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Pharmacokinetic-pharmacodynamic modeling of
electroencephalographic effects of midazolam in eight Chinese men'

1.U Jian-Feng., CHEN Gang. XIANG Ben-Ren?. AN Deng-Kui?
(Department of Clinical Pharmacy of Jinling Hospital « Nanjing 210002; *Department of Phar-
maceutical Analysis, China Pharmaceutical University, Nanjing 210009, China)

ABSTRACT The effects of midazolam (Mid>
on the electroencephalogram (EEG) were re-
lated to Mid concentrations in serum in 8 Chi-
nese healthy male volunteers for the assess-
ment of concentration-effect relationship.
The total number of waves per second within
the frequency range of 12—30 Hz (TNW;_3,)
in the central-cccipital (C,—0O,) lead EEG ohb-
tained by apericdic analysis was used as EEG
effect of the drug,

The PK-PD parameters were calculated
by PK-PD software using the sigmoid E..,
model. They were: T1.,=1.310.9 min*,
ECse =254 54 pg-L™!', N=2.91+0.6. £E,
and E... were calculated from the chserved
being 3.4 &+ 1.3 and 11.4 £+ 2.2
TMNW,;—. respectively.

values,
Our results showed
that the concentration-EEG effect relationship
of Mid could be characterized in individual
Chinese man using TNW;_4 as a measure of
pharmacological response,

KEY WORDS midazolams: pharmacokine-
tics; pharmacodynamics; electroencephalo-
graphy

The effects of benzodiazepines are usually
guantifited by using psychomotor tests or with
These are difficult to use
The EEG may
provide a continucus, sensitive, and repro-
ducible method for quantifying the central ef-

subjective scores™’,
in patients after anesthesia.
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" pharmacckinetics (PK )} of Mid®.

fect of midazolam (Mid) without stimulating
the patients™,

The most frequently used EEG parame-
ters are derived from fast Fourier transforma-
tion (FFT) analysis**. In contrast to FFT.
the recently introduced technic of aperiodic
analysis was based on the aperiodic nature of
the EEG signal®. We have described the
In this
study. we characterize the concentration-EEG
effect relationship of Mid by combined phar-
macokinetic-pharmacodynamic modeling tech-
nic in 8 Chinese men.

MATERIALS AND METHODS

Volunteers In this study, 8 healthy men partici-
pated, aged 27+ 4 a, weighing 61+4. 5 kg,

ceived benzodiszepines; All were refrained from alco-

Mone re-

hol, caffeine-containing beverages, and food since the
midday prior to the investigation. The subjects were
the same as those mentioned in previous paper®:,

Study design
at 16100 in the same room. The subject lay on a bed.
Two iv catheters were inserted: one for blood sam-
pling: and the other for injection of Mid. Mid
maleate (Roche) 15 mg dissolved in 20 ml of 0.9 ¥
seline was injected in 2 min. Blood samples were tak-
en at 0 2, 5, 7+ 10, 15, 20, 30, 45, 60, 50, 120,
180, and 240 min after iv. Mid concentrations in
serum were measured by reverse HPLC™.

EEG recordlng Five AgCl electrodes were fixed
on scalp for recording EEG.  Electrode positions were
frontal pole (Fp,. Fp,}, Occipital {O,, 0,), and cen-
tral zero {C.) according to the international 10 — 20
system.

All experiments were undertaken

The EEG analog signal of four channels was
first digitized at a samplng rate of 960 Hz through
analog to digital converter and then stored in the Sun-
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386 computer for oif-line analysis.

Baseline EEG was recorded for at least 5 min.
The subjects kept their eves closed during baseline
recording. They fell asleep during iv and the effect of
the drug was recorded until the subjects awoke. Digi-
tized EEG data stored in computer were then backed
up with floppy diskette for off-line analysis.

EEG analysis The apericdic analysis™ was per-
formed with the software made by authors. The EEG
data stored on floppy diskette were reshowed in com-
puter screen and resampled for excluding blocks con-
taiming ariifacts irom enalysis. Digitized data of se-
quential 2 s epochs of the EEG signal were then sub-
jected to aperiodic analysis.

Apericdic analysis split the complex EEG wave-
form into wunits of consecutive trough-peak-trough
waves, determined corresponding wavelength and time
duration of each wave per second. Various EEG drug
effect patameters were then generated from the aperi-
odic analysis files, ie, total number of waves/s and to-
tal voltage/s in various frequency ranges 1—3, 4—7,
8 — 11, and 12 — 30 Hz. The parameters were
smoothed by use of 2 moving average over 60s. No
other data editing wes performed. From various EEG
parameters derived from four channels, the total num-
ber in 12-- 30 Hz {TNW 3.4 ) of the 3rd chanpel (O,
—C.) was selected as the descriptor of EEG effect.

A total of abour fifty data points during 0~ 70
min after iv was used as the effect messure in the med-
eling procedure. EEG effect measure was taken more
often while the concentration of Mid was changing
rapidly, immediately after the jv.

Data anglysls The TNW):-30 vs concentration
showed a good correlation. To account for a possible
delay between Mid concentration in serum and EEG
eifect. a hypothetical effect compartment was included
in PK-FPD modeling. The PK of Mid were described by
a two-exponential equation for intravenous infusion.

2
C.= 21% (—e~*) +<TD )

|
c.=,2% (1—e~%T0) e~%-™ ,~Tp  (2)

Pm 10y

Where C, was the serum concentration, ¢ was the
time from the start of iv, TD was the iv duration, and
Ai» 4 were constants, n was number of concentration
points. The hypothetical effect-site compartment
concentration {C,) could be described by anaiytical so-

lution.
2
— AI —pEty — A' il L
C'_iz:l{a.K,, A=e™ — T &o—ay ¢
e %'} <ITD (3
2
C, = El [u.—"—(KAi__u‘) (1—e™™) (et ™ —
e-——Ku(r—-‘.l'DJ)]_‘_ AET eK_,(l-—TD} £>TD (4)

Where K. was equilibration rate constant be-
tween serum concentration and effect; AET weas the
effect concentration at the end of iv. Sigmoid Eu
model was used to relate the C. with EEG effect.

EuxCY
E=Eat oF Y BCw ©

Where E was the observed eiffect, E, was the ob-
served average baseline EEG effect recorded at least 5
min before iv. E.., was the observed maximal effect
subtracting E,. C.was the calculated hypothetical ei-
fect-site compartment concentration » ECy, was the “ef-
fect-site compartment concentration” causing half of
the maxima] effect, and & was the power of concen-
tration determining the slope of the curve,

PK-PD scitware {made by authors) was used to
estimate parameters as follows; First the PK parame-
ters were estimated and then the X, and PD parame-
ters were estimated in second step, with the observed
Erus value fixed.

RESULTS

In all subjects there was a marked in-
crease in TNW,,.5 during the Mid injection,
from,a baseline of 3.44+1. 3 10 a maximum of
13.841.4 et Z— 3 min after iv. Thereafter it
gradually decreesed. There was a decrease of
number of waves in 8—11 Hz band during the
injection and thereafter. But there waz no
consistent change in 1—3 Hz or 4—7 Hz band
in eight Chinese men during or after iv Mid
(Fig 1.

All subjects started to move from 60 to
120 min after the end of the injection. The
TNW, 23, after 60 min was 5. 94 0.9 and the
average Mid concentration in serum at that
time was 152431 pg-L~'. Three hours after
iv, the TNW,,_,, returned to the baseline val-
ue in all subjects.
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From pharmacodynamic curves of EEG

2 < effect vs C., we found that sigmoid curve de-
Za : = scribed the EEG effect ws concentration rela-
v "N i . ] .

= AT T tionship best (Fig 2).
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Fig 1. Time-course of the total number of waves/s
(TWW) of centrai-occipital leads (C,—O,) in the fre-

quency ranges 1—3 Hz {a}, 4—7 Hz {b). 8— 11 Hz 100 200 309 400 500

{c), and 1230 Hz {d} during the iast § min of base- Cofug =17

line registration. during and after a 2-min iv of mida-

zolam {15 mg) in one man. Fig 2. Reilationship between the total number of
waves/s in the 12—30 Hz frequency range (TN'W,,-a)

In PK-PD fitting, the estimated PK pa- and the effect-site compartment concentration {C.).

rameters used in equation (3) and (4) were The fitted iline was estimated using a sigmoid Fan

modei.

obtained from the same subjects as was men-
tioned®™. The small value of T1.,(1.320.9

min } confirmed the rapid onset of Mid effect
(Tab 1). EEG parameters derived from FFT or

DISCUSSION

Tab 1. Pharmacokinetic-pharmacodynamic analysis of the effect of iv midazolam 1% mg on EEG TNW,;_,; in
heaithy Chinese.

. . . Monparametric
Parametric estimation P .

Man Observed Eo/ Observed Eou./ estimation
THW i THNWiz-a T el ECs/ N r T r
rmin pg L™ min

1 4.3 9. 0 0.9 254.9 2.5 0.98 L1 0.99
2 2.5 11.7 1.9 238. 8 1.0 Q.93 2.2 0. 93
3 3.3 10. & 0. 6 228. ¢ 2.6 Q.98 ¢ 6 0. 98
4 5.4 8.2 1.3 224.7 2.6 0. 88 1.8 O 92
5 1.7 12.5 3.3 21B. 8 3.5 0. 98 4.3 Q.91
[ 2.0 13.2 1.3 30¢4. ¢ 3.0 0. 99 1.6 Q. 57
7 5. ¢ 11. 0 05 199. 8 2.4 Q. 86 0.6 0. 99
B 3.3 15. 0 N.6 363.0 2.2 0. 99 0. 5 1.00
z 3.4 11.4 1.3 253. 9 2.9 0. 96 1.6 0. 96
+s 1.3 2.2 0.9 53.9 0. 6 0. 04 1.3 0. 04

T L4 = hali-life of equilibration rate constanr; EC;,=the effect-site compartment concenrration causing half the

maximum effect; N=power determining the slope of effect curve; E,=observed baseline effect; E...= observed
ceiling effect subtracting Eq1 r=regression coefficient.
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aperiodic analysis could be used to study the
effect of Mid“",
decrease in relative activity in the alpha range
(7.5—13. 4 Hz) by FFT analysis of the EEG
as the measure of effect after po Mid 15 mg.

Koopmans et al™ used the

Breimer et a!™ considered the total number of
waves/s in the frequency range 12— 30 Hz by
aperiodic analysis was the best indicator of
EEG effect in eight volunteers after iv Mid 15
mg. In our study, we compared the various
EEG parameters, ie, total number of voltage/
s, or total number of waves/s in different fre-
quency bands. We found that total number in
12— 30 Hz band best characterized the effect of
Mid and the TN'W,;_ ., was used here as the ef-
fect parameter in the pharmacokinetic-pharma-
codynamic modeling. Two-compartment infu-
sion equation was used in PK-PD modeling
technique because the EEG effect was ap-
peared during 2 min injection. PK parameters
calculated by PK-PD software were similar to
the value reported elsewhere™. In our study,
TNW2_3 exhibited a maximal or ceiling ef-
fect, so the E,., value was constrained to be
the value calculated from observed maximal ef-
fect and the PD parameters were estimated
with En. constrained.

The values of EC5(17. 0—110. 4 pg L.7')
and Tém (0.01 —1.73 11) reported by Koop-
mans et al differed markedly from present
study. This was due to the different concen-
tration ranges studied. The peak concentra-
tion in the study of Koopmans et al was about
45 pg+L.7'in which the subjects awoke in the
presnt study. In the study of Buhrer et 2/,
the EC;, value (94— 385 pg+L™!) was of the
same order of magnitude. The T;..,, (5.4
min) was larger than that found by this study,
which could be explained as using different iv
method (3-min iv with constant rate pump wvs
2-min iv).

EC:, and N were consistent with those report-

ed by Breimer e al.

These results confirmed that TNW;,_,
had the characteristics of ideal pharmacodyma-
mic measure, being continuous, objective,
sensitive and reproducible, and was an ideal
EEG effect indicator.

In conclusion, we developed a PK-PD
model using the TNW,,_, as the effect param-

eter. Its success showed an attractive new

field potentially useful for continuously moni-
toring the degree of hypnosis,
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Above all, the wvalues of Tgm,ﬁf—v@‘} 4
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Microprocessor-programmed infusion of theophylline rapidly attained
expected steady-state level in rabbit plasma’

DUAN Shi-Ming, XU Xun, YE Miao. FU Ying (Department of Pharmacalogy. Faculty of
Anesthesiolagy, Xuzhou Medical Colleges Xuzhou 221002, China)

ABSTRACT
programmed (two-compartmental model?} in-

A self-made microprocessor-

fusion controller was connected with an infu-

sion pump. which achieved an expected
steady-state plasma cancentration (C,, ) rapid-

ly (5 T!.) and maintained the level. Theo-
phylline was selected as an example, and its
pharmacokinetic parameters of rabbits, ex-
pected Cr., body weight (wt), and infusion
time (¢) were inputted. The programmed in-
fusion rate (K.} was determined by the fol-
lowing equation: (K,)=Cp, K V. wt {1
+[(Ky —BY/BIEXP(~Kyt)} and the pre-
dicted value was calculated by the formula.
Cio=Cpa X[1—EXP(—at)]. The needed
concentration and total volume of drug were
The drug
was automatically infused after pumping, and

automatically shown on the screen,

the plasma concentration of theophylline was
measured by colorimetric method. The re-

Received 1093-07-14 Accepted 19%4-06-06
! Project supported by the Marural Science Foundation of
Jiangsu Education Commuttee, N¢ B265.

sults showed that the median absolute value of
the performance error (MAVPE) was 8. 3 5.
Although T'!; of theophylline was 6. 08 h, the
expected C,.. was attained in only 30 min
(5 T1.) after start of infusion and then well

maintained.

KEY WORDS
tics; computer-assisted drug therapy; drug
administration schedule

theophylline; pharmacokine-

Since 1981 computer-assisted continuous
infusion system (CACI) has been gradually
The mi-
cropracessor-controlled infusion is a conve-

developing in clinical drug therapy.

nient way ta aptimize application schemes in
In a CACIof a
linear open (2 or 3 })-compartment maodel,
many investigators used a bolus loading dose

some area of drug treatment.

s0 as to rapidly reach an expected C,.., and then
maintained this level by the automated contin-

11.21
B

uous infusion system Since some drugs

could not be given in a bolus loading way, we
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