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The pharmacokinetics of atracurium, laudanosine and the quaternary alcohol were 
slUdioo in patients with normal and impaired renal function following intravenous 
administration of atracurium. Anaesthesia consisted of thiopental. fentanyl, halothane 
,;",;:: iii"Vui VA;";" ;,, VAYr.<'''' Fi ... ", .... nu urine (.'Ollcclltrollions Ollne parent compouno 
and its degradation products were measured by high performance liquid chromatography. 
Renal failure was defined as a creatinine clearance of less than 5 ml/min; it caused no 
significant differences in the pharmacokinetics of atracurium but did result in a different 
pharmacokinetic profile of laudanosine, with a J-fold increase in the mean (:t SO) ter
minal half-life (176 ± 84 and 516 ± 262 minutes for pat ients with normal and impaired 
renal function, respectively). Moreover. the half-life of the quaternary alcohol increased 
from 27. 1 ± 8.3 minutes in patients with normal renal function to 42.5 ± 8.3 minutes 
in those with impaired renal function (mean ± SO). Renal elimination of unchanged 
atracurium accounted for II"" of the administered dose and at least 27% of the total 
degradation of atracurium occurttd via ester hydrolysis. 

The neuromuscular function was monitored by measuring the twitch tension of the 
adductor pollicis muscle elicited by stimulation of the ulnar nerve at 0.1 Hz. The total 
dura tion of neuromuscular blockade (51.8 ± 11.5 minutes) and the recovery index. (9.6 
± 2.0 minutes) are shonened in patients with impaired renal function, compared with 
those with normal renal function (64.1 ± 7.2 and 16.7 ± 4.1 minutes, respectively), 
indicating that sensitivity to the neuromuscular blocking action of atracurium may be 
altered by renal failure. 

Atracurium is a nondepolarising, neuromuscu
lar blocking agent with an intermediate mode of 
action. As vecuronium, atracurium shows only 
minimal dependence on the kidneys for their elim
ination. In the case of alracurium Ihis phenom
enon is explained by the unique degradation pat
tern (Stenlake et al. 1983), consisting ofa chemical-

and enzyme-mediated esler hydrolysis by which the 
quaternary alcohol and acid are formed, in com
bination with a spontaneous temperature- and pH
dependent degradation pathway called Hofmann 
elimination, yielding laudanosine and an acrylate 
moiety (fig. I). Consequently, 4 primary metabo
lites are formed from atracurium in vivo and a 



Km~lIcs of Alrlcunum and Its Breakdown Products 

number of secondary ones b)' degradation of the 
primary metaboilles. 

The pharmacokinetic profile of alr3curium has 
be~n described 10 several stud ies in healthy anaes
thetised subJects (De Bros et al. 1986: Fahey et al. 
1984: Ward & Weatherley 1986), in patients with 
renal failure (De Bros et al . 1986; Fahey el al. 1984: 
Ward & We3therley 1986), or in patients with 
combmed renal and hepatiC dIsease (Ward & Neill 
1983). Fahe~ et al. (1984) were the first to repon 
the plasma concentrations of laudanosine in 
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patients treated with atracurium. The present 
anicle is the first in which the neuromuscular 
blocking effects of atracurium and the phannaco
kinetic profiles and renal excretion of atracurium, 
laudanosine and the quaternary alcohol were pro
spectively studied in patients with nonnal and im
paired renal function in a unifonn fashion: that is. 
in thiS study identical anaesthetic agents were ad
ministered to all patients, and the methodological, 
analYllcal and statistical techniques were exactly 
the same for both patient groups. 

AIJKUrium 
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Patitllt$ alld Mttltod$ 

This study was approved by the ethical com
mittee of the University Hospital ofGroningen; 23 
patients gave informed consent to panicipation. 
The mean (± SO) age of the 17 patients with nor
mal renal function was 33.7 ± 9.8 years: that of 
the 6 patients with impaired renal function was 49.3 
± 13.7 years. The bodyweighlS were 66.1 ± 10.2 
and 17.7 ± 15.9kg for patients with normal and 
impaired renal function , respectively. Obese 
patients were excluded from the study in order to 
avoid adjustments of the dose of alracurium 10 ob
tain comparable pharmacodynamic parameters. 
Renal failu re was defined as a creatinine clearance 
of less than 5 ml/min, and all patients with renal 
failure wert totally aourie and had been dialysed 
during the 24-hour period preceding anaesthesia. 
None of the 23 patients suffered from cardiovas
cular. hepatic or neuromuscular disease. 

The patients were premedicated with oral di-
.. ~ .. _ .. ~ n I .. _ .. / 1,. .. , .. I.. ~ .. _ I.. .. t'~_ : ~ ..... .. . ; .. _ _ t' 
M~~"M'" .... . " '''to' "b •. " " ... ~ . .. .,.,..v . ... . .. " ....... v .. V' 

anaesthesia; if required, night sedalion with oral 
nitrazepam Smg was provided. Anaesthesia was in
duced wi th intravenous thiopental 4 to 6 mg/kg 
and fentany l S to 7 ",gfkg fo llowed by inhalation 
of 6Mb nitrous oltide in oltygen. Atracurium SOO 
J.lgfkg (402. 1 nmolfkg) was administered by bolus 
injection over 10 seconds, and tracheal in tubation 
was perfo rmed. Anaesthesia was maintained with 
halothane O.S to 1% and repeated doses offentanyl. 
Venti lation was controlled and the end-expiratory 
pC02 was maintained between 4.0 and 4.6 kPa (30 
to 3Smm Hg). A central venous catheter with its 
tip positioned at the righ t atri um was inserted via 
an antecubital vein. Central body temperature was 
measured continuously pendi ng the experiment and 
was maintained at between 3S.S and 37SC. 

Blood samples were collected from the central 
venous catheter. One blank sample was collected 
prior to, and the remainder after. the administra· 
tion of atracurium (at 3. 6. 9. 12. IS. 20. 30, 4S. 
60,75, 90, 120, 180,240.300.360 a nd 420 mi n
utes). Additional samples were collected at 10. 25. 
50, 7S and 90% recovery of the single twitch height. 
The samples were immediately centrifuged fo r 30 
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FIg. 2. Typicat hlJ,h-pcrfonnancc liquid chromat~m ortlle 
J-minule plasma sample showina laudanOSine (t). the qua
ternary alcohol (2 and 3). tile internal 5Iandard huafluon:n
ium bromide (4) and atraturium (S. 6 and 7). 

seconds. Plasma samples of 2ml were acidified with 
IOOj.ll of sulphuric acid I mol/ L frozen and stored 
al -2crC. 

Urine was collected via an indwelling catheter 
from all patients with normal renal function. A 
control sample was taken before atracurium was 
injected and additional samples were collected at 
30, 60, 90, 120. 180, 240, 300 and 360 minu les. 
and 12 and 18 hours, after administration of atra
curi um. The vol ume of urine excreted duri ng each 
collection period was recorded, and from each 
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sample a 5ml aliquot was frozen at -20"C for later 
analysis. During each collection period, the pH of 
the urine was monitored and adjusted to approx
imately 3.5 with sulphuric acid 0.1 mol/ L. 

Monitoring of neuromuscular blockade began 
immediately after induction of anaesthesia. Meas
urementS of the si ngle twitch of the adductor pol
licis wert taken every 10 seconds by supramaximal 
stimulation of the ul nar nerve al thc wrist via sur
face electrodes ("Grass S88' stimulator). The re
sultant conlraction of the adductor pollicis muscle 
was measured using a 'Statham UC3' force-dis
placement transducer, and recorded on a 'Gould 
Brush 220' pen recorder. The onseltime (time from 
the end of injection to the moment of 100% block-
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FIg. 3. Mean (:!: SO) rallO bel"'ec-n the plasma cona:ntl'3-
lions of atr.K"unum II (c/S-{'IJ .somer) and alracunum I (cu
IrQ"" .somer) o,er lime .n palltntS ..... Ih normal (e ) and .m
palrN. (0 ) rtlUll funcllon . 
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FIg • • . Mean (:!: SO) plasma concc-nlralion dc-eay cU""'C'$ of 
lotal alracunum In pallenu .. ·.th normal Tl'1UI1 funCllon (e ) 
and Ihow: .... 1Ih Tl'nal fallurt (0) followmll bolus dose of 
auacunum 0.5 mlfk.8.. 

ade of neuromuscular transmission), Ihe total dur
ation of relaxalion (lime from end of injection to 
the return of 90% of control twitch height) and the 
recovery index (time needed for the recovery of the 
twitch height from 25 10 75% of the control value) 
were measured for bolh palient groups. 

Atracurium and ils breakdown products wert 
measured in the samples of plasma and urine using 
high performance liquid chromatography (HPLC) 
lUges et al. 1984\, as described in the ,,"ppendix. 
This method is suilable for simultaneous quanti
tative determination of atracurium, laudanosine 
and Ihe quaternary alcohol. 

Multiexponential equations of up to 5 exponen
tial terms were fined to each of Ihe individual ex
perimental plasma concentration curves by means 
of a com puter program (RUG FIT). This program 
carries out. by means of linear least SQuart regres
sion, iterative peeling of the experimental curves 
plonr<i on a semilogarithmic scale (Scaf 1988). The 
mathematically derived optimal number of expo
nential lerms required to describe the plasma con
centrations was selected according to the crit~ria 



TebM I. Meen l :to SO) pt\8~tic J)8'"",'8f1; 01 ltrl' 
curium loIIowIng en Intrevenous bolus OOH 01 0.5 mgjkg 

Parameter Normal renal Renal la~url 

''''''''' 
C1 U<g/l) 3070 :to 1453 4072 :t 3280 
C2 Vog/L) ''''' . '91 1531 :t 516 
11'U., lmin) 2.5 :t 1.1 3.7 :to 1.7 

1"", lmin) 17.3 :t 3.8 19.1 .:t 2.7 
,111m· ') 0.325 t: 0.118 0.219 :t 0.080 
Az 1m· ', 0.0421 t: 0.0103 0.0358 :t 0.0048 
lie (mllkg) 129 t: 88 93 ... 

AUC 1mg{L • III 0.86 :to 0.27 1.13 t: 0.30 

CL Il./h/llol 0.65 :t 0 .23 0.47 .:t 0.13 
lid (mllkg) 280 :to 153 165 :t 69 

AOINlViatioM: C, (C21 - utrapollled \heofllicll plasma 
OOI'IOII'ltration for the distribution (etinWI8tionl pt\8se lor time ~ero; 

tl'U. , It~ - hllf·~I, associated wittl the first IMCOndI IXponent 
01 the blexponenlilll equation: A, IAzi • rltl constant lor 
distribution llIIIminltion) pt\8se; lie - 'tOIumII 01 the central 
com~ AUC • arM under the pilltTIII conoentratlOMime 
CUI"Ie: CL • toUtl body clearance: Vd • app.tfent woIume 01 
~tribution . 

described by Boxenbaum et a!. ( 1974). In addition. 
the computer program calculates the derived pharo 
macokinetic parameters. Thus, C, and C2 are the 
extrapolated theoretical plasma concentrations for 
the distribution and elimination phases. respec· 
tively, for time zero (I "" 0 minutes); "I and "2 are 
the rate constants for the 2 phases. The volume of 
the central compartment (Ve) is calculated by di· 
viding the dose (0) of atracurium by the sum of 
CI and C2. Who le body clearance: (CL) and Ihe vol· 
ume of dislribution (Vd) are calculated using the 
area under the curve (AUC): AUC - CI/", + C2i 
"2; Cl - O/ AUC and Vd "" O/AUC· ).2-

It was not possible to calculate Ve. Cl and Vd 
of either laudanosine or the monoquaternary al· 
cohol since Ihe tOlal amount of both substances.. 
formed via degradation of atracurium. was un· 
known. Student's Hest was used to determine sta· 
tistical significance of differences between the mean 
values fo r pharmacokinetic and pharmacodynamic 
parameters of the 2 patient groups. A value of p < 
0.05 was considered sla lislically significant. 
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Atracurium produces 3 peaks on the chroma
togram. while the quaternary alcohol has a double 
peak (fig. 2). Analysis of pure alracurium and of 
the quaternary alcohol revealed idenlical peaks. The 
pharmacokinetics of the atracurium components 
corresponding to the middle and highest peaks (fig. 
2, nos 6 and 7) have been determined and are des. 
ignated as atracurium I and atracurium II. respec
tively. 

Pharmacokinetic analysis of the total amount of 
atracurium was camed oul using the sum of the 3 
peaks; similarly. that of the quaternary alcohol was 
performed using the sum of its 2 peaks. The ratio 
belween Ihe plasma concentralions of the 2 atra· 
curium componenls was nOI constant in time. In 
the commercial preparation of atracurium eTra· 
crium'), the ratio between the amounts of alracu· 
rium II and atracurium I is about 1.5, while the 
ratio in the plasma samples varied with lime (from 
i.S 10 4. i. see fig. J). 

Figure 4 shows the change in the plasma con· 
centration o f atracurium after intravenous adm in· 
istration to patients with normal and decreased 
renal functio n. Table I gives Ihe corresponding 
parameters. No significant differences in any of the 
parameters were found between the 2 groups. 

Plasma concentrations of laudanosine are shown 
in figure 5 and the derived parameters for the 
patients wilh normal renal function are listed in 

TabM II. Mean I t: SO) p/'IIIrmaookinetic paramet8fS 01 lauda
nosine after an Intravenous bolus OOH 01 atr.CUrium 0.5 -, 
C1 t.>gJl) "'_, 
' 1'U., lmIn) 

' ''''' 1m, 
A, (min· ') 
.12 (min" ) 

AUC (mgJL - III 

151 t: 60 
109 t: 49 
3.3 t: 2.0 

176 :t " 
0.2!M :t 0.178 
0.0050 :t 0.0029 
0.47 :t 0.22 
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Tome (min) 

Fig. s. Mean (lo SO) plasma ~oncenlrallon decay cur.'es of 
laudan05lnt In pallents "llh normal renal rUnCIiOn (e ) and 
Ihose: wllh Knal rallu~ (0; n - 4) roI10 .. ·ml a bolus dose of 

aUKunum O.S milk&-

table II. In all patients the concentration of lau
danosine was maximal in the first collected sample 
and decreased thereafter. However. 10 the patients 
with impaired renal function, the plasma concen
tration of laudanosine showed a second peak ap
proximately 40 minutes after injection. decreasing 
subsequently With a half-life of516 1; 262 minutes. 
The height of the second peak of laudanosine 
showed a wide variation among the patients, in 2 
individuals exceedi ng 2600 ~g,lL. For clarity, the 
data of these 2 patients were excluded for calcu
lation of the mean plasma laudanosine concentra
tions. 

Figure 6 shows the plasma concentration of the 
quaternary alcohol in plasma. Bealusc of the 
marked fluctuations in plasma concentrations dur
ing the early sampitng periods, the first parts of 
both graphs are not drawn. The corresponding 
phannacokinetic parameters are presented in table 
III. Only the half-life of the terminal phase could 
be calculated, because of these early fluctuations. 
The half-life and). were significantly different be
tween the 2 groups. 

Table IV shows the amounts ofatracurium and 
the 2 metabolites excreted in urine. Of the bolus 

dose of atracurium (402.1 nmol/kg), 43.9 1; 23.7 
nmol/kg (10.9 1; 5,9%) was excreted as unchanged 
atracurium. Renal excretion oflaudanosine and the 
quaternary alcohol amounted to 57.4 1; 44.8 and 
108.6 1; 58.6 nmol/kg, respectively. 

The mean values of the phannacodynamic 
parameters are presemed in table V. and show a 
shorter duration of action and a faster rate of re
covery in patients with renal failure. 

The duration of neuromuscular block and the 
corresponding plasma concentrations when recov
ery amounted to 10. 2~, 50, 75 and 90% of the 
control value are listed in table VI for the 2 groups, 
although it should be noted that the valucs are 
drawn from only 9 patients with normal renal 
function. All plasma concentrations except that 
corrcsponding to 10% recovery were significantly 
different between the 2 groups. as were the times 
required to reach 75% and 90% recovery. Figure 7 
shows the relationship between the mean plasma 
concentration of atracurium and the degree of re
covery from the neuromuscular blockade in the 2 
groups of patients. 

Discuuion 

After a bolus dose of intravenous atracurium 500 
JIg/kg the plasma samples show 3 atracurium peaks 
on the chromatogram. As noted in the Results sec
tion above. analysis of pure atracurium revealed 3 
identical peaks. According to Stenlake et al. (1984), 
these peaks may be ascribed to the cis-cis, cis-trans 
and frans-trans isomers of alracurium (see fig, 2, 

T.bIto Itt. Mean ( lo SO) ph.rm.ooiIlnetic p8flmeterl 01 the qU8. 
lernary alcOtIoI aftef .n Inlf.venous boIlIl dose 01 .tr.curium 

0.5 mgflll1 

Pafameler 

C (jogjl) 
I .... (min) 

A (fnITI- l ) 

AUC (mg{l·1"I1 

Normal r_1 

'''''''''' 
1060 lo 612 
271 :t 8.3 
o 0280 lo 0 0092 
0.81 lo 0.39 

982 , '" 
42.5 lo 8.3-
0.OH18 lo 0.003S-
I 10 lo 0.58 

a ~ dlllerenl Irom norm8l renal tunctiOn IIJOUP 
lP < 0.05) 

AbbIevi.'~ $M table I 
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Table IV. Mean ( % SO) elirnirwltIon 01 .tr.wnum and 2 of its 

brukdown prOl;lucb in !he urine of I)'lienll with nonnaL lenal 

lunctJOn. The dose of atrlCUrium adnWItsLerecl was '02 

-~, 

..... - """"'"' Tlmo' 
(nmoi/kgJ ,h, .. ~ 43.9 :!:. 23.7 6.0 :t 2.8 

L..Ndanosine 57.4 % 44.8 11 .5 % 4.6 

OU~III.rmlry ,klohoI 108.6 :!:. 5UI 9.4 :!:. 5.6 

Table V. Mean ( % SO) nev.omvtCUllr blocking elleet of Itr.
curium 0.5 mgJkg 

"' .... No. ""M' Dvration R_.., 
0' ''''''' ''''''' ..... 
~. ''''''' 

Normal rlM'lll 9 2.5 :I: 0.2 &1.1 :!: 1.2 16.1 :t ".1 

""""'" Ren.llallur. , 3.0 :!:. 0.8 51.8 % 11.5- 9.6 :t. 2.0-

• SlgrWfieanIly different from nonnal lentil funetIon group 
(p < 0.(5). 

Table Vl. Meln (:t SO) vaJon 01 lime .nd pIa_ conc:entrl, 
tIon 01 Itracurium, eorreaponcllng to 10, 25, SO, 75 and 90% 
recovery 01 the -'ogle twitch height 

RK Time (min) 

" _ .. 
,,.., 
"""""" 

" 34.8 :I: 2.8 

25 40.5 :!: 2.8 ,. 48.1 :t 3.1 

75 57.2 :t 5.6 
90 84.1 :t 7.2 

• n '"' 9. 

b n - 8. 

Concentration 1Iog{L) 

,,.., _ .. , ... , 
'IJIureO Ilnlll "IIUfel' 

''''''''''" 
32.1 :!:. 8.0 411 :t 78 .71 :t 85 
35.7 % 8.1 315 % 88 .fOe :t 7rF 

40.2 :t 8.7 " .. 66 342 :t 6()C 

45.1 :I:. 9.91' 152 :t 58 284 :I: 62" 

51 .8 % 11.5c 115 :!:. 52 240 :t 75c 

c Sigrlitic:81'lt1y 6tI.,em from normtl ,_I function group 
(p < 0.05), 

Abl:>I..n.s1on: Rec .. reco¥el)' of aIngIe twtteh height. 
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nos 7, 6 and S, respectively), The initial ratio of 
peak 7 to peak 6 (atracurium II to atracurium I, 
respectively) was found to be 1.5, With time, this 
ratio increased to 3.4 and 4.1 at 30 and 60 minutes, 
respectively, for patients with nonnal renal func
tion (fig. 3). The changing values of these ratios are 
in agreement with those found by Tsui et al. (1987) 
Ian initial ratio of cis-cis to ciHraru isomers of 1.5, 
increasing to 3.3 and 4.0 after 30 and 60 minutes). 
Because the present findings are comparable with 
those ofStenlake and Tsui, the conclusion is drawn 
that the 3 peaks on the chromatogram correspond 
with the 3 isomers of atracurium mentioned. Un
fonunately, due to industrial, technical and ana
lytical difficullies, it is not possible to isolate the 
isomers separately from the mixture. Therefore, no 
funher chromatographic studies with the individ
ual isomers can be properly carried out. Although 
not a goal of this study, it wou ld be very interesting 
to know more about the phannacokinetics and 
phannacodynamics of the isomers. because it might 

responsible for the neuromuscular blocking effects 
and that the other isomers are more or less im
purities. There was no difference in ratio between 
patients with nonnal and impaired renal function, 
indicating that the phannacokinetic profile of both 
isomers is nOI allered by renal failure. By analogy 
with atracurium , the 2 peaks of the quaternary al
cohol probably cOlTC'Spond to the cis and Irans iso
mers; because laudanosine does not have a cis or 
trans configuration, it produced a single peak on 
the chromatogram. Unfonunately, neither the qua
ternary acid nor the quaternary monoacrylate could 
be measured. Measurement of the monoacrylate 
moiety would have been panicularly interesting 
since it is suspected that this metabolite, a poten
tially highly reactive substance. may possess cyto
toxic propenies (Nigrovic & Pandya 1989). This 
also could be one of the reasons that the plasma 
concentration of the acrylate has never been meas
ured, since it may react with suitable endogenous 
substances prescnt in plasma immediately follow
ing its fonnation , giving low plasma concentra
tions as a result. However, as laudanosine and the 
monoquatemary acrylate are fonned with a ratio 



Klncli CS of Alra("unum and liS Breakdo .... n I'rodUCIS 

~'1 
I,~ , 
~ 
! • , 
0 

6 

HXl I 1 
,,-l---,----r-~--,_:___r:-r 

o ~ 00 ~ 1~ 1~ I~ 

Ttme (moo) 
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of I \ la Hofmann elimination fSten lake etal. (983), 
changes tn the plasma con('('ntratlOn of laudano
sine rna) reflcct corresponding changes tn the for
mallon of the aCl')late. 

The pharmacoktnelLc anal)sls confirmed the 
observatIOns of others Ihat the time course of the 
plasma concenlrallons of atracunum IS best de
scribed b) a b lexponenttal funcllon. The presence 
of renal fa ilure had no perceptible effecl on the 
pharmacoktnelLc profi le of alracurium (Dc Bros el 
at. 1986: Fahey et al. 1984: Ward & Weatherle) 
1986). Ward et al. ( 1987) descnbed the pharmaco
ktnetics of atracurlum and of I\S metabolites. lau
danosine and monoquaternary alcohol. both in 
heal thy subJccts and In p:lllentS wllh renal discase. 
However. since that paper IS apparently a compI
latIOn of selected data from previousl) published 
work presented as a properl) performed study. their 
resul ts must be rejected, The present study dem
onstrates that the total clearance of atracurium is 
not sigmficantl) lower In palLentS wllh impaired 
renal function (0.648 versus 0.474 L/ h/ kg), Fahe) 
et a1. (1984) and Ward and Weatherley (1986). 
howe\er. observed a small Increase In the total 
clearance. A more det~l.Iled pharmacoktncuc anal)
SIS is not feasible and mlcroparameters cannot be 

237 

derived in thiS clinical stud) . since Ihe breakdo\\.n 
of atracunum is nOI restricted 10 the central com
panment (Hull 1983). 

In pa\ienls .... llh normal renal funClion Ihe 
plasma concentratIOn of laudanOSine after a bolus 
dose of atracunum was best descnbed as a blex
ponenllal funcllon. The carl) presence of high con
centratIOns of laud an os inC In plasma IS remarkable 
because thiS substance IS a breakdo .... n p roduct of 
atracunum. On theoretical grounds, low plasma 
concentratIOns of laudanosme would be eApectcd 
immediately after admtn istrallon of atracunum. 
with a subsequent increase as the degrada tion of 
atraeuriu m progresses. The resul t of this finding 
implies. however. that atracurium may already have 
been partly broken down In the ampoule a nd. 
therefore. thai laudanOSine was Injected along With 
atracurium. AnalySIS of a properly treated. une:>.
plred ampoule of 'Tracrtum' revealed 1,4% lau
danosme. ThIS small amoun l does not cxplam the 
IOLltal hIgh plasma concentralLon: II seems. there
forc. thai other processes arc In\ol\ed. )Ieldmg an 

''OJ 

75 

., 
LSO 

° I 
" 

, 
HXl 

, 
'000 

.... I.acunum C(I(I(: ,~glLl 

Fi<;J. 7, R\."'Co'~r) Oflhe' s"'iJc \ .... l1ch ht'&hl ap.,n~l\ht mtan 
pluma los: C'Ol"IC'tnlr.allon (~ SD) of atQ('unum from palltnls 
"l1h normatl'C'nal funct,on ,_ ) and Ih~ .... l1h I'C'nal fa,'ure 
(0 ) follo .... "'& a bolu§ dose of aHKunum O.S mill" 
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accelerated rate of chemical breakdown. One oflhe 
possibilities could be that the highly reactive qua· 
ternary acrylate reacts immediately with suitable 
agents present in the blood, enhancing the rate of 
Hofmann elimination and giving rise to the high 
initial plasma concenlration of laudanosine. 

Experiments carried out by other researchers 
justify this hypothesis (Nigrovic & Smith 1987; Ni
g,rovic el al. 1989). In patients with impaired renal 
function. the mean plasma concentration of lau
danosine was significantly higher than in those with 
normal renal function. Significantly higher plasma 
laudanosine concentrations in patients with renal 
failure were also reported by Fahey el 31. (1985). 
In addition to the increase in concentration, the 
plasma concentration-time curve was also of a dif
ferent shape. This phenomenon is probably caused 
by the decreased renal elimination of laudanosine. 
Hence. soon after the rapid initial distribution 
phase, the formation of laudanosine via Hofmann 
elimination gives rise to the increase of the plasma 

ance between formation and elimination, subse
quently followed by the elimination phase. In 2 
patients with impaired renal function the concen
tration of laudanosine increased. exceeding 2600 
J.lg,lL. It has been known for many years that lau
danosine acts as a CNS stimulant (Babel 1899; 
Mercier & Mercier 1955). The pharmacological ef
fect is ascribed to a strychnine-like mode of action 
(Curtis et al. 1971: Pong & Graham 1976). 

Pharmacological experiments performed by 
Chapple et al. (1985) demonstrate that such con
centrations can cause an increase in frequency and 
amplitude of the EEG of dogs. During surgery, no 
signs of excitation were observed in these 2 patients, 
but it is possible that total relaxation may abolish 
the clinical signs of excitation. Ward and Weath
erley (1986) found a nonsignificant increase in ter· 
minal half-life. from 197 ± 38 to 234 ± 81 min
utes, in patients with chronic renal failure. 
However, they did not define chronic renal failure, 
nor were the anaesthetic, statistical and analytical 
methods dcscribed. Therefore, their results cannot 
be compared with the present authon' data, which 
showed that this half-life is increased 3-fold (176 
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± 84 and 516 ± 262 minutes for patients with 
normal and impaired renal function . respectively). 
This implies that kidney function ptays an im
portant role in the elimination of laudanosine. and 
that other nonrenal elimination pathways (e.g. me
tabolism or hepatic excretion) are not capable of 
taking over the loss of renal function . This finding 
is supported by the results of a study by Parker et 
aJ. (1988). who performed a continuous infusion of 
atracurium 0.6 mg,lkg/h, after an initial bolus dose 
of 0.6 mg,lkg, for 10 to 47 houn in critically ill 
patients with normal renal function or renal failure 
in the Intensive Therapy Unit. The mean elimin
ation half-life for laudanosine increased signifi
cantly from 375 minutes in patients with normal 
renal function to 1418 minutes in renal failure. The 
pharmacokinetics of atracurium were unaffected by 
renal failure. 

Soon after administration of atracurium the 
concentration of the quaternary alcohol was high, 
and fluctuated markedly for about 10 minutes be
fooc :itartiili to dcci'Ca.iC p,oi,T'::.»i-.. .::,·. Aiiir" liY'" 
concentrations would be expected immediately fol
lowing the administration of atracurium, subse
quently followed by an increase: analysis of an am
poule of'Tracrium' demonstrated that 2.3% of the 
contents consisted of the quaternary alcohol. Renal 
failure caused a significant increase in half-life of 
the quaternary alcohol from 27. 1 to 42.5 minutes. 
The findings of Ward and Weatherley (1986) were 
similar, including the high initial plasma concen
tration. To date, no explanation is known for this 
phenomenon. Perhaps the ester hydrolysis is ac
celerated by nonspecific carboxy esterases, as a re
sult of the large amount of atracurium available 
immediately after injection or due to the increase 
in pH from 3.5 (in the ampoule) to physiological 
values. 

A study by Neill and Chapple (1982) in cats 
demonstrated that the role of the kidneys in the 
elimination of atracurium and its metabolites 
should not be underestimated. Following the in
trajugular administration of radiolabclled atracu· 
num, 47% of the radioactivity was excreted by the 
liver within 5 houn and 18% by the kidneys. After 
intraponal injection in other cats. however. 43% 
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was excreted by the kidneys and 38% by the liver. 
The authors have omitted to explain these differ
ent findings. In cats. after 2 hours. 6.9% of the dose 
is found in the urine as unchanged atracurium: 
whereas in cats made functionally anephric by the 
hgation of both renal aneries the excretion of ra
dioactl\'I1)' In the bile increased by almost 60%: thiS 
Implies that the kidneys do play an Imponant role 
In the excretion of atrncunum and Its metabolites. 
The present stud) sho"'s that. aftcr 18 hours In hu
mans, 10.9 ± 5,9% of thc administered dose of 
atracunum IS excreted unchanged by the kidneys 
(see table IV). Approximately 109 nmol/kg of the 
quatcrnary alcohol was excreted via the kidneys in 
humans (table IV). Assuming that the quaternary 
alcochol IS formed only by ester hydrolysis (Sten
lake et al . 1983) of the dose of parent drug (402.1 
nmol/kg). then at least 27% of the total degradation 
of the administered dose of atracurium must have 
occurred via ester hydrolysIS. Although in humans 
only a small fraction of alracurium is excreted in 
the form of laudanosine. It appears that the ehm
ination of the laller is heavily dependent on renal 
function . 

This study shows that in patients with renal fail
ure the plasma concentrations of atracurium cor
responding to 25% or greater recovery from the 
neuromuscular blockade were significantly higher 
than those In patients with normal rcnal function, 
The plasma concen trations in the latter group that 
correspond to 10% and 50% recovery agree with 
those found by Ward and Wright (1983). In patients 
with impaired renal function, the onset time was 
slightly prolonged compared with the normal kid
ney function group. and the total duration and the 
recovery index were significantly shonened. It ap
pears that patients with renal failure need higher 
plasma concentrations of atracurium in order to 
maintain a cenain degree of blockade than do those 
wi th normal renal function. The same phenom
enon has been demonstrated by others both for 
atracurium and vccuronium (Bencin; et a!. 1986: 
Hunter el a!. 1984: Nguyen el al. 1985). but no 
explanation is known 10 datc, It migh t be possible 
that the presence of uracmia or of other substances. 
such as methyl-guanidine derivatives. whose con-

centration is higher in patients with renal failure. 
are responsible for this resistance to the effect of 
nondepolarising neuromuscular blocking agents. 

Therapeutic Implications 

The conclusion is drawn that renal failure has 
only minimal Influence on the pharmacokinetic 
profile of atracunum. while prolonging the termi
nal half-hfe of laudanosine: the elimination half
life of the quaternary alcohol is also increased. but 
to a lesser extent. The apparent resistance of renal 
fai lure patients to the neuromuscular blocking ac
tion of atracurium is not of great clinical impon
ance. However. because of the changes in the phar
macokinetic profile of laudanosine. and possibly 
also of the potential toxic monoquatemary acry
late, prolonged adminIStration of atracurium (e.g. 
multiple maintenance doses or lengthy infusions) 
requires caution in patients with decreased mcta
bolic or elimination pathways. with monitoring of 
the neuromuscular function and, preferably. the 
plasma laudanosine concentrations. 

Appendix 

The following is a description of the technique 
emplo)ed in this study to achieve quantitative es
timates of the plasma and urine concentrations of 
atracunum and its 2 breakdown products. The 
measurements were obtained in one procedure by 
an ion-pair extraction in acid medium. followed by 
HPLC 

To l.Oml acidified plasma was added: I OO~ 1 of 
internal standard (hexafluorenium bromide 10 mgt 
L), I OO~1 ofa solution of potassium iodide 50 gtL 
and dichloromethane 7.0m!. In the assay to deter
mine concentratIOns in urine. IOO~1 of urine was 
made up to I.Oml with water. after which the sam
ple was treated in the same way as the plasma sam
ple. Following vigorous mixing for 2 minutes. the 
solution was centrifuged for 5 minutes at approx
imately )(M)() rpm. after which the whole organic 
layer was separated and concentrated at ambient 
temperature by evaporation. To this extract was 
added IOO~1 of eluate. consisting of acetonitril and 
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a solution of sodium sulphate 0.03 mol/ L (27.5 + 
72.5 v/'I/fo), adjusted 10 pH .. 3.5 with sulphuric 
acid I mol/L. An aliquot of 50",1 of each sample 
was injected into an HPLC unit (,M6000A', Waters 
Associates Inc.) by an automatic injector ('Whisp 
710A', Waters Associates Inc.). The column of 150 
x 4.6mm internal diameter was packed with 'Nu
c1eosil 5C1S' (Chromopack). The eluent fl ow rate 
was 2 mlf min. Detection was undertaken by a flu
orescence meter ("Kontron SFM23/B') with exci
tation at 280nm and emission at 320nm. The con
centrations wert calculated by a Hewlett Packard 
2645 terminal by reference to a calibra tion curve. 
All assays were undenakcn in duplicate and the 
mean of the 2 determined concentrations calcu
lated. The lowest detection limit and the coeffi
cient of variation for atracurium was 25 ~g/L and 
8% at 800 ~g/L. for laudanosme 5 ~g/L and 11% 
at 200 ~g/L and for the quaternary alcohol 10 ~g/ 
Land 16% at 1500 ~g/L. respectively. 
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