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Background: Cardiopulmonary bypass (CPB) induces
changes in the pharmacokinetics of drugs. The purpose of this
study was to model the pharmacokinetics of alfentanil in chil-
dren undergoing cardiac surgery to provide accurate dosage
titration intraoperatively as well as in the postoperative pe-
riod.

Methods: Fourteen children (aged 3 months to 8 yr) under-
going cardiac surgery with CPB were administered alfentanil
viaa computer-controlled infusion pump. During surgery, the
computer-controlled infusion pump was set to target plasma
alfentanil concentrations of 500-2500 ug/ml. After surgery,
the computer-controlled infusion pump was set to target
plasma concentrations of 200-500 ug/ml. Parameters for chil-
dren previously published by Goresky et al. were programmed
into the device. Arterial blood samples were taken throughout
the infusion. Plasma samples were assayed by radioimmu-
noassay. Alfentanil pharmacokinetics were estimated using a
pooled-data approach with a simple weight-proportional,
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three-compartment mamillary model with parameters ex

pressed in volumes and clearances as well as a CPB-adjuste| |

three-compartment model in which the parameters were a |

lowed to change before, during, and after CPB. The accuraci[ |

of the three models was compared using cross-validation. § |

Results: Plasma alfentanil concentrations during compute%
controlled infusion pump administration exceeded targe%
concentrations for the first 10 min of drug administratios§;
and from 300 min to the end of the study. The median absolug
performance error was 33%. Pharmacokinetic modeling esty
mated a set of parameters for a simple three-compartmerit
model with a median absolute weighted residual of 18.4%. 32
CPB-adjusted model nominally decreased the median ahsolué
weighted residual to 17.0%. The performance of these model8
as measured by cross-validation performance was 18.9% me
dian absolute performance error for the simple model ang
18.4% median absolute performance error for the CPB—adiusteg
model. Parameters for the simple three-compartment modd
are: V, = 19.2 ml-kg™; V, = 99 ml-kg’; V; = 2344 ml-kg §
Cl, = 2.5ml-kg ' min *; Cl, = 38 ml-kg - min'; and Cl, = 1§
ml-kg '-min'. In the CPB-adjusted model V,, V;, and ck
changed with the onset of CPB. After CPB, V, and Cl, retumeé
to the initial values, while V, was described by a third valu§

Conclusions: The population pharmacokinetics of alfentandl
in children undergoing cardiac surgery were well described
by both a simple weight-proportional, three—compartmeigt
model and a weight-proportional, CPB-adjusted three-cong-
partment model. Cross-validation estimated an expected me-
dian inaccuracy of approximately 18-20% with the estimated
models in identical experimental circumstances. The flexibk
CPB-adjusted pharmacokinetic model could be used for mo&
eling any drug with linear pharmacokinetics given in the cor
text of CPB. (Key words: Anesthesia, pediatric: cardiac; intra-
venous. Equipment: cardiopulmonary bypass; computer-con-
trolled infusion pump. Pharmacokinetics: alfentanil. Statistics:
cross-validation.)

CHILDREN often require overnight ventilation of their
lungs after cardiac surgery. During this interval of 12—
18 hr, a child may become agitated if inadequately se-
dated. Agitation increases blood pressure and heart rate,
possibly posing a risk to the child. In our pediatric in-
tensive care unit, various combinations of morphine,
midazolam, and fentanyl infusions were tried during pa-
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tients’ first postoperative nights to provide adequate se-
dation. Children who were adequately sedated the night
after surgery were often excessively sedated the next
morning, necessitating continued controlled ventilation.

We attempted to solve this clinical dilemma by se-
dating children using a computer-controlled infusion
of alfentanil. Alfentanil was chosen because the phar-
macokinetics in adults suggested that after a prolonged
infusion, 7.e., longer than 8 hr, recovery characteristics
were the most favorable of all available opioids.' Al-
fentanil administered by computer-controlled infusion
pump (CCIP) was the primary anesthetic during sur-
gery and provided postoperative analgesia and sedation
overnight after surgery.

Many investigators have described the influence of
cardiopulmonary bypass (CPB) on the plasma concen-
trations of drugs used during anesthesia.”’™® Most of
these studies have described the concentrations over
time, without developing quantitative pharmacokinetic
models that can be used for improved drug adminis-
tration during and after CPB. The purpose of this study
was to model the pharmacokinetics of alfentanil in
children undergoing cardiac surgery, and to develop a
pharmacokinetic model appropriate for both intra-
operative titration and postoperative sedation.

Materials and Methods

Clinical Study

After Institutional Review Board approval of the pro-
tocol, 14 children, aged 3 months to 8 yr, undergoing
cardiac surgery with the use of CPB were studied with
the written informed consent of their parents. Of the
14 patients, 9 were younger than 1 yr, and 5 were aged
1-8 yr (table 1). The opioid alfentanil was infused
with a computer-controlled infusion pump (CCIP),
programmed with parameters obtained from normal
healthy children” to maintain a constant plasma alfen-
tanil target concentration. Anesthesia was induced with
halothane by mask. After induction of anesthesia, the
children received alfentanil for maintenance of anes-
thesia supplemented as needed with isoflurane 0.5—
1.0% to provide hemodynamic stability. Vecuronium
was administered to provide muscle relaxation. The
patients received alfentanil by CCIP for up to 24 hr
for postoperative analgesia and sedation. If agitation
could not be controlled with alfentanil alone supple-
mental midazolam was administered.

The alfentanil was titrated as follows. The initial al-
fentanil target plasma concentration was 500 ng/ml,
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Table 1. Demographic and Clinical Data for the
14 Children Studied

Prime solution Time
Patient Age Weight Total Volume on CPB

No. (mo) (kg) Diagnosis (ml) (min)
1 4 S0 ET 600 86
2 12 6.11 ASD 675 26
3 3 3.96 AV canal 650 95
4 11 6.7 AV canal 650 100
5 12.5 8 VSD 595 92
6 i/ 6.95 VSD 760 37
7 17 9 VSD 100 56
8 41 145 ASD 800 27
9 74 6.1 VSD 650 58
10 4 4.8 ER 700 71
1 24 i12:3 ER 850 81
2 101 2515 VSD 1155 45
13 4.5 6.55 TE 900 83
14 45 6.3 E 950 92

ASD = atrial septal defect; VSD = ventricular septal defect; TET = tetralogy of
Fallot; PVS = pulmonary vein stenosis; CPB = cardiopulmonary bypass.

which was maintained until just before sternotomy,
when it was increased to 1000 ng/ml. Immediately
before the initiation of cardiopulmonary bypass the
target concentration was increased to 1500 ng/ml. If
the child responded hemodynamically to sternotomy
or other surgical stimulation the target concentration
was increased by 250-500 ng/ml. The highest target
alfentanil concentration required was 2500 ng/ml. Af-
ter termination of CPB the concentration was decreased
to 1000 ng/ml, and then further decreased as clinically
tolerated. In the intensive care unit, the target concen-
tration was decreased to 500 ng/ml and from there
further decreased as tolerated. The morning after sur-
gery, the alfentanil infusion was discontinued and the
patient’s trachea was extubated.

Twenty to forty one-milliliter arterial blood samples
were drawn from each child for plasma alfentanil de-
termination. Samples were drawn at 1, 2, 6, 10, 15,
20, 22, 25, 30, 45, and 60 min after initiation of the
COIRRIR SR 4RI 28V 832 47 and 60 min after the
onset of CPB, and 5, 10, 15, 20, 25, and 30 min after
termination of CPB. In the intensive care unit, samples
were taken every 15 min for the first hour, and then
every hour for a total period of 24 hr. After excluding
the nearly random sample (explained in results section)
taken 1 min after the onset of CPB, the total number
of samples was 478. Plasma samples were assayed by
radioimmunoassay, with a lower quantitation limit
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of 4.4 ng/ml,
than 5%.'°

and a between-day variation of less

Computer-controlled Infusion Pump

The CCIP administered an exponentially declining
infusion, adjusted every 10 s to maintain a constant
plasma alfentanil concentration. The parameters for the
pharmacokinetic model in the CCIP were taken from
a previous study of alfentanil pharmacokinetics in chil-
dren by Goresky and colleagues’ in which the authors
derived two different sets of pharmacokinetics for chil-
dren younger and older than 1 yr of age based on a
two-compartment model. The computer created a disk
file with a record of each 10-s infusion. This disk file
provided the detailed infusion record used by MKMO-
DEL™ in the pharmacokinetic modeling.

The CCIP consisted of an 80286 portable computer
running MS-DOS connected to a Harvard Pump 22
(Harvard Apparatus, Boston, MA). The CCIP ran the
software program STANPUMP. The CCIP hardware
and software have been described in detail previ-
ously.''=1?

The performance of the CCIP was measured using
the performance error (PE), defined as:

MiSIE
PE == @007}
P
where M is the measured concentration and P is the
concentration predicted by the pump. The predicted
concentration was the same as the target plasma con-
centration except immediately after requesting a lower
target concentration, when the infusion stopped while
the predicted concentration declined to the desired
target concentration. The overall performance of the
CCIP was described using the median absolute perfor-
mance error, MDAPE, defined as:

MDAPE = median (|PE,|,|PE,, . . .,

PE,|)

for n = total number of observations.

The bias in the performance of the CCIP was de-
scribed using the median performance error, MDPE,
defined as:
median performance error

= mediani(BPEf BE; P )

" Available from the author, Nicholas Holford, M.Sc., M.R.C.P.
(U.K.), F.RA.C.P., Department of Pharmacology and Clinical Phar-
macology, School of Medicine, University of Auckland, Private Bag,
Auckland, New Zealand.
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Pharmacokinetic Analysis

Simple Pharmacokinetic Model. Two- and three-
compartment mamillary models with parameters ex-
pressed in volumes and clearances were estimated using
the nonlinear regression program MKMODEL."* Data
from the whole study period were included and the
use of CPB was not a consideration. The log-likelihood
was used as an objective function to optimize param-
eters as well as to validate the choice of a three-com-
partment over a two-compartment model.

CPB-adjusted Pharmacokinetic Model. We defined
the pre-CPB period as starting at the beginning of the
alfentanil infusion and continuing through the moment
the bypass pump was started. The CPB period was the

interval between when the bypass pump was started
and when it was turned off. The post-CPB period ex-
tended from the discontinuation of bypass until the
end of blood sampling. Overnight sedation was pro-
vided by alfentanil, so the post-CPB period extended
for many hours after the end of surgery.

We assumed that during each period the pharmaco-
kinetics were linear, and were best described by a
triexponential disposition function:

n

UDF = > Ae ™,

=
where UDF = unit disposition function and n = 3 for
a three-compartment model. We interpreted the dis-
position function within each time period as repre-
senting the volumes and clearances of a three-com-
partment mamillary model, as shown in figure 1. At the
time of each transition (i.e., pre-CPB to CPB and CPB
to post-CPB), we assumed that the amount of drug in
the two peripheral compartments did not change.
However, both the volume of the compartment and the
associated intercompartmental clearance were permit-
ted to change with the transition on or off CPB.

The central compartment was accounted for in a dif-
ferent manner, reflecting the influence of the bypass
reservoir. At the onset of CPB, V, was handled just as
the volume was handled for the other compartments.
The amount of drug in the central compartment did
not change, but the volume was allowed to change
acutely, producing a step change in the measured con-
centration. This acute volume change was intended to
model the sudden hemodilution produced by addition
of the pump prime and CPB reservoir volume to the
patient’s circulating blood volume. At the conclusion
of CPB, we assumed that the concentration in the cen-
tral compartment remained constant, but that the vol-
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Theoretical Model

Cl,
V, ol
r 7
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. : - ON :
Fig. 1. Theoretical cardiopulmonary- !
bypass-adjusted pharmacokinetic BYPASS :
model. The parameters of the multi- Y Cl, crB
compartmental model are allowed to i
change in the three different periods V,crB e
delimited by onset and weaning from '
cardiopulmonary bypass.
Ayl
OFF = | .
BYPASS : :
A4 Cl; post & Cls PoST
S AT e T gl N
Zm=

ume acutely decreased. This permitted loss of alfentanil
to the bypass pump when CPB was terminated. Thus,
the amount of drug in V, was allowed to change acutely
at the end of bypass, whereas the amounts in the other
compartments were not permitted to change acutely
at the end of bypass.

Thus, both volumes and clearances were assumed to
change acutely with the onset and offset of CPB, but
the amounts of drug in the compartments were assumed
not to change, except for the amount in the central
compartment at the conclusion of CPB. We also as-
sumed that the physiologic changes in each period were
sudden and persisted for the whole specific period.
Our assumptions are only approximations. The extent
to which they permitted us to describe the alfentanil
concentrations observed with the onset and offset of
CPB measure how well these simple modeling as-
sumptions accounted for the influence of the true
physiologic changes on plasma alfentanil concentra-
tion.

MKMODEL was used for the nonlinear regression
analysis and was programmed to simultaneously fit up
to 18 parameters: 3 volumes and 3 clearances for each
time interval (pre-CPB, during CPB, and post-CPB). The
model was developed by starting with the assumption
that the three volumes and three clearances did not
change with the transition on and off CPB. Individual
volumes and clearance terms, reflecting the changes
with the transition, were then individually added to
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Cl, posT

the model. If the log likelihood increased by 2, then
the additional parameter was considered justified."”
Additionally, before we added a new volume and clear-
ance term describing the pharmacokinetics in the post-
bypass period, we investigated the performance of the
volume or clearance parameters from the two previous
intervals (Z.e., pre-CPB or during CPB) to see if either
term adequately described the data (as measured by
log likelihood). In this way, a parsimonious model was
developed which described with as few terms as pos-
sible the pharmacokinetic changes associated with CPB.

The simple and CPB-adjusted pharmacokinetic mod-
els were estimated by fitting the parameters of the
model to the data from all children simultaneously
(naive pooled data approach), although individual co-
variates and infusion profiles were included in the
model."”'® The errors tended to be proportional to the
predicted concentration, so we used the constant coef-
ficient of variation model for the variance:

Variance = oP?

where o is the variance scale parameter set so the sum
of the weighted squared errors equals the number of
observations and P is the predicted concentration. Log
likelihood was the objective function. The statistical
significance of adding a new parameter to the existing
model was tested and the new model was considered
better if log likelihood increased by approximately 2
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(for the first test, and progressively more stringent Cri-
teria for subsequent tests)."’

Although we used log likelihood as the objective
function, we cannot ascribe a clinical interpretation to
values of log likelihood. Therefore, we measured the
ability of the model to predict the observations from
which it arose in terms of the weighted residual (WR),
in percent, defined as:

M P
WR = p X 100%,

where M was the observed concentration and P was
the predicted concentration. The median absolute
weighted residual (MDAWR) is therefore a measure of
the median inaccuracy of the fit, while the median
weighted residual (MDWR) provides a measure of the
bias of the fit. Analogous to the definitions of MDAPE
and median performance error used to prospectively
measure CCIP performance of the Goresky parameter
sets,” MDAWR and MDWR are defined as:

MDAWR = median (IW'RII, |\¥'R3\ ..... \\X"RHI)
and

MDWR = median (WR;, WR;, . . ., WR,)

The weighted residual is a retrospective analysis of
the quality of the fit, whereas the performance error is
a prospective analysis of CCIP performance. The mea-
sures of error are identical in form to permit estimation
of the improvement in performance that might be ex-
pected from the derived pharmacokinetic parameters.
Because some of the random error invariably is de-
scribed by the estimated pharmacokinetic parameters,
the weighted residuals overestimate the expected ac-
curacy of the pharmacokinetic parameters.

Cross-validation. We did not have the opportunity
to test the derived pharmacokinetic models prospec-
tively. Therefore, we estimated how well the new
pharmacokinetic models were likely to perform in
prospective tests using cross-validation.'® We cross-
validated both the simple three-compartment model
and the CPB-adjusted model. To perform the cross-val-
idation, we re-estimated the model parameters 14
times. In each re-estimation step, the data from a single
child were excluded from the analysis. We then ana-
lyzed, for each excluded child, how well the submodel
estimated from the other 13 children predicted the
observations in the excluded child. Because the child’s
data were not used to develop the model, the difference
between the model prediction and the observed con-
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centration is a nearly unbiased estimate of the predic-
tive ability of the model.

The uhifity of each of the 14 sub-models to predict
the concentrations in the excluded child was measured
as the cross-validation error (CV), defined as:

M B
CV = ——— X 100%,
P

apeojumoq

where M is the measured concentration in the excluded 2
child and P is the concentration predicted by the sub-
model estimated from the observations in the other 13§
children. The overall performance of the model in the g
cross-validation was described using the median ab
solute cross-validation error, MDACYV, defined as:

B//:aRY wol

I!S'Z

CV,|,

GV =i

MDACV = median ( CV.)

SSUBR/WO0D JIBYDIBA]

for n = total number of observations. The bias of theg

. . . » [v]
model in the cross-validation was measured in termsg
of the median cross-validation error, MDCV, defi

=
=
o
(=%

as:
MDCV = median (CV;, CV,, . . ., CV,)

We also graphed the performance errors in the cross-
validation study for each of the 14 children, displaying
for each child the error in predicting that child’s ob-
servations using the submodel calculated from the
other 13 children.

Residual errors are favorably biased, in that theyg
overestimate the predictive ability of the model by in-é
corporating some of the noise in the observations intog
the model parameters. The “‘leave-one-out’ approachg
to cross-validation provides an approximately unbiased%
estimator of the expected error between the models
prediction and the measured concentrations.'” The bias%'.
occurs because the individual submodels in the “‘leave-2
one-out’’ approach are developed with one less indi-Z
vidual than the final model, and hence are less accurateg
than the final model. Thus, the predictive ability of the™
final model would be expected to be slightly better
(under identical experimental circumstances) than the
predictive ability calculated using cross-validation. In
other words, cross-validation is a conservative mea-
surement of the expected error in prediction.

v/y76/S/€8/4Pd-al01E/ABO

1-2¥50000/9€66!

Results

Alfentanil infusion provided clinically unremarkable
anesthesia in the 14 children. All children had their
trachea extubated on the first postoperative day. The

:
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hardware performed well except for one instance in
which the surgical electrocautery erased the internal
memory of the Harvard Pump 22, causing a brief, rapid
infusion of alfentanil. The STANPUMP software was al-
tered to automatically detect and recover from memory
loss in the Harvard Pump. No other problems were
observed.

The alfentanil concentration from the arterial sample
gathered 1 min after the onset of CPB was almost totally
random (range 27.9-705 ng/ml) reflecting the acute
dilution from the bypass pump priming solution. Even
the CPB-adjusted model could not accurately predict
the sample drawn 1 min after starting CPB. Therefore,
this sample was deleted from the analysis. No other
observations were deleted.

Pharmacokinetic parameters for children as reported
by Goresky and colleagues’ are shown in table 2. Figure
2 (top) shows the median and worst performance of
the pharmacokinetics reported by Goresky et al.’ The
performance errors for all 14 children are shown in
figure 3 (top). The prospective testing of Goresky’s
pharmacokinetics with the CCIP yielded a median per-
formance error (bias) of +24% in children younger

Table 2. Goresky Pharmacokinetic Parameters for Children’

<1 Year >1 Year
Old Old
Volumes (ml-kg™)
V, 246 213
V, 205 190
Vss 451 403
Clearances (ml-kg™"'-min~")
Cly 8.86 7.84
Cl, 3.69 3.58
Fractional coefficients (unitless)
A 0.85 0.85
B 0.15 0.15
Exponents (min~")
« 0.0578 0.0610
B 0.0112 0.0113
Half-lives (min)
tiz a 12 11
ty2 B 62 61
Micro-rate constants (min~")
K1o 0.036 0.037
K12 0.015 0.017
k21 0.018 0.037
MDPE (%) +24 -7
MDAPE (%) 34 32

MDPE = median performance error, MDAPE = median absolute performance
error.

* As implemented into the STANPUMP program.
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Median Worst
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Fig. 2. Median and worst prediction ability based on Goresky’s
pharmacokinetics (4, and 4,), the simple three-compartment
model (B, and B,) and the cardiopulmonary-bypass-adjusted
three-compartment model (C; and G,).

than 1 yr, and of —7% in children older than 1 yr. The
MDAPE (inaccuracy) was 34% in children younger than
1 yr, and 32% in children older than 1 yr. Before 10
min elapsed, the CCIP consistently produced an over-
shoot of the target concentration. An overshoot also
was observed after 300 min, and this error increased
over time (fig. 3, top). Examination of the performance
errors from 10 to 300 min suggests that within these
time points the Goresky model was more accurate than
at earlier or later times. The MDAPE during the interval
from 10 to 300 min was 27.8% in children younger
than 1 yr, and was 24.1% in children older than 1 yr.

Table 3 shows the pharmacokinetics for the simple
three-compartment model derived from the pooled data
analysis. The clearance of alfentanil in our children
was approximately 30% of the clearance estimated by
Goresky and colleagues.” The Vd,, in our population
was nearly fivefold larger (451 ml-kg™' (<1 yr) and
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—— Pre and Post CPB
During CPB

01/ Prospective performance: Goresky parameters

10

Measured/Predicted

Retrospective residuals: simple model

10 |

01 J Cross validation: simple model

1 10 100 1000
Minutes since beginning of infusion

Fig. 3. The top panel shows the performance errors over time
in the 14 children observed prospectively with a computer-
controlled infusion pump infusion based on Goresky’s phar-
macokinetics. The middle panel shows the weighted residual
errors over time in the same 14 children, based on the simple
three-compartment model of alfentanil. The bottom panel
shows the cross-validation errors of the 14 submodels of the
three-compartment model in the child excluded from each
submodel. The errors on the Y axis are 1 plus the error term
as described in the text. The addition of 1 is required to graph
the errors on a logarithmic axis.

403 ml-kg ' (>1yr) vs. 2462 ml-kg "). The reduced
clearance and larger Vd,, accounted for the slower
elimination half-life of alfentanil (799 vs. 60 min) ob-
served in this study. The median and worst fits for the
three-compartment model are shown in figure 2 (mid-
dle, B, and B,). Figure 3 (middle) shows the weighted
residuals for the simple three-compartment model for
all 14 children. The parameters estimated for a simple
three-compartment model described the data well, with
an MDAWR of 18.4% and an MDWR of —3.7%. The
MDACV and MDCV estimated using cross-validation
were 18.9% and —3.6%, respectively. The ability of the

Anesthesiology, V 83, No 5, Nov 1995

14 submodels of the cross-validation to predict the |
concentrations in the excluded child is shown in figure |
3 (lower).

Table 4 shows the volumes and clearances of the CPB- |
adjusted model of alfentanil. The data supported only |
changing 3 parameters with the onset of CPB: V,, V,, )
and Cl, . After termination of CPB, V, and Cl, rcturnccg
to their initial values, whereas V, increased slightlygz
The CPB-adjusted model was favored over the simplé&
three-compartment model by an increase in log likc%’r

lihood of 18. Figure 4 shows the optimal CPB-adjusted

model. ¢
N
o,
3
g
B
Table 3. Pharmacokinetic Parameters for the Simple Three- 533
compartment Model oy
@
Estimated parameters g
Volumes (ml-kg ™) 2
Vi 1920 =
Va gY i
Vs 2344 &
Clearance (ml-kg '-min™") 2
Cl 2.5 a
©
Cl, 38 S
Cly 15 8
Parameters calculated from volumes and clearances é
Vs (MI/KQ) 2462 8
Fractional coefficients (unitless) §
A 0:0]1s
B 008 &
C 001 3
Exponents (min~") e
a il &
B 0114 g
Y 0.0008%
Half-lives (min) e
ti @ 022 £
t2 B 6.1 4
ti2y 799 =
Micro-rate constants (min") %
Kio 0.128 §
Ki2 1.96
Kia 0.779
Kz1 0.380
Ka 0.00638
Weighted residuals (retrospective)
MDAWR 18.4
MDWR — 37

Cross-validation measures
(estimate of prospective performance) (%)
MDACV 18.9
MDCV =316

MDACYV = median absolute cross-validation error; MDCV = median cross-val-

idation error; MDAWR = median absolute weighted residual; MDWR = median
weighted residual.
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Table 4. Estimated Pharmacokinetic Parameters from the
Optimal Weight Proportional, Cardiopulmonary Bypass-
adjusted Three-compartment Model

Prebypass

Volumes (ml-kg™)
V, 9.6
Vv, 80
V, 2,260

Clearances (ml-kg~'-min~")
Cl, 2.4
Cl, 28
Cls 15

With onset of CPB
Volumes (ml-kg™)

Vv, 20"

Vs, 142*

Vs 2,260
Clearances (ml-kg™'-min~")

Cly 2.4

Cl, 16~

Cly 15

With offset of CPB
Volumes (ml-kg™)

V, 9.6t

V, 192

V3 2,260
Clearances (ml-kg™'-min~")

Cl 214

Cl, 28t

Cl; 15

Improvement in log likelihood from simple model: 18
Weighted residuals (retrospective) (%)

MDAWR 17.0

MDWR =218
Cross-validation measures (%)

MDACV 18.4

MDCV —3.0

CPB = cardiopulmonary bypass; MDAWR = median absolute weighted residual;
MDWR = median weighted residual; MDACV = median absolute cross validation
error, MDCV = median cross validation error.

* Parameter change from prebypass.
T Returns postbypass to the prebypass value.
1 Parameter changes postbypass to a new value.

The parameters estimated for the CPB-adjusted model
offered a nominally better description of the observa-
tions than the simple three-compartment model, with
an MDAWR of 17.0% and an MDWR of —2.3%. Figure
2 (lower) shows the median and worst performance of
the CPB-adjusted pharmacokinetic model. The
weighted residuals over time for all children are shown
in figure 5 (top). Comparison of this with figure 3
(middle) confirms that the CPB-adjusted model offered
little improvement in predictive accuracy to the simple
three-compartment model. The MDACV and MDCV of
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the CPB-adjusted model estimated using cross-valida-
tion were 18.4% and —3.0%, respectively. The ability
of the 14 submodels of the cross-validation to predict
the concentrations of the excluded child is shown in
figure 5 (lower).

Discussion

Alfentanil infusion by CCIP provided clinically sat-
isfactory anesthesia and postoperative sedation. Al-
though the pharmacokinetics programmed into the
CCIP were very different from those that describe al-
fentanil in these children, the CCIP provided reason-
able titration of alfentanil during the course of the
study.

The overshoot observed in the first 10 min, and after
300 min likely reflects the use of venous samples and
limited duration of blood sampling in the study by Go-
resky and colleagues.” During the interval from 10 to
300 min, the performance of pump using the Goresky
parameters was reasonably accurate and unbiased (fig.
3, top).

The simple three-compartment model estimated from
these data described the observations well, with a me-
dian residual error of 18.4%. The residual error was
less than that anticipated, given:

1. the underlying physiologic perturbations associated
with anesthesia, cardiac surgery, and cardiopul-
monary bypass®”*'

2. the presence of congenital heart defects, arterio-
venous shunts, and various degrees of heart failure

3. target plasma alfentanil concentrations ranging from
200 to 2500 ng/ml

4. an age range from 3 months to 8 yr

Despite the accumulated influence of these sources
of variability the pharmacokinetic model accurately
predicted the observed concentrations both in retro-
spective measures of residual error and in the cross-
validation.

The CPB-adjusted model resulted in an improved
MDAWR from 18.4% to 17.0%. This represents a re-
duction in the residual error of approximately 8%. This
is only a modest improvement, primarily because of
the good fit to the data with the simple model. The
CPB-adjusted model resulted in improvement in the
estimation of 54% of the observations.

The CPB-adjusted model reduced the magnitude of
the outliers, so that the range from the 10% error to
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the 90% error decreased from —37.4-40.1% with the
simple model to —32.1-39.2% with the CPB-adjusted
model. Outliers might be associated with the greatest
risk of underdose or overdose, and thus the CPB-ad-
justed model might result in a clinical benefit in some
children although the improvement for the typical in-
dividual would be small. Figure 5 shows that the CPB-
adjusted model leaves three obvious outliers in separate
children. In two of those children, the outlier repre-
sents a single terminal data point. The other child has
many misspecified data points at the end of the sam-
pling period. We have examined the characteristics of
these three children and could not identify any meth-
odologic or physiologic reasons to explain the misspe-
cification.

In a previous study of alfentanil administration by
CCIP, the MDAPE ranged from 17% to 55% depending
on the pharmacokinetic parameters used.”* Using the
nonparametric plasma efflux approach, Crankshaw et
al. were able to obtain an MDAPE of 11% during a 1
hr infusion of alfentanil designed to maintain a single
target plasma concentration.”® Our MDAPE of 17.4% is
not as accurate as the results obtained by Crankshaw,
but compares favorably to the previous studies using
pharmacokinetically based target-controlled infusions.

The purpose of this study was to prospectively test
the pharmacokinetics reported by Goresky” and to de-
velop an improved model relating dose to concentra-
tion. The physiology responsible for drug elimination

Optimal Model

from the plasma are processes of systemic clearance
and intercompartmental clearance into anatomic vol-
umes. Therefore, it is intuitively satisfying to report
the parameters of the model in terms of volumes and
clearance, in the belief that the model may reflect the
underlying physiology. However, such models, when
solely based on plasma drug concentrations, are only
a mathematical transformation of the unit disposition
function of the drug (7.e., the impulse response func-
tion). It is likely that the volumes and clearances do
not correspond to specific anatomic structures or func-
tions.

The increase in V, we observed during CPB was likely
caused by the addition of the pump volume to the initial
mixing volume between the venous infusion site and
the arterial sampling site. We found no correlation be-
tween the amount of pump prime and the residual er-
rors. The CPB model did not show changes in systemic
clearance (Cl,) during bypass, a surprising finding be-
cause the children were cooled to a temperature of
28°C during this interval. The lack of change in clear-
ance may be a reflection of the low hepatic clearance
of alfentanil, so that it is not dependent on flow. The
short duration of CPB might have hindered the ability
to identify changes in clearance during bypass. Sensi-
tivity analysis suggested that clearance during CPB
could decrease by as much as 50% without being de-
tected by the regression. The model showed an increase
in the size and intercompartmental clearance of the

Vz v3
Az E A3 E

ON : *

BYPASS Y Fig. 4. Optimal cardiopulmonary-
bypass-adjusted pharmacokinetic
model. A change in four parameters,

V, CcpB V3 V, on CPB, V, on CPB, Cl, on CPB, and
V. post-CPB statistically improved the
! model description of the data.
A, Az
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ME LOST '
BYPASS Y ¥8%MEP OFF “n : 4
cly i Cl3
ARy BN
VorosT ~— V3
cly

Anesthesiology, V 83, No 5, Nov 1995

20z Iudy 81 uo }sanb Aq pd°90000-0001 | 566 1-2¥S0000/9€668 /7 6/S/€8/sPd-a[o1IE/ABO|0ISBUISBUE/WOD JIBYIIBAIS ZESE//:d}Y WOI) papeojumoq




rance

DL

953

PHARMACOKINETICS OF ALFENTANIL IN PEDIATRIC CARDIAC SURGERY

10 |
—— Pre and Post CPB
During CPB
9] d
©
2
O
ki
6‘_ 0.1 Retrospective residuals: CPB-adjusted model
—
ISF 10
—
3
n
©
<))
=
1
gl Cross validation: CPB-adjusted model

1 10 100 1000
Minutes since beginning of infusion

Fig. 5. The top panel shows the weighted residual errors over
time for the weight-proportional, cardiopulmonary-bypass-
adjusted three-compartment model. The bottom panel shows
the cross-validation errors of the 14 submodels of the cardio-
pulmonary-bypass-adjusted three-compartment model in the
child excluded from each submodel.

rapidly equilibrating peripheral compartment during
bypass. It may be that this change in V, reflects an in-
crease in the free fraction of alfentanil, and associated
increased partitioning in the tissues, caused by the
lower temperature. We were not surprised that there
was no change in the size or intercompartmental clear-
ance of the slowly equilibrating compartment, because
the first two time intervals (pre- and during CPB) were
generally less than 1 hr. During this limited interval,
very little information is provided about V5, so its es-
timation in the model is almost entirely derived from
the post-CPB samples. We again emphasize that such
speculations are not relevant to the central point of the
modeling exercise, which was to accurately describe
the relationship between drug input and plasma drug
concentration throughout the perioperative period in
children undergoing CPB.

The modeling was performed using a pooled data
technique. Such a technique may produce biased es-
timates of the pharmacokinetic parameters when the
times, or presence, of the plasma samples are depen-
dent on the pharmacokinetic parameters of the indi-
vidual patient. That was not the case in this study. There
were no samples less than the limits of detection of the
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assay and the samples were all taken at times specified
by the protocol independently of the clinical status of
the patient. We used the pooled data approach previ-
ously to characterize the pharmacokinetics of drugs
administered by CCIP.""'>'%22 In each of these cases,
we prospectively tested the results, and found excellent
performance of the parameters derived with this mod-
eling technique. Thus, we have no reason to suspect
that the pharmacokinetic parameters of either the sim-
ple or CPB-adjusted model would not yield good results
when prospectively applied to a subsequent popula-
tion.

Cross-validation provides a measure of the predictive
ability of the model. While the residual error is a fa-
vorably biased estimate of the predictive ability of the
model, cross-validation provides a nearly unbiased es-
timate of the predictive ability. The predictive accuracy
of the simple three-compartment model decreased from
18.4% median absolute error as estimated by the
weighted residuals to 18.9% median absolute error as
measured using cross-validation. The predictive accu-
racy of the CPB-adjusted model decreased from 17.0%
median absolute error using the weighted residuals to
18.4% median absolute error based on cross-validation.
This suggests that the estimated models are likely to
perform well in truly prospective trials.

Cross-validation is not a prospective trial, but it pro-
vides an estimate of the expected performance of the
model in a truly prospective trial. A truly prospective
trial provides an unbiased measure of the expected
performance of the model, but only under identical
experimental conditions. As observed in the methods,
cross-validation provides a conservative measure of the
expected performance of the model under identical
experimental circumstances. This differs from a truly
prospective test in two ways: (1) as mentioned in
methods, the submodels tested are each constructed
from less data than the final model, and thus would be
expected to perform slightly less well than the final
model; and 2) when the cross-validated model is tested
prospectively, the experimental circumstances are not
identical to the original study because the pharmaco-
kinetics in the CCIP would be the newly estimated
pharmacokinetics, not the pharmacokinetics used in
the original study. The performance might be worse
(or better) than estimated by the cross-validation anal-
ysis. If the pharmacokinetics are linear with respect to
dose then the predictive accuracy of any pharmacoki-
netic parameter set should not be influenced by the
dose administered. However, if the pharmacokinetics
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are not linear with respect to dose, then a truly pro-
spective trial might result in significantly worse per-
formance than estimated using cross-validation. In the
current study, the pharmacokinetics of alfentanil ap-
pear to be linear with dose. This can be inferred from
figures 3 and 5, where the errors appear to be a constant
fraction of the concentration, despite the concentra-
tions spanning four orders of magnitude. Thus, the
cross-validation provides a measure of the expected
performance of the pharmacokinetics in a prospective
study assuming identical experimental conditions other
than the pharmacokinetics programmed into the CCIP.

Cross-validation provides an efficient method to use
all of the available data for model development and
testing. Validation of models often involves splitting
studies into ‘‘learning’” and “‘test’’ data sets. The model
is developed in the learning set, and then tested “‘pro-
spectively” by examining the accuracy of prediction
of the test data. When data are very expensive or scarce,
(e.g., pharmacokinetic studies in pediatric subpopu-
lations), dividing the available data into learning and
test sets reduces the accuracy of the final model by
developing it from a subset of the full data. It also makes
the performance estimated from the test data set less
accurate, again because the estimate is based on a subset
of the full data. Cross-validation, as performed here,
provides an efficient method to use all data for both
model development and validation, with the limitations
discussed earlier. Cross-validation has been applied to
a few prior pharmacokinetic analyses."'®

In conclusion, we prospectively tested alfentanil phar-
macokinetics in a population of children undergoing CPB,
and developed new models to describe the pharmaco-
kinetics of alfentanil in this population. The new model
included allowing for changes in the volumes and clear-
ances at the onset and conclusion of CPB. The final model
described the 478 observations with a median error of
17.0%. Cross-validation suggested the model may perform
nearly as well in prospective studies. The parameters of
the final model may improve our ability to provide anes-
thesia and postoperative analgesia in children undergoing
open heart surgery. Additionally, the approach to mod-
eling pharmacokinetics in the presence of the acute
changes of CPB may improve our ability to accurately
characterize pharmacokinetics of many drugs in patients
undergoing CPB.

Addendum

The STANPUMP program is available by anonymous
FTP from pkpd.icon.palo-alto.med.va.gov in the direc-
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torv STANPUMP.DIR. The observations from this study
and the drug input files are also available by anonymous
FTP from pkpd.icon.palo-alto.med.va.gov in the direc-
tory data.dir/alfentanil.ccipl.dir.

The authors thank Patricia Curtis, M.D., for her assistance in the

initial design of this study

References

1. Shafer SL, Varvel JR: Pharmacokinetics, pharmacodynamics, and
rational opioid selection. ANESTHESIOLOGY 74:53-63, 1991

2. Robbins GR, Wynands JE, Whalley DG, Donati F, Ramsay JG,
Srikant CB, Patel YC: Pharmacokinetics of alfentanil and clinical re-
sponses after cardiac surgery. Can J Anaesth 37:52-57, 1990

3. Koska AJI, Romagnoli A, Kramer WG: Effect of cardiopulmonary
bypass on fentanyl distribution and elimination. Clin Pharmacol Ther
34:703-706, 1983

. Miller KW, McCoy HG, Chan KK, Fischer RP, Lindsay WG, Seifert
RD, Zaske DE: Effect of cardiopulmonary bypass on cefazolin dis-
position. Clin Pharmacol Ther 27:550-556, 1980

5. BentleyJB, Conahan JT, Cork RC: Fentanyl sequestration in lungs
during cardiopulmonary bypass. Clin Pharmacol Ther 703-706, 1983

6. Bovill JG, Sebel PS: Pharmacokinetics of high-dose fentanyl. A
study in patients undergoing cardiac surgery. Br J Anaesth 52:795-
801, 1980

7. Alvis JM, Reves JG, Govier AV, Menkhaus PG, Henling CE, Spain

JA, Bradley E: Computer-assisted continuous infusions of fentanyl

during cardiac anesthesia: Comparison with a manual method. ANES-
THESIOLOGY 63:41-49, 1985

8. Koren G, Goresky G, Crean P, Klein J, MacLeod SM: Unexpected
alterations in fentanyl pharmacokinetics in children undergoing car-
diac surgery: Age related or disease related? Dev Pharmacol Ther 9:
183-191, 1986

9. Goresky GV, Koren G, Sabourin MA, Sale JP, Strunin L: The
pharmacokinetics of alfentanil in children. ANESTHESIOLOGY 67:654—
659, 1987

10. Bjorkman S, Aziz N, Stein D, Stanski DR: Determination of
alfentanil in serum by radioimmunoassay or capillary column gas-
liquid chromatography. A comparison of the assays. Acta Pharm Nord
1:211-220, 1989

11. Shafer SL, Varvel JR, Aziz N, Scott JC: Pharmacokinetics of
fentanyl administered by computer-controlled infusion pump. ANES-
THESIOLOGY 73:1091-1102, 1990

12. Bailey JM, Shafer SL: A simple analytical solution to the three-
compartment pharmacokinetic model suitable for computer-con-
trolled infusion pumps. IEEE Trans Biomed Eng 38:522-525, 1991

13. Shafer SL, Siegel LC, Cooke JE, Scott JC: Testing computer-
controlled infusion pumps by simulation. ANESTHESIOLOGY 68:261—
266, 1988

14. Seber GAF, Wild CJ: Nonlinear Regression. New York, John
Wiley, 1989, p 197

15. Egan TD, Lemmens HJM, Fiset P, Hermann DJ, Muir KT, Stanski
DR, Shafer SL: The pharmacokinetics of the new short-acting opioid
remifentanil (GI87084B) in healthy adult male volunteers. ANESTHE-
SIOLOGY 79:881-892, 1993

16. Kataria BK, Ved SA, Nicodemus HF, Hoy GR, Lea D, Dubois
MY, Mandema JW, Shafer SL: The pharmacokinetics of propofol in

20z Iudy 81 uo 3sanb Aq pd°90000-0001 | 5661-2¥S0000/9E€668 /7 6/S/€8/sPd-a[o1IE/ABO|0ISBUISBUE/WOD JIBYIIBA|IS ZESE//:d}Y WOI) papeojumoq




955

PHARMACOKINETICS OF ALFENTANIL IN PEDIATRIC CARDIAC SURGERY

children using three different data analysis approaches. ANESTHESIOI
0oGY 80:104-122, 1994

17. Bickel PA, Doksum KA: Basic Ideas and Selected Topics, Math-
ematical Statistics. San Francisco, Holden-Day, 1977, pp 209-
2332

18. Modi NB, Veng-Pedersen P, Graham DJ, Dow RJ: Application
of a system analysis approach to population pharmacokinetics and
pharmacodynamics of nicardipine hydrochloride in healthy males. ]
Pharm Sci 82:705-713, 1993

19. Eubank RL: Spline Smoothing and Nonparametric Regression
New York, Marcel Dekker, 1987, p 11.

20. HolleyFO, Ponganis KV, Stanski DR: Effect of cardiopulmonary

Anesthesiology, V 83, No 5, Nov 1995

bypass on the pharmacokinetics of drugs. [Review]. Clin Pharmaco-
kinet 7:234-251, 1982

21. Buylaert WA, Herregods LL, Mortier EP, Bogaert MG: Cardio-
pulmonary bypass and the pharmacokinetics of drugs. An update
[Review]. Clin Pharmacokinet 17:10-26, 1989

22. Raemer DB, Buschman A, Varvel JR, Phillip BK, Johnson MD,
Stein BS, Shafer SL: The prospective use of population pharmacoki-
netics in a computer driven infusion system for alfentanil. ANESTHF
SIOLOGY 73:66-72, 1990

23. Crankshaw DP, Morgan DJ, Beemer GH, Karasawa F Prepro-
grammed infusion of alfentanil to constant arterial plasma concen-
tration. Anesth Analg 76:556-561, 1993

20z Iudy g1 uo }sanb Aq Jpd°90000-0001 | 566 1-2¥S0000/9€668/+6/S/€8/sPd-a[o1Ie/ABO|0ISBUISBUE/WOD JIBYDIBA|IS ZESE//:d}Y WOI) papeojumoq



