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Abstract

Objective—To establish safe dosing protocols for the treatment of Meniere’s patients with
intratympanic gentamicin.

Study Design—A validated computer model of gentamicin dispersion in the inner ear fluids was
used to calculate cochlear drug levels resulting from specific clinical delivery protocols. Dosing in
the cochlea was compared with changes of hearing sensitivity for 568 patients following 19 clinical
protocols.

Methods—Cochlear drug levels were calculated based on the concentration and volume of
gentamicin applied, the time the drug remained in the middle ear, and on the specific timing of
injections. Time courses were quantified in terms of the maximum concentration (Crax) and the area
under the curve (AUC) of the drug at specific cochlear locations.

Results—Drug levels resulting from single, “one-shot” injections were typically lower than those
from repeated or continuous application protocols. Comparison of hearing sensitivity changes with
gentamicin dosing revealed a flat curve with a near-zero mean for lower doses, suggesting that hearing
changes with doses over this range were probably unrelated to the applied drug. Higher intracochlear
doses were generated with repeated or continuous delivery protocols, which in some cases caused
substantial hearing losses and an increased incidence of deafened ears.

Conclusions—One-shot application protocols produce gentamicin doses in the cochlea that have
minimal risk to hearing at the frequencies tested. Repeated or continuous application protocols result
in higher doses that in some cases damage hearing. The high variability of hearing changes even with
low gentamicin doses, calls into question the rationale for using individual hearing changes to titrate
the applied dose.
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Introduction

Treatments of inner ear disorders such as Meniere’s disease, idiopathic sudden sensorineural
hearing loss and tinnitus are increasingly using drugs applied locally to the inner ear by
intratympanic injections. The methodology is largely based on the success of local gentamicin
therapy as a treatment for Meniere’s disease, which was popularized by Lange 1 2: 3. The
present dosing regimens for gentamicin were developed in many clinical studies over the past
40 years, in which suppression of vestibular symptoms or vestibular sensitivity, indicating an
effective dose, was balanced against the amount of hearing loss caused by the treatment, as an
index of whether overdosing had occurred. In these clinical studies, there are large variations
of the applied drug concentration, of the dosing protocols (such as timing and volume injected)
and in the application methods (such as single or multiple injections or continuous infusion)
that make it difficult to compare patient outcome with gentamicin dosing in a quantitative way.
As a result, prior reviews have not been able to compare dosing strategies quantitatively and
the optimum gentamicin application protocol has yet to be established.

In recent years, we have developed a computer simulation program that calculates drug
dispersal in the inner ear, taking into account scala dimensions, round window (RW) membrane
permeability, drug diffusion, longitudinal perilymph flow, communications with other fluid
compartments of the ear and clearance of drug to the vascular system. The model was able to
closely represent the measured dispersal of ionic markers along scala tympani (ST) in guinea
pigs % 5. Plontke et al. 8 used this model to quantify and interpret pharmacokinetic
measurements of gentamicin distribution in animals, using data from samples taken from the
vestibule of chinchillas 7 & 9. Based on the simulations, it was predicted that substantial
gradients for gentamicin were likely to exist along the length of STS. In view of this analysis,
it was suggested that the lower levels of gentamicin reaching the apical regions of the cochlea
could explain the preservation of hearing in humans following intratympanic application. The
existence of substantial gentamicin gradients along ST perilymph has recently been confirmed
experimentally, using fluid samples obtained by sequential sampling from the cochlear
apex10. In conjunction with computer simulations, these sample data have allowed gentamicin
distribution along the length of ST to be documented and quantified.

In the present study, we have made use of this established model of gentamicin dispersal in
the cochlear fluids to estimate perilymph gentamicin levels following specific application
protocols in humans. A limitation of the present analysis is that we cannot yet reliably predict
drug levels in the fluid spaces of the vestibular system, due to the complex geometry of the
vestibular spaces and the absence of measurements representing vestibular drug levels. The
present analysis has therefore been restricted to cochlea gentamicin levels and their relationship
to hearing loss. The simulations used scala dimensions and RW membrane area corresponding
the human cochlea and pharmacokinetic parameters for gentamicin derived from animal
studies. In the absence of suitable gentamicin measurements of human perilymph, drug
concentrations predicted here are only estimates and actual values may be skewed by inter-
species differences of physiology. Nevertheless, the simulations allow treatment protocols to
be compared and ranked quantitatively for conditions comparable to those in the human
cochlea.

Studies included in the analysis were those that provided specific details of the gentamicin
protocol applied to each patient, including the concentration of applied drug, the injected
volume, the duration of application of the drug (typically how long the patient remained supine)
and the number of injections given. In addition, the study needed to include measures of hearing
sensitivity, specifying the test frequencies used for individual patients before and after the

therapy. Nineteen published reports, containing the results from 568 patients, fulfilled these
requirements11:12, 13,14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29
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The simulation program used to calculate intracochlear gentamicin concentrations was
identical to that available for download at http://oto.wustl.edu/cochlea/model/, with the
exception that it was modified to include calculations of C,.x and area under the curve (AUC)
for all locations along the length of ST. The physical processes underlying the spread of
gentamicin in the inner ear that are incorporated into the simulations are shown in Figure 1.
The parameters defining gentamicin distribution were primarily based on those derived by
fitting data from experimental animals® 10. The diffusion coefficient used for gentamicin was
0.72 x 1079 m?/s, based on the known dependence of diffusion on molecular size and using a
formula weight for gentamicin of 466. Scala dimensions as a function of distance along the
human cochlea were based on a 3D imaging study3C and the area of the RW used was 2.29
mm?231. The other parameters used (with values in parentheses) include: Permeability of the
RW to gentamicin (3.0 x 1078 m/s), clearance from the middle ear (half-time 500 min),
clearance from cochlear fluids to blood (half-time 1500 min), and the rate of communication
of ST with the endolymphatic space and SV (half-time 45 min). In addition, the rate of
communication with other fluid spaces of the ear, including the modiolus, the organ of Corti
and the spiral ligament were incorporated as a fluid space running parallel to ST with cross-
sectional area 0.3 mm? with access to ST limited by setting communication to a value of 0.25
times that of free diffusion. Selection of the rate of perilymph flow rate in the sealed, intact
cochlea was problematic. In direct measurements with flow markers® 32, very low perilymph
flow rates (0.002 and 0.004 ul/min respectively) were required to account for the spread of
marker. In three recent studies in which perilymph was sampled from the cochlear apex, drugs
were found to spread towards the apex slightly faster than could be explained by diffusion.
This was accounted for by adding apically-directed flow along ST at rates which averaged:
0.019 pl/min (TMPA)®; 0.021 pl/min (gentamicin)1® and 0.009 pl/min (dexamethasone)33.
There is still some uncertainty whether these low rates of flow are real or artifactual, possibly
caused by dehydration of the cochlea or of the entire animal during longer duration experiments
with the cochlea exposed. In addition, the limited patency of the human cochlear aqueduct
raises the possibility that perilymph flow may not occur at a similar rate in humans. We
therefore calculated gentamicin distribution with zero perilymph flow (presented here) and
with a flow rate of 0.022 pl/min, representing the upper limit of the mean rate seen in animals.
Results at the two rates were numerically different but were highly correlated and did not affect
the ranking of therapies so only the zero-flow calculations are presented here. It should also
be emphasized that some of the model parameter values above represent “best estimates”, based
on the limited pharmacokinetic data presently available. For example, as gentamicin clearance
to blood occurs slowly it cannot be quantified in experiments of just a few hours duration??,
We know that the clearance rate of 505 mins half-time derived in Plontke et al’s analysis® of
Hoffer et al.’s data’" 8 9 is likely to be an overestimate. In these studies, drug was delivered
to the RW niche in a fibrin glue base. A sustained communication between ST and the middle
ear due to the presence of fibrin gel allows middle ear clearance to dominate cochlear kinetics
and clearance would likely occur more slowly with an air-filled RW niche. Other studies have
suggested that gentamicin clearance from cochlear tissues occurs more slowly, with half-times
ranging from 360 min to over 5000 min following systemic infusions in rats34. Thus the
clearance rate used (1500 min half-time) represents a balance between estimates from different
sources.

A summary of the parameters used to simulate the gentamicin application protocols in the 19
studies analyzed is shown in Table 1. The concentration of gentamicin applied varied from 10
to 80 mg/ml, with most studies using between 20 and 30 mg/ml. The duration of the application
(how long drug remained on the RW membrane) was an important factor influencing the drug
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level achieved in perilymph. We used the time the patient was supine and discouraged from
swallowing as the application time, assuming that the drug was rapidly cleared from the middle
ear when the patient resumed normal activities. Clearance from the middle ear was set at 500
min half-time during the application time but as most application durations were brief, ranging
from 20 — 60 min (Table 1), the applied dose was minimally affected by clearance at this rate.
In the two studies in which drug was applied through an indwelling cannula (N, Q), the applied
concentration was assumed to be maintained at the round window for the entire application
duration. The volume of drug injected into the middle ear is shown in the table and the
simulations used the stated volume but this parameter has little influence on the perilymph
drug level achieved. With very small applied volumes, the amount of drug moving into the
cochlea could cause the drug concentration in the RW niche to decline with time. However,
given the low permeability of the RWM and the volumes typically applied (0.3 ml to 1.0 ml),
the proportion of the applied drug entering the cochlea is so small that this loss has minimal
influence on the drug concentration remaining in the RW niche. For example, under the
protocol of Driscoll et al.12 the volumes applied ranged from 250 — 2000 pl. Changing the
applied volume from 250 to 2000 pl in this protocol with all other parameters unchanged did
not affect the calculated drug level at any ST location by more that 0.05%.

Calculations of repeated drug applications showed that injections 3 or more days apart could
be regarded as independent events and in this analysis were regarded as separate treatments.
For repeated injections occurring with less than 3 days separation, all injections of the series
were regarded as being part of the same treatment and were included in the simulation of that
treatment. Simulations of three example application protocols are shown in Figure 2. The three
rows show the drug time course in the middle ear (upper row), in the perilymph of the basal
turn near the round window 0.5 mm from the base of the scala (middle row), and at the scala
tympani locations corresponding to the acoustic frequencies tested audiometrically (bottom
row). Following a “one-shot” protocol, as used by Driscoll et al.12, the basal turn perilymph
peaked at 2160 pg/ml (approximately 5% of the applied concentration) and then declined.
Concentrations were calculated for the locations representing the regions tested
audiometrically, based on the relationship documented by Greenwood 3°, with the distance
scaled to represent the 28.5 mm length of scala tympani3C. The calculated doses reaching these
regions are much lower (note the axis scaling is expanded) and occur with substantially slower
time courses. The peak concentrations (with times of peaks in parentheses) were 66.5 pug/ml
(640 min), 41.7 ug/ml (960 min), 25.7 ug/ml (1360 min) and 17.1 pug/ml (1800 min) for
locations in scala tympani 10.5, 13, 16.5 and 20 mm from the base respectively, corresponding
to test frequencies at 3, 2, 1 and 0.5 kHz. Cy,5 and AUC were calculated for the 4 curves and
averaged, in this case resulting in an average Cpax 0f 38 pg/ml and AUC of 106 mg-min/ml.
This Cay represented 0.1 % of the applied concentration, a figure that was calculated for all
studies and is given in Table 1. Concentration time courses calculated for a protocol of daily
injections as used by Takai et al.28 are shown in the middle column. The peaks calculated for
the basal turn at 0.5 mm each appear of similar height, with little apparent accumulation of
drug as the injections are repeated. In contrast, at the distances corresponding to the frequencies
tested, the gentamicin concentration can be seen to build up with each additional injection.
Thus, with repeated injections higher doses are obtained at the more-apical cochlear locations.
In this case Cmax and AUC at the tested locations were 97 pg/ml and 622 mg-min/mi
respectively, with Cpax corresponding to 0.32% of the applied concentration. The importance
of application protocol is demonstrated further by the calculated levels when drug is applied
3 times a day (right column) following the protocol described by Kaplan et al.?2. The increase
in the basal turn for each application is a little lower, as the application duration is shorter with
this protocol, but the drug level builds up to a greater degree. The gentamicin levels at distances
representing the frequency regions tested are seen to increase progressively throughout the
application period. Cpax and AUC were 105 pg/ml and 641 mg-min/ml respectively, with
Cmax corresponding to 0.39 % of the applied concentration. These calculations demonstrate

Laryngoscope. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Salt et al.

Page 5

that the drug levels reaching the cochlear locations important for hearing are highly dependent
on application protocol. The calculated C,ax and AUC values for all of the studies are shown
in Table 1.

A comparison of the drug dosing reaching the 1 kHz region of the cochlea (16.6 mm from the
base of ST) for all 19 studies analyzed is shown in Figure 3. The protocols have been grouped
in terms of “one-shot” applications (upper left), applications 1 or 2 times daily (lower left),
applications 3 times daily (upper right) and continuous delivery (lower right). The letters refer
to the specific studies as indicated in Table 1. The curves show that there is virtually no
accumulation when applications are given separated by 3 or more days (4320 min). When the
drug application is repeated daily, there is a slow build-up of drug. The build-up is progressively
greater with twice daily, 3 times daily and continuous applications. This analysis confirms the
important role of the application protocol in determining how much gentamicin reaches regions
of the cochlear important for hearing.

The relationship between calculated gentamicin concentrations, quantified as Cpax or AUC
averaged for the cochlear locations corresponding to the frequencies tested, and the measured
functional changes reported for the 568 patients in 19 studies are summarized in Figure 4. Since
the calculated Cp,5x remains unchanged with repeated treatment cycles, the specific studies
included in each dosage group have been indicated on this plot. The curves shown are Hill
functions that were fitted to the data, with an ECgq for Cyax 0f 1267 ug/ml and ECsg for AUC
of 19,403 mg-min/ml respectively. It is apparent that for the highest doses of gentamicin, the
risk to hearing and incidence of deafness (as indicated by black symbols) after the treatment
are increased. It is also notable that for one-shot treatments (open circles) the risk to hearing,
as indicated by the average change of PTA at the specified frequencies, is minimal. The mean
hearing change for those one-shot protocols with the lowest doses (Figure 4, groups 1, 2 and
3; all of which generated Crpax < 20 pg/ml) was 2.2 dB (n=127). The variation was large (SD
16.2 dB). However, these were the only groups with no deafened patients. Calculated AUC
values compared similarly with the hearing losses (Figure 4, lower panel), with no indication
that Cmax Or AUC provides a better indication of the toxic level.

Discussion

Computer simulations of clinical treatment protocols allow drug dosing to be compared with
patient outcome. By analyzing a disparate range of protocols, the analysis permits a larger
range of dosing to be represented than would be possible for a single study or single delivery
protocol. It is demonstrated that continuous delivery or multiple-injection protocols are
expected to produce higher gentamicin concentrations in the regions of the cochlea related to
hearing and are shown here to be associated with increased risk of hearing loss and deafness.
Conversely, the one-shot protocol, in which the amount of gentamicin reaching auditory
regions is expected to be substantially lower, is associated with a lower risk to the hearing of
patients. The simulations demonstrate that the steepest basal-apical gradients of gentamicin
occur after a one-shot application, while repeated or prolonged applications allow levels in the
important auditory regions to build up, resulting in lower basal-apical drug gradients. In view
of this dependence, there appears no logical rationale for rapidly-repeated or continuous
applications of gentamicin in the treatment of Meniere’s disease. If the intended goal of the
therapy was to apply drug throughout the length of the cochlea (such as in the use of a locally-
applied steroid to treat acute sudden sensorineural hearing loss) then repeated or continuous
delivery protocols may be more appropriate. In the treatment of Meniere’s disease with
gentamicin, where the goal is to preserve hearing by minimizing the drug level in the higher
regions of the cochlea, then the one-shot application protocol is demonstrated here to be
preferable.
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Based on the guidelines of the AAOHNS, Committee on Hearing and Equilibrium3®, the
changes of hearing sensitivity resulting from treatments for Meniere’s disease are commonly
measured as a pure tone average of the hearing levels at 0.5, 1, 2 and 3 kHz. Based on the
expected distribution of gentamicin along scala tympani we would expect the highest drug
levels to occur at the base of the scala and affect sensitivity to the highest acoustic frequencies
first®: 10, Estimation of gentamicin levels at scala tympani locations corresponding to higher
frequency regions is shown in Figure 5. Due to the higher drug levels at more basal sites,
damage to hearing may be better detected using high frequency audiometry. Hirsch and
Kamerer reported fewer improvements and more patients unchanged or worse when hearing
sensitivity was measured at 8 kHz13.

It is important that the limitations of the present analysis are appreciated. The concentrations
estimated here were based on model parameters derived from animal studies and may differ
numerically from the actual levels generated in humans. Furthermore, inter-patient variations
in cochlear dimensions, RW membrane permeability or other parameters cannot be
incorporated into the calculations. Animal studies have shown substantial variations in
intracochlear gentamicin concentration’~10 and in intracochlear concentration gradients for
gentamicinlC after local applications to the RW membrane. Nevertheless, as gentamicin
distribution in the fluids of the ear has been shown to be dominated by passive diffusion®: 10,
the primary observations of the study, specifically the ranking of the protocols, are believed to
be robust.

For much of the range of gentamicin dosing (Figure 4) the changes of hearing show a mean of
just a few dB, but with large variation, with gains and losses sometimes over 50 dB. This raises
the question of whether the changes to hearing are caused directly by the gentamicin treatment
or whether they could arise from other sources. As substantial variation occurs with the lowest
dosing levels (Figure 4, groups 1 —3), it is more probable that the changes, most notably the
improvements, originate from fluctuations associated with the natural history of the disease.
If this is true, then there are significant implications for both management of patients and for
the reporting of hearing changes in this type of patient. First, the observed large variation makes
it extremely difficult to use an individual’s hearing change as an indicator to terminate or
otherwise modify the treatment.

Specifically, titration protocols in which widely-spaced gentamicin treatments are terminated
if the individual patient experiences hearing loss of greater than 15 dB must be questioned.
Under these protocols, it is likely that therapy of some patients will be terminated due to the
random nature of hearing fluctuations. For the individual patient experiencing a decline of
hearing sensitivity following treatment, a pause of further treatments may seem logical, but
the issue of whether the hearing declined as a direct result of the gentamicin therapy remains
uncertain based on this analysis. In addition, the AAOHNS guidelines36 suggest that an
elevation of hearing thresholds following gentamicin treatment by 10 dB should be considered
clinically significant. This guideline makes the implicit assumption that test-retest variability
of the patients is low and that hearing threshold elevations are primarily caused by toxic effects
of the gentamicin treatment. On this basis, 30% (38/127) of the patients in groups 1-3 would
be classified as having clinically-significant hearing loss (10 dB or greater) related to the
gentamicin treatment. Given the large variations of both improvements and losses and the mean
loss for the group of just 2.2 dB, this classification appears to grossly overestimate the number
of patients with hearing loss directly caused by gentamicin toxicity to the cochlea.

Our analysis of hearing changes is largely in agreement with the conclusions drawn from a
metaanalysis by Chia et al. 37. This study reported that the titration method of gentamicin
delivery demonstrated significantly better complete (81.7%, p = 0.001) and effective (96.3%,
p < 0.05) vertigo control compared with other methods while low-dose methods of delivery
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demonstrated significantly worse complete vertigo control (66.7%, p < 0.001) and trended
toward worse effective vertigo control (86.8%, p = 0.05). The weekly method of delivery also
trended toward less overall hearing loss (13.1%, p = 0.08), and the multiple daily method
demonstrated significantly more overall hearing loss (34.7%, p < 0.01) compared with other
groups. No significant difference in profound hearing loss was found between groups. The
degree of vestibular ablation after gentamicin therapy was not found to be significantly
correlated with the resulting vertigo control or hearing loss status.

Conclusions

An analysis of gentamicin delivery protocols in humans demonstrates that one-shot application
protocols produce gentamicin levels in the cochlea that have minimal risk to hearing at the
frequencies tested. Protocols in which gentamicin is given repeatedly or by continuous
application protocols are calculated to produce higher doses in the cochlea that in some cases
may be sufficient to damage hearing. The observed high variability of hearing changes with
lowest gentamicin dosing suggests that the hearing changes may not be a direct result of
gentamicin toxicity and calls into question the rationale for using individual hearing changes
to titrate the applied dose.
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Figure 1.

Processes involved in gentamicin distribution in the inner ear (adapted from Plontke et al.®.
They include 1) Clearance from the middle ear (ME); 2) Permeability of the round window
(RW) membrane; 3) Clearance from scala tympani (ST) to blood; 4) Clearance from scala
vestibuli (SV) to blood; 5) Diffusion along the scalae; 6) ST-SV communication through the
helicotrema; 7) Inter scala communications (ST-endolymphatic space (ELS), SV-ELS, ST-
SV); 8) Clearance from the vestibule (Vest) to blood.
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Figure 2.

Calculated gentamicin dosing for 3 protocols, specifically a single injection (Driscoll et al.
12y daily injections (Takei et al.28) and 3 times daily injections (Kaplan et al.22). In each case,
the dose applied to the RW niche is given (top row) and the level produced in the basal turn of
scala tympani near the RW membrane, 0.5 mm from the base (middle row). The bottom row
shows concentration time courses at the cochlear locations corresponding to the frequencies
tested, which are (with distances from the base of ST shown in parentheses): 4000 Hz (8.8
mm), 3000 Hz (10.5 mm), 2000 Hz (12.8 mm), 1000 Hz (16.6 mm), 500 Hz (20 mm). Cpax
and AUC were calculated for each of the four curves and the four values were averaged for
comparison with hearing sensitivity changes. For the repeated application protocols there is
little accumulation of drug in the basal turn (0.5 mm), but there is a pronounced cumulative
effect for cochlear locations more distant (10 — 20 mm) from the application site.
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Figure 3.

Calculated concentrations at the 1 kHz region of the cochlea (16.6 mm from the base of ST)

for all the application protocols analyzed in this study. The letter on each curve refers to the

specific study indicated in Table 1. With one-shot protocols repeated at 3 or more days apart
(C, K, J) there is negligible accumulation of drug at this location so each injection is regarded
as an independent treatment. With daily dosing (E’, D, R) there is a slow build up of

concentration with each injection. The rate of build up is greater with twice daily injections
(E) and 3 times daily injections (A, F, G, L). With continuous application protocols, much
higher doses reach this region (N, Q). Note the 16x difference in axis scaling used for the

continuous injection protocol plots
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Figure 4.

Dependence of reported hearing sensitivity changes on the calculated gentamicin dose at the
locations along scala tympani corresponding to the auditory frequencies tested. Dose was
quantified either as the maximum concentration (Cpax: upper plot) or as the area under the
curve (AUC: lower plot) averaged for specific locations in each study. The symbols represent
the four delivery protocols depicted in Figure 3 (circles: one-shot; triangles: one or two times
daily; diamonds: 3 times daily; inverted trangles: continuous). Open circles highlight the one
shot protocol, while multiple injection (diamonds, triangles) and continuous protocols
(inverted triangles) are shown shaded. Solid black symbols indicate patients who were deaf
after the gentamicin treatment. Details of the fitted Hill functions are given in the text. In the
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calculation of Cyja«, the studies from Table 1 within each of the numbered groups were 1: M;
2:.C;3: ,K/P;4:B,H,J,0,5;5:D,E; 6: A/F,G,L,R; 7: E; 8: Q; 9: N.
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Figure 5.

Calculation of Cyax and AUC for frequency locations corresponding to distances along scala
tympani following a one shot injection according to the protocol of Minorl?, a protocol that is
calculated to produce low drug levels in the cochlea (from Group 3 in Figure 4). Even though
the gentamicin dose reaching regions corresponding to frequencies of 4 kHz and below is well
below the ECsq (shown as a dotted line), higher frequency regions, such as 16 kHz may be
exposed to higher drug levels approaching the ECsq. Calculated AUC levels also increase for
higher frequencies but do not come close to the ECsgq for the AUC of 19,403 mg-min/ml
(substantially exceeding the upper limit of the graph scale).
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