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Background: Midazolam is commonly used for short-term
postoperative sedation of patients undergoing cardiac surgery.
The purpose of this multicenter study was to characterize the
pharmacokinetics and intersubject variability of midazolam in
patients undergoing coronary artery bypass grafting.

Methods: With institutional review board approval, 90 con-
senting patients undergoing coronary artery bypass grafting
were enrolled at three study centers. All subjects received sufen-
tanil and midazolam via target-controlled infusions. After op-
eration, midazolam was titrated to maintain deep sedation for at
least 2 h. It was then titrated downward to decrease sedation for
a minimum of 4 h more and was discontinued before tracheal
extubation. Arterial blood samples were taken throughout the
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study and were assayed for midazolam and 1-hydroxymidazo
lam. Midazolam population pharmacokinetic parameters wert%’-‘
estimated using NONMEM. Cross-validation was used to estis
mate the performance of the model.

Results: The pharmacokinetics of midazolam were best de3
scribed by a simple three-compartment mammillary model.g
Typical pharmacokinetic parameters were V, = 32.21,V, = 53 Lz
V5 = 2451, Cl, = 0.43 Vmin, Cl, = 0.56 I/min, and Cl, = 0.59§
I/min. The calculated elimination half-life was 15 h. The median2
absolute prediction error was 25%, with a bias of 1.4%. The3
performance in the cross-validation was similar. Midazolamg
metabolites were clinically insignificant in all patients.

Conclusions: The intersubject variability and predictability o
the three-compartment pharmacokinetic model are similar to>
those of other intravenous anesthetic drugs. This multiccnler%
study did not confirm previous studies of exceptionally largc%
variability of midazolam pharmacokinetics when used for se-
dation in intensive care settings. (Key words: Anxiolytics; con-
tinuous infusion; nonlinear regression; population modeling;
surgical intensive care unit.)
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POSTOPERATIVE sedation often is necessary for pa-
tients whose tracheas remain intubated and whoseR
lungs are mechanically ventilated in the surgical intcn—%
sive care unit (ICU) after coronary artery bypass graft-a
ing (CABG). Inadequate sedation of such patients dur- %
ing the immediate postoperative period may lead to
increased cardiopulmonary and metabolic demands.
resulting in hypertension, tachycardia, arrhythmia,
coronary ischemia, tachypnea, and hyperventila-
tion."? Midazolam is a water-soluble benzodiazepine
commonly administered to surgical ICU patients for
postoperative sedation.’ After a single intravenous bo-
lus injection, midazolam rapidly crosses the blood-
brain barrier with an onset of drug effect within 2 to
2.5 min after typical sedative doses."
metabolized by the
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Midazolam is
hepatic cytochrome P450
(CYP3A4) system to active and inactive metabolites.>
The principal metabolite of midazolam, 1-hydroxymi-
dazolam, is almost as equipotent as the parent com-
pound.® It is rapidly conjugated to 1-hydroxymidazo-
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lam glucuronide and subsequently cleared by the
kidneys. This glucuronide metabolite has substantial
pharmacologic activity in large amounts, as may be the
case in ICU patients with renal insufficiency who are
receiving continuous infusions of midazolam for ex-
tended periods.” The other pharmacologically active
metabolite of midazolam, 4-hydroxymidazolam, is not
formed in detectable concentrations after intravenous
dosing of midazolam in healthy volunteers.®

The pharmacokinetics of midazolam have been well
defined after short-term infusions or intermittent bo-
lus injections for sedation in healthy volunteers.®® '
These studies show that midazolam is rapidly cleared
from the blood with an elimination half-life of 1.5 to
3.5 h, resulting in a rapid offset of sedation.”'” Studies
of midazolam infusions in critically ill patients in the
ICU have indicated that the pharmacokinetic parame-
ters of midazolam vary significantly in this population,
with elimination half-lives of 1.5 to 50 h."*"'? Altered
pharmacokinetic behavior has been implicated as re-
sulting in accumulation of midazolam, its active me-
tabolites in critically ill patients, or both, leading to
prolonged sedation of these patients after midazolam
is discontinued.?®*?

The current study was an effort to develop a quantita-
tive model of midazolam pharmacokinetics and pharma-
codynamics that may improve the accuracy of midazo-
lam administration to critically ill patients by accounting
for the wide intersubject variability reported for midazo-
lam in this population. The study was limited to a spe-
cific patient population well represented in ICUs: post-
operative CABG patients. This article focuses on the
pharmacokinetic analysis; its goal is to provide the most
accurate pharmacokinetic model possible with contem-
porary pharmacokinetic tools to develop well-supported
dosage guidelines and to provide parameters for incor-
poration into pharmacokinetically based infusion de-
vices.

The pharmacodynamic analysis is presented in a com-
panion article.”* The development of clinical dosing
guidelines necessitates understanding of pharmacokinet-
ics and pharmacodynamics. Therefore, we placed the
dosing guidelines developed from this study in the sec-
ond manuscript, after the pharmacokinetic and pharma-
codynamic models were developed.

$3STANPUMP is available on the World Wide Web at
http://pkpd.icon.palo-alto.med.va.gov
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Materials and Methods

Study Design

After we received institutional review board approval,
we obtained written informed consent from 90 adult
patients (= 35 yr) who required mechanical ventilation
in the surgical ICU for a minimum of 6 h after elective
CABG surgery. Equal numbers of patients were recruited
at three centers: Duke University Medical Center (Duke);
Emory University Medical Center (Emory); and the Palo
Alto VA Health Care System (PAVA). The patients all had
a left ventricular ejection fraction of more than 25%
before operation and were hemodynamically stable be-
fore and after surgery. The baseline creatinine concen-
tration was 1.2 mg/dl (range, 0.5 to 2.4 mg/dl). Preop-
erative medication included aspirin (n = 20), calcium
blockers (n = 23), heparin (n = 19), B-blockers (n =
30), insulin (n = 12), and nitrates (n = 31). Excluded
from the study were patients with neurologic disorders,
tracheostomy, severe liver or renal disease, intraopera-
tive complications, a history of recent drug abuse or
long-term benzodiazepine use, a history of allergy to
benzodiazepines, and those undergoing cardiac proce-
dures in addition to CABG.

Midazolam (Versed; Roche Pharmaceuticals, Nutley,
NJ) and sufentanil (Sufenta; Janssen, Titusville, NJ) were
administered intravenously to all patients during and
after operation by target-controlled infusion (TCI). The
TCI device consisted of an 80386-20 Tempo laptop com-
puter (Everex, Fremont, CA) connected to an infusion
pump (Harvard Pump 22; Harvard Apparatus, South
Natick, MA) through a serial interface and running MS-
DOS software (Microsoft, Redmond, WA). The software
program used to run the TCI was either STANPUMP
(PAVA and Emory)f or CACI II (Duke),”” reflecting
institutional experience with each device. Data from
Bihrer et al”® and Hudson et al®” were used in the
pharmacokinetic algorithms of these software programs
for midazolam and sufentanil, respectively. The internal
algorithms of the STANPUMP and CACI programs were
identical, resulting in identical infusion profiles with
each system.

All patients followed a standardized perioperative an-
esthetic and invasive monitoring protocol. They were
administered lorazepam (0.5 to 2 mg orally) and metha-
done (5 to 10 mg orally) 1 h before surgery. Intravenous
midazolam (0.5 to 1 mg, to a total of 5 mg) was admin-
istered by TCI as necessary during insertion of invasive
monitors. Anesthesia was induced with midazolam via
TCI using a target plasma concentration of 150 ng/ml.
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Table 1. The Ramsay Sedation Score

Score Description

Patient paralyzed, unable to assess level of sedation

Patient anxious, agitated, or restless

Patient cooperative, oriented, and tranquil

Patient sedated but responds to commands

Patient asleep but responds to glabellar tap

Patient asleep but responds to nail bed pressure (no
response to glabellar tap)

6 Patient asleep, no response to nail bed pressure

OB w2 O

With loss of the eyelid reflex, 0.1 mg/kg vecuronium was
administered for muscle relaxation, and a sufentanil in-
fusion was started via TCI, with a target plasma concen-
tration of 1-2 ng/ml. The target plasma concentration
for midazolam was maintained throughout the operation
at 75-150 ng/ml. During cardiopulmonary bypass, the
sufentanil target plasma concentration was decreased to
0.5 to 1 ng/ml; after cardiopulmonary bypass, it was
further decreased to 0.3 to 0.6 ng/ml. Maintenance mus-
cle relaxation was provided by intermittent intravenous
boluses of vecuronium to a total dose of 0.2 mg/kg for
the operation. Supplemental anesthesia was provided
with isoflurane or enflurane, up to 1%, as necessary. The
TCIs of sufentani! and midazolam were suspended at the
end of the surgery. Within the ranges listed, the actual
dose of the drugs administered was at the discretion of
the attending anesthesiologist.

When patients arrived in the ICU, the sufentanil infu-
sion was restarted at a target plasma concentration of
0.15 ng/ml. If additional analgesia was necessary, intra-
venous boluses of sufentanil (0.25 pg/kg) were admin-
istered as needed with the TCI system. Meanwhile, the
patients were allowed to regain consciousness, and their
sedation score was evaluated using a modified version of
the Ramsay sedation scale (table 1).°® When they
emerged from anesthesia with a sedation score of 5 or
less, the midazolam TCI infusion was restarted at an
initial target plasma concentration of 50 ng/ml. The
target plasma concentration of midazolam was then ti-
trated up by 25-50 ng/ml every 15 min as necessary to
reach and maintain a sedation score of 5. If a sedation
score of 6 was assessed, the target plasma concentration
was decreased by 25-50 ng/ml every 30 min until a
sedation score of 5 was again achieved. The target
plasma concentration necessary to sustain a sedation
score of 5 was maintained for at least 2 h, after which the

§§Beal SL, Sheiner LB: NONMEM User's Guide San Francisco, Uni-
versity of California, San Francisco, 1979
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target plasma concentration was decreased as clinically
indicated by 25-50 ng/ml every 30 min to maintain a
sedation score of 3 or 4. Midazolam infusions were
continued after operation for a minimum of 6 h in all
patients. Midazolam and sufentanil infusions were dis-
continued at some time before tracheal extubation at the
discretion of the investigator.
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Data Acquisition and Processing &
o

Heart rate, arterial blood pressure (systolic, diast()lic‘g

and mean), central venous pressure, pulmonary artery z
pressure (systolic, diastolic, and mean), and seddtlonm
scores were measured, and arterial blood samples forN
midazolam assay were collected in each patient at the 5 g
following times: (1) at baseline after operation before
restarting the midazolam infusion in the ICU; (2) just
before any change in the midazolam target plasma con-
centration; (3) at 5, 15, 30, 45, 60, and 120 min during
each target concentration; (4) just before the midazolam
infusion was discontinued; and (5) at 5, 15, 30, 45, and
60 min and then at 2, 4, 6, 12, 18, 24 h after the
midazolam infusion was discontinued. Arterial blood
samples were collected in 7-ml heparinized glass tubes
and immediately placed on ice. Samples were then cen-
trifuged at 2,000 rpm for 15 min, after which the plasma
fraction was separated into polypropylene storage tubes
and stored at —10°C until assay. Plasma midazolam anal-
yses were performed at Tufts University (Boston, MA)
lsmg_, g,ds chromatography and mass spectroscopy detec-
tion.™ This method simultaneously measures plasma
concentrations of midazolam (coefficient of variation.
4.7%) and 1-hydroxymidazolam (coefficient of variation.

7.2%). The limits of quantitation were 3 ng/ml for mida-
zolam and 10 ng/ml for 1-hydroxymidazolam.

Pharmacokinetic Analyses

NONMEM (University of California, San Francisco.
CA),§§ a nonlinear regression program, was used to
analyze the data. Two different approaches were used to
estimate the population kinetics: Naive pooled and
mixed-effect modeling (MEM). The naive pooled ap-
proach involves pooling the data from all patients and
determining a single set of pharmacokinetic parameters
that best describe this pooled data set. This technique
does not differentiate between interindividual and intra-
individual variability. The MEM approach is computa-
tionally more complex in that it estimates not only the
structural pharmacokinetic parameters that describe the
data set, but also the interindividual and intraindividual
variability of the pharmacokinetic parameters.
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The parameters of two- and three-compartment mam-
millary models were fitted to the data using both the
naive pooled and MEM approaches. The pharmacoki-
netic parameters estimated included volumes (central
compartment [V,], rapid redistribution compartment
[V,], and slow redistribution compartment [V,]) and
clearances (metabolic [Cl,], rapid redistribution [CL,],
and slow redistribution [Cl;]). To compare the results
from the different approaches, the weighted residuals
(WR) were used as the primary measure of goodness of
fit:

Y)Y

Wit = (0 =

where Y = the measured concentration and Y = the
model prediction.
The median WR (MDWR) was used as an estimate of

model bias:

MDWR

median{WR, WR, WR;,. . .,WR,}

where n = the total number of observations in the study.
The median absolute weighted residual (MDAWR) was
used as an estimate of model precision:

MDAWR = median{|{WR1|,|WR,|,|WR;

WR,|}

SO S

where n = the total number of observations in the study.

NONMEM minimizes an objective function in perform-
ing nonlinear regression analysis. A model with a smaller
objective function offers an improvement in the good-
ness of fit; decreases of 8 or more per added model
compartment are considered significant at 2 < 0.05 on
the chi-square distribution. The intraindividual variability
was calculated using a constant coefficient of variation
(CV) model. The interindividual variability was estimated
in the MEM approach using a log-normal distribution

Table 2. Demographic Characteristics of Studied Subjects (n = 63)

model. The performance of the models was assessed
graphically using residual error plots. The measured-
over-predicted concentration values (mathematically
equivalent to the WRs plus 1) were plotted on a log scale
progressively for each model; the model with the best fit
was in turn graphically compared with the performance
of the models described by Biihrer et al,”® Maitre et
al.,*” and Greenblatt et al.'’ for midazolam.

Covariate analysis was also performed using NON-
MEM. The influence of height, weight, age, body surface
area (BSA), and body mass index (BMI) were evaluated
sequentially in the pharmacokinetic model to determine
whether the overall accuracy of the model could be
improved with the addition of one or more of these
covariates. The accuracy of each covariate model was
evaluated using the goodness-of-fit measures, as de-
scribed before.

Cross-validation provides an estimate of the ability of
the model to predict new observations. Our cross-vali-
dation analysis is described in appendix 1.

We calculated the 20%, 50%, and 80% plasma decre-
ment curves for midazolam based on the pharmacoki-
netics estimated in this study and those reported by
Biihrer et al.*° The 50% plasma decrement curve corre-
sponds to the “context-sensitive half-time” described by
Hughes.”' In addition, 20% and 80% decrement curves
are calculated to show how increasing the depth of
midazolam drug effect (and thus the percentage de-
crease necessary for emergence) can prolong recovery.

Results

All 90 patients enrolled in the protocol survived the
surgery and recovery and were discharged from the

Duke Emory PAVA P < 0.01*

Number of subjects studied 19 22 22 —
Age (yr) 60 = 8 64 £7 (& 2= 7 NS
Weight (kg) 86 = 15 84 = 14 815 NS
Height (m) 1l70) == (0ol 1.76 = 0.09 178101017 NS
BSA (m?) 1.97 + 0.18 1.99 = 0.18 2105820519 NS
BMI (kg - m?) 29.47 + 5.02 27.15 = 4.50 27185 870 NS
Gender F=5 M=14 F=2;M=20 F=0M=22 —
Duration of midazolam

infusion (h) 8.11 £ 1.66 10:2i10 =167 1161 = 2.99 S
Total midazolam dose (mg) 28.74 = 6.31 33.38 * 7.99 48.35 + 11.81 S

Values are mean + SD.

F = female; M = male; PAVA = Palo Alto VA; BSA = body surface area; BMI = body mass index.
* Using ANOVA: NS = no statistically significant difference between the three centers; S = statistically significant difference between the three centers.
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Table 3. Pharmacokinetics Parameters for the Simple Models

Different Kinetic Sets

Parameter Greenblatt'® Bihrer®® Maitre®° Present Study
Estimated parameters
Volumes (I)
V, 29.6 818 10.3 32.2 (58)
W 99.4 17.56 27.8 53 (16)
Ve — 96.76 65.5 245 (71)
Clearances (I - min ")
Cl, 0.34 0.54 0.25 0.43 (40)
Cl 0.99 2.01 0.38 0.56 (56)
o — 0.83 0.11 0.39 (68)
Derived parameters
V. () 129 7.7 108.6 330.2
Fractional coefficients (unitless)
A 0.845 0.93 0.89 0.88
B 08155 0.056 0.088 0.090
(¢ — 0.013 0.018 0.032
Exponents (min ")
« 0.053 1.097 0.080 0.048
B 0.002 0.047 0.006 0.006
y — 0.0031 0.0011 0.0007
Rate constants (min ")
k10 0.011 0.16 0.024 0.013
k12 0.034 0.609 0.037 0.017
k13 — 0.252 0.011 0.012
k21 0.010 0.114 0.014 0.011
k31 — 0.0085 0.0017 0.0016
Half-lives (min)
« 13.09 0.632 8.70 14.33
B 319.8 14.8 108.50 113.63
y — 225 633.00 905.088
Performance measures
MDWR (%) =8l —0.39 ~47.82 1.39
MDAWR (%) 40.89 25.80 49.33 25538
Objective function 9554.63 9941.36 9538.39 9204.20

Values in parentheses are coefficients of variation (CV) on the calculated parameter.

MDWR = median weighted residual; MDAWR

hospital in satisfactory condition. Approximately 70% of
patients required inotropic support either in the operat-
ing room or the ICU. Renal failure developed in none.
None required additional sedatives during the midazo-
lam study.

Of the 90 patients enrolled in the study, 27 were
excluded for the following reasons: plasma midazolam
samples could not be assayed because of interfering
peaks for 12 patients; the computer files documenting
the drug infusion schemes were not available for six
patients; and the drug infusion schemes for nine patients

[[[Youngs EJ, Wada DR, Verotta D, Shafer SL: Comparison of pooled-
data and population approaches when the structural model is misspeci-
fied. Proceedings of the 1996 Western Multi-conference 1996:154 -8
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median absolute weighted residual.

Table 4. Pharmacokinetics Parameters for MEM Three-
compartment BSA-adjusted Model

Parameter Estimate CV (%)
Estimated parameters
V, () 33 60
V. (1) 3.32 + BSA X 32.1 24
Vs (I) 365 85
Cly (I - min™ ") 0.0889 + BSA x 0.151 40
Cl, (I - min~ ") 0.622 49
Cly (I'- min™") 0.264 55
Performance measures
MDWR (%) 0.08
MDAWR (%) 24.26
Objective function 9182.68

MEM mixed-effects model; CV = coefficient of variation: BSA — body

surface area; MDWR = median weighted residual; MDAWR = median abso-
lute weighted residual.
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Fig. 1. Plasma midazolam concentration
over time for the median and worst per-
formances of (4) the Bihrer et al’°
model, (B) the newly derived simple
model, and (C) the newly derived body
surface area—adjusted model. The solid
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circles represent measured midazolam
concentrations; the solid lines represent
the concentrations predicted by the pop-
ulation models.
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did not match the plasma concentration profiles, indi-
cating serious technical problems. From a total of 1,708
midazolam plasma samples collected from the 63 evalu-
able patients, 27 samples (1.6%) were excluded from the
final analysis. These 27 observations were excluded ei-
ther on the basis of physiologic impossibility (e.g., a large
increase in the measured midazolam concentration as a
single observation when no additional drug had been
given) or because of the potential for introducing bias
(e.g., observed values in the terminal elimination phase
after previous plasma concentrations decreased below
the limits of detection of the assay). Table 2 shows the
demographics and the midazolam infusion characteris-
tics for the 63 patients included in the pharmacokinetic
analysis. The number of samples included in the analysis
was 1,681.

The addition of a third compartment resulted in
notable improvements in the objective function, pre-
cision, and bias estimates and smoother residual error
plots in both MEM and naive pooled analyses. There-
fore, a three-compartment model was chosen over a
two-compartment model. Although previous studies

Table 5. MDWR and MDAWR of the Simple Model for Different
Centers

Duke Emory PAVA
MDWR (%) 5 0:99 8.88 4.56
MDAWR (%) 27.78 19.15 30.42

MDWR = median weighted residual; MDAWR = median absolute weighted
residual; PAVA = Palo Alto VA.

Anesthesiology, V 89, No 6, Dec 1998
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Minutes since initial midazolam administration

suggest that naive pooled analyses can perform at least
as well and sometimes better than MEM analysis in
estimating pharmacokinetic parameters,®’||| both tech-
niques described the data from this study with com-
parable accuracy. Because the MEM model also pro-
vided estimates of the interindividual variability, it was
selected over the naive pooled model in this study.
The parameters of the three-compartment MEM model
are shown in the last column of table 3. Values in
parentheses are the standard deviations of these cal-
culated parameters in the log domain, which are ap-
proximately equal to the CVs for the volumes and
clearances, and reflect the interindividual variability of
these parameters. Table 3 also shows the pharmaco-
kinetic parameters derived for midazolam in three
previous studies. The first set of results is from the
study by Greenblatt et al.'’ in healthy volunteers. The
second set of pharmacokinetic parameters is from the
study conducted by Biihrer et al.°° in healthy volun-
teers; these are the pharmacokinetic parameters ini-
tially used in the TCI in this study. The third column
lists the pharmacokinetic parameters for midazolam
estimated from the study of patients after CABG sur-
gery by Maitre et al.>’

Height, weight, age, BSA, and BMI were introduced
sequentially into the simple three-compartment model as
covariates in an attempt to improve the quality of the fit
and to account for part of the observed interindividual
variability. The accuracy of the model was improved
most notably with the addition of BSA, which was lin-
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Fig. 2. The residual error plots expressedo
as measured/predicted plasma mldazo-—
lam concentrations over time, for (4) thea
Biihrer et al *® model, (B) the newly de-

rived simple model, and (C) the newlyg
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model. The error (Y) scale for the Buhrer\

et al.** results is 10 times greater than the 3
@ Y scale in plots B and C.
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carly correlated with V, and Cl,, as listed in table 4.
Compared with the simple model with no covariates.
adding BSA as a covariate improved MDWR from 1.39 to
—0.08 even though MDAWR was unchanged at AppProx-
imately 25%. The objective function also improved sig-
nificantly by 21 points.

Figure 1A shows the median and worst performances of
the Buhrer model that were programmed into the TCI
device. Figures 1B and 1C represent the median and worst
performances of the simple and the BSA-adjusted models
derived from this study, respectively. These fits were se-
lected according to individual MDAWRs for each model.
This figure suggests that in individual patients, the newly
derived pharmacokinetic parameters describe the data bet-
ter than the original Bihrer pharmacokinetic parameters
for midazolam. The corresponding residual error plots for
these three models are shown in figure 2. It can be seen
from figure 2A that during the first 12 h, the infusion rates
calculated from Buhrer's kinetics achieved the target
plasma concentrations with reasonable accuracy. During
the postinfusion phase, however, the measured concentra-
tion was consistently higher than the predicted concentra-
tion, with the error increasing progressively. The newly
derived pharmacokinetic parameters from both the simple
and the BSA-adjusted models for midazolam describe the
data more accurately than the Bithrer model during both
the infusion and the postinfusion phases.

The performance of the simple model at all three

centers was unbiased. The variability was smallest at

Anesthesiology, V 89, No 6, Dec 1998

Emory and largest at PAVA. Table 5 summarizes the
accuracy and bias of the simple model for each of the
study centers.

Cross-validation analysis was performed on both de-
rived models and is described in appendix 1.

Plasma levels of the 1-hydroxymidazolam metabolite
were measured simultaneously with the parent com-
pound in all samples. 1-Hydroxymidazolam levels were
above the detection limit in seven persons and were at
most only 20% of the corresponding concentration of
the parent compound. Furthermore, the concentrations
of 1-hydroxymidazolam were not detectable during the
postinfusion phase in any of these patients.

Figure 3 shows the 20%, 50%, and 80% plasma decre-
ment times for midazolam based on the pharmacokinet-
ics determined in this study and those of Biihrer et al 2°
As will be seen in a companion manuscript,”* the mida-
zolam concentrations must typically decrease by at least
50% for patients to awaken from adequate sedation.
Figure 3 suggests that a 50% decrease will require 1 to
2 h for infusions of less than 12 h in duration. After 12 h,
the time necessary for a 50% decrease in concentration
increases to 3 h for a 24-h infusion and to 4 h for a 36-h
infusion. If patients are maintained at a very deep level of
sedation, so an 80% decrease in plasma concentration is
necessary for emergence, then after an infusion of 24 h
patients may not awaken until 20 h after the infusion is
discontinued (fig. 3C).
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Fig. 3. The context-sensitive recovery times for midazolam us-
ing the Biihrer et al*® kinetic model (dashed line) and the
newly derived simple model (solid line) for (4) 20%, (B) 50%,
and (C) 80% decrease in plasma midazolam concentration after
the midazolam infusion is discontinued.

Discussion

The demographics of the patients studied were similar
for all three study sites (table 2). Those studied at PAVA
received higher average doses of midazolam (48 mg)
than did patients studied at either Emory or Duke (33 mg
and 29 mg, respectively). Duke patients received the
shortest duration of midazolam infusion (8 h, from the
start of infusion in the operating room) compared with
Emory and PAVA subjects (10 h and 12 h, respectively).

The pooled data collected in this study were best
described by a simple three-compartment mammillary
model; this is in agreement with the results from previ-
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S . . & v > 26.3( .
ous pharmacokinetic studies of midazolam.”**" Despite

the dosing differences between centers, the perfor-
mance measures of this simple model were similar when
applied to the data collected at each center (table 5),
indicating that no significant center bias was introduced
into the study.

The pharmacokinetic parameters for this model show
a moderate degree of interindividual variability, as evi-
denced by the relatively large CVs obtained for each of
the model parameters (table 3). Covariate analysis was
performed to determine whether the introduction of
covariates would reduce the interindividual variability of
the model. Of the covariates tested (7.e., height, weight,
age, BSA, and BMI), the addition of BSA to the model
showed the most notable improvement in the perfor-
mance of the model, as measured by the MDAWR, the
MDWR, and the NONMEM objective function (table 4).
However, the actual improvement in the accuracy of the
estimations when BSA was included in the model was
trivial, as seen in figures 2B and 2C. Furthermore, there
was no improvement in the CVs of the calculated vol-
umes and clearances. These findings suggest that the
addition of BSA as a model covariate does not improve
the ability of the model to predict drug concentrations in
individual patients. This is shown in figures 1B and 1C.

Both the simple and the BSA-adjusted models were
tested using cross-validation (described in the appen-
dix). This enabled us to estimate the prospective perfor-
mance of both models during clinical conditions identi-
cal to those in this study. The results of the cross-
validation analysis did not confirm the superior
performance of the BSA-adjusted model over the simple
model. On this basis, despite the intuitive appeal of
adjusting volumes and clearances to BSA (or some other
measure of size), such adjustment was not supported in
this study. We concluded that the simple three-compart-
ment model was likely to outperform the BSA-adjusted
model in prospective tests.

The individual midazolam pharmacokinetic parame-
ters estimated in the current study differ considerably
from the pharmacokinetic parameters of Biihrer et al*°
that we used to administer midazolam (table 3). In com-
paring the MDWR and MDAWR in table 3, the Buhrer
model appears to perform in a similar manner as the
newly derived three-compartment model. However, this
reflects similar performance during the infusion, when
most of our samples were gathered. During this portion
of the study, the concentrations are heavily determined
by metabolic clearance (Cl,), and clearance of the phar-
macokinetics of Biihrer et al.*® (0.54 1/min) is similar to

20z Iudy 61 uo 3sanb Aq jpd*0z000-000Z 1866 L-27S0000/L6096€/8L 1 1/9/68/4Pd-8]01e/ABO|0ISAY)SBUE/WOD JIEUYDIBA|IS ZESE//:d)Y WOl papeojumoq




1426

ZOMORODI ET AL.

Greenblatt

7o)
3
< Maitre
25}
O o
= B g
= Fig. 4. The residual error plots expressed_
o as measured/predicted midazolam pla.smag
= concentrations over time, for the (A)‘l
5 Greenblattet al.'® model, the (B) Maitre eS
= al.*° model, and the (C) cross- vahdatxon,.
10 - Cross-validation  of the newly derived simple model.
1 4
0.1
[ I I I I I ]
0 500 1000 1500 2000 2500 3000

Minutes since initial midazolam administration

that in our patients (0.43 I/min), which may account for
the similar median errors. The plasma concentration
plots for individual patients (figs. 1A and 1B) and the
residual error plots for all patients (figs. 2A and 2B) show
that the newly derived pharmacokinetic model outper-
forms the Biithrer pharmacokinetic model uniformly in
the postinfusion phase. The superior performance of the
revised model is reflected in the lower objective func-
tion obtained for the revised model compared with the
Buhrer model (table 3).

The pharmacokinetic parameters for midazolam de-
rived from the current study differ markedly from those
obtained by Greenblatt et al '’ and Maitre et al. >
3). The volumes

(table
and clearances from each of these
models were tested against the data collected from the
current study to compare their performance to the ex-
isting model. The Greenblatt and Maitre models proved
to be more biased and less precise, as evident by the
higher MDWR, MDAWR, and objective function values.
The residual error plots in figure 4 graphically compare
the performance of the Greenblatt and Maitre models to
the cross-validation of the existing model. The Greenb-
latt model generally overestimated the midazolam
plasma concentrations during the infusion phase and
underestimated them during the postinfusion phase.
This is most likely explained by the absence of a third
compartment in the Greenblatt model. Because the sub-
jects in the Greenblatt et al '’
smaller doses of midazolam (7.e.,

study received much
5 mg), the contribution
of the third compartment to the model occurred at
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concentrations below the limits of the assay. The Maitre
model also overestimated the midazolam concentrations
during the infusion phase but described the data some-
what better than the Greenblatt model during the postin-
fusion phase. This improved performance is most likely
explained by the presence of a third compartment in the
Maitre model, although the smaller V; and V_ of the
Maitre model limits its ability to describe the data in the
current study. The revised pharmacokinetic model for g
midazolam describes the data better than either theo
Buhrer, Greenblatt or Maitre models when tested retro-
spectively (fig. 2B) and in cross-validation (fig. 4C).

The differences observed between the volumes and :
the clearances derived in this study and those obtained
in the Buhrer et al”°, Greenblatt e al," and Maitre et
al.*” studies are most likely explained by differences in
the study populations, drug dosing, and study design. In
the Buhrer et al>° study, patients were much younger
(mean age, 38 yr) and healthier than those in the current
study. The patients in the Biihrer et al>° study also
received much smaller intravenous doses of midazolam
during a shorter period (7.e.,
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3.75 to 25 mg, with an
average dose of 13 mg, administered over 3-5 min).
thereby potentially influencing the estimates of both the
volumes and the clearances obtained in this study. Al-
though the volume and clearance estimates from the
Greenblatt et al '’ study shown in table 3 were derived
from older patients (mean age, 68 yr), the intravenous
dose administered to these patients was substantially less
(z.e., 2.5 t0 5 mg as a single bolus injection) than the dose
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. Table 6. Cross-validation Results for the Simple and the BSA-adjusted Models

A

Cross-validation Results for the Simple Model

CL, CL, Gl MDWR MDAWR
Vi () Vo () Vs () (- min~") (I'- min~1) (- min~1) (%) (%)
Mean 30.2 55.8 278 0.411 0.667 0.276 =115 25:5
CV (%) 12 23 2/ 7 16 10 13% 23
Cross-validation Results for the BSA-adjusted Model
V, vs. CL; vs.
Vs BSA GiL; BSA G5 cls MDWR MDAWR
\VA()) Intercept Slope Vs () Intercept Slope (I min~") (I min~") (%) (%)
Mean 31.34 4.05 36.01 646.3 0.149 0.123 0.739 0.302 6.58 26.53
CV (%) 14 119 117/ 54 89 21 15 27 20" 42

BSA = body surface area; CV = coefficient of variation; MDWR = median weighted residual; MDAWR = median absolute weighted residual.
Values are as mean and CVs of the estimated parameters in the nine groups with the respective MDWR and MDAWRSs of the excluded groups.

* The quoted value is the standard deviation (SD) on MDWR.

administered to patients in the current study. At these
small doses, it would be difficult to estimate the size of
the third compartment and the terminal halfife, be-
cause the drug concentrations would be expected to
decrease to below the levels of detection before reach-
ing the terminal log-linear phase.

We cannot explain the differences in volume and clear-
ance estimates between the current study and and that
by Maitre et al>° Both subject groups were comparable
in age and weight. Both groups received similar doses of
midazolam for postoperative sedation after CABG sur-
gery. There were several differences in study design that
may account for the observed differences in results. The
pharmacokinetic analysis of the Maitre et al*" study was
based on a smaller number of patients (i.e., 12 vs. 63
patients) and fewer plasma samples (240 samples vs.
1,681 samples). In addition, the patients included in the
Maitre et al.*® study were all from the same institution,
whereas the current study included patients from three
different centers. Traditional zero-order infusion systems
were used to administer midazolam to patients in the
Maitre et al.*” study, whereas a TCI system was used to
administer the drug in the current study. Gustafsson et
al.** have shown that administering drugs using standard
infusion pump systems results in less predictable plasma
concentrations and less accurate histories of drug admin-
istration, which can introduce significant errors into
pharmacokinetic analyses. The midazolam infusion in
the Maitre et al’” study was also not initiated until the
patients arrived in the ICU; in the current study, some of
the midazolam was administered during operation and
could have been absorbed by the cardiopulmonary by-
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pass system, thereby reducing plasma concentrations
and increasing estimates for V, and V. If this were the
case, we would have expected that the performance of
the model in the Maitre et al>" study in describing our
observations would be worse during the early stages of
the infusion and then improve progressively with subse-
quent drug administration. This is not evident from the
residual error plots. Regardless of the explanation for the
observed differences, the midazolam pharmacokinetics
reported by Maitre et al.*° do not accurately describe the
observations from the current multicenter study.

We did not try to estimate the effects of surgery,
anesthesia, or cardiopulmonary bypass on midazolam
pharmacokinetics. At two centers, midazolam levels
were drawn during surgery, so the pharmacokinetic
model incorporates some intraoperative observations.
The midazolam concentration was sampled intensively
when patients arrived in the ICU. The early time course
of midazolam concentration at arrival in the ICU mostly
reflects the disposition of midazolam administered dur-
ing operation. Therefore, although few intraoperative
samples were gathered, the pharmacokinetic model in-
corporates the pharmacokinetics of intraoperatively ad-
ministered midazolam, as observed in the postoperative
recovery period.

Context-sensitive recovery times are more meaningful
parameters to consider than halflives when drugs are
infused. They are useful descriptors of postinfusion cen-
tral compartment kinetics.>' The pharmacokinetics of
the new model predict recovery similar to that for the
Biihrer pharmacokinetics for infusions less than 6 h, but
beyond this time they predict much slower recovery.
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In conclusion, midazolam is commonly administered
to patients for postoperative sedation after CABG sur-
gery to prevent agitation and cardiopulmonary instabil-

y. The pharmacokinetics of midazolam in patients un-
dergoing CABG who receive continuous infusions differ
from the pharmacokinetics in healthy patients who re-
ceive small doses of midazolam for brief periods. Despite
the number of patients studied (n = 63) and the multi-
center design, the volumes and clearances for midazo-
lam were more homogeneous among our study popula-
tion than we expected based on the many reports of
high variability.'>'”"'” This may reflect the relatively
homogeneous physical status of patients requiring CABG
surgery compared with other patients who require in-
tensive care for critical, multiple-organ illnesses. A sim-
ple three-compartment model (with no covariates) pre-
dicted the plasma midazolam concentrations after CABG
surgery with a median absolute error of 26% in the
cross-validation. The addition of physiologic covariates
to the model did not improve the model’s performance
in cross-validation.

Understanding the pharmacokinetics of midazolam af-
ter CABG surgery and estimating the predictive ability of
pharmacokinetic models may promote the development
of rational dosing guidelines for titrating midazolam in
this patient population. Appropriate dosing can be ex-
pected to provide adequate levels of sedation, reduce
the incidence of cardiopulmonary depression associated

with excessive sedation, and speed the recovery of nor-
mal mental status after the midazolam infusion is discon-
tinued.

Appendix 1

The cross-validation analysis included the following steps: (1) the
entire sample studied was divided randomly into nine smaller groups
of seven patients each; (2) one group was excluded and the model was
fit to the remaining patients to estimate the structural parameters; and
(3) the structural parameters were then used to predict the observa-
tions in the excluded group and estimates of MDWR and MDAWR were
thus obtained. Because the excluded group’s data were not used to
develop the model, the MDWR and MDAWR parameters are nearly
unbiased estimates of the predictive ability of the model. Steps 2 and
3 were performed in turn for each group. Although cross-validation is
not a truly

prospective validation, it is an established method to

estimate model performance during identical experimental condi-
tions.**

Cross-validation analysis was performed with the newly derived
parameters of both the simple and the BSA-adjusted three-compart-
ment models using MEM analysis. The entire population was divided
randomly into nine groups of seven patients (groups A-I), and cross-

validation was performed as described before. The first two rows of
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table 6 show the results for the simple model and the last two rows are
for the BSA-adjusted model. The values shown are the mean and CVs of
the estimated parameters in the nine groups together with the respec-
tive MDWR and MDAWRSs in the excluded groups.

In the simple model, the mean estimates of the pharmacokinetic
parameters in the cross-validation analysis closely resembled those of
the simple model. In addition, the CVs of these mean volume and
clearance estimates obtained from the cross-validation analysis were
less than 30%, suggesting that the simple model derived from thcg;
current study is likely to perform well in truly prospective trials duringg
similar conditions. The absolute magnitude of the predictive hias{’z
(MDWR) of the simple model increased slightly, as expected, fromg
1.39% to 1.5% in the cross-validation, whereas the predictive precisions
(MDAWR) remained constant at approximately 25% (compare tables
and 6).

In contrast to the simple model, the cross-validation analysis of th
BSA-adjusted model shows a greater variability in the parameter esti-g
mates between groups. The CVs for these parameters ranged from 14".,_.
for V, to 120% for the V, intercept, indicating considerable unurmmt_\o
in the parameter estimates. In addition, the predictive bias of theS
BSA-adjusted model increased from —0.08% to 6.58%, and the predic-g &
tive precision decreased by 2% with cross-validation analysis (u)mparf:w
tables 4 and 6). The mean MDAWR for the cross-validation analy sn\o
(26.5%) is greater than that calculated from the original MEM fit E
(24.3%) and is also greater than that calculated in the cross-validation
of the simple model (25.5%).
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