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Aims Whereas cortical EEG effects of benzodiazepines are well characterized,
information about benzodiazepine effects in other areas of the central nervous system
is sparse. This study investigated the action of midazolam and its active metabolite
o-hydroxy-midazolam on different parts of the auditory pathway in six healthy
volunteers in a randomized, double-blind, three-way cross-over study.

Methods Acoustically evoked short (SLP) and middle (MLP) latency potentials,
transitory evoked otoacoustic emissions (TEOAE), and EEG power spectra were
analysed after short i.v. injections of placebo, or 0.15mg kg ' midazolam, or
a-hydroxy-midazolam, respectively.

Results All subjects fell asleep during the 4 min infusion of active drug. SLP showed
a significant transient increase of Jewett wave V 10 min after injection for midazolam
and «-hydroxy-midazolam while the latency of wave I was unchanged. Both
benzodiazepines induced a marked and long-lasting MLP amplitude decrease for
240 min with slow recovery over the following 360 min. No changes of TEOAE
were observed. In agreement with earlier reports, increases in EEG beta activity and
decreases in alpha activity were observed after administration of either drug.
Conclusions Systemically administered benzodiazepines modulate the auditory
pathway above the level of the cochlea. While SLP changes were closely associated
with sedation and high plasma benzodiazepine concentrations, MLP effects persisted
for hours after sedation even at low benzodiazepine plasma levels. Evoked potentials
may therefore be more sensitive than EEG as a tool to monitor benzodiazepine
effects.
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Introduction

Almost all pharmacological effects of benzodiazepines
result from their actions on the central nervous system.
The electroencephalogram (EEG) and evoked potentials
are validated methods to monitor pharmacological effects
of centrally acting drugs. In addition to the well-known
EEG effects of benzodiazepines with decreases in alpha
and increases in beta activity [1], amplitude reductions of
cortical somatosensory-evoked potentials and latency

Correspondence: Dr Walter E. Haefeli, Department of Internal Medicine
VI, Clinical Pharmacology and Pharmacoepidemiology, University of Heidel-
berg, Bergheimer Str. 58, D—69115 Heidelberg, Germany. Tel.: + +49 6221
568722, Fax: + +496221 564642, walter_emil_haefeli@
med.uni-heidelberg.de.

Received 5 March 1998, accepted 9 September 1999.

e-mail:

72

shifts have also been described [2]. However, the effects
of benzodiazepines on different qualities of auditory
evoked potentials (AEP) have not been thoroughly
investigated in humans and little is known about the
effect of benzodiazepines on different areas of the auditory
pathway [3, 4].

The aim of this placebo-controlled, double-blind study
was to assess the effects of midazolam and its active
metabolite a-hydroxy-midazolam on the functional integ-
rity of the auditory pathway, which can be monitored
from the cerebral cortex to the cochlear periphery by
objective methods [5].
brainstem evoked potentials (SLP), middle latency poten-
tials (MLP), and transiently evoked otoacoustic emissions
(TEOAE). TEOAE reflect the activity of the contractile
outer hair cells of the cochlea [6], SLP the basal

These include short latency
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generation pattern of the cochlea, eighth nerve, and
brainstem, and MLP upper brainstem, thalamus, subcort-
ical, and early cortical sections of the auditory pathway
[7]. In general MLP (10-50 ms) are of neurogenic or
myogenic origin. In this study, mostly myogenic responses
were evaluated because only the myogenic crossed
acoustic response (CAR) was recorded, since this can
easily be monitored in a clinical setting. CAR differs
from neurogenic MLP by early onset, a five to tenfold
increased potential amplitude, and the characteristic that
it 1s abolished by coadministration of muscle relaxants
(e.g. curare) [8]. Similar to the stapedial reflex, the
afferent limb of the CAR includes the inner ear, the
vestibular organ, the eighth nerve, and the upper olivary
complex in the brainstem. The salivatory nucleus, the
seventh nerve, and the posterior auricular muscle form
the efferent limb of the reflex [9, 10].

Methods
Subjects

Six healthy normal hearing male volunteers (3 smokers)
with a mean age of 29 years (range 26—32 years),
weighing 70 kg (range 63-83 kg) participated in the
study after giving written informed consent. They were
not taking any medications and had no history of
significant medical disease. All had normal clinical and
electrocardiographic examinations and normal laboratory
values (blood chemistry, complete blood cell count,
urinalysis). The protocol was reviewed and approved by
the Ethics Committee of the University Hospital of Basel,
Switzerland.

Protocol

This was a randomized, single dose, three-way crossover
study. The three treatment conditions were midazolam
(0.15 mg kgil), a-hydroxy-midazolam (0.15 mg kg ",
and placebo (normal saline) given intravenously at least
1 week apart. With the exception of the first study in
volunteer 1 (pilot study using midazolam) all studies
were done in a double-blind manner. The selected doses
were sufficiently high to produce peak plasma concen-
trations in a clearly sedating but still well tolerated range.
These estimations were based on earlier studies in healthy
subjects using the same benzodiazepines [1, 11].

After an overnight fast, subjects were admitted to a
quiet study room with dimmed lights in the Medical
Intensive Care Unit. During the experiment, the volun-
teers were in a relaxed supine position. A cannula for
blood sampling was inserted into a forearm vein and kept
patent by continuous infusion of normal saline (1000 ml
over approximately 4 h). The drugs were infused over
4 min through a separate intravenous cannula in the
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opposite arm. Blood samples were taken before drug
administration and after 10, 30, 50, 70, 90, 120, 150,
180, 210, 240, 300, 360, 420, 480, 560, 600, 660, and
720 min. The plasma was separated within 1 h and kept
frozen at —20° C until analysed. A urine sample was
obtained before drug administration and thereafter urine
was collected from O to 2, 2—4, 4—6, 6—12, and 12—24 h.
An aliquot of each urine sample was stored deep-frozen
until analysed. The volunteers fasted from 8 h before
until 4 h after drug injection and remained in bed
throughout the study. After 4 h, a standard meal was
served. Beverages containing methylxanthines or alcohol
were not allowed during the trial.

At approximately 50 and 10 min before drug adminis-
tration, two EEG and AEP baseline values were recorded.
Respiratory rate and capillary oxygen saturation (measured
by finger pulse oximetry) were monitored continuously
throughout the study. The EEG power spectrum,
respiratory rate, and capillary oxygen saturation were
always recorded immediately before taking each blood
sample, AEP measurements were obtained immediately
thereafter.

Drug concentrations and pharmacokinetic analysis

Plasma and wurine concentrations of midazolam and
a-hydroxy-midazolam were measured by a specific high-
performance liquid chromatography method as previously
described [12]. Briefly, 0.5 ml plasma and 0.1 ml (0.5 ml
for urine) borate buffer 0.1 M were added to a glass
tube containing 100 ng of Ro 05-6669 (7-chloro-
5-(4-methoxyphenyl)-1-methyl-3H-1,4-benzodiazepine-
2(1H)-one) as internal standard. After extraction with
diethylether, the aqueous phase was discarded and the
organic phase was evaporated to dryness. The residue
was dissolved in the mobile phase (methanol:
isopropylalcohol : HCIO, 7.5 107°M) (90:40:30 v/v)
and 150 ml was injected into the h.p.l.c. column. The
effluent was monitored with a u.v. detector (245 nm). At
a flow rate of 1.7ml min~ ' the retention times of
internal  standard (Ro  05-6669), 1,4-dihydroxy-
midazolam, a-hydroxy-midazolam, 4-hydroxy-
midazolam, and midazolam were 4.85, 6.7, 7.9, 9.8, and
10.1 min, respectively. Peak height ratios were used for
quantification. The extraction recoveries of a-hydroxy-
midazolam and midazolam were 95+ 5%.
interassay coeflicients of variation were less than 6% for
plasma samples and less than 10% for urine samples. The
lower limit of detection was 2.5 ng ml~" in 0.5ml

Intra-and

plasma or urine for all compounds.

Iterative nonlinear least-squares regression was per-
formed with SIPHAR®, an integrated computer program
for pharmacokinetic analysis (SIMED, Créteil, France).
Drug kinetics were described by one- or two-compartment
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open models. The slope of the terminal log-linear phase
was determined by linear regression of the log-transformed
plasma concentration-time data. The area under the
plasma concentration-time curve was calculated using the
trapezoidal rule with extrapolation to infinity
(AUC(0—00)). Volumes of distribution (17), total body
and renal clearances were estimated by standard pro-
cedures [13].

EEG analysis

Sixteen standard disc electrodes were attached at positions
according to the International Ten-Twenty System and
connected by a common reference lead to a 1.5 MQ
resistance. The EEG was recorded on a 16-channel
apparatus  (Encephaloscript ~ ES  16000®,  Picker
International, Miinchen, Germany), using a time constant
of 0.3 s and a high-frequency filter of 30 Hz. Impedances
were maintained below 1000 Q. The data were stored
on a floppy disc. Sixty-second periods free of artefacts
and sleep spindles were chosen for power spectra analysis
(Brain Surveyor®, Picker International, Miinchen,
Germany). The frontal leads F3 and F; were used for
analysis of beta-activity, the occipital leads Oy and O,
for delta-, theta-, and alpha-activity. The mean of the
two baseline values was set to zero percent and the data
were expressed as percentage changes over baseline
activity. The frequency ranges were defined as follows:
delta (0.5-6 Hz), theta (6—8.5 Hz), alpha (8.5-13 Hz),
and beta (13.5-15.5 Hz). For comparison, beta activity
was also evaluated in the range from 13 to 30 Hz.

SLP

SLP were elicited as previously described [14] with
rarefaction clicks of 100 ps duration with an intensity of
115 dB peak equivalent sound pressure level. Masking
white noise of an intensity of 50 dB below the stimulus
intensity was presented to the contralateral ear. The
recordings from scalp EEG electrodes, placed at the
vertex (C,) and the mastoids (A and A,), were amplified
differentially with respect to a forehead reference electrode
and band-pass filtered between 150 Hz and 3 kHz. AEP
interpretation was based on differences in amplitudes
(uV) and latencies of waves I and V (ms) of individual
waveforms. The stimulation and recording equipment
was a Nicolet Compact Four System (Nicolet Biomedical,
Madison, Wisconsin, USA).

MLP

CAR was elicited by rarefaction clicks as previously
described [15]. The stimulus presentation rate was 9 Hz
for the 50 ms middle latency reaction time analysis
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window. The presentation level was 115dB peak
equivalent sound pressure level. CAR interpretation was
based on individual amplitude differences (uV). The same
electrode placement and recording equipment was used
as for the measurement of SLP.

TEOAE

An ILOS8S software/hardware package (Otodynamics Ltd,
Hatfield, UK) run on a portable computer was used to
measure TEOAE [16]. A small probe with an integrated
microphone and loudspeaker was fixed in the ear canal
using an ear plug. A stimulus arrangement cancelling the
linearly growing portion of the responses (‘nonlinear
stimulus’ of ILOS88) was used. Stimuli were clicks of
85 dB sound pressure level. The final result was the
average of 256 responses which were Fourier analysed
and stored on disks for later analysis. Responses were
evaluated by subtracting levels on the basis of the overall
level (dB) and frequency specific windows (0-2, 2—4,
4—6 kHz) of the click response.

Pure tone audiogram

Pure tone testing at 0.125, 0.25, 0.5, 1, 2, 4, 6, and
8 kHz was performed before and after the trial in a
soundproof cabin with a Madsen audiometer (Madsen
Electronic, Taastrup, Denmark).

Statistical analysis

Data are expressed as means +s.e. mean unless indicated
otherwise. Net drug effects were evaluated after subtrac-
tion of the corresponding placebo values. Difterences
between the pharmacokinetic parameters of the two
drugs or between observed drug effects and baseline
values were evaluated by Student’s t-test or Wilcoxon
Signed Rank test as appropriate. ANOva for repeated
measures with Bonferroni/Dunn correction was used to
calculate effects of midazolam and a-hydroxy-midazolam
on MLP and TEOAE. A P value <0.05 was considered
statistically significant.

Results

All six subjects fell asleep during the 4 min injections of
benzodiazepines whereas no subject fell asleep during the
placebo administration. The only side-effects observed
were transient hiccups occurring immediately after drug
administration in three subjects (twice after midazolam,
once after the metabolite) which disappeared after few
minutes. Occurrence of hiccups after intravenous adminis-
tration of midazolam or a-hydroxy-midazolam has been
reported previously [11].
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Pharmacokinetics

After administration of midazolam, peak plasma concen-
trations of midazolam were in the therapeutic range [17,
18] in all subjects (Figure 1). a-Hydroxy-midazolam was
detectable in the first blood sample, which was drawn
10 min after the start of the 4 min infusion of midazolam.
After administration of the metabolite, no midazolam was
detected in any blood sample. Individual plasma concen-
tration-time profiles of midazolam and o-hydroxy-
midazolam were described by mono- or biexponential
The terminal half-life  of
o-hydroxy-midazolam was significantly shorter than that

functions. elimination
of midazolam, its clearance was significantly higher, and
its volume of distribution significantly smaller (Table 1).
After 12 h, unconjugated benzodiazepine levels were below
the detection limit (<2.5 ng ml~ ') in all urine samples.

Respiratory effects

In accordance with earlier studies [19, 20], there were
transient decreases in oxygen saturation immediately
after midazolam administration (before midazolam:
96.1% + 0.3, after midazolam: 92.2% +2; P<0.05). There
was no significant change in oxygen saturation after
placebo administration (before placebo: 96.0% + 0.4, after
placebo: 95.7+0.8; P=0.9). However, compared with
placebo the changes after midazolam and after a-hydroxy-
midazolam did not reach statistical significance (P=10.08)
and also changes in respiratory rate were not different.

EEG

In all subjects, increases in EEG beta and delta activity
and a decrease in alpha activity were found after
administration of the benzodiazepines. No consistent
changes in theta activity were observed. Analysis of the
whole beta range and of a smaller frequency band revealed
that the changes in beta activity in the range from 13.5
to 15.5 Hz were much more pronounced than in the
range from 13 to 30 Hz. Relationships between plasma
benzodiazepine concentration and EEG beta activity are
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Figure 1 Semi-logarithmic plot of the mean concentration-time
curves of midazolam (M) and «-hydroxy-midazolam ([J) after
intravenous administration of midazolam (a) or a-hydroxy-
midazolam (b) (0.15 mg kg71 over 4 min) in six healthy
volunteers.

shown in Figure 2. The two curves for midazolam and
a-hydroxy-midazolam were statistically not different.

SLP

Latency and amplitude of wave I did not show any
significant change under either benzodiazepine. At the
time of benzodiazepine peak concentrations (10 min)
wave V latency was increased from 5.814+0.07 ms to
5.9740.07 after midazolam and from 5.84+0.09 to
5.8740.11 after a-hydroxy-midazolam (P<0.05 com-
pared with placebo). No significant amplitude changes of
wave V were observed.

MLP

Whereas CAR amplitudes in the placebo group remained
essentially unchanged, both midazolam and «-hydroxy-
midazolam induced a marked decrease in CAR amplitudes
for 240 min with slow recovery over the following

Table 1 Mean +s.e. mean maximum plasma concentration, volume of distribution, elimination half-life, clearance and urinary recovery
. B . L . 1 . .
in six healthy volunteers after intravenous administration of 0.15 mg kg~ of midazolam or x-hydroxy-midazolam.

Midazolam Range a-hydroxy-midazolam Range Significance
Cinax, 6min (ngml™ b 191421 164-217 243435 196-303 P<0.01
V(lkg™h 1.6+0.5 1.0-2.6 0.9240.17 0.71-1.14 P<0.05
t1,> (min) 178493 89-290 63+ 14 47-85 P<0.05
CL (mlmin~'kg™ ") 6.9+1.9 3.6-10 102417 8.2-135 P<0.05
% of dose eliminated unchanged in urine 0.13+0.06 0.06—0.25 0.13+0.06 0.03-0.2 NS
NS indicates no statistically significant difference.
© 2000 Blackwell Science Ltd Br | Clin Pharmacol, 49, 72-79 75
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Figure 2 (a) Relationship between plasma concentration and
percentage change in EEG beta activity (13—-30 Hz) after
intravenous administration of midazolam (M) and «-hydroxy-
midazolam (L), respectively. Data are expressed as means of six
healthy volunteers. (b) Relationship between plasma
concentration and percentage change in EEG activity in the
frequency range from 13.5 to 15.5 Hz after intravenous
administration of midazolam (M) and «-hydroxy-midazolam (L),
respectively. Data are expressed as means of six healthy
volunteers. Changes in the lower beta range (13.5-15.5 Hz) were
much more pronounced compared with the total change in the
range from 13 to 30 Hz.

360 min to normal values (Figure 3). The benzodiazepine
effect-time curves were significantly different from the
placebo curves (midazolam: P<0.003, «-hydroxy-
midazolam: P<0.008). Individual CAR waveforms of
one volunteer are displayed in Figure 4 for the three
different therapy modalities: placebo, midazolam and
a-hydroxy-midazolam.

TEOAE

The overall response level of TEOAE showed no
statistically significant change after midazolam and
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Figure 3 Averaged CAR middle latency changes over time after
intravenous injection of 0.15 mg kg71 midazolam (M),
a-hydroxy-midazolam ([J), or placebo (O). Data are expressed as
means of six healthy volunteers. The benzodiazepine time-eftect
curves were significantly different from the placebo curves
(midazolam: P<0.003, a-hydroxy-midazolam: P<0.008; aNova
for repeated measures).

a-hydroxy-midazolam treatment compared with the
placebo curve. Analysis of the cochlear response according
to three frequency ranges revealed no drug effect.

Pure tone audiogram

Pre-and post-test pure tone audiograms were similar and
no temporary or permanent threshold shift was observed
in any volunteer during or after the experiment.

Discussion

The primary aim of this study in healthy subjects was to
evaluate the pharmacologic effect of midazolam and of
its short-lived, more hydrophilic metabolite a-hydroxy-
midazolam on different structures of the auditory pathway
and to relate these to plasma benzodiazepine concen-
trations. As a control, we simultaneously assessed the
effect on the EEG, which is well established.

Several previous studies describing the pharmaco-
kinetics of a-hydroxy-midazolam reported ‘elimination
half-lives’ of a-hydroxy-midazolam similar to those of
the parent compound, i.e. values substantially higher than
found in this study [21-23]. In all these earlier studies
metabolite half-lives were calculated from the concen-
tration-time course of the metabolite after administration
of the parent compound. Under these conditions,
however, the terminal plasma concentration-time course
of the metabolite does not reflect the elimination rate of
a-hydroxy-midazolam but is mainly determined by the
rate of metabolite formation from midazolam. It is
therefore impossible to appropriately estimate elimination

© 2000 Blackwell Science Ltd Br J Clin Pharmacol, 49, 72-79
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Figure 4 Individual MLP-wavetforms (CAR) of
one volunteer at different time points after )
systemic administration of placebo, a-hydroxy- - 600 min

midazolam (0.15 mg kg71), or midazolam

(0.15 mg kgil), respectively. 5 10

rate and half-life of the metabolite without taking the
metabolite formation rate into consideration, which seems
to be rate-limiting in the case of midazolam.

EEG measurements after benzodiazepine administration
revealed similar results as earlier reported [24]. Because
benzodiazepine-induced EEG changes mainly occur in
the lower beta range with maximum effects approximately
at 15 Hz, we have evaluated the whole beta range and
changes in its lowest segment (13.5-15.5 Hz) [1]. This
analysis confirmed that changes in the lower beta range
are much more pronounced than above 20 Hz and
account for most of the drug-induced variation in total
beta activity. Analysis of a much smaller frequency range
revealed similar results for both compounds suggesting
that monitoring of this small segment is sufficient to
construct concentration-effect curves for benzodiazepines.

While the EEG reflects the spontaneous electrical
activity, AEP are the average time-locked responses to
external stimulation [25]. They are, thus, suitable to assess
the functional integrity of afferent neuronal pathways
from peripheral sensory organs to subcortical and cortical
areas or muscles [26]. Whereas cochlear TEOAE responses
remained unchanged, the functional brainstem areas of
the auditory pathway were modified by low, non sedative
benzodiazepine plasma concentrations. The increase in
wave V latency early after benzodiazepine injection
coincided with benzodiazepine peak concentrations and

© 2000 Blackwell Science Ltd Br J Clin Pharmacol, 49, 72-79

with a trend to oxygen desaturation, which suggests the
involvement of deep vital brainstem structures including
the colliculus inferior region as the putative generator of
wave V. In previous reports, which all lack determination
of benzodiazepine concentrations, possible benzodiaz-
epine effects on SLP were denied [2, 27]. However,
these previous studies are likely to have missed the
transient effect of wave V prolongation because no
measurements were obtained at the time of maximum
concentrations. The fact that the short latency wave I,
which reflects the basal generation pattern of the cochlea,
was unchanged under both benzodiazepines is in accord-
ance with preserved (cochlear) TEOAE responses. These
findings suggest that the outer hair cells of the cochlea
maintain their activity even under higher, sedative plasma
benzodiazepine concentrations. Olivocochlear
vation has been postulated to regulate active mechanical
processes in the mammalian cochlea over transmembra-
nous GABA/benzodiazepine receptors. These inhibitory

inner-

receptors prevail in the apical turn, which represents the
lower hearing frequencies and produces the strongest
TEOAE responses [28]. Our data suggest that the
benzodiazepine doses did not access these putative
intracochlear receptors because even in the most suscep-
tible low frequency window no effect on TEOAE was
observed. A tight blood—cochlea barrier may explain
these diverging findings.
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While myogenic MLP are supposedly generated in the
upper brainstem, the origin of neurogenic MLP lies in
the thalamus and the primary auditory cortex of the
temporal lobe [29]. No marked benzodiazepine induced
changes on neurogenic MLP were found by Schwender
et al. [30]. Our study is the first to assess the effect of
benzodiazepines on myogenic MLP (CAR). While in
normal sleep CAR is not altered [31], both curarization
and local anaesthesia of the facial nerve may blunt it [8,
32]. Unlike curare and local anaesthetics, benzodiazepines
have neither a direct effect on the motor endplate nor
on the peripheral nerve. Because benzodiazepine induced
muscle relaxation is caused by inhibition of polysynaptic
reflexes [33], a polysynaptic reflex mechanism may be
postulated for the generation of CAR. Based on the short
latency time of 10—12 ms, CAR has been considered a
monosynaptic reflex [10]. Both benzodiazepines caused
transient brainstem effects as assessed by changes of SLP
and MLP. While the short-lasting SLP effect always
concurred with sedation, the long-lasting effect on MLP
persisted for hours after sedation. Hence, processing of
auditory information by the cochleovestibular organ is
clearly altered hours after the end of sedation at
benzodiazepine plasma concentrations (<30 ng mlfl)
which are not expected to cause clinically apparent effects
[17]. Interestingly, no such effect is seen at the cortical
level as evaluated by EEG.

At least two factors may explain the long persistence
of MLP changes. The putative brainstem structures
involved could be more sensitive to benzodiazepines
than cortical structures responding already to lower plasma
concentrations. The design of this study with rapid initial
drug administration was not suitable to evaluate whether
MLP changes already occur at lower concentrations
or whether they may only be observed after administration
of a sedative dose. To answer this question benzodiaz-
epines should be given as an infusion over at least 30 min
to allow repetitive measurements at low plasma benzodiaz-
epine concentrations. Secondly, clearance of benzodiaz-
epines from the site of action could be slower in
the brainstem than in the However, if
drug distribution would indeed be a limiting factor,
one would also expect a considerable lag time between
peak plasma concentration and maximum effect,
which was not the case. In the future, once the procedure
has reached the high resolution required for the evaluation
of small brainstem structures, this question might
be addressed using positron emission tomography
(PET) [34]. Finally, although conceivable in principle,
the short duration of action of midazolam, established in
numerous time-response analyses including PET studies
[34], argues against an agonist-induced modification of
the benzodiazepine receptor as a cause for prolonged
MLP eftects.

cortex.
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In summary, these studies have shown that the function
of several areas of the auditory pathway is modulated by
single doses of systemically administered benzodiazepines.
These eftects were still observed when sedation and EEG
effects had returned to baseline values. Stimulated effect
parameters such as the easily measurable CAR, which
has previously been shown to detect neurologically mute
brainstem lesions [35, 36|, may therefore be a more
sensitive tool than EEG to monitor benzodiazepine
effects. Whether it is also suited to quantity benzodiaz-
epine effects after long-term administration (e.g. in
intensive care or psychiatric patients) requires further
investigation.
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