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Pharmacokinetics and Pharmacodynamics

of Atracurium in the Elderly

John B. Kitts, M.D., F.R.C.P.C.,” Dennis M. Fisher, M.D.,t P. Claver Canfell, M.S.,+ Michael J. Spellman, B.A.,§
James E. Caldwell, F.F.A.R.C.S.,1 Tom Heier, M.D.,* Mark R. Fahey, M.D.,1 Ronald D. Miller, M.D.**

To evaluate the effect of aging on the distribution, clearance, and
neuromuscular junction sensitivity to atracurium, the authors de-
termined the pharmacokinetics and pharmacodynamics of atracu-
rium in five healthy elderly subjects (74-76 yr) during halothane-
nitrous oxide anesthesia and compared these values to those obtained
previously in five healthy young adults (22-44 yr). A brief (6.0-13.0
min) infusion of atracurium was administered until twitch tension
was suppressed by approximately 70%, and atracurium plasma con-
centration and twitch tension data were used to determine phar-
macokinetic and pharmacodynamic parameters for each patient.
Total clearance (Cl,,.,) was similar in elderly and young adults.
However, clearance via the liver and/or kidney (Clorgan) was lower
in elderly patients, whereas clearance due to Hofmann elimination
and ester hydrolysis (Cl,onorgan) Was higher. Volume of distribution
at steady state (V,,) was larger in elderly patients. The increase in
V., without an age-related increase in Cl, resulted in a longer
elimination half-life [21.8 * 3.3 vs. 15.7 + 2.5 min (mean + SD)] in
elderly patients. The steady state plasma concentration of atracurium
required to suppress twitch tension by 50% was similar in elderly
and young adults. The authors conclude that the pharmacokinetics,
but not the pharmacodynamics, of atracurium differ significantly
between elderly and young adults. As a result, repeated doses will
be required with similar frequency in young and elderly adults, but
recovery from comparable levels of neuromuscular blockade may
be slightly prolonged in elderly patients. (Key words: Age factors.
Neuromuscular relaxants: atracurium. Pharmacodynamics: atra-
curium. Pharmacokinetics: atracurium; kinetics; models.)

‘THE PROLONGED DURATION of action of pancuronium,’
d-tubocurarine,? metocurine,? and vecuronium®* in el-
derly patients is presumably, in part, due to age-related
decreases in metabolic function of the kidney and/or liver.
Other age-related changes in distribution, elimination,
metabolism, and/or changes in sensitivity of the neuro-
muscular junction may also influence the response to
nondepolarizing muscle relaxants.'~* Because atracurium,
at physiologic pH and temperature, is eliminated by spon-
taneous degradation through Hofmann elimination and
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ester hydrolysis® (as well as other hepatic and/or renal
pathways®?), the response to atracurium might be less
affected by age than are other nondepolarizing muscle
relaxants. This speculation is supported by d'Hollander
et al.,® who reported that the infusion rate of atracurium
required to maintain constant neuromuscular depression
did not differ between elderly and young adults. Accord-
ingly, to determine whether age-related changes in re-
sponse to atracurium occur, we determined the phar-
macokinetics and pharmacodynamics of atracurium in el-
derly patients and compared these values with those
obtained in young adults in a previous study.®

Methods

We obtained approval from the Committee on Human
Research and informed consent to study five patients (74—
76 yr of age, ASA Physical Status 1 or 2) who were un-
dergoing elective surgical procedures not involving the
liver or kidney. Patients had no historical or laboratory
evidence of renal, hepatic, or neuromuscular disease.

Anesthesia was induced with 1-2 mg/kg thiopental iv
and inhalation of halothane in 60% nitrous oxide via a
face mask. The trachea was intubated without the aid of
muscle relaxants. Anesthesia was maintained with 60%
nitrous oxide and 0.5% end-tidal halothane (0.85 MAC,
age-adjusted®), monitored by mass spectrometry. Venti-
lation was controlled to keep end-expired Pco, at 30-40
mmHg. Esophageal temperature was maintained at 35—
37° C. The ulnar nerve was stimulated via subcutaneous
needle electrodes placed at the wrist, using a Grass® S88
nerve stimulator. Supramaximal single stimuli of 0.15 ms
duration were delivered at 0.1 Hz. The evoked twitch
tension of the adductor pollicis muscle was measured by
a Gould Statham® UTGC3 force transducer attached to
the thumb and recorded on a polygraph.

After anesthetic conditions and twitch tension were
stable for at least 15 min, atracurium was infused at 16.3
* 2.8 pg-kg™' +min~! (mean + SD) until twitch tension
was depressed approximately 70%; the duration of infu-
sion was 10.2 #+ 2.2 min. Heparinized venous blood sam-
ples (5 ml each) were obtained from the contralateral arm
prior toand 2, 4, 6, 8, 10, 15, 20, 25, 30, 37.5, 45, 52.5,
60, 70, 80, 90, 100, 110, and 120 min after the start of
the infusion. Samples were centrifuged immediately and
the plasma was acidified with 3N sulfuric acid and stored
at —20° C. The concentration of atracurium was deter-
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F1G. 1. Data obtained in vitro for a representative subject. Atracurium
(100 pg) was added to 25 ml of whole blood maintained at physiologic
pH and temperature. Blood samples were obtained at the indicated
time intervals to determine the concentration of atracurium. Circles
represent the measured concentration and the line represents the fitted
function as determined by linear regression.

mined by ion-exchange liquid chromatography,'® with the
extraction modified to utilize AASP Cg cartridges instead
of SepPak Cs cartridges. This assay is sensitive to 10 ng/
ml with a coefficient of variation of 7% at a concentration
of 50 ng/ml.

Plasma concentrations of atracurium were plotted
against time and fitted to a two-compartment pharma-
cokinetic model, modified to account for different elim-
ination rate constants from the central (kgrgan + Krnonorgan)
and peripheral (Knonorgan) compartments,6 using nonlinear
least-squares regression analysis.'!

To determine Kponorgan, the rate constant for elimina-
tion of atracurium from the peripheral compartment (sum
of elimination rate constants for Hofmann elimination
and ester hydrolysis®), an additional 25 ml of blood was
obtained from each patient prior to administration of
atracurium. This blood was placed in a sealed vessel,
equilibrated with 5% COg and 95% O, and agitated con-
stantly. The blood was maintained at pH 7.35-7.45 and
body temperature (35-37° C). Atracurium, 100 pg, was
then added to the blood, and plasma samples were ob-
tained at 3, 30, 60, 90, and 120 min to determine atra-
curium concentration. Values for natural log atracurium
concentration were plotted against time, and the slope
(—Knonorgan) Was calculated by least-squares linear regres-
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sion. Values obtained in vivo and in vitro for each patient
were then used in the pharmacokinetic model® to deter-
mine volume of distribution at steady state (V,), elimi-
nation half-life (t; ,98), clearance by pathways other than
Hofmann elimination and ester hydrolysis (Clorgan), clear-
ance by Hofmann elimination and ester hydrolysis
(Clnonorgan), and total clearance (Cliopa)-

The pharmacodynamic parameters, steady state plasma
concentration producing 50% depression of twitch tension
(Csso)» the term that describes sigmoidicity of the rela-
tionship between atracurium concentration at the neu-
romuscular junction and twitch depression (), and the
rate of equilibration of the muscle relaxant between
plasma and site of action (k..), were determined using the
method of Sheiner et al.'?

Results

For all subjects the plasma decay curve for atracurium
in vitro was logarithmic, i.e., log atracurium concentra-
tion versus time was linear (fig. 1). The elimination rate
constant for Hofmann elimination and ester hydrolysis
(Knonorgan) Was 0.025 + 0.001 min™' (mean * SD) (table
1). Log atracurium concentration versus time from the
data obtained in vivo and the fitted function for all subjects
are shown in figure 2 along with data obtained from a
previous study in young adults.® V, and t, 98 were 188
+ 61 ml/kg and 21.8 = 3.3 min, respectively. Clogan,
Clionorgans and Clgw were 1.7 + 0.9, 4.7 £ 1.6, and 6.5
+ 1.1 ml-kg™' - min™', respectively.

The twitch tension data and the fitted pharmacody-
namic function for a representative subject are shown in
figure 3. Pharmacodynamic parameters, Cy,,, ¥, and ke,
were 449 + 101 ng/ml, 4.1 + 1.2,and 0.13  0.08 min™",
respectively (table 2).

Discussion

Because of its unique pathways of metabolism, atra-
curium is eliminated from both plasma (central compart-
ment) and tissue (peripheral compartment). Traditional
pharmacokinetic models, assuming elimination from the
central compartment only, do not completely describe
the pharmacokinetics of atracurium.'® Using a traditional
pharmacokinetic model, deBros et al.'* determined t; /o8

TABLE 1. Pharmacokinetic Values for Atracurium in the Elderly

Age Knonorgan U Va Cliowt Cluonorgan Clyrgan
(yr) (min~!) (min) (ml/kg) (mi-kg™' -min”") (ml kg™ - min!) (ml-kg~t - min™")
74 0.0241 20.4 154 6.1 3.7 2.4
74 0.0239 19.8 144 5.6 34 2.2
75 0.0262 18.2 147 6.4 3.9 2.5
76 0.0259 25.7 209 5.8 5.4 0.4
76 0.0252 24.8 287 8.4 7.2 1.2
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FiG. 2. Pharmacokinetic data
obtained in vivo from all five elderly
subjects in this study. Atracurium
was administered at 16.3 + 2.8
pg-kg™'-min~! (mean * SD) for
10.2 = 2.2 min. Circles represent
the measured concentrations and
the line represents the fitted func-
tion as determined by nonlinear
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(19.1 = 4.0 min, mean * SE), Clou (6.4 = 0.7
ml-kg™' -min~!), and V4 (171.8 £ 18.0 ml/kg) in the
elderly. These values for t; 58 and Clig, are similar to
those obtained in the present study. By utilizing a model
that accounts for elimination from both compartments,®
we determined not only the parameters calculated by tra-
ditional pharmacokinetic models but also V, and the rel-
ative contributions of Clyonorgan and Clorgan t0 Cliggar .

We compared our results with those obtained previ-
ously in five young adults (table 3, fig. 2).® These young
adults were anesthetized in a manner similar to that in
the present study: end-tidal halothane concentrations were
maintained at 0.85 MAC, age-adjusted®'® in both studies,
ie., 0.7% in young adults and 0.5% in the elderly. Atra-
curium was infused using the same technique for both
studies and blood samples were obtained and analyzed
using the same personnel and analytic technique in each
study. The major difference between studies was that the
ulnar nerve was stimulated at 0.15 Hz in young adults
and 0.1 Hz in the elderly. Pharmacokinetic values for
four of these young adults have been reported previously.®

We found that V, was larger in elderly patients com-
pared with that in young adults (P < 0.05 by the Mann-
Whitney U test). Because atracurium probably distributes
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regression. Pharmacokinetic data
obtained from five young adults in
a previous study are included for
comparison.®

100 120

into the extracellular fluid (ECF) space, we expected mat-
urational decreases in ECF volume to decrease V. How-
ever, because atracurium is highly protein bound (80%'?),
the larger V, in the elderly may result from age-related
decreases in protein binding.”

We found that Cl,,, was similar in both groups. Be-
cause Clyonorgan 15 the product of Vi and kngnorgan 9 an
increase in Vg in elderly patients without a change in
Knonorgan Tesulted in an increase in Clygnorgan in elderly
compared with young adults. However, Clorgn was less in
elderly patients, possibly a result of age-related decreases
in metabolic function of the liver and kidney.'® Changes
in Clyonorgan and Cloggan counterbalanced to produce no
age-related change in Cligpa

We found no difference in neuromuscular junction
sensitivity to atracurium between elderly and young pa-
tients. These results are consistent with those from pre-
vious studies with pancuronium,'* d-tubocurarine,? met-
ocurine,? and vecuronium® in which no significant age-
related differences in neuromuscular junction sensitivity
to these agents could be demonstrated.

The neuromuscular response of elderly subjects to
atracurium has been investigated by d’Hollander et al.®
Although they did not determine the pharmacokinetics
of atracurium, their results can be interpreted in the con-
text of our pharmacokinetic and pharmacodynamic data.
They evaluated dose requirements for atracurium to
maintain 90% twitch depression and found no difference
between the different age groups. Because steady state
infusion requirement is the product of steady state plasma
concentration and Clyq, our results (no change in Cg,,
or Clip in the elderly) are consistent with their findings.

TABLE 2. Pharmacodynamic Values for Atracurium in the Elderly

| | | | |
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FiG. 3. Pharmacodynamic data obtained from the same subject as
in figure 1. Atracurium was administered at 15.2 pg-kg™' - min~! for
11.0 min. Solid circles represent the observed twitch depression and
the line represents the fitted pharmacodynamic model. (Reprinted from
Fisher et al.? Used with permission.)

Age Cas,,

(yr) (ng/ml) v (min™")
74 566 4.2 0.087
74 546 5.0 0.125
75 360 3.9 0.119
76 422 2.2 0.265
76 353 5.2 0.078
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TABLE 3. Values (mean + SD) for Pharmacokinetic and
Pharmacodynamic Parameters for Atracurium
in Elderly and Young Adults

Elderly Adults Young Adults*
(n=15) (n=5)

Age (yr) 75 + 14 33+ 10
Knonorgan (min™") 0.025 + 0.001 0.022 + 0.003
t1/28 (min) 21.8 + 3.3t 15.7 £ 2.5
V., (ml/kg) 188 + 61 98 + 93
Clig (ml - kg™ + min™") 6.5 + 1.1 53 +0.9
Cluanorgen (ml kg™ +min™) 4.7 + 1.6F 2.9+ 0.6
Clorgan (ml+ kg™ +min™) 1.7 + 0.9F 3.1+0.9
Casg, (ng/ml) 449 # 101 436 + 121
Y 4.1x12 4.6+ 1.1
Keo (min™1) 0.13 £ 0.08 0.12 + 0.06

* From Fisher et al.® used with permission.
+ Different (P < 0.05) from young adults by Mann-Whitney U test.

d’Hollander et al.® also reported that recovery (time re-
quired for twitch tension to recover from 25% to 75% of
control) from a steady state infusion of atracurium in el-
derly patients was not different from young adults. Be-
cause recovery of neuromuscular function after a steady
state infusion of atracurium varies as a function of t; /98,
their results suggest that t, o8 is similar in elderly and
young adults. This contrasts to our finding that t, 98 was
slightly longer in the elderly (table 1). Although mean
values for recovery time reported by d'Hollander et al.?
were similar for different age groups, the large variability
(10-24 min) in their results may prevent one from de-
tecting small age-related differences.

We conclude that the pharmacokinetics, but not the
pharmacodynamics, of atracurium differ between elderly
and young adults. As a result, a slightly larger initial dose
of atracurium may be required in elderly patients to ac-
count for the larger Vg in these patients. Because Cliu)
for atracurium is similar in both groups, second and sub-
sequent doses of atracurium will be required with similar
frequency in elderly and young adults. However, recovery
from comparable levels of neuromuscular blockade might
be slightly prolonged in elderly patients due to a slight
increase in elimination half-life.
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Appendix

Pharmacokinetic properties of atracurium can be described

using a two-compartment model in which atracurium is admin-
istered into the central compartment and moves between the
central and peripheral compartments at rate constants ks and
kg, . Elimination from the central compartment is described by
the sum of kHofmann degradation s kes!er hydrolysis » and korgzm I organ
elimination occurs only from the central compartment, the
rate constant for elimination from the peripheral compart-
ment (Knonorgan) Would equal the sum of kyofmann degradation and
Keter hydrolysis- Assuming that the sum of Kuofmann degradation and
Kegter hyarolysis iS the same in both compartments, its value may be
estimated in vitro using blood maintained at physiologic pH and
temperature. The in vitro rate constant is called knonorgan- Phar-
macokinetic data were obtained by fitting the sum of two ex-
ponential terms (C = Ae™ + Be™) to the in vivo plasma con-
centration of atracurium versus time data. The pharmacokinetic
data obtained from both in vitro and in vivo studies were used to
determine t; /28, Clorgans Clnonorgans Cliott, and Vy, for each subject.
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