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In the basal turn of the cochlea, tuning of auditory nerve fiber (ANF) and basilar membrane (BM)
responses are closely correlated at threshold levels. Their correlation also at supra-threshold levels
has always been an implicit postulate of BM transmission line theory. A test of this postulate by
empirical data, however, has never been published. In order to elucidate this discrepancy, a large
number of ANF recordings was analyzed and compared to equivalent BM recordings. The results
show that, at least in the basal turn of the cochlea, the best frequency (BF) of BM responses drops
by about half an octave between 30 and 100 dB SPL. The comparable neural data never reflect any-
thing similar. 1) In the majority of cases (52%) BF is totally unaffected by sound level. 2) In a mi-
nority of cases (36%) BF drops slightly at the highest sound levels, but only by about half as much
as for the BM. 3) In a relevant number of cases BF is bimodal at the highest sound levels, such that
the antagonistic majority and minority versions appear concurrently. These results indicate a dual
tuning, such that BM and organ of Corti (OC) are tuned separately, and they are consistent with the
concept of overload protection of OC sensitivity as the genuine function of BM tuning.

1 Introduction

For ten years now, we know that in the mammalian cochlea responses of the basilar mem-
brane (BM) and of auditory nerve fibers (ANFs) can be closely related at threshold of
hearing [1, 2]. As usual, however, correlation says nothing about cause and effect. Cur-
rently, there are two competing and mutually exclusive schools of thought. The first one
suggests that at threshold of hearing the chain of activation is BM-OHC-BM-IHC-ANF
[3]. The second one suggests that it is OHC-IHC-ANF [4, 5], with the simultaneous OHC-
BM branch as an epiphenomenon [6, 7]. Important information on the matter can be ex-
pected from data on BM and ANF responses at supra-threshold sound levels.

If these are correlated like they are at threshold (outcome A), the second hypothesis
(“OHC first”) will be unrealistic, because at high sound levels the relative contribution of
OHC motility to mechanical forces in the cochlea is too weak to dominate BM behavior.

If BM and ANF responses are not correlated at supra-threshold sound levels (out-
come B), the first hypothesis (“BM first”) will be unrealistic, because indications for a
chain of activation BM-IHC-ANF will then be missing.

2 Methods

From the published literature two bodies of evidence were scrutinized: (a) all data on
level dependence of the best frequency (BF) of single ANFs that appeared after the intro-
duction of single fiber recording in this field in the mid-1960s, and (b) all data on level
dependence of BF of BM responses that appeared after the introduction of laser interfero-



metry in this field in 1990. The major trends within each of the two data bodies were de-
termined and then compared across data bodies.

3  Results

3.1. Basilar membrane

For the basal turn of non-specialized mammalian cochleae sufficient data are available,
and the results are uniform. A typical example is shown in Fig. 1. Here BF is stable at 9.5
kHz from O to 20 dB, but already at 30 dB it has migrated to 9.25 kHz. The migration
toward lower BFs then continues monotonously, reaching 9.0 kHz at 50 dB, 8.5 kHz at 70
dB, 7.5 at 80 dB, and 6.5 at 100 dB. In octaves (oct) the cumulated shifts are 0.04, 0.08,
0.16, 0.34, and 0.55, respectively.

3.2. Auditory nerve fibers

There are two large-scale investigations of the sound-level dependence of ANF firing
rates in the squirrel monkey, by Rose ef al. [8] (R71) and by Geisler et al. [9] (G74). Both
studies can be considered as normative, because of (a) the very large quantity of the col-
lected and published data and (b) the absence of deviating results elsewhere in the litera-
ture.

R71 recorded data from 48 animals and published 14 figures with iso-intensity
curves. In 13 of them BF did not vary with sound level. In one (Fig. 2B) BF shifted
slightly toward lower frequencies, from 2.1 to 1.7 kHz (0.30 oct) in the range from 50 to
90 dB.

G74 recorded data from 31 animals and published 9 figures with iso-intensity curves.
In six of them BF did not vary with sound level. In two (Figs. 2A , 2B) BF shifted slightly
toward lower frequencies, from 4.6 to 4.3 kHz (0.10 oct) in the range from 50 to 80 dB
and from 7.3 to 6.9 kHz (0.08 oct) in the range from 50 to 80 dB. In one (Fig. 8) BF
shifted slightly toward higher frequencies, from 3.5 to 3.7 kHz (0.08 oct) in the range
from 65 to 95 dB. Further, G74 stated the proportional distribution of types of BF shifts
as present in their total data base: “52 % of the fibers sampled showed no change in best
frequency with intensity changes” (p. 1161); in 36 % BF dropped “slightly”, and in 12 %
it increased with level.

In five of the nine iso-intensity plots of G74 BF behavior is clearly visible even at the
highest sound levels, i.e. not hidden by high-level saturation. In four of these five, BF
shows a bimodal behavior at highest levels. Three examples are displayed in Fig. 1, where
the broken lines in the ANF plots indicate secondary BFs on the low-frequency side, with
deviations from the normal BFs of 0.21, 0.21, and 0.26 oct, respectively, at 100 dB.

3.3. Comparison BM versus ANF

1) The majority of ANFs has a stable BF across sound levels and shows no relation at all
to the BM’s shift of BF.
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Figure 1. BF versus sound level. X-axis: BF as defined by the peaks in the iso-intensity curves of BM and ANF
responses. Y-axis: sound intensity of the stimulus. The four curves are spaced in half-octaves re threshold BF,
which is stated in kHz below each curve. Leftmost curve: plotted from the BM velocity data in Fig. 1A of
Ruggero et al. [2]. Other three curves: plotted from the ANF firing-rate data (3 fibers of 2 animals) in Figs. 7A-
C of Geisler et al. [9]. Stimuli were 128 to 512 tone bursts of 5 to 100 ms per stimulus condition for the BM
recordings and 4 to 8 tones of 500 ms per stimulus condition for the ANF recordings.
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Figure 2. Cochlear frequency mapping versus sound level. X-axis: BF place position along the length of the
cochlea. Y-axis: sound intensity of the stimulus. BM data according to sample in Fig. 1. ANF data according to
the summarized results of the present study.



2) A minority of ANFs shows a BF shift at the highest sound levels that goes into the
same direction as observed at the BM, but is only about half as large.

3) Some ANFs show a bimodal BF at the highest sound levels, with one mode at the fi-
ber’s normal BF and the other mode reflecting a shift that goes into the same direction as
observed at the BM, but is only about half as large.

3.4. Stability of BF of ANF responses in cross-correlation data

Bimodal BFs, similar to those in Fig. 1, have also been documented in cross-correlation
analyses of ANF responses to broadband noise at high sound levels [10; Fig. 3]. Further,
since 2005 we have data from Wiener-kernel analysis of ANF responses to broadband
noise even from the basal cochlear turn [11; Fig. 14]. Because these data are from the
same species and from a similar frequency place as the BM data in Fig. 1, a direct com-
parison is possible. For sound levels from 33 to 68 dB SPL in ERB the BF shift of the
ANF is very small: from 12.1 to 11.8 kHz (0.036 oct). The comparable BF shift of the
BM (Fig. 1), however, is more than three times as large: from 9.25 to 8.5 kHz (0.12 oct).

3.5. Level independence of BF in further neural pathway

Concerning the further neural pathway, a BF shift that is similar to the one in BM re-
sponses has never been reported. To the contrary, in the cochlear nucleus it is common
that neurons which apparently receive their major excitatory input from the auditory nerve
have a strictly constant BF, even if their dynamic range is >80 dB [12; Fig. 3C]. Also for
the inferior colliculus the level independence of BF of sharply tuned neurons is well docu-
mented [13; Figs. 2 & 11].

4 Discussion

4.1. Dual tuning

The finding of a clear dissociation between BM tuning and ANF tuning at medium and
high sound levels indicates a dual mechanism. Besides the well-known BM tuning, which
also occurs post mortem at levels above ca 60 dB, there appears to be an independent
tuning mechanism in the organ of Corti (OC) that underlies ANF behavior.

The fact that a minority of ANFs partially, but never fully, follows the BF shift of the
BM further confirms a dual mechanism. It can be understood as an effect of the well-
known phenomenon of frequency pulling in the cochlea [14]. Limit cycle oscillators in the
OC, as a possible cause of the BF of ANFs, could under certain conditions be partially
entrained by strong nearby BM oscillations.

4.2. Function of dual tuning

The dissociation between BM and ANF tuning at supra-threshold sound level is also
reflected in the well-documented phenomenon of the ‘“half-octave shift in temporary
threshold shift (TTS)” [15]. Here, exposure to a high-level tone typically reduces hearing



sensitivity at a frequency half an octave above the exposure frequency, while leaving
sensitivity fully intact at the exposure frequency itself. This dissociation of exposure fre-
quency and frequency range of damage precisely mirrors the dissociation of BM and
neural tuning. Most importantly, the “half-octave shift in TTS” protects sensitivity at the
exposure frequency. As shown in Fig. 2, a section of the BM that lies basalward of a
given characteristic frequency (CF) absorbs vibrational energy before this energy reaches
the place of CF. Thus, the present results further substantiate earlier observations that
overload protection appears to be the genuine function of the BM traveling wave in the
mammalian inner ear [4, 16, 17].

5 Conclusions

1) The “BM-first” hypothesis of cochlear activation is not compatible with the present
findings, because BM tuning dissociates from OC tuning at sound levels above 20 dB
SPL.

2) The “OHC-first” hypothesis of cochlear activation is compatible with the present find-
ings, because in the sound level range that is dominated by OHC motility the apparent
BM tuning is almost congruent with OC tuning.

3) The BM’s passive tuning at medium and high sound levels is strategically placed for a
protection of the sensitivity of the OC’s active tuning, because it absorbs energy basal-
ward of any given CF in the OC.

Addendum

After the completion of this study, Mellado Lagarde ef al. [18] reported data on the disso-
ciation between BM and neural responses that are in remarkable agreement with the pre-
sent results and conclusions. In mice where the gene for the OHC motor protein prestin
was deleted CF of BM responses was reduced by half an octave. Further, neural responses
were less sensitive by >50 dB SPL than BM responses. These new data appear to reflect
the same co-occurrence of two separate tuned mechanisms as described in the present
study, because both the half-octave disparity and a striking independence of ANF and BM
responses were observed again. Also here indications for a chain of activation BM-IHC-
ANF were missing, and thus the “BM-first” hypothesis again appeared to be unrealistic.
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