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Abstract

The delivery of drugs to the inner ear by applying them directly onto the round window membrane is a promising way to treat
human inner ear disorders. To further develop this strategy, and to design controlled clinical trials, additional preclinical studies
are necessary. It is especially important to derive the time course and total dose for the various target regions within the inner ear.
Since direct pharmacokinetic measurements in the human cochlea are not possible, simulations provide a valuable tool for the
interpretation and planning of animal studies, for evaluating changes of application protocols and drug delivery systems, and for
extrapolating the results from animal studies to the human. The present study has analyzed two previously published data sets in
which concentration time courses of corticosteroids in the cochlear fluids were reported. Drug movements were simulated with a
finite element computer model of the inner ear fluids. The time course of corticosteroid pharmacokinetics could be approximated
for each study by consideration of the specific experimental paradigm. Although the experimental studies reported considerably
different drug levels in the fluid samples taken from the cochlea, these differences were largely explained by considering the
experimental design of the respective studies. After correction for experimental differences, the calculated perilymph levels of drug
were within a factor of two of each other. The simulations demonstrated that an important factor controlling the drug level
achieved is the time the drug solution remains in the middle ear. It can be concluded that small differences in delivery protocols
may cause large variations in the drug levels achieved in the inner ear fluids.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction due to unfavorable risk—benefit ratios or systemic side

effects.

There is an increasing interest in the treatment of
inner ear disorders by topical application of drugs to
the inner ear. Using different local delivery strategies,
drugs can be applied that cannot be given systemically
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Abbreviations: AUC, area under the curve; C., calculated
concentration; Cpeas, measured concentration; Cpax, maximum or
peak concentration; CSF, cerebrospinal fluid; RWM, round
window membrane; ST, scala tympani

Apart from new investigational drugs showing prom-
ising results for treatment of inner ear diseases or for
otoprotection (Li et al., 2001; Korver et al., 2002; Lal-
wani et al., 2002), there is a strong interest in topically
administered corticosteroids which have been used both
in animal research (Bachmann et al., 2001; Chandrase-
khar et al., 2000; Parnes et al., 1999; Shirwany et al.,
1998; Spandow et al., 1988) and clinically in humans
(Arriaga and Goldman, 1998; Blakley, 1997; Chandra-
sekhar, 2001; Gianoli and Li, 2001; Kopke et al., 2001;
Parnes et al., 1999; Sakata et al., 1996; Shea and Ge,
1996; Shea, 1999; Silverstein et al., 1996, 1998). It is
important to note, however, that at present no drug
including corticosteroids is yet approved for local ap-
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plication to the round window membrane (RWM) with
the indication of treatment of inner ear diseases or oto-
protection.

For further development and transfer of this promis-
ing therapeutic strategy into controlled clinical trials it
is necessary to undergo preclinical studies including
pharmacokinetic and toxicity studies to establish
dose—effect relationships for both therapeutic and toxic
effects (Lamm and Arnold, 1999; Shirwany et al., 1998;
Spandow et al., 1988). It is especially important to de-
rive the time course and total dose at the various target
regions within the inner ear. Direct studies of inner ear
pharmacokinetic profiles after intratympanic applica-
tion in humans (i.e. phase I clinical trials) are not pos-
sible, because human inner ear fluids cannot be safely
sampled without damage to the ear. The alternative is
to predict drug levels from results obtained in animal
experiments. To make quantitative predictions a meth-
odology must be established that is applicable to the
unique situation of the inner ear fluid spaces. The pur-
pose of the present study is to demonstrate one ap-
proach to how cochlear fluid kinetics can be analyzed.
From experimental studies (Hoffer et al., 2001) and
mathematical simulations based on general principles
of drug dispersal in inner ear fluids (Salt and Ma,
2001; Plontke et al., 2002) it is known that the phar-
macokinetic profile of a drug in the inner ear depends
highly on the specific application protocol, on the co-
chlear dimensions, on the delivery strategy, and on the
physico-chemical factors affecting agent diffusion. In
addition, the measured drug levels in the inner ear are
influenced by the method used to sample the cochlear
fluids (Hara et al., 1989; Salt et al., 2003). It has al-
ready been documented that fluid sampling methods are
critical to obtain valid results although quantification
of sample contamination due to sampling is difficult
(Scheibe et al., 1984; Hara et al., 1989; Salt and Thal-
mann, 1988).

A number of studies have documented the pharma-
cokinetic profiles for various corticosteroids after top-
ical application to the RWM (Bachmann et al., 2001;
Chandrasekhar et al., 2000; Parnes et al., 1999). For
one of the papers (Chandrasekhar et al., 2000) the de-
tail of description of the experimental design and pre-
sentation of the results did not allow any simulation of
the experiment. Data from the other two studies
(Parnes et al., 1999; Bachmann et al., 2001, hereafter
abbreviated as Parnes’ and Bachmann’s data respec-
tively) use conventional sampling techniques and lend
themselves to quantitative analysis. Although similar
drugs were delivered in the same animal species at sim-
ilar concentrations in the two studies, the measured
peak concentrations of steroid in perilymph differed
by a factor of approximately 20 between the two stud-
ies. This difference causes uncertainty in drawing any

conclusion with regard to drug levels in the human.
Therefore, these studies have been analyzed in detail
using computer simulation techniques.

2. Methods

Corticosteroid pharmacokinetics in the cochlear flu-
ids were simulated with a finite element computer mod-
el, the Washington University Cochlear Fluids Simula-
tor, version 1.6, which is available in the public domain
at http://oto.wustl.edu/cochlea/. The simulator consid-
ers the geometric dimensions of the inner ear, specifi-
cally the cross-sectional area of each scala as a function
of distance (Thorne et al., 1999), the area of the RWM
and its geometric relationship to scala tympani (ST)
(Ghiz et al., 2001), the size of the vestibule and of the
helicotrema. It incorporates passive physical processes
of drug dispersal in fluids (predominantly diffusion) as
well as inner ear-specific pharmacokinetic parameters,
including the permeability of the RWM, the rate of
clearance from the inner ear fluids to external compart-
ments (such as to blood), and the rate of local exchange
between the cochlear scalae (on a segmental basis as
seen in a radial cochlear section) (Salt, 2002; Plontke
et al., 2002). In addition, solute loss from the middle
ear to the cochlear fluids, or to the middle ear mucosa
and Eustachian tube, was incorporated.

In the model, each scala is represented in 0.1 mm
segments, each with an associated area and volume.
Diffusion between 0.1 mm scala segments and volume
flow effects are calculated for 0.1 s time periods, while
other processes (clearances, drug movements across the
RWM) were calculated for 1 s time increments. The
diffusion coefficients used were estimated on the basis
of the formula weight of the drug used. The quantita-
tive accuracy of the model has been validated by com-
parisons with direct solute measurements from the co-
chlea made with ion-selective electrodes (Ohyama et al.,
1988; Salt et al., 1991, 2003; Salt and Ma, 2001). A
more detailed description of the operation of the model
is given elsewhere (Salt, 2002).

An important factor in experimental studies of inner
ear fluid pharmacokinetics is the sampling method used.
It has been shown experimentally that the act of aspi-
rating a perilymph sample can markedly influence the
concentration of drug in the inner ear fluids, so that the
sample concentration may not always be a good indi-
cator of the drug level at the site prior to sampling
(Scheibe et al., 1984; Hara et al., 1989; Salt and Thal-
mann, 1988; Salt et al., 2003). Calculations for samples
taken from intact cochleae (as in Parnes’ study) there-
fore incorporated a detailed simulation of the sampling
procedures, in which volume movements and fluid flows
associated with sample aspiration were calculated. The


http://oto.wustl.edu/cochlea/

36 S.K.R. Plontke, A.N. Salt! Hearing Research 182 (2003) 34-42

simulated sample represented the summed perilymph
components drawn into the pipette. The sample concen-
tration therefore depended on the sample size, the sam-
pling rate and the location of the sampling pipette.
Important in this regard is the location of sampling
relative to the location of the cochlear aqueduct,
through which cerebrospinal fluid (CSF) replaces the
perilymph that is drawn from ST in the sampling pro-
cess.

Simulations of corticosteroid time course data re-
ported by Parnes and Bachmann replicated the drug
delivery procedures and protocols used in their experi-
ments, as summarized in Table 1. A best fit of the
calculated time courses to the experimental data was
obtained by determining sums of squared differences
between the measured concentrations (Cpeas) and those
estimated by the simulation (Ce) and systematically
changing parameters until the sum of squared differen-
ces [Z(Cest— Crmeas)’] was minimized (Plontke et al.,
2002). The duration of the simulations of Bachmann’s
data was set equal to their sampling time points (15, 20,
80, 180, 330, or 960 min). This interval also determined
how long the drug was left in the middle ear before
washout. Since Bachmann obtained 5-10 pl samples
of perilymph by taking fluid from the apex when the
basal turns of ST and scala vestibuli were opened, their
data were compared with the total perilymph concen-
tration calculated by summing all cochlear perilymph
segments, for a combined total volume of 8.6 pl.

Simulation of Parnes’ data specifically considered the
time the solution remained in the middle ear, the sam-
pling time points (at 60, 120, 240, and 360 min after

Table 1

drug application), the sample location, volume and rate
of aspiration (1.5 pl/min at 60 and 120 min and 1 ul/
min at 240 and 360 min) as shown in Table 1. Since
samples in Parnes’ study were taken from the base of
ST, with negligible contribution from apical locations
or perilymph in scala vestibuli, the data were fit by
systematically changing RWM permeability using pa-
rameters for clearance and inter-scala communication
derived from the simulation of Bachmann’s data.
Drug levels were also calculated for cochlear dimen-
sions corresponding to those of the human cochlea,
using pharmacokinetic parameters derived from the
guinea pig. Scala length, volume and cross-sectional
area as a function of distance for the human were based
on those documented by Thorne et al. (1999). The area
of the human RW was taken as 2.22 mm? which is an
average of two published values (Okuno and Sando,
1988; Su et al., 1982). The vestibule was approximated
as a volume of 30 ul over a length of 6.5 mm (Igarashi
et al., 1986; Buckingham and Valvassori, 2001). Using
parameters derived from simulation of Parnes’ data,
concentration time courses for four drug application
paradigms were then calculated. The first protocol
was a brief intratympanic injection of 0.5 ml methyl-
prednisolone at a concentration of 40 mg/ml for 10 min
representing a single application at an outpatient setting
with the drug likely to remain in the middle ear for only
a short time. The second protocol represented an intra-
tympanic injection where patient movement was con-
trolled to the extent that the applied drug stayed in
contact with the RWM for 30 min. The third paradigm
mimicked an intratympanic injection with volume sta-

Comparison of the experimental protocol and the characteristics of the measured pharmacokinetic profiles as published by Parnes et al. (1999)

and Bachmann et al. (2001)

Parnes et al., 1999

Bachmann et al., 2001 Component changed

in Fig. 5
Animal Guinea pig Guinea Pig
Application method Injection of solution into the middle ear Injection of solution into the middle ear
Concentration in middle ear 40 mg/ml 50 mg/ml Fig. SE
Volume in middle ear 110 wl 100 ul Fig. 5F
Applied drug Methylprednisolone succinate Prednisolone-21-hydrogen succinate Fig. 5G
Drug formula weight 374.48 g/mol 360.45 g/mol

0.784x 107> cm?/s
Washout from middle ear after 30 min
Multiple, 10 pl each

Drug diffusion coefficient
Duration of application
Samples per animal
Sample location

Average measured peak 50.37 pg/ml
concentration (Cpax)

Time at peak concentration 60 min

(Tmax)

RWM permeability* 2.0x107' m/s
Clearance half time* 130 min
Inter-scala communication 45 min

half-time*

Scala tympani, approx. | mm from base

0.795x 107> cm?/s
Washout from middle ear before sampling Fig. 5D

Single, 5-10 ul Fig. 5B
Apex, stapes and round window opened, Fig. 5C
CSF pressure released

952.3 pg/ml Fig. SA/H
180 min Fig. SA/H
3.5x107! m/s Fig. SA/H
130 min Fig. SA/H
45 min Fig. SA/H

Included are also the parameters calculated in this study (*) that provided a best fit to the published data.
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bilization such as described by Hoffer et al. (1997) and
Shea (1999). In these studies, the drugs were dissolved
in fibrin glue or hyaluronic acid respectively, to prevent
loss of drug through the Eustachian tube. Drug levels
for the above paradigms were calculated for a total time
of 960 min (16 h). A fourth protocol simulated the
continuous delivery of drug to the middle ear, as with
a pump, for 10080 min (7 days) with a further 3 days
with the pump off, for for a total time of 14400 min (10
days). This extracochlear application to the RWM
should not be confused with the widespread use of in-
tracochlear drug application with pumps, such as that
described by Brown et al. (1993). The method simulated
in this protocol applies a constant concentration to the
exterior surface of the RWM. For each of the proto-
cols, drug levels at different locations in ST were com-
pared using the peak concentration reached during the
entire delivery period (Cpax) and using the total dose,
determined as the area under the curve (AUC), which is
the summed drug concentration with time, integrated
over the entire delivery and recovery periods.

3. Results

Calculated drug time course curves were compared
quantitatively with Bachmann’s data while parameters
defining RWM permeability, radial inter-scala commu-
nication and clearance were systematically varied. A
best fit was established with a RWM permeability of
3.5% 107" m/s, an inter-scala communication half-time
of 45 min and a clearance of 130 min, as shown in
Fig. 1. Bachmann’s data were reasonably approximated
by this calculated curve, with the peak concentration

1400 - ®  Cochlear perilymph data
from Bachmann et al. 2001
Calculated concentration (best fit)

1200 4

1000

800
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Concentration (pg/ml)

400

200 4

0 T T T T -
0 200 400 600 800 1000

Time (min)

Fig. 1. Filled circles: Experimental measurement of prednisolone
levels in perilymph samples taken from the apex and following
round window application (data replotted from Bachmann et al.,
2001). Solid line: Time course of total perilymph prednisolone con-
centration calculated by the finite element computer model that best
fits the experimental data. Numerical parameters for the model are
given in Table 1.

—8— Perilymph sample concentration
from Parnes et al. 1999

60 ++-O- Calculated sample concentration (best fit)

40

Concentration (ng/ml)
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Fig. 2. Filled circles: Experimental measurement of methylpredniso-
lone levels in repeated perilymph samples taken from ST following
round window application (data replotted from Parnes et al., 1999).
Open circles: Calculated concentration for samples derived from the
model following the experimental protocol used by Parnes et al.,
1999. RWM permeability was adjusted to best fit the calculated
data to that obtained experimentally, as shown in Table 1.

of the simulation occurring at 165 min. It has to be
noted that the experimental design of this study, in
which ST perilymph and scala vestibuli perilymph
were combined into one sample, was not ideal to quan-
tify the radial communication between the scalae and
calculated curves were relatively insensitive to small
changes in the radial communication parameter.

A similar analysis of Parnes’ data was performed.
Using the application and sampling protocol shown in
Table 1, RWM permeability (which primarily affects
the amount of drug in perilymph, but not the curve
shape), was adjusted until the calculated data best fit
the experimental data, as shown in Fig. 2. The best fit
occurred with a RWM permeability of 2.0 X 10~ m/s.
In this simulation, only discrete time points correspond-
ing to Parnes’ experiments were available, since each
data point represents the calculated sample composition
of a fluid sample aspirated at the indicated time. The
close fit to Parnes’ data is apparent, with adjustment of
only the RWM permeability. The peak sample concen-
tration with this protocol occurs with the sample at 60
min, which contrasts with the time courses shown in
Fig. 1. The differences between the two studies can be
best appreciated by considering Parnes’ experimental
protocol in detail, as shown in Figs. 3 and 4. The heavy
line in Fig. 3 shows the calculated concentration of the
methylprednisolone in ST at a location of 1 mm from
the base of ST (i.e. at the approximate location of sam-
pling). Thirty minutes after the application, when the
solution is washed out from the middle ear, the drug
level begins to decline. An even more striking effect on
drug level is caused by the first sample aspiration after
60 min. The volume of fluid aspirated is replaced by
CSF, drawn in through the cochlear aqueduct as the
sample is aspirated. The cochlear aqueduct is patent
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700 4 RW Delivery —&— Perilymph sample concentration
from Parnes et al. 1999
Calculated concentration

in ST at location of sampling
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Fig. 3. Calculated time course of ST perilymph concentration at the
location of sampling, 1 mm from the basal tip of the scala. Re-
peated 10 pl fluid samples were taken which are presumed to con-
tain substantial amounts of CSF, drawn into ST through the co-
chlear aqueduct, which enters close to the sampling location. The
concentration profiles along ST at the time points A, B, C, and D
are shown in Fig. 4.

in guinea pigs and opens into ST approximately 1.1 mm
from the base (Ghiz et al., 2001). CSF entry causes a
dilution of the drug level in ST perilymph as indicated
by the drop in concentration of methylprednisolone in
ST and also a dilution of the methylprednisolone levels
in the sample, depending on the volume of CSF drawn
into the pipette. When sample aspiration finishes, the
perilymph concentration at the measurement location
increases again due to drug diffusion from regions
with a higher concentration, basal and apical to the
sampling point. The calculated concentration profiles
along the length of the cochlea at specific time points
during sampling, indicated A-D, are illustrated in Fig.
4. During sample aspiration there is a dramatic decrease
in drug concentration close to the site of aqueduct en-
try, which is partially replaced by diffusion from adja-
cent regions when sampling stops. The replacement of
perilymph by CSF also explains how it is possible that
after taking a 10 ul sample, a volume that is larger than
the total cochlear perilymph volume, methylpredniso-
lone remains in ST as shown by the measured concen-
trations in subsequent samples (Figs. 2 and 3). Each
subsequent sample only locally reduces the drug con-
centration leaving more distant regions of ST relatively
undisturbed.

The influence of different elements in the experiment
on the time course of drug in the perilymph is illus-
trated by progressively changing parameters from the
protocol used in Parnes’ study (Fig. 5A) to that used in
Bachmann’s study (Fig. SH). The first parameter con-
sidered was the sample aspiration used in Parnes’ study.
By plotting the fluid concentration at the sampling site
in the absence of sample aspiration (Fig. 5B) the time
course of the curve still shows an early peak but the
peak level is more than 10 times the concentration that

was measured and published. This clearly demonstrates
that the sampling procedure itself adds an artificial
clearance and exerts a substantial influence on the con-
centration time course. While Fig. 5B still plots the
calculated concentration time course at the sampling
location at 1 mm from the base of ST, the next panel
(Fig. 5C) shows the calculated drug level for the entire
cochlear perilymph, corresponding to the sample pro-
tocol used by Bachmann. Since apical cochlear regions,
with lower concentration, are now included in the sam-
ple, the time course reaches a level of only three times
the concentration in Fig. 5A, but the peak is still early.
The next parameter changed concerns the time the drug
is left in the middle ear. When the volume applied to
the middle ear (110 ul) is allowed to remain there,
rather than being washed out after 30 min, the peak
perilymph level becomes much greater and the peak
occurs later (Fig. 5D). The washout after 30 min in
Parnes’ study causes a break in the time course and
the early commencement of decrease in methylpredni-
solone levels in the perilymph. Taking into account the
remaining parameters, including differences in applied
concentration (Fig. 5E), the volume applied to the mid-
dle ear (Fig. 5F) and the difference in diffusion coeffi-
cient of prednisolone relative to methylprednisolone
due to slightly different molecular size (Fig. 5G), made
only minor changes of the absolute levels of the drug
time course.

After all apparent differences in the experimental pro-
tocols of the two studies were taken into account, con-
centration time courses of the two studies could be

I A: Before Sample

B: Immediately after sample

F

C: 2 min after sample

T

D: 10 min after sample

. =

Base Apex

Concentration

1717

Distance along Scala Tympani

Fig. 4. Calculated concentration profiles of methylprednisolone
along ST before, during and at different time points after the peri-
lymph sampling procedure. Sample aspiration causes a decrease in
ST perilymph concentration at the sampling site (B). When sample
aspiration ceases, the drug diffuses back into the region of low con-
centration (C, D). Panels A-D correspond to the time points A-D
in Fig. 3.
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substantially reconciled, resulting in a difference in the
peak level concentration of a factor of less than two
(comparing Fig. 5G and H and accounted for in our
analysis by differences in the RWM permeability values
for the two studies). Contrary to the large difference in
cochlear perilymph drug levels that would have been
inferred from the respective publications, the concentra-
tion time course of the drugs in perilymph would have
been similar, had the application protocol not differed
substantially. Based on these data, the simulation pro-
gram permits the drug time course to be approximated
for a variety of application protocols.

Since in clinical practice intratympanically applied

A K
60 1 ® Parnesetal. 1999 | 600 1 X]g +Con — 50me/m
4 Calculated 0 cME Sumg
40 400 1
20 1 200 1
0 . . , 0 .
x10 B x10 F
600 1 ino| 1  E+Vol _ =100ul
A + no sampling ME n
400 400 1
=
£ 200 200 1
)
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£ 200 1x3 . 600 | X10
E 150 {) B total Perilymph F + Diffusion
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O 50 200 1
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X ] 0 D x2 [ ] Bachmann et al. 200
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C + no washout
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600 1
200 1 300
0 0
0 200 400 600 800 0 200 400 600 800
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Fig. 5. Although similar experimental studies concluded substan-
tially different drug levels in the cochlear perilymph, the differences
could be almost totally explained by considering the specific experi-
mental designs of the respective studies. Panel A and H show pub-
lished concentration time courses for methylprednisolone and pred-
nisolone after intratympanic application (replotted from Parnes et
al., 1999 and Bachmann et al., 2001) and the best fit of the calcu-
lated concentration time course. Note the difference of an approxi-
mate factor 20 in peak concentration and the differences in time of
peak concentration in the two studies (A,H). Panels B-G show the
calculated concentration time courses while sequentially taking into
account each of the differences in the experimental protocol between
the two studies (as indicated in Table 1). Each panel shows the re-
sults of changing a single parameter, so that the influence of each
can be appreciated. A more complete description of each condition
is given in the text. The numbers in the upper left corners provide
the scaling factor of the y-axes with respect to panel A.

0 Cont deliv \
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1000 O Inject 30 min
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100 4 —
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Fig. 6. Calculated drug distribution of methylprednisolone for co-
chlear dimensions representing the human, using parameters derived
from the simulation of the guinea pig experiments by Parnes et al.
(1999). Comparison of the drug distribution along ST for applica-
tion by four delivery strategies. Left: Cpax. Right: AUC. Open
squares: Continuous delivery of drug to the RWM for 7 days.
Open triangles: Single drug application with volume in the middle
ear stabilized (such as by fibrin glue). Circles: Single, brief applica-
tion followed by a washout from the middle ear after 30 min (open
circles) and 10 min (filled circles). For both C.x and AUC, very
large gradients along ST are expected to be present in the human
although the slope of the curves depends on the actual inner ear
clearance.

corticosteroids are already being used, the drug distri-
butions in the inner ear for cochlear dimensions repre-
senting the human were also calculated using parame-
ters derived from the above simulations of guinea pig
experiments. Fig. 6 summarizes the peak methylpredni-
solone concentration (Cpay, left panel) and the AUC
(right panel) as a function of distance along ST for
the four application protocols described in Section 2,
specifically a simulated continuous delivery for 7 days
(open squares), a single RW application with volume in
the middle ear stabilized to prevent volume loss through
the Eustachian tube (open triangles), a single applica-
tion without volume stabilization for 30 min (open
circles) or a single brief application for 10 min (filled
circles). It is predicted that for all application protocols
the basal region of the cochlea will be exposed to sig-
nificantly higher steroid levels than the apical regions of
the cochlea. Continuous delivery results in substantially
higher Cp.x and AUC, while the brief one-shot appli-
cation give the lowest absolute drug levels. The relative
distribution of the steroid is almost the same for all
application methods, indicating that for drugs with rel-
atively fast perilymphatic clearance half-times the appli-
cation method may have little influence on the relative
distribution of drug along the cochlea.

4. Discussion

Drug delivery to the inner ear through the RWM is a



40 S.K.R. Plontke, A.N. Salt! Hearing Research 182 (2003) 34-42

promising way for the treatment of inner ear disorders.
Experimental animal studies investigating perilymph
drug levels after topical application are important stud-
ies for the advancement of this therapeutic strategy, but
they are technically difficult to perform. The animal
experiments analyzed in this study incorporated an ex-
tensive amount of experimental work. Since animal
studies are used to guide the clinician with regard to
applications in humans (Chandrasekhar et al., 2000;
Gianoli and Li, 2001; Kopke et al., 2001; Parnes et
al., 1999), careful interpretation of experimental data
is necessary. Using data from two different animal stud-
ies the time course of corticosteroid pharmacokinetics
could be approximated for each study using an estab-
lished finite element computer model. Although the ex-
perimental studies measured largely different drug levels
in the cochlear perilymph these differences could be
explained by considering the details of the experimental
design. Our analysis demonstrates the high level of de-
tail that is necessary for the interpretation of experi-
mental studies. The present model provides a useful
approach, based on physical principles, by which the
relevance of different elements in an experimental study
can be assessed.

One issue that needs to be considered is the semantics
of the term ‘perilymph concentration’. Often, concen-
tration measurements are represented as ‘cochlear peri-
lymph concentration’ (Bachmann et al., 2001), ‘scala
tympani/scala vestibuli concentration’ (Parnes et al.,
1999) or ‘vestibular perilymph concentration’ (Hoffer
et al., 1997). To be precise, these measurements more
correctly describe the ‘sample concentration’ obtained
from the location in question. It should be made clear
that the contents of the sample pipette, into which fluid
has been aspirated, may not be all perilymph. Especially
when larger samples are taken, fluid in the cochlea is
replaced by CSF, which dilutes the perilymph (assum-
ing the drug is not present in CSF) and thus influences
the sample concentration. Sampling of any form artifi-
cially contributes to inner ear clearance. The dilution of
the sample by CSF may lead to an erroneous estimation
of the cochlear perilymph level at the specific sampling
location.

Since in Parnes’ study each of the four 10 pl samples
aspirated was larger than total cochlear perilymph vol-
ume, which is approximately 8.6 pul for the guinea pig,
and sampling occurred from a location near the en-
trance of the cochlear aqueduct, it is apparent that sub-
stantial sample contamination by CSF must have oc-
curred. This is consistent with prior studies that have
demonstrated that perilymph samples may be contam-
inated by CSF (Scheibe et al., 1984; Salt and Thal-
mann, 1988; Hara et al., 1989; Salt et al., 2003). How-
ever, the present study shows that by simulation of
sampling procedures used in a specific experiment

with the finite element computer model, quantitative
interpretation of such experimental results is still possi-
ble.

It is known that drugs topically applied to the RWM
or delivered to the basal turn of ST are not equally
distributed throughout the inner ear (Salt and Ma,
2001; Stover et al., 1999). The distribution along the
length of the cochlea is dominated by the rate of dif-
fusion of the drug (faster for small molecules and slow-
er for large molecules) relative to the rate of clearance
of the drug from the scala. If the drug is rapidly cleared
then it will not spread as far along the scala. Our sim-
ulations of steroid time courses are consistent with a
clearance half-time of approximately 130 min. With
this rate of clearance it can be calculated that drug
levels reaching the apex of the guinea pig cochlea are
low. This situation is even more pronounced for longer
cochlear scalae corresponding to the human (Fig. 6).
For both Cp,x and AUC, very large and therefore clin-
ically relevant gradients along ST are expected to be
present in the human. Based on our simulations and
on experimental findings (Salt and Ma, 2001), we be-
lieve it is not technically possible to achieve a uniform
drug distribution along the perilymphatic spaces using
present round window application methods.

As clearance from perilymph plays a major role in
drug concentration gradients along ST, it is of impor-
tance to design experiments that permit perilymph
clearance to be clearly differentiated from middle ear
clearance. When fluid remains in contact with the round
window, this allows substances to diffuse into or out of
the perilymph according to the prevailing concentration
gradient. If drugs are cleared more rapidly from the
middle ear than from perilymph, loss of drug from peri-
lymph to a fluid-filled middle ear can contribute to the
apparent perilymph kinetics. The experimental design,
especially the application protocol and the sampling
procedure, determines which pharmacokinetic parame-
ters can be derived with accuracy from the experiment.
In both studies analyzed here it is not possible to clearly
differentiate perilymph and middle ear clearances, so
there is a level of uncertainty regarding the true peri-
lymphatic clearance rate. In order to establish the peri-
lymph clearance rate definitively, additional data are
necessary in which a sustained drug level is maintained
on the RWM so that perilymph kinetics are not influ-
enced by middle ear clearance.

The analysis of different application protocols shows
that the relative distribution of drugs in the ear is un-
likely to be markedly affected by the application proto-
col. This is somewhat counter-intuitive as it would seem
reasonable to assume that prolonged application would
result in the drug becoming more evenly distributed in
the ear. On the contrary, if clearance half-times are on
the order of hours, then within a matter of hours a
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steady state is established that will remain little changed
by further application. In contrast, the analysis shows
that the application protocol has a marked effect on the
drug levels achieved in perilymph, with different deliv-
ery strategies resulting in very different amounts of
drugs in the perilymph. A key factor controlling the
drug level achieved is the time the drug remains in
contact with the RWM. It therefore follows that in
order to control perilymph drug levels more precisely,
application methods must be developed that carefully
control both the level and the duration of drug in the
middle ear.
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