
indicator of the presynaptic action of a drug. Rather ,  the 
affinity of the drug for the postsynaptic receptors  may  
also govern the degree of T O F  fade. 

References 

1. Ali HH, Savarese JJ (1976) Monitoring of neuromuscular func- 
tion. Anesthesiology 45:216-249 

2. Jones RM (1985) Neuromuscular transmission and its blockade. 
Anaesthesia 40:964-976 

3. Williams NE, Webb SN, Calvey TN (1980) Differential effects of 
myoneural blocking drugs on neuromuscular transmission. Br J 
Anaesth 52:1111-1115 

4. Gibson FM, Mirakhur RK (1989) Train-of-four fade during onset 
of neuromuscular block with nondepolarizing neuromuscular 
blocking agents. Acta Anaesthesiol Scand 33:204-206 

5. Klein L, Hopkins J, Rosenberg H (1983) Different relationship of 
train-of-four to twitch and tetanus for vecuronium, pancuronium 
and gallamine. Anesthesiology 59:A275 

6. Tajima T, Kaneko K, Hatanaka T, Aiba T, Katayama K, Koizumi 
T (1994) Kinetic analysis of neuromuscular blockade. I. Rela- 
tionship between twitch depression and stimulation frequency 
after d-tubocurarine administration. Biol Pharm Bull 17:1083- 
1088 

7. Tajima T, Kato Y, Hatanaka T, Aiba T, Katayama K, Koizumi T 
(1994) Kinetic analysis of neuromuscular blockade. II. Train-of- 
four fade induced by d-tubocurarine and c~-bungarotoxin. Biol 
Pharm Bull 17:1089-1093 

8. Cheah LS, Gwee MCE (1988) Train-of-four fade during neuro- 
muscular blockade induced by tubocurarine, succinylcholine or c~- 
bungarotoxin in the rat isolated hemidiaphragm. Clin Exp 
Pharmacol Physiol 15:937-943 

9. Gwee MCE, Cheah LS (1989) In vitro time course studies on 
train-of-four fade induced by hexamethonium, pancuronium and 
decamethonium in the rat isolated hemidiaphragm. Clin Exp 
Pharmacol Physiol 16:897-903 

10. Bowman WC, Marshall IG, Gibb AJ, Harborne AJ (1988) Feed- 
back control of transmitter release at the neuromuscular junction. 
Trends Pharmacol Sci 9:16 20 

11. Wessler I, Rasbach J, Scheuer B, Hillen U, Kilbinger H (1987) 
Effect of (+)-tubocurarine on [3H]acetylcholine release from 
the rat phrenic nerve at different simulation frequencies and 
train lengths. Naunyn Schmiedebergs Arch Pharmacol 335:496- 
501 

12. Wilson DF (1979) Depression, facilitation, and mobilization of 
transmitter at the rat diaphragm neuromuscular junction. Am J 
Physiol 237:C31-C37 



T. Tajima et al.: Mechanisms of TOF fade 337 

13. Namba T, Grob D (1968) Cholinesterase activity of the motor 
endplate in isolated muscle membrane. J Neurochem 15:1445- 
1454 

14. Paton WDM, Waud DR (1967) The margin of safety of neuro- 
muscular transmission. J Physiol (Lond) 191:59-90 

15. Black JW, Left P (1983) Operational models of pharmacological 
agonism. Proc R Soc Lond B Biol Sci 220:141-162 

16. Miller RD, Savarese JJ (1986) Pharmacology of muscle relaxants 
and their antagonists. In: Miller RD (ed) Anesthesia. Churchill 
Livingstone, New York, p 897 

17. Swerdlow BN, Holley FO (1987) Intravenous anaesthetic agents 
pharmacokinetic-pharmacodynamic relationships. Clin Phar- 
macokinet 12:79-110 

18. Filatov GN, Alywin ML, White MM (1993) Selective enhance- 

ment of the interaction of curare with the nicotinic acetylcholine 
receptor. Mol Pharmacol 44:237-241 

19. Sheiner LB, Stanski DR, Vozeh S, Miller RD, Ham J (1979) 
Simultaneous modeling of pharmacokinetics and pharmaco 
dynamics: Application to d-tubocurarine. Clin Pharmacol Ther 
25:358-371 

20. Graham GG, Morris R, Pybus DA, Torda TA, Woodey R (1986) 
Relationship of train-of-four ratio to twitch depression during 
pancuronium-induced neuromuscular blockade. Anesthesiology 
65:579-583 

21. Parker CJR, Hunter JM (1992) A new four-parameter threshold 
model for the plasma atracurium concentration-response rela- 
tionship. Br J Anaesth 68:548-554 


