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ABSTRACT The mammalian cochlea relies on the active forcing of sensory outer hair cells (OHCs) to amplify traveling wave
responses along the basilar membrane. These forces are the result of electromotility, wherein current through the OHCs leads to
conformational changes in the cells that provide stresses on surrounding structures. OHC transducer current can be detected via
the voltage in the scala tympani (the cochlear microphonic, CM), and the CM can be used as an indicator of healthy cochlear
operation. The CM represents a summation of OHC currents (the inner hair cell contribution is known to be small) and to use
CM to probe the properties of OHC transduction requires a model that simulates that summation. We developed a finite element
model for that purpose. The pattern of current generators (the model input) was initially based on basilar membrane displace-
ment, with the current size based on in vitro data. The model was able to reproduce the amplitude of experimental CM results
reasonably well when the input tuning was enhanced slightly (peak increased by �6 dB), which can be regarded as additional
hair bundle tuning, and with a current/input value of 200–260 pA/nm, which is�4 times greater than the largest in vitro measures.
SIGNIFICANCE Hair cells within the cochlea generate a current when their stereocilia pivot. A vector sum of these
currents, known as the cochlear microphonic, can be measured in scala tympani. We developed a finite element model for
the electrical properties of the cochlea, which we use to study the generation of the cochlear microphonic, and thereby
stereocilia motion. We provide an interpretation of locality of the cochlear microphonic in terms of relative conductances
within the cochlea. We find that relative to transverse basilar membrane motion, the stereocilia motion that results in hair
cell current must be slightly more highly tuned. We also provide an estimate of channel sensitivity in vivo that is larger than
what has been measured in vitro.
INTRODUCTION

Sensory hair cells produce an electrical current due to the
pivoting motion of their stereocilia hair bundle (HB). This
current leads to intracellular voltage changes that drive
transmitter release in the case of inner hair cells and drive
electromotility and cochlear amplification in the case of
outer hair cells (OHCs) (1). The transducer current passes
through the hair cell membranes into scala tympani (ST)
and produces a time-varying voltage, referred to as the
cochlear microphonic (CM). Both inner hair cells and
OHCs produce a transducer current, but the current pro-
duced by OHCs is the dominant contributor to the CM
(2). The relationship between ST voltage and OHC current
is complicated, as it depends on the currents of many OHCs
stimulated at different amplitudes and phases according to
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the traveling wave response of the cochlea. The measured
voltage will depend on the location where it is measured
within the ST, as nearby OHCs contribute more to the
locally measured voltage than those that are far away.
Near the basilar membrane (BM), voltage responses
resemble local BM traveling wave responses, creating
what is referred to as the local cochlear microphonic
(LCM). The LCM has been used as an indirect measure of
local OHC current and to probe the operation of the cochlear
amplifier (3–6).

To use LCM data most productively, one would like to
relate them more concretely to HB motion. That project
confronts and speaks to two unknown relationships. The
first is the relationship between BMmotion, which is known
in the base for many species, and HB stimulation. HB piv-
oting has been approximated as directly proportional to
BM motion (7). However, the HBs are stimulated by mo-
tions within the OC, and optical coherence tomography-
based measurements of motions within the organ of Corti
(OC) have found that intra-OC motion can be substantially
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FIGURE 1 (A) Cross section of the gerbil cochlea, with the spiraling ST marked in blue. The red star represents the spiraling current source. (B) Geometry

of the model as it appears in the COMSOL Multiphysics user interface, representing an uncoiled version of the blue region in (A). The outer wall is distinct

from the larger fluid space, and the approximate position of the BM is marked by a half-cylindrical surface. The line-current source can be seen on the flat

surface. (C) shows a cross section 2.5 mm from the base, and the vertical line from source to wall is where simulated voltages are recorded. OC, organ of

Corti; BM, basilar membrane. To see this figure in color, go online.
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larger than BM motion (8–12). Moreover, in mice HB mo-
tion has been inferred to be more sharply tuned around the
peak frequency than BM motion via measurements of tecto-
rial membrane (TM) and reticular lamina (RL) motions
(13). The second unknown relationship is that between
OHC current and ST voltage. Here, we present a semicylin-
drical finite element model (FEM) of the gerbil cochlea ST
that incorporates the three spatial dimensions of the fluid
space and the electrical properties of the outer wall
(Fig. 1). With this relatively physically realistic model for
current spread, we compare predicted and measured CM.
We are primarily concerned with two questions, and the in-
formation revealed by their answers: 1) is the shape of the
experimentally measured LCM voltage consistent with pro-
portionality between BM displacement and OHC current?
This question is motivated in part by an intuitive surprise
at how sharply tuned the experimental LCM is (3,4,6,10),
given that it is due to a summation of distributed currents;
2) is the magnitude of the experimentally measured LCM
response consistent with the HB displacement-current rela-
tionships measured in vitro? This question is motivated by
the uncertainty in this value because of the experimental
challenges and limitations of in vitro measurements.

The relationship between the CM and the hair cell current
sources has been studied using cablemodels of current spread
in the cochlear scalae. The current source, based on BM
displacement, runs along one side of the cable. The cable’s
electrical properties are characterized by longitudinal and
radial resistances, with a single controlling parameter, the
space constant. In practice, the CM prediction from a cable
model is found as a sum of OHC contributions, with the
weighting falling off exponentially with OHC longitudinal
distance from the measurement location, and the exponential
decay governed by the space constant (3,6,14–17). Cable
2 Biophysical Journal 120, 1–16, September 7, 2021
models have also been incorporated into relatively complex
mechanical models of the cochlea (18,19). In addition to
models of natural cochlear electromechanics, FEMs of the
scalae’s electrical properties have been developed to predict
the electrical potentials that excite auditory neurons to better
understand and improve the operation of cochlear implants
(20–22). These are implemented using a precise geometric
model of the human cochlea, including all three scalae and
the spiraling structure of the cochlea, and the stimulus is pre-
sented in STby a simulated electrode. Ourmodel differs from
the FEMs used to study cochlear implants in that we are inter-
ested in studying the effect of an unknown OHC current
source on ST voltage rather than the voltages produced by
known, electrode-based current sources present in the ST.
Although the cochlear implant studies model the same elec-
trical properties as we do, they are more complex than is
needed to study the questions posed above. Our model
contains few electrical and geometrical parameters, allowing
a more complete exploration of parameter space. The
simplicity of the model aids in the interpretation of results
and reduces computation time.

To give a preview of findings, when proportionality be-
tween BM displacement and OHC current was assumed
and the magnitude of the OHC current was based on
in vitro data (23), the model fell short of predicting the
measured LCM in several ways; the model’s predicted
LCM tuning was not as pronounced as experimental results,
and themagnitude of the predicted LCMwas smaller than the
measured LCM. In addition, the predicted LCM phase did
not go through as much accumulation as in the experimental
results, and a phase lift in LCM in response to BMmotion at a
frequency slightly below and through the peak frequency that
occurs in experimental results in gerbil was not predicted.
(The peak frequency will be referred to as ‘‘CF,’’ for
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FIGURE 2 Current source is initially assumed

to be proportional to BM displacement shown

here. (A) Amplitude and (B) phase of BM displace-

ment, based on gerbil data with CF 15.5 kHz (27),

at sound pressure levels 20–50 dB SPL. The phase

was nearly independent of SPL, and the small var-

iations were not included. Phase is shown refer-

enced to the EC pressure. The data are plotted

versus frequency/CF. Inset in (A) shows enhanced

tuning (of hair bundle (HB) over BM) that will

be applied to the 40 dB SPL input in one section

of the results. To see this figure in color, go online.
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‘‘characteristic frequency,’’ the frequency of the peak at low
sound levels.) These discrepancies indicate that OHC current
is more sharply tuned than BMdisplacement and suggest that
it leads BM displacement at frequencies within the peak.
These expectations are consistent with the enhanced tuning
in radial HB motion in both experiments and predictions of
cochlear models (13,24). The findings also lead to a predic-
tion that OHC transducer current is larger than has been
measured in in vitro experiments. It has been proposed that
the experimental conditions in in vitro experiments would
give rise to measured currents about four times lower than
what would be produced in vivo (25,26), and our results sup-
port that proposal. Finally, we find that reducing the basal
current leads to more realistic phase excursion in the pre-
dicted LCM, suggesting that the phase accumulation seen
in vivo could be due to basal impairment in the cochleae
from which LCM is measured.

The cochlea is a feedback system, in which mechanical
motion produces hair cell current and thus voltage, which
feeds back to boost the motion (1). The current sources will
be influenced by the feedback, but the relationship between
the voltage in STand the current sources that we model is in-
dependent of the feedback, which is not incorporated into the
model. Of more potential concern is that the cochlea is a
nonlinear system, with the nonlinearity based in the satu-
rating relationship between HB current and HB displace-
ment. In our model, the relationship between the HB
current and displacement is taken as linear. This is defensible
in that we restrict the model to sound pressure levels (SPLs)
up to 50 dB and emphasize results up to 40 dB, at which re-
sponses still show robust CF peaks, so current saturation is
not pronounced (Figs. 2 and 3). Moreover, including
nonlinear saturation in the predicted current would lead to
a prediction of smaller current and therefore smaller voltage,
so the finding that the predicted LCM is smaller than exper-
imentally measured LCM would be strengthened by
including nonlinear saturation. Similarly, including
nonlinear saturation would lead to a prediction of less sharp
tuning in the LCM, so the finding that the predicted LCM is
less sharply tuned than the experimental LCMwould also be
strengthened. In futurework, themodel could be expanded to
include nonlinear saturation of HB current.
MATERIALS AND METHODS

Model

The cochlea is modeled as a half-cylinder 10 mm in length, which is

approximately the length of the uncoiled gerbil cochlea. The OC, BM,

ST, and outer wall are each modeled as half-cylindrical shells. The OC is

80 mm in radius, positioned at the center of the cochlear model (28). The

BM is a 10-mm-wide half-cylindrical shell surrounding the OC. The ST

is 520 mm wide (29), so that the entire electrically homogeneous ‘‘fluid

space’’ (OC, BM, and ST) is effectively a single 610-mm-wide half-cylin-

der. These values come from measurements of the gerbil cochlea at a point

�2.5 mm in from the oval and round windows (29). The outer curved wall is

modeled as being 100 mm wide. The geometry of the model in the COM-

SOL Multiphysics user interface is presented in Fig. 1. Results using a

model with more accurate scalae dimensions are in the Supporting mate-

rials and methods; the results were not changed significantly.

OHC current is modeled as a line-current source A(x), running along the

center of the flat side of the half-cylinder (the center of the OC) from base to

apex. We force a potential of 0 at the outer face of the outer curved wall.

The flat boundaries of the system (the semicircular boundaries at the base

and apex and the rectangular surface on top) are assumed to be electrically

insulating, so that no current may flow through them. Mathematically, this

is to say that if J is the current density field, then J $ n ¼ 0 at the insulating

surface for any vector n normal to the surface.

Insulating boundary conditions at the basal and apical surfaces of the co-

chlea are justified by the fact that no direct current will flow through the

round and oval windows. The top surface represents the boundary between

the ST and scala media, which are filled with perilymph and endolymph,

respectively. These fluids are electrically and ionically distinct, isolated

from one another by tight junctions in the RL (30,31). This justifies our

choice of an insulating boundary condition at the top surface.

Within the interior, we solve the charge density continuity equation

vr

vt
þV$J ¼ 0 (1)

where r is charge density, as well as Ohm’s law

J ¼ sE; (2)
Biophysical Journal 120, 1–16, September 7, 2021 3



A

B

C E

FD

FIGURE 3 CM from experimental data sets. (A and B) Set 1, gerbil 712 (10), amplitude and phase of CM measured close to (�20 mm from) the BM at the

16 kHz CF location. SPL was 20–90 dB in 10 dB intervals. (C andD) Set 2, gerbil 693 (24), amplitude and phase of CMmeasured close to (�20 mm from) the

BM at the 18 kHz CF location. SPL was 30–80 dB in 10 dB intervals. (E and F) Gerbil 693, amplitude and phase of CM at various distances from the BM in

scala tympani at the 18 kHz CF location, 45 dB SPL. To see this figure in color, go online.
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where s is the conductivity of the material and E is the electric field. We are

interested in finding the voltage V, which is related to the electric field via

E ¼ � VV: (3)

With the radii and length preset, the only physical parameters for the model

are the electrical conductivity of the different regions of the cochlea. We

model the OC, BM, and ST as having the conductivity of saline, s ¼ 14.5

mS/cm (this parameter is fixed), and we let the conductivity of the outer

wall be sW ¼ s/K for some conductivity scaling factor K. As the OC, BM,

and ST are modeled as electrically identical, the structure is reduced to a

half-cylinder nested within a half-cylindrical shell (Fig. 1).

Equations 1, 2, and 3 were solved subject to the specified boundary condi-

tions by using the finite element method based in the COMSOLMultiphysics

software package. A tetrahedral mesh with elements no smaller than 40 mm

and no larger than 55 mm on each side was used. This was sufficient to

achieve convergence of the simulation for frequencies as high as 25 kHz.

The use of this relatively coarse mesh is possible because the details of the

OC and BM have not been included in the model geometry. A mesh twice

as fine (in terms of minimal side length) was tested for a single input, and

no characteristic differences were seen in the model output. The current

source is defined with a linear resolution of 11.1 mm.

We find voltage along a line segment running from the interior of the outer

curved wall to the flat rectangular boundary containing the line source, at a

distance 2.5 mm from the base (see measurement line in Fig. 1 C). The loca-

tion 2.5 mm from the base corresponds to a best frequency of 19.5 kHz in

gerbil and is at or near the location where experimental data were gathered.

We observe the model output at 32 frequencies between 1 and 25 kHz.

All simulations were performed on a personal computer running the 64-

bit Windows 10 Enterprise operating system, equipped with 32 GB of RAM

and an Intel Xeon W-2133 CPU (3.6 GHz clock rate). On this system, a 32-

frequency sweep as described above takes 34 min and 6 s for a single SPL.
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Outer wall conductance and locality

In cable models, the locality of the CM measurement along the cable—the

degree to which the CM represents current from local OHCs—is deter-

mined by a space constant l, a parameter that is proportional to the ratio

of radial to longitudinal resistances, with units of distance. An increase in

l corresponds to a less local measurement, i.e., it corresponds to more

distant current sources having a larger impact on the measured voltage.

In the FEM, the unitless parameter K modifies the locality of measurement

by controlling the conductance of the outer wall relative to the fluid. Previ-

ous FEMs have similarly found the conductivity ratio to be an important

controlling factor of current flow through the cochlea (22). An intuitive

connection exists between K and the l of cable models. In a cable model,

the longitudinal resistance is entirely due to perilymph resistance, and the

radial resistance is due to both perilymph and wall resistance. In the

FEM, higher values of K correspond to higher radial resistance and will

lead to more contribution to the measured CM from nonlocal sources,

whereas lower K-values, corresponding to lower radial resistance, will yield

CM measurements that more closely resemble the local current source.

However, even as K approaches 0, the radial resistance of ST is always pre-

sent, so the model cannot be made arbitrarily local. This is distinct from ca-

ble models, in which the value of l can be changed so that any degree of

locality is seen at the output. By sweeping the parameter K for a single stim-

ulus, we found that a value of K ¼ 50 was reasonable for predicting the lo-

cality of experimental CM measurements. We use this value for most

simulations and present the results of the parameter sweep in the Results.
Current source

The input to the model is the value of the line-current source, which is a

function of the position along the length of the cochlea, x, with units of am-

peres per meter (A/m). For a single-tone input, A(x, f, S) denotes the
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frequency-domain representation of the linear current density at the source

at position x in response to a tone at frequency f and sound pressure level S.

We assume initially that the current at position x is directly proportional

to the transverse displacement of the BM at position x. Denoting the fre-

quency-domain transverse BM displacement as z(x, f, S), there exists a con-

stant C such that A(x, f, S) ¼ Cz(x, f, S). As z has units m, C has units A/m2

and corresponds to current per unit length along the cochlea per unit

displacement of the BM. OHCs come in rows of three and are spaced by

�10 mm along the length of the cochlea, so along 1 mm of the cochlea there

are �100 rows of OHCs (32). We let each OHC produce 33 pA/nm, a value

that is based on the slope of the Boltzmann input/output curve from in vitro

OHC data, in which the input is the pivoting displacement of the stereocilia

bundle (23). With 100 pA/nm per row and 100 rows/mm, our starting esti-

mate for C is C ¼ 10 kA/m2.

Most available BMmotion data are measured over a range of frequencies

and sound pressure levels at a single location—that is, we have access to

z(x0, f, S) for some fixed x0. To approximate z(x, f, S) using these data,

we invoke the principle of scaling symmetry (1,33–35). Scaling symmetry

is based on a premise that the displacement of the BM at some location and

frequency depends only on the sound pressure level and the ratio of the

driving frequency to that location’s best frequency. With that premise, for

a given location x0, frequency f0, and sound pressure level S0, we may

find z(x, f0, S0) given z(x0, f, S0) so long as we have the tonotopic map of

the species—that is, the function CF(x) that maps each location x to the

best frequency at that location. Specifically, we may write

zðx; f0; S0Þ ¼ z

�
x0;

f0
CFðxÞCFðx0Þ; S0

�
: (4)

For gerbil, the tonotopic map was measured by M€uller to be

CFðxÞ ¼ 0:398 � �
100:2ð11:1�xÞ � 0:631

�
; (5)

where x has units of millimeters and CF(x) has units of kilohertz (36).

The phase of BM displacement and of CM are often referenced to the ear

canal (EC) pressure. To apply scaling symmetry, we must have the BM

phase referenced to stapes motion; this ensures that all phase accumulation

in the input data is intracochlear. Phase referenced to EC also contains the

phase accumulated within the middle ear, which should not be manipulated

via scaling symmetry. Assuming middle ear delay T in seconds, the phase

will accumulate �2pfT cycles in the middle ear at the stimulus frequency

f. Given a phase fE referenced to the EC with units of cycles, the phase

referenced to stapes motion fs in cycles is given by

fs ¼ fE þ 2pfT: (6)

That is, we subtract the phase accumulated in EC. The middle ear trans-

mission delay has been measured in gerbil as T �25 ms (37). The input to

our COMSOL model is referenced to stapes motion, and thus, the phase of

the predicted voltage is referenced to stapes motion as well. To compare the

predicted CM phase to CM data referenced to the EC, we simply add�2pfT

to the predicted phase (we add back in the phase accumulated in the middle

ear).

We use BM displacement data based on the measurements of Ren et al.

(27) with CF 15.5 kHz. We choose these data because they were taken

over a wide frequency range, facilitating the use of scaling symmetry, and

because they were taken with a laser interferometer and thus were more

quantitatively accurate than those obtained via pressure difference measure-

mentsmadewith a pressure and voltage sensor (3). The data, shown in Fig. 2,

have been smoothed, and the phase, which was only mildly SPL-dependent,

is taken to be independent of SPL.Using scaling symmetry, we generate line-

current source values proportional to these BM displacement data at 32 fre-

quencies between 1 and 25 kHz. The scaling symmetry approximation is

most valid in the vicinity of the location at which the generating data were
taken. Scaling symmetry applies where the tonotopic map is exponential,

which in gerbil is the case for locations above the 2 kHz place (36).
RESULTS

Features of the data

We open the results section by presenting the experimental
data that were used to guide and evaluate the modeling
study. Fig. 3 shows two gerbil CM data sets; set 1 from
(10) and set 2 from (24) show LCM measurements from
two different gerbils. Fig. 3, E and F show CM at several
distances from the BM in the preparation of set 2. Differ-
ences between the set 1 and 2 responses are likely due to
variations in the conditions of the preparations and also
the variations in the distance to the BM, which is not known
precisely. The LCM is similar to BM displacement in peak-
ing at the CF, showing compressive nonlinearity, particu-
larly in the peak region, and showing traveling-wave
phase excursion through several cycles. LCM responses
differ from BM responses at SPLs of 60 dB and above, at
which the LCM peak is washed out, likely in part because
of the increasing influence of nonlocal responses. The
amplitude in the sub-CF region is quite flat at low SPL,
whereas it is monotonically decreasing at higher SPL.
Data above �60 dB SPL are likely affected significantly
by mechanoelectrical transduction (MET) channel satura-
tion and will not be well reproduced by our linear model;
we restrict the modeling study to SPLs up to 50 dB.

One feature of the data is the presence of sub- and supra-
CF notches in the magnitude response, appearing in all three
panels. Notches can be produced by phase cancellation
when the summation of local and more distant sources
add destructively (3,15). In addition, mechanical resonance
or standing wave patterns could produce notches at the HB
and thus in the current source itself (24,38). This possibility
is not a focus of our study but is briefly explored in Figs. S3
and S4.

At low SPL (up to �40 dB), the phase of the LCM
response shows traveling wave accumulation through
more than three cycles and then plateaus at a frequency
slightly above the CF. At higher SPLs, the plateau occurs
at a lower frequency, with full cycle separations between
the plateaus at different SPLs. When LCM was measured
simultaneously with BM motion or compared in CF-
matched data sets in gerbil, the LCM was observed to
lead BM displacement by �0.25 cycle, starting at a fre-
quency �0.7–0.8 times the CF (3,10,24). In an analysis of
HB stimulation in mice, a phase lead relative to BM motion
was observed (13). This could be produced by additional
filtering—something like a TM resonance (24). Phase vari-
ations in the current source were not explored in this model
except in Fig. S4.

The CM voltage is sensitive to the position within the ST
at which the measurement is taken. Fig. 3, E and F show
Biophysical Journal 120, 1–16, September 7, 2021 5
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FIGURE 4 CM prediction under the assumption that current is proportional to BM displacement. K ¼ 50, and channel sensitivity ¼ 33 pA/nm (starting

value). Predictions are shown at five locations along the line segment 2.5 mm from the base of the cochlea (see Fig. 1 C). Magnitude and phase: (A and B) at

the position of the line-current source, (C and D) 55 mm from the source, (E and F) 110 mm from the source, (G and H) 160 mm from the source, and (I and J)

410 mm from the source. The dashed lines in the lower panels are the phase of the input (BM displacement) used to generate the current stimulus. To see this

figure in color, go online.
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voltage measured at various distances from the BM at 45 dB
SPL. The peak diminished as voltage was measured further
from the BM. A slight positive slope in the sub-CF region
was observed close to the BM, whereas a slight negative
slope was seen far from the BM. Traveling-wave phase
accumulation through >2 cycles was observed at locations
up to �50 mm from the BM, but not when measured
�300 mm from the BM, close to the outer wall, where the
phase accumulation was slightly over one cycle and can
be attributed largely to the �25 ms middle ear delay.

A list of qualitative features

This leaves us with a list of experimentally measured prop-
erties that we will use to explore the FEM-predicted CM
voltage: 1) the presence of a prominent CF peak for SPLs
up to 50 dB for CM measured near the BM (as LCM), 2)
the presence of sub- and supra-CF notches, 3) a loss of
peak definition as measurements are taken further from
the BM, 4) a relatively flat amplitude response in the sub-
CF region, 5) traveling-wave phase accumulation through
several cycles for measurements within 50 mm of the BM
that is lost in measurements further from the BM, and 6) a
phase lead of the LCM with respect to BM motion at fre-
quencies within the CF peak.

A comparison of property 1 in modeling and experimental
results will point to whether additional filtering is called for
betweenBMdisplacement andHBstimulation. Experimental
properties 2, 3, and 5 are a consequence of current spread into
the saline-filled cochlear spaces and are expected to be
observed in the model results as long as we have modeled
the physical properties reasonably. Property 4 is related to
the locality of the voltage and will help us to determine the
value of the parameterK. A totally local measurement would
6 Biophysical Journal 120, 1–16, September 7, 2021
see a positive slope in the sub-CF band, as this is the shape of
the line-current source. A less local measurement would have
contributions frommany current components andmay appear
flatter. We choose K so that the experimentally observed flat-
ness is produced by the model. Experimental property 6, the
presence of a phase shift and lead of LCM with respect to
BMmotion, is not expected to be observed in the FEMmodel;
the predicted LCM phase is expected to be approximately in
phasewith theBMdisplacementwhen the line-current source
is taken to be proportional to BM displacement. (If a phase
shift were predicted, it would cast doubt on models that
require TM filtering to produce the shift (24).)
Model predictions

Input based on BM displacement

As described above, we first use a line-current source that is
proportional to the BM displacement data in Fig. 2 after
applying scaling symmetry. Fig. 4 shows the predicted
voltage along the radial line at the 19.5 kHz location (see
measurement line in inset in Fig. 1) for 20, 30, 40, and 50
dB SPL. The predicted voltage at four points along this
line are shown: at the location of the line source and at dis-
tances 55, 110, 160, and 410 mm from the line source. The
phase of the BM displacement used to generate the current
stimulus is included for reference. Fig. 4, A and B show the
predicted voltage at the position of the line source. A strong
peak is present in all of the panel A curves. The shapes of the
curves in A and B are nearly, but not exactly, identical to the
BM displacement (model input) in Fig. 2, and the phase
courses through more than three cycles and leads the input
phase gradually at supra-CF frequencies. The reason that
there is any difference between voltage at the position of
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FIGURE 5 Model LCM predictions 110 mm from the line-current source (�20 mm from the BM) compared with experimental set 1. Results (magnitude

and phase) are shown at 20 (A and B), 30 (C and D), 40 (E and F), and 50 dB SPL (G and H). CM predictions are based on the assumption that current is

proportional to BMmotion. K¼ 50, and channel sensitivity is adjusted from starting value of 33–200 pA/nm to align with the experimental result. The phase

of the current stimulus is shown as a dashed line in the lower panels. To see this figure in color, go online.
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the line source and the input is because the voltage at the
line source will be influenced by the current of other loca-
tions. Fig. 4, C and D show responses 55 mm from the
line source, a distance that is not experimentally accessible
but is useful for illustration. The magnitude of the peak is
reduced, a supra-CF notch has developed, and the phase ac-
cumulates three cycles and then plateaus. The predicted
amplitude of the CM 110 mm from the line-current source
(Fig. 4 E), which approximately corresponds to the LCM
measurement location �20 mm from the BM, contains sub-
stantial CF peaks at 20 and 30 dB SPL, with notches skirting
the peaks. At 40 and 50 dB SPL, the peak is substantially
washed out. This trend continues in Fig. 4 G, 160 mm
from the line-current source. The predicted LCM phase
accumulation at the BM is two cycles (Fig. 4 F), and the
phase contains ripples where the amplitude notches occur.

The predicted LCM voltages at a point 110 mm from the
line-current source are compared to the experimental data of
set 1 in Fig. 5 and of set 2 in Fig. 6. In these figures, the
model’s current source strength, which was reasoned from
in vitro data to take a value of 33 pA/nm, has been multi-
plied by factors of 6 (to 200 pA/nm, set 1) and 8 (to
260 pA/nm, set 2) to match the experimental LCM ampli-
tudes in the sub-CF band.
Input with additional tuning

The predicted LCM voltages at a point 110 mm from the cur-
rent source, using both the BM-based and HB-based current
sources (Fig. 2, inset), are compared to the data of sets 1 and
2 in Fig. 7. With the more tuned current source, the LCM
peak is more prominent, whereas the phase is affected
very little. Just as in Fig. 4, the current source strength
was 200 pA/nm (set 1) and 260 pA/nm (set 2). (This value
was chosen to match the sub-CF amplitude, which was
not substantially affected by the enhanced tuning.)

Effect of varying outer wall conductivity

The outer wall conductivity proportionality constant K
allows for a degree of control over the locality of the voltage
measurement, with low and high K corresponding to mea-
surements in which current from local OHCs would be
more or less dominant over remote OHCs. In the results
shown previously, K ¼ 50. To illustrate the sensitivity of
the model to changes in K, we show the predicted CM at
points 110 and 210 mm from the line-current source for
six different K-values in Fig. 8.
DISCUSSION

Basic comparison of modeling and experimental
results

In the Results, we provided a list of qualitative properties of
the experimental data to use to explore the FEM predictions.
Property 1 was the presence of a CF peak in LCM for stimuli
below 60 dB SPL. In Fig. 4, E and F (corresponding to
110 mm from the line source), the FEM predicts a significant
peak at 20 and 30 dB SPL, but a peak is barely present at 40
dB SPL, and the 50 dB SPL peak is washed out. Direct
Biophysical Journal 120, 1–16, September 7, 2021 7
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FIGURE 6 Model LCM predictions 110 mm from the line-current source (�20 mm from the BM) compared with experimental set 2. Results (magnitude

and phase) are shown at 30 (A and B), 40 (C andD), and 50 dB SPL (E and F). CM predictions are based on the assumption that current is proportional to BM

motion. K ¼ 50, and channel sensitivity is adjusted from starting value of 33–260 pA/nm to align with the experimental result. The phase of the current

stimulus is shown as a dashed line in the lower panels. To see this figure in color, go online.
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comparison to the experimental data in sets 1 and 2 (Figs. 5
and 6, respectively) shows that the experimental peak at the
CF is underpredicted. In particular, the peak is washed out in
the model results at 40 dB SPL, at which it is still strong in
the experimental LCM. The inability of our model to predict
the degree of tuning in the LCM using the BM-proportional
line-current source supports the idea that HB motion is
more sharply tuned than BM motion, as in Fig. 7, which
we discuss further below.

Property 2 was the presence of sub- and supra-CF
notches. In both predicted and experimentally measured
CM voltage, the sub-CF notches near the BM only appear
when there is a strong peak. The presence of the peak is
poorly predicted by the model at 40 and 50 dB, and the
sub-CF notches are not predicted at these SPLs either.
This argues that the sub-CF notch is the result of cancella-
tion involving currents from the sub-CF peak. The supra-
CF notch is predicted relatively accurately at all SPLs.

Properties 3 and 5—loss of peak definition and phase
accumulation as we move further from the BM—are
apparent in our predicted CM voltages in Fig. 4. Finally,
property 4—the flatness of the sub-CF band—is met accu-
rately at all SPLs in both sets. This is controlled in part by
the value of K, which has been chosen to best match data
in the sub-CF region.

Property 6, the presence of a phase shift and lead of LCM
with respect to BM motion, was not predicted by the FEM
8 Biophysical Journal 120, 1–16, September 7, 2021
model. The predicted phase does not undergo the lift and
pronounced lead apparent in the experimental data, espe-
cially clear in Fig. 6. This experimental feature likely re-
quires a shift in the phase of the current source (Fig. S4).

The predicted LCM phase begins to plateau at a lower fre-
quency than the measured LCM phase. It is tempting to say
this plateau is due to the ‘‘fast mode’’ response. In experi-
mental intracochlear measurements, at frequencies some-
what above the CF peak, the phase flattens out in pressure,
displacement, and LCM (39). In pressure, the plateau phase
is readily attributed to the pressure’s fast mode (40), and
the fast mode pressure can produce a fast mode of BM
displacement (visible as the plateau in amplitude and phase
in Fig. 2). This would lead to a fast mode LCM with phase
plateau. However, in the results of Fig. 4, the predicted
LCM phase plateaued at frequencies at which the displace-
ment input was not in a plateau but was still accumulating.
It is likely that the LCM plateau in the FEM arises from
nonlocal current from the CF peak. In that case, the flat
LCM phase observed in the model is akin to the nearly flat
phase of a ‘‘wave-fixed’’ distortion product otoacoustic emis-
sion (DPOAE). A wave-fixed DPOAE arises from the CF
peak place, at which the phase is nearly invariant, and then
travels or projects to the measurement location (41). With
this, the basis for the LCM phase plateau is understood, but
the deviation between measurements and model predictions
remains unexplained. The difference could be due to our
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FIGURE 7 Model LCM predictions 110 mm from

the line-current source compared to experimental

data. Current source is based on the enhanced tuning

of HB motion. Comparisons are made at 40 dB SPL.

(A and B) Set 1 comparison. K ¼ 50, and channel

sensitivity is adjusted from starting value to to

200 pA/nm (same as Fig. 5). (C and D) Set 2 com-

parison. K ¼ 50, and channel sensitivity is adjusted

to 260 pA/nm (same as Fig. 6). The phase of the cur-

rent stimulus is shown as a dashed line in each phase

plot. To see this figure in color, go online.
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model being unrealistically nonlocal, meaning that the
parameterK has been set too high. Another reasonable expla-
nation is that the measurements are taken from gerbils in
which the basal region was compromised because of experi-
mental exposure. In that case, in the experiments, the basal
CF peaks would be attenuated, and the local responses with
traveling-wave phase accumulation would remain dominant
through higher frequencies. The known fragility of the basal
region makes this explanation credible (42). We return to
explore these two possibilities in later sections but first return
to the question of the insufficient tuning in the predicted
LCM peak.
Additional tuning from HB displacement

The use of a line-current source based on BM displacement
was insufficient to reproduce the tuning seen in the experi-
mentally measured LCM. Although HBmotion has not been
directly measured in vivo, the difference between measured
radial TM and RL motion in mouse has been used to infer
HB motion (13). These data imply that peak radial HB mo-
tion is a factor of �5 greater than peak BM motion, with
only mild SPL dependence. A cochlear model that explored
the micromechanics that would produce amplifying OHC
forces also predicted sharper HB tuning compared to BM
(24). Guided by our findings and encouraged by these
previous modeling and measurement results, we expect
the line-current source to be more highly tuned than BM
displacement. We generated a second line-current source
with heightened tuning compared to BM motion, with a
modest gain factor of �2 at the peak. Fig. 7 compares the
model to experimental results and shows that the use of
the HB displacement to derive the current source led to a
more accurate prediction of CM tuning than what was pre-
dicted using the BM-proportional current source. Whereas
the predictions using the BM-proportional stimulus under-
estimated peaks at 20–30 dB SPL and showed no peak at
40 dB, the more highly tuned stimulus provides accurate
predictions of both the presence and shape of the 40 dB
SPL peak. In addition, the use of the more tuned current
source better predicts the presence and magnitude of the
sub-CF notch, satisfying properties 1 and 2. The distance-
dependent properties 3 and 5, as well as the sub-CF flatness
property 4, were met similarly with and without the applica-
tion of additional tuning. Regarding the phase shift of prop-
erty 6, the predicted phase is barely affected by the
additional tuning. This is not surprising, as we have not
altered the phase of the current source.
Quantitative difference in sensitivity

Under the original assumption that the OHC line-current
source is proportional to BM displacement and that the
OHC sensitivity is 33 pA/nm, the model-predicted voltage
Biophysical Journal 120, 1–16, September 7, 2021 9
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FIGURE 8 Effect of variations in lateral wall con-

ductivity, sW ¼ s/K, where s is the conductivity of

the ST saline solution. Predicted CM at 20 dB SPL

with K ¼ 10, 25, 50, 100, 150, and 300 is shown. (A

and B) 110 mm from the line-current source; (C and

D) 210 mm from the line-current source. Channel

sensitivity is set to 33 pA/nm. To see this figure in

color, go online.
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magnitudes were a factor of six or eight times smaller in the
sub-CF region than measured LCM voltages. (The six to
eight range is due to differences in magnitudes in the exper-
imental data sets.) At the peak, this factor was even larger.
The use of enhanced tuning as shown in the inset of Fig. 2
predicted the tuning of CM correctly and increased the
peak value but had little effect on the magnitude of the
sub-CF band. Thus, including the HB tuning did not change
the finding that the OHC transducer channel sensitivity
should be six to eight times larger than our assumed sensi-
tivity (33 pA/nm), or �200–260 pA/nm. This could mean
either that 1) OHC current/HB displacement sensitivity
actually is six to eight times larger than our starting value
of 33 pA/nm or 2) the HB displacement is six to eight times
larger than BM displacement in the sub-CF band (and still
more tuned than BM motion in the peak). We consider
each of these in turn.

We estimated the OHC current-HB displacement rela-
tionship based on in vitro experimental data taken in a gerbil
hemicochlea (23). Those experiments found that basal
OHCs produced current with maximal gain of 50 pA/nm.
We are measuring at the base, and we picked a modest start-
ing sensitivity value of 33 pA/nm, considering that all OHCs
are likely not operating at maximal gain. However, these
in vitro data may underestimate sensitivity as a result of
temperature, ion concentration, and holding potential differ-
ences between in vitro and in vivo conditions, as explored by
10 Biophysical Journal 120, 1–16, September 7, 2021
Kennedy et al. (25). This exploration was in mouse, but the
relative value shifts under changes in experimental condi-
tions are still of interest. For example, the holding potential
in the hemicochlea experiments from which we derive our
sensitivity of 33 pA/nm was �70 mV (23). Kennedy et al.
show decreasing the holding potential from �84 to
�134 mV can increase the gain by about a factor of 2 in
in vitro mouse OHCs (25). This more negative holding po-
tential better represents in vivo conditions, in which both the
endocochlear potential and the intracellular potential are
present. Kennedy et al. also found that changes in calcium
concentration can increase OHC sensitivity by up to a factor
of 2. He et al. (23) found that decreasing holding potential to
�140 mV in the hemicochlea experiments nearly doubled
the current response for a single given input stimulus.
They also found that a decrease in calcium concentration
can increase current by a factor of 3 for a given motion stim-
ulus. Thus, in vitro versus in vivo differences in cell voltage
and calcium concentration could be a source of the discrep-
ancy between our model predictions and measured LCM.
This argues that the �200 pA/nm value for OHC sensitivity
is accurate.

Alternatively, considering possibility 2, intra-OC motions
up to a factor of 10 larger than BM motion have been
measured near the CF in mouse and gerbil. In the data of
Strimbu et al. (11) and Cooper et al. (9), displacement
near the OHCs can exceed BM displacement by up to a
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factor of 10 at all frequencies. However, this OHC region
motion is not more sharply tuned than BM motion, and
therefore, the current source is not likely to be based on it.
Further evidence against possibility 2 comes from motion
measurements in mice, indicating that the HB radial motion
motion was smaller than the BM motion at frequencies
lower than the CF (13). It is thereby most likely that the
quantitative discrepancy is a result of underestimation of
the in vivo OHC sensitivity and reinforces the sensitivity
value of �200 pA/nm.
Locality of the measurement and model
predictions

Near the BM, at lower sound pressure levels, the phase in
data traverse multiple cycles before leveling off, whereas
model data travel through only about two cycles before
leveling off at all SPL. This difference means that in the
experiment, local current is more dominant over remote cur-
rent than it is in the FEM. This inaccuracy in the model
might be because we have made the outer wall resistance
too large (K too large), which has the effect of emphasizing
nonlocal current sources. Or it might be because in the real
cochlea, the basal cochlea is not as robust as the location of
measurement, and as frequency is increased, the peak size is
reduced and thus offers less interference than the model pre-
dicts. We explore these possibilities in turn.

Discussion of effect of varying outer wall conductivity

Fig. 8 shows the effect of varying K using the initial model,
with current source proportional to the BM displacement of
Fig. 3. Responses are shown 110 mm from the line source
(approximately at the BM) (Fig. 8, A and B) and 210 mm
from the line source (Fig. 8, C and D). The way the predic-
tions vary with K confirms that K functions as a locality-
controlling parameter, with lower values of K (more conduc-
tive outer wall) corresponding to LCM measurements that
more closely resemble the local current stimulus. The lower
K results have an upward slope in the sub-CF band near the
BM, whereas the response in this band is flat for higher K. A
slight upward slope is seen in the sub-CF region of the
experimental data of sets 1 and 2, best matching the slope
of the K ¼ 50 response and leading to the use of K ¼ 50
for our simulations. The peak is less pronounced for high
K, at which the contribution from more distant current sour-
ces is larger. The peak shape was not changed substantially
by reducing K below 50. Thus, the finding that current pro-
portional to BM motion is not sufficiently sharply tuned to
predict the tuning of measured CM is robust to changes in
K. Because the peak amplitude did not change significantly
as K was varied, our findings relating to transducer sensi-
tivity are robust to choice of K as well. A K-value of 50 cor-
responds to a wall conductivity value of s/K ¼ 14.5/50 mS/
cm ¼ 0.29 mS/cm, corresponding to a resistivity of �3500
U$cm. This is greater than the resistivity of muscle but less
than that of bone and similar to the resistivity of fat (43).
This seems reasonable, considering the tight junctions pre-
sent in the tissue of the cochlear wall for maintaining the
different fluid and electrical compartments of the cochlea.
The wall resistivity we use is also in reasonable agreement
with a previous estimate of �1000 U$cm (44).

Although the higher K-values and resulting reduced local-
ity predicted a lack of phase accumulation, the lower K-
values did not produce the several cycles of phase excursion
observed in the experimental data of Fig. 3. Even making
K ¼ 1 did not produce the experimentally measured phase
accumulation. It is useful to contrast this limitation of this
parameter effect with the circuit-based cable model. In a ca-
ble model, the response is made increasingly local by
reducing the space constant, l, and can be made completely
local by setting l ¼ 0. In the more realistic FEM, the spread
of current cannot be reduced without limit. Therefore, other
properties must be considered to explain the experimentally
measured degree of locality in evidence in the several cycles
of phase accumulation. We explored the second proposed
explanation: that the cochlear responses were less robust
in the region basal to the measurement location, and thus,
those locations produced a reduced level of (interfering)
current. We do this by modeling the CM voltage in a prep-
aration in which the current in the region basal to the mea-
surement location is simply nulled (extreme case) and in
which it is reduced by half (more realistic case). This modi-
fication is reasonable, as the base of the gerbil cochlea is
known to be quite fragile (42). We also show the model re-
sults in a preparation in which the current in the region api-
cal to the measurement location is nulled. This exploration
also proved useful in understanding the sources of the
sub- and supra-CF notches.

Effects of nulling regions of the current source

We use the nulling exercise for two purposes: to explore
whether nulling the basal region will produce the experi-
mentally observed phase accumulation in LCM and to
explore the basis of the notches in the model’s predictions.
We hypothesize that the notches seen in the FEM’s magni-
tude response are due to phase cancellation between current
components local to the measurement location and peak
(high-amplitude) nonlocal current sources. To test this hy-
pothesis, we consider two manipulations: one in which cur-
rent apical to the 18 kHz location is set to 0 and one in which
the current basal to the 21 kHz location is set to 0. These fre-
quencies are chosen to be symmetric about and near to the
19.5 kHz CF of the measurement location. Using the initial
model, with current source proportional to the BM displace-
ment at 20 dB SPL, we observe the model predictions and
compare them to that of the intact simulations. (To relate
this to the HB-based tuning of Fig. 7, note that the BM-
based current source at 20 dB SPL is similar to the HB-
based source at 40 dB SPL.) The predictions are shown in
Fig. 9.
Biophysical Journal 120, 1–16, September 7, 2021 11
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FIGURE 9 Effect of nulling or reducing the current source basal or apical of the measurement location (19.5 kHz CF place). Panel sets show magnitude

and phase at various distances from the current source. The original current source, based on BM displacement tuning, and the original channel sensitivity,

33 pA/nm, are used. In the nulled-base case, the current source from the base to the 21 kHz place is set to 0. In the reduced-base case, the current source from

the base to the 21 kHz place is reduced by half. In the nulled-apex case, current from the apex to the 18 kHz place is set to 0. SPL¼ 20 dB SPL,K¼ 50. (A and

B) CM predictions at the position of the line-current source, (C and D) 55 mm from the line-current source, (E and F) 110 mm from the line-current source, (G

and H) 160 mm from the line-current source, and (I and J) 410 mm from the line-current source. The phase of the current stimulus is shown as a dashed line in

the lower panels. To see this figure in color, go online.
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When current basal to the measurement location was
nulled, the supra-CF notch disappeared at all locations,
and the phase mimicked the BM phase more closely, trav-
eling through many cycles monotonically. This is consistent
with our hypothesis that both the premature phase leveling
and supra-CF notch are due to the interference of current
from basal OHCs. In addition, the sub-CF notch (Fig. 9
G) became less pronounced. When the current apical to
the measurement location was nulled, at locations 55 and
110 mm from the current source, the supra-CF notch ap-
peared at the same frequency and size as in the intact
response, along with the premature leveling of the phase.
In this case, the sub-CF notch disappeared. Thus, in the
FEM, the sub-CF notch requires both basal and apical cur-
rent to fully form.

Considering the less extreme case in which basal current
contributions are halved, both the sub-CF and supra-CF
notch remain. As in the case in which the basal current is
entirely nulled, we see more phase accumulation than in
the original study. However, as opposed to the nearly dis-
tance-independent phase accumulation apparent in the
nulled-base case, a distance-dependent plateau develops in
the reduced-base case. This resembles what is seen in exper-
imental CM measurements better than the predictions from
both the nulled-base case and the original (non-nulled) case.

To more concretely explore the notches in our model
output, we consider the phase of the current source.
Fig. 10 shows the amplitude and phase of the BM motion
data used to generate our current source, with the values
at frequencies at which notches occur highlighted with or-
ange dots. The phases at the two notch frequencies are sepa-
rated by almost exactly two complete cycles. The x axis is
12 Biophysical Journal 120, 1–16, September 7, 2021
labeled as frequency but could be interpreted as location,
basal (left) to apical (right). Next, we note the size of the
response and the phase behavior in which the response is
destructively interfering with a notch position (differing
by an odd number of half cycles). There are five such loca-
tions within the peak, marked with numbered blue dots.
Destructively interfering component 1 is at a point at which
the phase is changing slowly relative to all other interfering
components. Therefore, there are many current sources near
this frequency that have a destructively interfering phase
relative to the two notch frequencies, and it is a relatively
powerful interfering component.

Consider the supra-CF notch. When we null current basal
to the location of measurement, we null the three largest
destructively interfering current components (labeled 1, 2,
and 3). The remaining destructively interfering components
(4 and 5) are both low in amplitude and at frequencies at
which phase is changing rapidly. Therefore, we expect to
see the supra-CF notch disappear when basal current is
nulled. In the case in which apical current is nulled, we
retain components 1, 2, and 3 and expect to retain the su-
pra-CF notch. This expected behavior is observed in Fig. 9.

Consider the sub-CF notch. When we null the current
basal to the location of measurement, we have eliminated
the destructively interfering component 1 at which phase
is varying most slowly. However, we maintain the other
four destructively interfering components, some of which
are at high amplitudes. Eliminating component 1 might
decrease the prominence of the notch, but not eliminate it
entirely. If instead we null the apical current, we lose four
destructively interfering components (2–5), including
the two at the highest amplitudes, so it is likely that the



FIGURE 10 Exploration of the basis of promi-

nent notches. Amplitude and phase of the BM

displacement data used to generate the model input

are given as in Fig. 2, except here the reference is

stapes (so that all phase variation occurs within the

cochlea). Highlighted in orange are the values of

the amplitude and phase at the frequencies at

which notches appear in our model predictions,

�0.8 CF and 1.2 CF. These correspond to phases

of 0.36 and 2.36 cycles. Highlighted in blue are

values corresponding to frequencies at which the

phases are half of a cycle off from the phase at

the notch frequencies. Current components at the

frequencies in blue will interfere destructively

with those in orange. To see this figure in color,

go online.

Model of cochlear microphonic

Please cite this article in press as: Frost and Olson, Model of cochlear microphonic explores the tuning and magnitude of hair cell transduction current,
Biophysical Journal (2021), https://doi.org/10.1016/j.bpj.2021.08.010
sub-CF notch will be greatly reduced in prominence, if not
eliminated. This is what is seen in Fig. 9, in which the sub-
CF notch is lowered in prominence by nulling basal current
and nearly eliminated by nulling apical current.

To summarize, the FEM sub-CF notch is due to interfer-
ence between basal, local, and apical components, whereas
the supra-CF notch (and subsequent phase level off) is due
mostly to interference between local and basal components.
The reduced phase accumulation in the model compared to
experiment is reasonably due to a lesser contribution of
basal OHCs to the ST current in the real cochlea than in
the symmetrically scaled FEM model.

Phase cancellation is one source of notches in the CM.We
briefly consider CM predictions when notches are present in
the current source itself in the Supporting materials and
methods.

Experimental result relating to CM locality

In the experimental results reported in (4), LCM was
measured before and after intravenous furosemide was
used to reduce endocochlear potential. A previously unex-
plained finding from that study is replotted in Fig. 11, which
shows LCM responses close to the BM before and after re-
covery from furosemide. The phase accumulation postfuro-
semide was greater than prefurosemide, and a supra-CF
notch was reduced. We explored this finding with the
FEM; we first hypothesized that the changes postfurosemide
were due to the lateral wall becoming more leaky, as has
been observed (45). A leaky outer wall would be equivalent
to reducing K. However, as shown above, reducing K did not
produce a substantial increase in phase accumulation.
Another possible explanation was that after furosemide,
the more basal regions did not recover fully, which would
serve to partially null the basal responses. Based on the
FEM results, in which basal nulling allowed local currents
to remain dominant at frequencies above the peak, this is
the more likely explanation. The explanation is supported
by the observation that the recovery of high-frequency
DPOAEs was typically incomplete after recovery from
intravenous furosemide (4,46).
Comparison to previous studies

The CM has long been recognized as a readout of cochlear
operation; the challenge of using this multisource voltage to
draw conclusions about cochlear operation has also been
recognized. The CM is often and most easily measured at
the round window. A recent study using suppression tech-
niques to measure cochlear tuning with the round window
CM found that the dominance of responses from the
close-by, basal OHCs obscured the measurable tuning of
nonbasal regions (16). That study was undertaken in part
to understand the surprisingly small difference between
round window CM in wild-type and prestin knock-out
mice. Analysis employed a cable-based model with OHCs
contributing with an exponential weighting corresponding
to their distance from the round window. On the other
hand, another experimental and modeling study based on
suppression techniques and the round window CM found
that spectral ripples were due to interference between apical
and basal cochlear responses; thus, round window CM can
be used to probe nonbasal regions (47). Measurements of
local (measured close to or even within the sensory tissue)
and semilocal (measured within the scalae not particularly
close to the sensory tissue) CM have been used to compare
CM with BM motion, as a way to bridge the gap between
BM and HB motion (3,6,15,48). To use LCM to predict
OHC responses, these studies employed cable-based models
with OHCs contributing with an exponential weighting cor-
responding to their distance from the measurement location.
The space constant of that exponential weighting has been
ascribed a range of values, from 40 mm (6) to 1–2 mm (in
a semilocal CM study) (15). With the larger space constant
values, the predicted CM tuning was washed out relative to
BM tuning except at the lowest sound pressure levels, and
sub-BF notches were predicted at moderate SPL (15). These
predictions matched experimentally measured semilocal
CM and were used to argue that HB motion was similar to
BM displacement. With the smaller space constants, the
LCM was predicted to follow BM displacement rather
closely, which was what was experimentally measured in
Biophysical Journal 120, 1–16, September 7, 2021 13
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FIGURE 11 Experimental data related to model prediction with basal

current nulled or reduced. CM is measured close to the BM, before admin-

istering furosemide and after recovery from furosemide (3.5 h later). (A)

Normalized voltage amplitude. (B) Phase relative to EC. Note that trav-

eling-wave phase accumulation is present even at high SPLs after recovery,

indicating that the response was more local after recovering from furose-

mide than it was before furosemide. A reasonable explanation is that the

more basal region had not recovered fully from furosemide and was

partially nulled, reducing the interference of nonlocal basal current. To

see this figure in color, go online.
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FIGURE 12 Amplitude (A) and phase (B) of experimental data set 2 (40

dB SPL) and LCM predictions as the current source representation pro-

gressed. The current source was initially represented in the model as pro-

portional to BM displacement and transducer gain estimated from in vitro

findings (cyan), then with increased transducer sensitivity (light blue),

then enhanced tuning (medium blue), and finally reduction of the current

sources basal to the measurement location (dark blue), which produced a

more realistic phase accumulation. The phase of the current source was

not changed and is included in a dashed line. To see this figure in color,

go online.
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the LCM experiments, supporting the choice of a small
space constant (3,6). The space constant values were not
simply chosen to fit CM data; they were backed up by direct
measurements of voltage drop off from a current injection
site (6,17). Thus, different measurements can arrive at a
rather wide range of space constant values. In our study, a
finite element mesh was used to model current flow in the
ST, and characterization by a space constant was not a
possible simplification. We noted above that the space con-
stant can be made arbitrarily small, and thus, LCM predic-
tions can be fully dominated by local OHCs in a cable
model of cochlear current flow. This is not possible with
the more realistic FEM approach and exposes a limitation
of the predictions of simple cable-based models of CM.
CONCLUSIONS

Through the use of an FEM for the electrical properties of the
ST, we have predicted the shape, size, and spatial variation of
14 Biophysical Journal 120, 1–16, September 7, 2021
the CM to explore the relationships between BMmotion and
HB motion and between HB motion and OHC current.
Comparing the model output to experimental CM data, we
found that OHC current (and thus HB displacement) must
be more highly tuned than BM responses to produce the
measured CM. We also found that OHC current/HB
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displacement sensitivity in the gerbil base is �200 pA/nm,
�4 times larger than what in vitro experiments have
measured. Finally, to predict the measured phase excursion
through several cycles, we found that we needed to reduce
the amplitude of the basal current; a reduction by half was
reasonably successful. (This reduction might be due to the
fragile cochlear base and not present in a completely healthy
cochlea (4).) This progression of the model’s current source
is illustrated in Fig. 12, and these predicted current source
properties are the primary findings of this study.

This model could be advanced to address additional ques-
tions. The experimentally measured (in gerbil) shift of the
LCM phase relative to BM displacement, occurring at a fre-
quency�0.7 times theCF,was not predicted by this FEMand
is thought to be key to cochlear amplification (3,24).
Exploring this further with the FEMwill require amore com-
plex current source, based onHBmotion predicted bymicro-
mechanical models and/or emerging experimental data.
Fig. S4 is a first attempt. This model could also be modified
to address round window CM (47). Of particular interest are
the spectral ripple patterns observed in these measurements,
in which the CMmagnitude response exhibits many notches
and peaks over a broad spectrum. To adapt our model to
address CM measured at the round window, the geometry
and source current would be changed to the animal of inter-
est, the voltagewould be recorded at the semicircular surface
representing the base of the cochlea, and a model of the elec-
trical properties of the roundwindowwould be implemented.
Finally, incorporation of HB current saturation into the
model would allow it to probe this key and incompletely
characterized aspect of cochlear operation (49).
SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
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