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Aims
We studied the development of acute tolerance to the EEG effect of midazolam and
the new benzodiazepine Ro 48-6791.

Methods

Nine young (24-28 years) and nine elderly (67—81 years) male volunteers received
midazolam and Ro 48-6791 computer-controlled, targeting linearly increasing
plasma concentrations for 30 min (targeted slopes: 40 and 20 ng ml™" min™' for
midazolam, 3 and 1.5 ng mI™' min™' for Ro 48-6791, for young and elderly, respec-
tively) and a constant concentration for the following 15 min. After recovery, the
same infusion scheme was repeated. Plasma concentrations of midazolam, Ro 48-
6791 and its metabolite Ro 48-6792 were determined from arterial blood samples.
The hypnotic effect was assessed using the median frequency of the EEG power
spectrum.

Results

The concentration—effect relationship in each infusion cycle could be described by a
sigmoid E..x model. The half-maximum concentration ECs, was higher in the second
infusion cycle compared with the first one (midazolam, 47% (2.3-91.6%) and 37%
(5.3-69.5%); Ro 48-6791, 22% (-2.8% to 44.6%) and 43% (3.4-82.4%) for
young and elderly; mean and 95% confidence interval). The complete time course
of the EEG median frequency could be described by an interaction between the
parent drug in an effect compartment and a hypothetical competitive drug in an
additional tolerance compartment. For Ro 48-6791, the use of its metabolite Ro 48-
6792 as competitive compound also gave appropriate results.

Conclusion
Midzolam and Ro 48-6791 showed acute tolerance to the EEG effect which might
be caused by competitive interaction with the metabolite.

Introduction

Benzodiazepines in general and especially midazolam
are widely used for anaesthesia and sedation. The devel-
opment of tolerance to benzodiazepines is a known
problem [1-4], particularly in case of long-term seda-
tion in intensive care. In a previous study [5, 6] on the
pharmacokinetics and pharmacodynamics of mida-
zolam and the new benzodiazepine Ro 48-6791 in
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young and elderly volunteers we found some indications
that also acute tolerance to the hypnotic effect of these
benzodiazepines may occur, even after relatively short
exposure of approximately 1-2 h. The objective of the
present work was to reanalyse the data of this previous
study with respect to development of tolerance and to
build a model which describes appropriately the
observed EEG effect.
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Materials and methods

The study protocol was approved by the local Medical
Ethics Review Committee, and the study was conducted
in accordance with the Declaration of Helsinki and its
amendments.

Subject selection

After giving written informed consent, nine young
(24-28 years, weight 66-89 kg) and nine elderly
(67-81 years, weight 71-90 kg) male volunteers were
enrolled in the study. The young subjects had to be
completely healthy as assessed by medical history,
physical examination, including ECG, blood pressure,
and clinical laboratory tests. For all volunteers, the use
of medications with a pronounced effect on the central
nervous system within the last 3 months, impaired hear-
ing or epilepsy were exclusion criteria. In the young
subjects, no use of any medication within the last 7 days
was permitted. In the elderly volunteers, minor stable
diseases of a type frequently encountered in people
>65 years of age, e.g. mild hypertension or arthritis,
were allowed. All subjects were within 60-90 kg body
weight and none had documented drug allergies, known
alcohol or drug abuse or had participated in clinical
studies of non-approved drugs in the 2-month period
before admission.

Study design

Drugs were administered in a randomized double-blind
crossover design by a microprocessor-controlled infu-
sion device [5, 6]. Two consecutive infusion cycles
were administered consisting of an induction and a
plateau phase. Induction was realized by linear
increase of the predicted plasma concentration with
slopes for the young volunteers of 40 ng ml™ min™" for
midazolam and 3 ng ml™' min™' for Ro 48-6791 and a
maximum duration of 30 min. For the elderly, the
slopes were reduced by 50%. This was performed until
the volunteer did not respond any more to a standard-
ized acoustic stimulus of 80 dB and the median EEG
frequency was <4 Hz. When these conditions had been
reached, the achieved drug concentration was main-
tained for a further 15 min. Subsequently, the infusion
was stopped until the volunteers were fully orientated
with respect to person, place and time. After full
recovery, the second infusion cycle was performed in
the same manner.

Pharmacokinetics

Arterial blood samples of 2.5 ml each were drawn every
3-5 min during induction and plateau phase of each
cycle, whereas during the recovery period blood was
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Figure 1

Pharmacokinetic/dynamic model for Ro 48-6791 and its metabolite Ro
48-6792. The pharmacodynamic effect is a sigmoid E,., function of the
concentration ¢ in the effect compartment and the concentration ¢y of
the metabolite in its central compartment

collected at increasing intervals of 2—60 min up to 6 h
after cessation of the second infusion. Plasma concen-
trations of midazolam, Ro 48-6791 and its metabolite
Ro 48-6792 were analysed using gas chromatography
with electrochemical detection and liquid chromatogra-
phy with tandem mass spectrometry [5, 6]. Model-
dependent pharmacokinetic parameters were estimated
with NONMEM® (GloboMax LLC, Hanover, MD,
USA) assuming a linear model with three compartments
for the parent drug and two compartments for the metab-
olite (Figure 1).

Pharmacodynamics

To quantify the hypnotic effect, an EEG was recorded
continuously. Recording began 10 min before the start
of drug administration and was continued until the early
second recovery period, when the subjects had regained
full orientation. To relate the EEG changes to the plasma
concentrations the values of the central lead of the dom-
inant hemisphere (C;) were used [5, 6]. The raw EEG
signal of this lead was transferred to a separate PC-
based analyser and the median frequency of the power
spectrum was calculated. The best-fit plasma concentra-
tions of the pharmacokinetic modelling were related to
the corresponding values of the median frequency by
means of a sigmoid E,,,, model:

o)
ECs

EZEO_




where cg 1s the effect site concentration, E|, is the base-
line EEG median frequency, E.. is the maximum
decrease of the median frequency, ECs is the half-max-
imum effect concentration and 7y is the Hill coefficient
which describes the steepness of the concentration—
effect curve. In case of a hysteresis between the onset
of the effect and the course of the plasma concentration,
an additional effect compartment was included. We
analysed each infusion cycle separately as well as the
complete time course of the EEG median frequency.

Development of tolerance was assessed using a com-
petitive interaction model [7]:

Emax (CE)YE + Tmax (CT)YT
EC;, TCs,

1+( CE )YE+( cr )YT
EC; TCs

where cg is the concentration of the parent drug in the
effect compartment and cr is the concentration of a
hypothetical tolerance drug in an additional compart-
ment (Figure 2). For Ro 48-6791 we also tested the
interaction model using the plasma concentration of the
metabolite as tolerance drug concentration cr.

EZEO—

Goodness of fit

Different models were tested for statistical significance
using —2-log likelihood which is supplied by the value
of the NONMEM objective function. The accuracy of
the pharmacokinetic and pharmacodynamic model was
assessed by bias and precision: bias = (measured
value —fitted value)/(fitted value), precision = (measured
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Figure 2

Pharmacokinetic/dynamic model with an interaction between the parent
drug and a hypothetical drug in an additional tolerance compartment. The
pharmacodynamic effect is a sigmoid £, function of the concentration c:
in the effect compartment and the concentration c¢r in the hypothetical
tolerance compartment
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value —fitted value)/(fitted value). The median values of
bias [median prediction error (MPE)] and precision
[median absolute prediction error (MAPE)] were used
as an overall measure.

Statistical analysis

The data were examined for normal distribution using
Shapiro-Wilk’s W-test. The individually estimated phar-
macokinetic/dynamic parameters were tested for statis-
tical differences (P < 0.05) using the #-test for paired
samples in case of normally distributed data or the Wil-
coxon matched pairs test otherwise. Statistics were per-
formed with STATISTICA® for Windows, release 5.0
(StatSoft Inc., Tulsa, OK, USA). Data are given as mean
and standard deviation unless stated else. The 95% con-
fidence interval (CI) was also calculated for selected
parameters.

Results

All 18 volunteers completed the study according to the
protocol without any serious adverse events. All subjects
reached the defined endpoints within 30 min during the
period of increasing concentrations. The total doses of
midazolam were 71 =7 and 36 £ 4 mg for young and
elderly, for Ro 48-6791 the total doses were and 26 £ 3
and 15 =2 mg for young and elderly, respectively.

Pharmacokinetics

The plasma concentration—time courses could be well
described in all subjects using a three-compartment
model for the parent drug and a two-compartment model
for the metabolite, whereby a lag time had to be
included to account for the observation that the metab-
olite did appear with some delay (Figure 3, Table 1).
The metabolite accumulated markedly, and in the sec-
ond infusion cycle the metabolite concentration
exceeded the concentration of the parent drug.

Pharmacodynamics

Baseline median EEG frequency (E,) was about 8-10 Hz
in all volunteers, with slightly smaller values for the
elderly. Some minutes after the start of infusion, an
increase of P activity was observed which disappeared
a few minutes later. Shortly before the end of the induc-
tion phase, the EEG median frequency decreased sharply
to values close to 2 Hz. The return to baseline values
was steep and occurred about 20 min after the infusion
was turned off. In the second cycle the maximum drug
effects appeared to be of similar magnitude (Figure 4).
Using the results of the kinetic analysis, a sigmoid E,.
function could be fitted to the effect data of each infusion
cycle (Table 2). The half-maximum concentration ECs,
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Figure 3
Arterial plasma concentrations of Ro 48-6791 and its metabolite Ro 48-
6792 for a young volunteer. Measured (0J), predicted (—)

was significantly higher in the second infusion cycle
when compared with the first infusion period (Figure 5).
For midazolam, the relative differences between the ECs,
of the second and the first cycles were 47% (CI 2.3,
91.6) and 37% (CI 5.3, 69.5) for young and elderly,
respectively. For Ro 48-6791 the relative differences in
ECs, were 22% (CI —2.8, 44.6) and 43% (CI 3.4, 82.4).
Therefore, the pharmacodynamic model estimated from
the first infusion cycle did not match the time course of
the EEG median frequency during the second cycle; the
model estimated from the second cycle also failed to fit
the data of first cycle (Figure 4A,B). Consequently, it
was not possible to model the complete time course
of the EEG median frequency with one parameter set
(Figure 4C). Assuming an interaction between the parent
drug and a hypothetical tolerance drug, the complete
time course of the EEG median frequency could be well
described (Table 3, Figure 6A), whereby the concentra-
tion in the hypothetical tolerance compartment was
characterized by a large equilibration constant (7' =
40-60 min) between the central and the tolerance com-
partment. For Ro 48-6791, the time course of the hypo-
thetical tolerance drug concentration was similar to the
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Figure 4

Time course of the EEG median frequency after Ro 48-6791 for young
volunteer no. 8. Measured values are plotted as filled circles. The lines
show the predictions obtained from separate analysis of the first infusion
cycle (A), from separate analysis of the second infusion cycle (B), and
from simultaneous analysis of both cycles (C)
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Table 1
Estimated pharmacokinetic Midazolam Ro 48-6791
parameters (mean + SD) of Young Elderly Young Elderly
midazolam, Ro 48-6791 and its
metabolite Ro 48-6792 Parent drug
CL (ml min™") 399 + 91 388 £ 97 1410 £ 380 1180 + 250
V. () 79+3.0 85+20 205 +71 19.5+5.8
Ve (1) 85 £22 104 £ 11 233 £80 226 £ 56
T 00 (Min) 23+0.9 30+£0.8 24+ 1.1 28%+1.0
TP (min) 31411 31+10 34412 30+ 12
T2y (min) 223 £61 288 74 225 £85 222 £48
MPE (%) 0.08 -03 0.04 -02
MAPE (%) 3.4 45 5.7 5.9
Metabolite
CL (ml min™") - - 370 £ 297 231 +51
V. () = = 3945 48 +6
Vs (1) = = 83+ 10 90+ 10
T 000 (Min) = = 206 19+4
T./2B (min) = = 252 + 104 305 + 96
Lag time (min) - - 29+19 58+20
MPE (%) = = 0.8 -05
MAPE (%) = = 5.1 63
CL, Elimination clearance, V., central volume of distribution; V., volume of distri-
bution at steady state; T, ¢, fast half-life; T, B, intermediate half-life; T, .y, terminal
half-life; MPE, median prediction error (bias); MAPE, median absolute prediction
error.
Table 2
Pharmacodynamic parameters Midazolam RO 48-6791
(mean + SD) of midazolam and Young Elderly Young Elderly
Ro 48-6791, estimated for a
sigmoid E...x model by separate Cycle |
analysis of the two infusion cycles Eo (Hz) 10.8+1.3 92+1.6 107+£1.2 90%13
Enae (H2) 89+27 6.8+1.2 9.4 +3.1 75+2.9
ECso (ng ml™) 531 +253 201 £51 85 +27 37+9
Y 30 £ 26 34 £22 33 +30 36 £23
Keo (min™") 0.12 £0.10 0.08 £ 0.03 0.17 £0.10 0.19£0.19
MPE (%) 0.4 =1 20 -1.6
MAPE (%) 8.2 79 10.1 10.0
Cycle Il
Ey (H2) 11.3+£16 9.0£1.5 11.4+£20 9.0%+1.2
Erex (H2) 9.3 +3.1 6.3+1.6 72125 70x 1.1
ECso (ng mi™) 707 +237* 264 + 55* 94 +27 50 + 10*
Y 20+ 12 37+13 37 128 40 £ 25
Keo (min™) 0.20+0.19 0.05 + 0.03 0.28 +£0.28 0.12 +0.09
MPE (%) 0.1 -02 -1.1 -04
MAPE (%) 115 9.6 8.1 6.4

E,, Baseline EEG median frequency; E.., maximum decrease of the EEG median
frequency; ECs,, half-maximum concentration, v, Hill coefficient; K., elimination rate
constant of the effect compartment; MPE, median prediction error (bias); MAPE,
median absolute prediction error. *P < 0.05 second cycle compared with first cycle.
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Table 3

Pharmacodynamic parameters (mean £ SD) of midazolam and Ro 48-6791, estimated for a sigmoid £, model with competitive
interaction between the parent drug and either a hypothetical tolerance drug (model 1) or the metabolite (model 2)

Midazolam Ro 48-6791 Ro 48-6791

Model 1 Model 1 Model 2

Young Elderly Young Elderly Young Elderly
Eo (Hz) 108+ 1.4 86+1.3 105+£1.5 9.0x1.4 103+£1.2 9.0%x1.4
Erax (H2) 9.6 +3.0 66+1.3 8.1+£1.3 76 £2.7 82+t1.4 74 £2.8
ECs (ng ml™") 460 + 250 110 £59 74 £ 21 28 £ 15 68 £25 23+ 13
e 31121 39+27 38 %23 51 +31 36+24 58 £33
Keo (min~") 0.08 £0.05 0.04 £0.03 0.16 £0.16 0.08 £0.03 0.12 £0.07 0.07 £0.04
Tax (HZ) -1.0+0.6 -0.1+£09 -1.6+0.8 0.6+0.5 -1.8+1.0 0.01 £0.7
TCso (Ng ml") 264 + 184 68 £ 65 45 +25 14 + 20 64 +£37 25+ 12
Yr 39 £24 43 +£20 46 £ 25 33 +£28 35+ 30 28 £22
Ko (Min™) 0.015£0.014 0.010 £0.008 0.029 £0.032 0.07 £0.12 — -
MPE (%) -0.4 0.1 0.6 -0.5 0.5 -0.4
MAPE (%) 73 6.9 9.1 7.1 8.1 6.3

Eo, Baseline EEG median frequency, Ema., maximum effect of the parent drug, ECs,, effect site concentration for half-maximum
effect; v, v, Hill coefficients; Koo, elimination rate constant of the effect compartment, T...,, maximum effect of the drug in the
tolerance compartment; TCs,, concentration of the drug in the tolerance compartment at 50% maximum effect; K, elimination
rate constant of the tolerance compartment; MPE, median prediction error (bias); MAPE, median absolute prediction error.
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Concentration—effect curves for Ro 48-6791 in young volunteer no. 8,
obtained from separate analysis of the two infusion cycles. In the second
infusion period the concentration—effect curve was shifted to higher values

measured plasma metabolite concentration (Figure 7),
and it was therefore possible to model the EEG effect
using the metabolite concentration instead of the hypo-
thetical tolerance drug (Figure 6B, Table 3). The intrin-
sic effect T, of the tolerance drug or the metabolite,
respectively, was very weak compared with the effect of
the parent drug.
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Discussion

Greenblatt and Shader [2] discriminated ‘receptor-site
tolerance’, where a given effect site concentration has a
different effect depending on the duration of adminis-
tration, from ‘pharmacokinetic’ or ‘metabolic’ toler-
ance, where drug clearance increases with the time of
administration. In the second-mentioned case, the drug
concentration and, in consequence, the drug effect
decreases despite continued administration. These two
types of tolerance are indistinguishable if one measures
the effect as a function of dosing [8]. As we also deter-
mined the plasma concentrations, we were able to dis-
criminate changes in pharmacokinetics from changes in
pharmacodynamics. Whereas there were no differences
in pharmacokinetics, separate analysis of the two infu-
sion cycles revealed that the half-maximum concentra-
tion ECs, was significantly increased in the second
cycle compared with the first one. According to a study
of Hudson et al. [9], this shift of the concentration—
effect curve (Figure 5) is an indicator for development
of acute tolerance. The observed EEG effect could be
modelled with a tolerance model, which supposes a
hypothetical tolerance compartment that is linked to the
central compartment like the effect compartment. The
net effect results from the competitive antagonistic
interaction of the drug in the effect compartment and
that in the tolerance compartment. This type of interac-
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Figure 6

Time courses of the EEG median frequency for young volunteer no. 8 after
Ro 48-6791. Measured values are plotted as filled circles. The lines show
the predictions obtained for the tolerance model with interaction between
the parent drug and either a hypothetical drug in an additional tolerance
compartment (A) or the metabolite (B)

tion model, which was proposed by Holford and Shei-
ner [7], has also been used in studies of tolerance to
nicotine [10, 11] and morphine [12]. As the equilibra-
tion half-time for the tolerance compartment was
much longer than for the effect compartment (7
=40-60 min compared with T, =8-15 min), the
tolerance compartment fills slowly and the delay of
opposing effects from the tolerance compartment per-
mits a rapid onset of the effect. After a prolonged infu-
sion, there is a sufficient drug concentration in the
tolerance compartment to antagonize the effect of the
parent drug as the hypothetical tolerance drug has only
a very weak effect (T,,x = —1 to 1 Hz compared with
E..« = 7-9 Hz). After cessation of infusion, the slow
decrease of concentration in the tolerance compartment
will potentiate the rapid recovery. When comparing the
time course of the hypothetical tolerance drug with that
of the metabolite Ro 48-6792 (Figure 7), the similarity
is obvious, and it was therefore reasonable to build the
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Figure 7

Concentration courses of the metabolite Ro 48-6792 (—) and of the
hypothetical drug as predicted by the tolerance model (—--) (young
volunteer no. 8)

tolerance model for Ro 48-6791 with the metabolite
concentration instead of a hypothetical drug. This
model was indeed also able to describe the time course
of the median frequency after Ro 48-6791. The intrinsic
effect (T.x) of the metabolite was also very weak com-
pared with the effect of the parent drug. Thus, the
metabolite would have no pharmacodynamic effect
itself but replaces the parent drug at the receptor site
and thereby weakens the effect. The benzodiazepine
antagonist flumazenil acts in exactly that manner. How-
ever, for the main metabolite of midazolam, o-
hydroxymidazolam, Mandema et al. [13] and Tuk et al.
[14] found similar potencies and similar maximum
effects for the parent drug and its metabolite. In a study
of Johnson et al. there was also found a sedative effect
of a-hydroxymidazolam [15]. When comparing these
results with those of the present study one has, however,
to consider that the pharmacodynamics were described
with different parameters and that the concentration
ranges were quite different. Whereas Johnson used a
sedation score, Mandema and Tuk used the amplitudes
in the B band (11.5-30 Hz) of the EEG power spectrum,
and we used the median frequency of the complete
power spectrum (0.5-30 Hz) to characterize the EEG
effect. For midazolam concentrations up to 300 ng ml™
the major effect is an increase of the activity in the B
band, which can be seen as a short increase of the
median frequency (Figure 6), but for higher concentra-
tions there is a shift of the activity towards lower
frequencies which is reflected in a lower median fre-
quency. Moreover, the maximum concentrations studied
by Mandema and Johnson were 200 ng ml™" whereas
we reached concentrations of 1000 ng ml™'. As we did
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not measure the o-hydroxymidazolam concentration
and as there are no data about its pharmacodynamics
regarding the EEG median frequency, it is unclear
whether the observed effect is really an interaction
between parent drug and metabolite, or whether it is
tolerance in the sense of receptor-site adaptation.

The findings in the literature concerning tolerance
are also rather controversial. Whereas some authors
observed tolerance to benzodiazepines [1, 3, 4, 16] oth-
ers did not find indications for development of tolerance
using clinical parameters [17] or the EEG [18]. In inten-
sive care, tolerance to midazolam was observed, but
after long-term application of several days [19, 20].
Again, the comparison is complicated by the fact that
the maximum midazolam concentrations reached in the
present study were much higher than in clinical routine
and that interactions with concomitant drugs may also
alter the effect, particularly in the case of sedation in
intensive care.

From the models derived in the present study one
would predict that the hypnotic effect of midazolam and
Ro 48-6791 could even disappear after prolonged infu-
sion at steady-state concentration. This was indeed
observed in a volunteer study with midazolam [21],
where one subject woke up 10 min before stopping a
continuous computer-controlled infusion (TCI) with a
target concentration of 400 ng ml™' for 60 min. Fiset
et al. also observed one case where the midazolam effect
was not sustained during continuous infusion for a
period of 3 h [18]. Vice versa, one would have to
increase the concentration to maintain a defined phar-
macodynamic endpoint. However, caution must be exer-
cised when using the tolerance model derived from this
study with its specific design to predict the effect for
another administration scheme. Gardmark ef al. have
shown that different tolerance models which described
well the original data from which they were derived
failed to predict appropriately the effect for a completely
different administration [22].

Quite different molecular mechanisms for develop-
ment of tolerance have been discussed in the literature
[23]. Benzodiazepines do not act directly but potentiate
the inhibitory effect of the neurotransmitter GABA,
whereby the GABA, receptor complex has specific
benzodiazepine binding sites. Downregulation in the
number of GABA, receptors could be one potential
mechanism for development of tolerance [24], but it was
also discussed whether the coupling between the GABA
and the benzodiazepine sites could be disturbed by pro-
longed exposure to benzodiazepines, so that the poten-
tiation of the GABA effect is weakened [25]. It was also
suggested that benzodiazepines affect the synthesis and
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degradation of GABA, receptors or that alterations in
mRNA synthesis may cause changes in GABA, recep-
tor subunits and thereby make the receptor less sensitive
to GABA [23]. As uncoupling occurred rapidly with
half-times of a few hours, whereas tolerance was usually
observed after longer treatment of several days or
weeks, it was doubted that this mechanism is the direct
cause of tolerance [23]. However, the acute tolerance
observed in the present study would support this theory,
provided that it is not interaction.

In conclusion, reanalysis of the previously published
data revealed a development of acute tolerance for
the benzodiazepines midazolam and Ro 48-6791, as
expressed by a shift of the concentration—effect curve to
the right. This phenomenon could be modelled by an
empirical interaction model with competitive antago-
nism between the parent drug and a hypothetical toler-
ance drug or the metabolite. The question whether the
observed phenomenon is only the result of an interaction
or may also be a receptor site adaptation is to be inves-
tigated in further studies.

The original study, from which the data were taken for
reanalysis, was supported by a grant of F. Hoffmann-La
Roche Ltd, Basel, Switzerland, and in part by BMFT 01-
EC 9403.
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