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Two-tone interaction in the electrical and acoustic responses of the mammalian cochlea
Abstract:
Feedback amplification of responses within the mammalian cochlea, which is responsible for the
remarkable frequency tuning, sensitivity and dynamic range of our hearing, is provided by the
electromotile outer hair cells (OHCs). The cochlear amplifier is highly non-linear which results in nonlinear interaction between two tones when presented simultaneously.
During two-tone interaction, the amplitude of a single probe tone is modulated by the presence of a
simultaneously presented masker tone. In the first two chapters, the OHC gross AC potential (known
as the Cochlear Microphonic or CM) associated with a probe tone was measured at the round
window in the presence of a masker tone, and the effects of two-tone interaction were monitored
for different levels and frequencies of the probe and the masker. It was found that not only is CM
two-tone suppression better tuned to the probe tone frequency than previously thought, but also
that high-frequency maskers produced evidence for a second resonant system, likely attributable to
the tectorial membrane. The intermodulation distortion products of the CM produced by two tones
were also measured and it was shown that their behaviours differ qualitatively, depending on
whether the masker tone is below or above the probe tone. Specifically, at low sound levels, no
distortion could be detected for maskers above the probe frequency, despite two-tone suppression.
This also confirms the difference in suppression mechanisms for low- and high-side maskers.
Phase slope group delay has been used to estimate latency of otoacoustic emissions, echoes
recorded in the ear canal in response to acoustic stimulation. The final chapter explores sources of
error in group delay estimates. Chiefly, errors in the group delay estimates were attributed to sound
level dependent phase variation of emissions. In addition, other evidence was found to support
conflicting theories of back propagation of emissions. It was concluded that the method of group
delay estimation and the type of emission used were not suitable to identify the mechanism of back
propagation of energy from the cochlea into the ear canal.
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Chapter 1: General Introduction
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1.1 The Middle Ear: An Impedance Matching Amplifier:
Acoustic energy travels through a medium such as air via pressure waves. When a pressure wave
propagates from one medium to another (for example from air to water) the difference in
impedance between these two media results in a reflection of energy from the interface between
the media. The inner ear is a rigid fluid-filled capsule, and so efficiently transmitting sound energy
from the air to the fluid is vital for sensitive hearing.
The middle ear is specially adapted to overcome differences in impedance at the air-fluid boundary.
It is comprised of a large membrane known as the tympanic membrane, which occludes the auditory
canal. The tympanic membrane is coupled to the auditory ossicles, three bones known as the
malleus, incus, and stapes. The stapes is coupled to the Oval Window (OW) membrane, which
represents the air-fluid boundary of the cochlea.
Impedance matching occurs between the atmosphere and inner ear due to the relative size of the
tympanic membrane at the input and the point of contact between the stapes and the OW
membrane at the output of the middle ear. In the cat, the area of the tympanic membrane is
approximately 35 times larger than the area of the stapes-OW complex. Hence, incoming acoustic
energy is concentrated, allowing for efficient transfer from air to fluid. In addition, a modest force
gain of 1.32 is achieved with the middle ear due to a lever effect, at the expense of pressure wave
velocity (Von Békésy & Wever, 1960). This is also influenced by the convex shape of the tympanic
membrane, which buckles inwards, increasing the impedance ratio between the tympanic
membrane and the OW by a factor of 4. Thus, the total force gain of the acoustic energy as it passes
from the air to the inner ear of the cat is approximately 185 (35 × 1.32 × 4) (Khanna & Tonndorf,

1972).

11
1.2 General structure and passive mechanics of the cochlea:
Vibrations of cochlear structures caused by acoustic stimulation are converted into responses in the
auditory nerve that are then decoded by the central nervous system (CNS) as sound. The cochlea is a
coiled bony fluid-filled capsule, an uncoiled schematic of which is shown in figure 1. It is subdivided
longitudinally into three compartments. These compartments are known as the SV, ST, and SM. The
SV and the SM are separated by the RM, and the SM and ST are separated by the BM. The SV and ST
are contiguous, through a small opening known as the helicotrema. As previously mentioned,
acoustic energy enters the cochlea via the OW. The OW is one of two fenestrae in the cochlear bony
wall, the other being the RW. The RW is also covered by a membrane, and serves as a pressure
release valve for the incompressible cochlear fluid. Both windows are found at the base of the
cochlea; the OW opens into the SV, and the RW opens into the ST.

Figure 1: Uncoiled schematic of the cochlea. As the stapes and OW are displaced, pressure differences
between the SV and ST caused the BM to be displaced. Pressure relief is provided by the RW. The direction of
fluid pressure (red arrows) and the resulting displacement of the BM (red waveform) are shown. The
helicotrema is the link between the SV and ST and acts as a high-pass filter. OW: Oval Window, SV: Scala
Vestibuli, SM: Scala Media, ST: Scala Tympani, RW: Round Window, RM: Reisner’s membrane, BM: Basilar
Membrane. Adapted from (Geisler, 1998; Jones, 2011)

The sensory hair cells are located in a specialised hearing organ called the organ of Corti (figure 2),
which is situated upon the BM, inside the SM. The BM is a collagenous acellular membrane which
spans the entire length of the cochlea, anchored radially by the spiral lamina and the spiral ligament.
The organ of Corti contains several different kinds of cell that fulfil sensory and structural roles. The
apical surfaces of the hair cells and the Pillar Cells are known as the RL.
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Figure 2: Transverse section of the organ of Corti showing the hair cells, supporting cells, nerve fibres and acellular
structures. (Lim, 1986; Weddell, 2013)

There are two types of sensory hair cell: Inner Hair Cells (IHCs) and Outer Hair Cells (OHCs). The IHCs
are organised into a single row, extending the length of the organ of Corti parallel to the spiral
lamina (figure 2). Located in parallel to the IHCs are three rows of OHCs, which lie closer to the Zona
Pectinata (figure 2). The roles of these two subdivisions of hair cell are different, but broadly their
intracellular voltage changes in response to the displacement of microvilli-like projections on their
apical surfaces known as stereocillia. These stereocillia are found in rows of varying height, with the
tallest row closer to the Hensen’s Cells (figure 2, also figure 3). Many protein connections exist
between each row of stereocillia, with tip link bridges formed by interlinking proteins. As a result of
these numerous linkages, the stereocillia of an individual hair cell move in unison about their bases
as hair bundles, in a direction orthogonal to the cochlear duct (Hudspeth & Corey, 1977; Howard &
Hudspeth, 1988). For review, see (Hudspeth, 2008). Mutations in many of these stereocillia links can
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cause deafness. For review, see (Schwander et al., 2010). Schematics of the cellular morphology of
both types of hair cell are found in figure 3.
Between the hair cells, inner and outer pillar cells make up Corti’s Tunnel (figure 2). The IHCs are
surrounded by phalangeal cells, and the OHCs are coupled via Deiter’s cells. The remaining nonsensory structure of the organ of Corti is made up of Hensen’s cells and Claudius cells (Pickles, 2012).
The presence of tight junctions between Deiter’s cells and OHCs (Forge et al., 1999; Zhu et al., 2013),
as well as outwardly rectifying K⁺ currents of Deiter’s cells (Chung et al., 2013) have been shown.
This could hint that the Deiter’s cells (and indeed other supporting cells) play more than a structural
role in the organ of Corti (Jagger & Forge, 2014).
The upper boundary of the organ of Corti is formed by an acellular structure known as the tectorial
membrane (TM, See “Tectorial Membrane” in figure 2). This is coupled to the spiral limbus at its
inner edge, as well as to the tips of the tallest stereocillia of the OHCs (Kimura, 1966). By contrast,
the IHC stereocillia are free-standing in the sub-tectorial space, close to a ridge on the TM known as
Hensen’s Stripe. The TM may move transversally together with the BM, but also radially in relation
to the BM (Davis, 1965; Russell & Sellick, 1978; Pickles, 2012).

Figure 3: Cellular morphology of the hair cells and the composition of the extracellular fluid. These two types of
hair cell are morphologically distinct, reflecting different functions. From (Weddell, 2013)

14
Acoustic energy entering the cochlea via stapes displacement of the OW creates pressure waves in
the cochlear fluid (figure 1). The resulting pressure difference between the SV and ST causes the
displacement of the BM. The pressure change is coupled along the BM by the fluid, setting up a
travelling wave along the BM. This travelling wave moves from the base to the apex of the cochlea.
The BM is thin and stiff at the base, becoming thicker and more compliant towards the apex, due to
the differential density and length of collagen fibres (Von Békésy & Wever, 1960; Zwislocki, 1965).
Mechanical tonotopicity arises from this structural gradient, with high-frequency travelling waves
peaking closer to the base, and low-frequency travelling waves peaking closer to the apex.
Using stroboscopic observation of the BM, Von Békésy demonstrated that an externally evoked
travelling wave propagates from the base to the apex of the cochlea, regardless of the site of
stimulation (Von Békésy & Wever, 1960). The presence of a travelling wave was later confirmed first
by the Mössbaeur technique, where a radioactive source is placed upon the vibrating structure of
interest (Johnstone & Boyle, 1967; Rhode, 1971; Sellick et al., 1982; Robles et al., 1986b) and later by
in vivo laser interferometry measurements (Ruggero & Rich, 1991; Cooper & Rhode, 1992). The
travelling wave slows down as it moves from base to apex, whilst its amplitude increases, peaking at
a place just before the point of resonance for the frequency of the wave. The increase in amplitude
is related to the decreasing stiffness of the BM. Apically of this point of resonance, the BM is too
compliant to overcome fluid inertia, and the travelling wave dies out (Von Békésy & Wever, 1960).
The transverse displacement of the BM towards and away from the SV is accompanied by a radial
displacement of the TM. This results in shearing motion between the organ of Corti and the TM,
displacing the OHC stereocillia (Davis, 1965). IHC stereocillia are displaced by the movement of fluid
within the sub-tectorial space induced by the shearing motion (Rhode & Geisler, 1967; Russell &
Sellick, 1983; Nowotny & Gummer, 2006).
The ionic composition of the cochlear fluids has functional significance. Perilymph, the fluid found in
the SV and ST, is comparable to extracellular fluid in that it possesses a high concentration of Na⁺
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ions. The fluid found in the SM, the endolymph, is notable for its unusually high concentration of K⁺
ions and low Ca2⁺, similar to cytoplasm, which contributes towards the highly positive electrical
potential recorded in the SM (Bosher & Warren, 1978). This potential is known as the endolymphatic
potential (EP) and is homeostatically maintained by the stria vascularis (Tasaki & Spyropoulos, 1959;
Sellick & Johnstone, 1974). The electrochemical gradient between the endolymph and the
intracellular potential of the hair cells is thought to be responsible for the electrical current which
generates the hair cell receptor potential (see section 1.2.2) as the hair cell reversal potential
matches the potential of the endolymph (Russell, 1983). Thus, the EP acts as a battery which drives
cochlear amplification (Wangemann, 2006) and see section 1.3.

1.2.1 Innervation of the Organ of Corti:
1.2.1.1 Afferent neurons:
The organ of Corti is connected to the CNS via afferent and efferent neurons. Type I afferent neurons
innervate the basal surfaces of the IHCs (figure 3) and fire in response to displacement of the IHC
stereocillia (Harrison & Howe, 1974). There are up to 30 afferent terminals per IHC, and each fibre
innervates a single IHC (Spoendlin, 1972; Pickles, 2012). Tuning measurements from individual nerve
fibres innervating IHCs reflect the tuning properties of both the BM and the IHC (Liberman, 1978;
Russell & Sellick, 1978; Cody & Johnstone, 1980; Sellick et al., 1982). As such, the IHCs fulfil a purely
sensory role in the organ of Corti.
Unmyelinated type II afferent fibres, which represent only 5-10% of the afferent fibres in the
auditory nerve (Spoendlin, 1972), form synapses with OHCs (figure 3). Their innervation pattern is
quite different from that of the type I fibres. One afferent fibre may innervate up to 10 OHCs, but a
single OHC may be innervated by several of these fibres (Spoendlin, 1972; Pickles, 2012). The role of
these fibres remains to be understood, but it has been suggested that they are part of a regulatory
feedback mechanism between the organ of Corti and the CNS (Weisz et al., 2009).
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1.2.1.2 Efferent Neurons:
There is sparse efferent innervation of both OHCs and IHCs (figure 3). Efferent fibres terminate
directly on OHCs and on the post-synaptic terminals of the Type I afferent neurons that innervate
IHCs (Pickles, 2012). OHC efferent innervation is usually more dense in particular frequency regions
in the base of the cochlea than in the low-frequency apex (Warr & Guinan Jr, 1979). IHCs also have
efferent innervation during early development (Lenoir et al., 1980; Glowatzki & Fuchs, 2000)
Efferent connections indicate that the CNS has direct downstream control of the organ of Corti. The
efferent connection to OHCs may be the output of the previously mentioned feedback loop. It has
been proposed that the efferent system has roles in protecting the organ of Corti from intense
sound stimuli (Puel et al., 1988; Patuzzi & Thompson, 1991; Reiter & Liberman, 1995), aspects of
cochlear amplification (Guinan Jr, 1996; Lukashkin et al., 2007b) (see section 1.3), and signal-in-noise
discrimination (Winslow & Sachs, 1987, 1988).

1.2.2 Transduction by the hair cells:
IHCs and OHCs fulfil different roles in the organ of Corti. This is reflected by their different structure,
innervation, and distribution. The OHCs are situated at the point of maximum displacement for the
BM, whereas the IHCs are located close to the edge of the BM, where displacement is smaller. As
previously mentioned, the IHCs are pure mechanoreceptors. The OHCs are specially adapted to
influence the displacement of the BM (Pickles, 2012). However, the mechanism of stimulation of
both types of hair cell is similar in that it is mediated by displacement of the hair bundle (Crawford &
Fettiplace, 1985).
When the hair bundle is displaced by fluid flow (for IHCs) and by the shearing movement of the TM
and the organ of Corti (for OHCs) towards the tallest stereocillium, specialised mechnoelectrical
transducer (MET) channels in the tips of the stereocilia are gated, increasing the membrane
conductance for K⁺ and Ca2⁺ (see figure 3, also top diagram figure 4). This influx of ions depolarises
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the cell, and causes a release of neurotransmitter into the synaptic clefts on its basal surface and
change OHC shape (see section 1.3). When the stereocillia return to rest, the MET channel opening
probability decreases to near to zero with some spontaneous activation. The cells return to their
resting potential via the gating of rectifying basolateral K⁺ and Ca2⁺ channels (figure 3).

Figure 4: Upper diagrams: Schematic of hair bundle displacement, showing the
MET channel position and the movement of ions when the stereocillia are
displaced. Red trace: IHC input/output function, showing the voltage response to
sound induced displacement of the hair bundle. The resultant waveform is
asymmetrical (red waveform). Blue trace: OHC input/output function. This
function is symmetrical, and the resulting waveform is a sinusoid (blue
waveform). Diagram from (Weddell, 2013) graphs from (Russell, 2008).
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The input-output function of the MET channels of the IHCs is highly asymmetrical (figure 4, red IO
function). Due to this asymmetry, current influx through IHC MET channels and resulting potential
change is smaller in negative than in positive hair bundle deflections, and as a consequence IHC
receptor potentials are asymmetrical with a large, positive, DC component (figure 4 red waveform).
The asymmetry is suggested to be related to IHC sensory responses to high-frequency tones when
neurotransmitter is released in response to the DC signal produced by displacement of the hair
bundle (Russell & Sellick, 1978; Dallos, 1985; Russell et al., 1986; Russell, 2008).
OHCs, however, have a symmetrical MET input-output function (figure 4, blue IO function). This
allows the OHC to respond to an AC signal on a cycle-by-cycle basis (figure 4, blue waveform)
providing immediate feedback (Pickles, 2012) (see section 1.3). The operating point on the
displacement-voltage function is situated around the steepest part of the curve so that a small
displacement of the hair bundle will produce a large change in the transducer current (Russell,
2008). It has also been shown that OHCs may function effectively even at high frequencies, because
the OHC membrane time constant does not significantly attenuate any receptor potentials at CF.
This is because the OHC resting potential is relatively depolarised (-30 to -40 mV). At this potential,
the K+ conductance is active, thus minimising the membrane time constant (Johnson et al., 2011).

1.3 Amplification:
1.3.1: Evidence for an active mechanism in the cochlea:
It has long been suggested that in order for the cochlea to overcome the viscous damping of its fluid,
and to attain the evident high level of sensitivity and sharp tuning, an active mechanism that pumps
energy into the cochlear partition is required (Gold, 1948). There is evidence for such a process: the
sensitivity of the cochlea is reduced post mortem, or following a deafening tone. Evidence for an
active component that increases cochlear sensitivity is shown in figure 5. The left hand graph shows
a set of neural threshold tuning curves in the guinea pig (Cody & Johnstone, 1980), first at the start
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of the experiment (red line and symbols), and then following the presentation of a deafening tone
(10 kHz, 110 dB SPL) for some time and at regular intervals (remaining lines and symbols). As can be
seen, the sound threshold at which neural activity can be detected increases the longer the
deafening tone is played.

Figure 5: Evidence for a physiologically vulnerable mechanism in the organ of Corti. Left hand graph: Neural
threshold tuning curves before and during a deafening tone (10KHz 110dB SPL) (coloured lines and symbols). The
threshold for the auditory neuron decreases systematically with increasing exposure time (Cody & Johnstone,
1980). Right hand graph: Mechanical threshold tuning curve for the BM measured using the Mossbauer
technique. As the cochlea is opened, its condition gradually deteriorates, and as such the threshold and tuning of
the BM decrease (coloured lines and symbols). Post mortem, the sensitivity is greatly reduced (black line and
symbols) (Sellick et al., 1982).

The right hand graph in figure 5 shows a mechanical threshold tuning curve for the BM measured
using the Mӧssbaeur technique (Sellick et al., 1982). In order for this measurement to be performed,
the cochlea must be opened surgically. Opening the cochlea disrupts its function, and causes the
sensitivity of the cochlea to slowly deteriorate (right hand graph, blue line and symbols). When the
measurements are first made, it can be seen that the neural measurements in the left hand graph
(red line and symbols) and the mechanical measurements in the right hand graph (red line and
symbols) are similarly sensitive, despite being from different studies using different parameters of
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stimulation. This similarity has been confirmed experimentally in the same cochlea (Narayan et al.,
1998). Finally, the black trace on the right hand graph indicates the threshold of BM mechanical
responses post mortem. As can be seen, the BM has lost roughly 40 dB SPL of sensitivity. Thus, there
is a physiologically vulnerable element to the cochlea which acts to improve the sensitivity and
tuning of the organ of Corti.
The targeted ablation of OHCs, whilst preserving IHCS, causes a loss of behavioural sensitivity in the
cochlea (Ryan & Dallos, 1975). Physiological measurements like those in figure 5 are also affected by
the loss of OHCs, such as neural tuning curves (Kiang et al., 1970; Liberman & Dodds, 1984). The
ablation of IHCs was also used to confirm that OHCs were the source of non-linear amplification, as
non-linear responses (see section 1.3.2) remained despite IHC ablation (Trautwein et al., 1996).
The difference between healthy (red line) and post mortem (black line) mechanical measurements in
the right hand graph of figure 5 also shows that amplification is limited to frequencies near the CF at
a given cochlear place for a single tone. This is in agreement with the observation that saturating
non-linear displacements of the BM are limited to a confined space within the organ of Corti e.g.
1.25 mm extending apically and basally of a 15 kHz tone measured near the CF place (Russell &
Nilsen, 1997). With increasing stimulus intensity, the peak of the travelling wave shifts to lower
frequencies. As such there is the indication that more OHCs are recruited to amplify as stimulus
intensity increases, although the mechanism behind this has not yet been fully described (Engström,
1958; Kolston et al., 1989; Geisler & Sang, 1995; Russell & Nilsen, 1997).

1.3.2 Somatic Motility of OHCs:
OHCs possess the unusual feature of changing their length in response to changes in their
transmembrane potential (Brownell et al., 1985). There is compelling evidence that this somatic
motility forms the basis of amplification in the cochlea, such as observed length changes in OHCs
with mechanical displacement of the hair bundle in vitro (Evans & Dallos, 1993). The mechanism
underlying somatic motility appears to be related to the protein prestin (Zheng et al., 2000;
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Liberman et al., 2002; Dallos et al., 2006; Dallos et al., 2008). Prestin is located on the basolateral
membranes of OHCs (see figure 3), and in sub-membrane cisternae. Prestin changes its
conformation in response to changes in the transmembrane voltage via Cl- binding. In this way,
intracellular Cl- is used by prestin as a voltage sensor (Oliver et al., 2001; Dallos & Fakler, 2002). The
sub-membrane cisternae also stiffen the OHC laterally (Saito, 1983). Thus, the stiff OHCs are
specialised to produce force in response to the deflection of their hair bundle which can, on a cycleby-cycle basis, provide gain to the travelling wave through well-timed injection of mechanical energy
into the cochlear partition, also overcoming viscous damping (figure 6). The timing and
synchronisation between BM displacement and OHC somatic motility is crucially important for
amplification. Mechanical measurements across the width of the BM confirmed that the OHC region
led the pillar cell region in phase by 90⁰ at the CF in vivo, and that post mortem measurements in the
same cochlea indicated no phase change with measurement location along the BM width,
accompanied by a 65dB loss in sensitivity(Nilsen & Russell, 1999). This phase lead indicates that
OHCs pump energy into the cochlear partition during maximum BM velocity, which provides optimal
conditions for amplification (Dong & Olson, 2013).

Figure 6: Schematic of OHC somatic motility. Displacement of the OHC stereocillia by shear motion
against the TM (not shown) causes length changes in the OHCs (contraction forces, labelled). This has
the effect of pulling the BM and the RL together and, if it occurs in phase with BM velocity, can
increase the gain of the travelling wave (Geisler, 1998).
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Some studies have suggested that hair bundle motility may in fact be a source of cochlear
amplification, such as the report that hair bundles produce force (Kennedy et al., 2005), and that
they are capable of compressive non-linear amplification in vitro (Choe et al., 1998; Chan &
Hudspeth, 2005; Yi, 2014). However, hair bundle motility is mostly limited to low-frequency
amplification, and is primarily examined in non-mammals (Crawford & Fettiplace, 1985; Assad et al.,
1989). As a result, hair bundle motility could be a vestigial process. Acceptance of somatic motility
over hair bundle motility as a candidate for amplification is currently widespread (Dallos et al., 2008;
Lagarde et al., 2008, 2009; Weddell et al., 2011a; Weddell et al., 2011b).

1.3.3 Non-linearity:
The amplification observed in the cochlea is highly non-linear and it is from this non-linearity that
the cochlea gains its wide dynamic range of 120 dB (Robles & Ruggero, 2001). The relationship
between the input stimulus and cochlear responses recorded near the CF cannot be expressed using
linear equations. As a basic principle, a linear system must follow the superposition principle, which
states that the net response at a given place is equal to the sum of the inputs. Responses at the CF in
an active, healthy cochlea do not obey this principle.
The cochlea contains several non-linearities which contribute to its complex behaviour. The principal
non-linearity in the cochlea was previously discussed in section 1.2.2, and is the OHC MET transducer
input-output function. As OHCs are thought to be the basis of amplification in the cochlea and
because post mortem cochlear responses are linear, it is clear that the OHC MET non-linearity is
associated with the normal functioning of the cochlear amplifier (Hudspeth & Corey, 1977;
Fettiplace & Crawford, 1978; Russell & Sellick, 1983; Kros et al., 1995).
The non-linearity of the cochlea manifests itself in several different ways depending on the
experimental paradigm used:
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1. Compression. The OHC and IHC MET input-output functions shown in figure 4 are examples
of compressive non-linearity. Compression is observed not only in these voltage responses
(Russell & Sellick, 1978, 1983; Dallos, 1986; Dallos & Cheatham, 1989), but also in BM
displacement in vivo (Rhode, 1971; Sellick et al., 1982; Cooper & Rhode, 1992; Nuttall &
Dolan, 1996; Ruggero et al., 1997).
2. Two-tone interaction. The mechanical or electrical response to a probe tone can be
modulated by the presence of a second tone at a different frequency (Sachs & Kiang, 1968;
Legouix et al., 1973; Sellick & Russell, 1979; Cheatham & Dallos, 1982; Remond et al., 1982;
Rhode & Cooper, 1993; Cooper & Rhode, 1996; He et al., 2012; Versteegh & van der Heijden,
2013). Whether the probe tone is augmented or suppressed depends upon the phase
relationship between the two tones, and the measurement paradigm (Cheatham & Dallos,
1982; Nuttall & Dolan, 1991).
3. Distortion Products: Generation of distortion products (DPs) is a specific case of two-tone
interaction. Harmonic combinations of tones (Dallos & Cheatham, 1989) are observed in
responses of the BM (Robles & Ruggero, 2001; He et al., 2007) and in auditory nerve fibres
and gross extracellular OHC receptor potentials (Goldstein & Kiang, 1968; Kim, 1980; Kujawa
et al., 1992). Distortion products can also be found in acoustical responses of the cochlea in
the ear canal (Kemp, 1978; Kemp & Brown, 1983).

1.4 Acoustically evoked responses of the cochlea:
1.4.1 Electrical responses:
Gross evoked potentials from various sources in the organ of Corti can be recorded routinely using
an electrode placed on the RW membrane. The most commonly measured gross potential is the
Compound Action Potential (CAP) (Wever & Bray, 1930), which is produced by the synchronised
action potentials of Type I auditory nerve fibres in response to sound stimulation (figure 7) (Pickles,
2012). The CAP occurs at the onset and offset of a sound stimulus, and, at low levels of stimulation,

24
is derived from auditory nerve fibres innervating IHCs whose CF is similar to the stimulus frequency.
It is therefore commonly used to estimate the sensitivity of the cochlea, by recording the CAP
threshold as a function of stimulus frequency (Dallos & Cheatham, 1976a).
The second gross evoked potential that is routinely measured is the Cochlear Microphonic (CM)
potential. This potential is the vector summation of the voltage responses of the OHCs when
recorded from the RW membrane. As such, it has a large AC component whose frequency matches
that of stimulation. The source of the CM was surmised to be the hair cells on the reticular lamina
using electrodes localised to the organ of Corti, advancing them through the cochlear partition until
the CM had reversed in polarity (Tasaki & Spyropoulos, 1959). It was evident that the signal was
produced as the result of the out of phase potential difference between SM and ST, induced by hair
cell current flow. Ablation of OHCs abolishes the CM, indicating that it is the product of OHC
mechanoelectrical transduction (Dallos et al., 1972). However, the distributed nature of the source
of the CM makes it difficult to interpret.
When the CM is measured from the RW, the OHCs closest to the electrode dominate the response
(Patuzzi et al., 1989; Cheatham et al., 2011). If the stimulus CF is more apical, then the signal from
the CF at the recording site is diminished relative to the basal signal. Moreover, as the AC signal is
vector summated at the recording site, the rapid phase rotation of the OHC voltage responses at the
CF causes a phase cancellation of the CF signal. This is reflected in the loss of accurate frequency
tuning for low probe frequency CM suppression tuning curves measured from the RW membrane
(Cheatham et al., 2011).
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Figure 7: a: Voltage trace of the gross evoked potential of the cochlea measured at the round window.
The left component is the CAP, and the right component is the CM. The CAP resembles an action
potential, whereas the CM closely follows the waveform of the stimulus frequency. from (Cheatham et
al., 2011). b: schematic of the contributing components of the CM along the travelling wave for lowfrequency stimulation. Near the base the components are all positive, and therefore summate. At the
peak of the travelling wave, however, rapid changes in polarity with position result in cancellation of
the CM signal. As a result, single low-frequency tone evoked CM is dominated by linear generators,
away from the peak of the travelling wave. Modified from (Pickles, 2012).

1.4.2 Acoustic Measurements:
1.4.2.1 Definitions and taxonomy of otoacoustic emissions:
As mentioned in section 1.3.2, the non-linearity of the cochlear amplifier means that it does not
obey the principle of superposition. A result of this is that measured responses of the cochlea will
contain frequency components not contained within the inputs. Some of these may be measured
acoustically in the ear canal. These signals were first recorded in response to clicks (Kemp, 1978),
with latencies much longer than any associated with the middle ear resonance. Crucially, it was
noted that these signals were not present in ears with hearing loss, implying that they were related
to the cochlear amplifier (Kemp, 1978; Brownell, 1990).
These responses are called Otoacoustic emissions (OAEs), of which there are many different
subtypes. OAEs have become a central research tool in audiology and are also used diagnostically in
the clinic (Kemp et al., 1990; Probst et al., 1991; Whitehead et al., 1996; Geisler, 1998).
Different subtypes of OAE vary in definition, depending on the preferred taxonomy. One can
describe OAEs with reference to the types of stimulus used; this is the prevailing method throughout
the literature (although it is argued that these definitions can be somewhat misleading when one
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comes to consider the source/propagation mechanism of the separate emissions (Shera & Guinan,
1999)). For example, as we have previously explored, DPOAEs are known as such because they are
produced due to two-tone interaction, or distortion (Brown & Kemp, 1984; Kemp & Brown, 1984).
Another type, Transient Otoacoustic Emission (TOAE), appears after the presentation of a wideband
click stimulus (Kemp, 1978). Furthermore, Stimulus Frequency Otoacoustic Emissions (SFOAEs) are
produced by a single tone stimulus at the frequency of stimulation (Kemp & Chum, 1980). Finally,
Spontaneous Otoacoustic Emissions (SOAEs) are produced in the absence of sound stimulation
(Kemp, 1979; Zurek, 1981).

1.4.2.2 Non-linear interaction and coherent reflection:
The argument behind a different taxonomy for these emissions is supported by their varying
generation mechanisms (Shera & Guinan, 1999). DPOAEs are produced largely due to non-linear
distortion and as such are inextricably linked to the non-linear cochlear amplifier source: the OHCs.
However, it is widely accepted that SFOAEs and TOAEs are all produced by coherent reflection of
energy from the peak of the travelling wave to the stapes due to mechanical irregularities.
Irregularities are imperfections in the coupling between cochlear components due to idiosyncratic
morphological variation (Zweig & Shera, 1995). A simple observation may make this clear: SFOAEs,
SOAEs and TOAEs are more prominent than DPOAEs in primates (Zurek, 1985). In rodents the
opposite is the case (Whitehead et al., 1996). Comparing the organisation of the organ of Corti
between humans and rodents reveals that the regularity of the rodent cochlear is higher, and the
human cochlea is far more disorganised (Wright, 1984; Shera & Guinan, 1999). As such, coherent
reflection from irregularities in the primate is much stronger.
Examination of the phase variation of different types of emission as a function of frequency also
points to different mechanisms of generation. DPOAE phase stays relatively constant with changing
frequency as long as the ratio between the primary tones is not changed. This is widely accepted to
be due to the concept of local scaling symmetry, which implies that as frequency decreases
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exponentially with distance along the BM from base to apex, the amount of phase accumulated for a
given frequency will always be the same (Zweig, 1976). In other words, higher frequencies peak
closer to the stapes, but with faster oscillations, whilst low frequencies peak further away, but with
slower oscillations. Consequently, as the DPOAE distortion source is from the frequency overlap at
the f2 place (from the place of a high-frequency tone, and moves when f2 is changed), phase will not
vary as a function of frequency. As the source moves with the wave, it is known as a wave fixed
source (Shera & Guinan, 1999; Knight & Kemp, 2001) and see figure 8 left.
Other emissions, such as SFOAEs, show a constant rate of phase change with frequency. This is
because the sources of the emissions are located in specific places and do not move with the peak of
the travelling wave. As a result, the emission phase changes relative to the stapes. As the source
stays in the same cochlear location, it is known as a place fixed source (see figure 8 right).

Figure 8: The phase behaviour of place fixed versus wave fixed emission sources Left: The source (circle)
moves with the wave, and so due to local scaling symmetry (see text) the phase accumulation is always the
same, regardless of frequency. This type of source produces DPOAEs (for simplicity only a single tone is
shown). Right: Irregularities in the structure of the cochlea cause backward reflection of some of the
1.4.3 Non-linearity of DPOAEs and group delay:
travelling wave energy. As the source (spiral) is fixed in space, phase changes relative to the frequency of
the stimulus. This type of source is responsible for TOAEs, SFOAEs and SOAEs. Modified from (Manley et al.,
It is possible to estimate the source of distortion by the travel time of the signal in relation to the
2008).

stimulus via calculating the group delay of the signal (for review see (Ruggero, 2004)). Group delay is
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defined as the relative delay at different frequencies from the input to the output in a system. It is
calculated using the equation 𝜏𝜏 = −

𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿

=−

𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿.360°

where 𝜏𝜏 is the group delay in seconds, 𝛿𝛿𝛿𝛿 is the

change in phase in radians, and 𝛿𝛿𝛿𝛿 or 𝛿𝛿𝛿𝛿. 360° is the change in angular frequency in radians per
second. However, the amplitudes and phases of DPOAEs are highly dependent on the input

parameters of the primary frequencies, such as primary level, and frequency ratio (f2/f1). Estimates
of the ratio for maximum emission amplitude (of the largest component, 2f1-f2) vary between
species, e.g 1.22 in humans (Harris et al., 1989) or 1.2 to 1.25 in rodents (Lukashkin et al., 2004;
Michaelis et al., 2004; Lukashkin et al., 2007a). Different DPOAE components are best evoked at
varying frequency ratios (Lukashkin & Russell, 2001). The main DPOAE components are shown in
figure 9.

Figure 9: Spectrum of DPOAEs producible by a complex non-linearity, in the presence of the primary frequencies f1, and
f2 (not to scale). The 2f1-f2 and f2-f1 are the most widely measured.

Through acoustic experiments utilising group delay measurements, attempts have been made to
identify the source of emissions (Kimberley et al., 1993; Stover et al., 1996; Schneider et al., 1999;
Shera & Guinan Jr, 2003; Ren et al., 2006). The two conflicting dominating theories are that
emissions are transmitted to the auditory canal by a reverse travelling wave along the BM (Cooper &
Shera, 2004; de Boer et al., 2007; Shera et al., 2007), or via a fast pressure wave which is, taking into
account the small size of the cochlea, coupled almost instantaneously through the cochlear fluid to
the stapes (Avan et al., 1998; Nobili et al., 2003; Ren & Nuttall, 2006; He & Ren, 2013). However, the
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behaviour of DPOAEs is highly non-linear. It has been shown that in the guinea pig the phases of 2f1f2, 3f1-2f2 and 4f1-3f2 emissions are highly dependent on the level of the primary tones, and that
this dependence varies with the ratio of the primary tones (Lukashkin & Russell, 2001). DPOAEs are
likely to be the vector summation of distortion components originating from the place of primary
overlap, and the coherent reflection of the 2f1-f2 travelling wave back from its own CF place (Gaskill
& Brown, 1990; Brown et al., 1996; Kalluri & Shera, 2001; Abdala et al., 2011). However which
source is dominant could be stimulus dependant. Thus, the use of group delay without caution could
lead to erroneous conclusions about DPOAE source and mode of backwards transmission.

1.5 Cochlear tuning and the tectorial membrane:
The transverse motion of the BM during sound stimulation causes radial shearing between the TM
and the RL (Davis, 1965). This shearing motion displaces hair bundles of the hair cells and induces
length changes in the OHCs (Neely, 1993; Geisler & Sang, 1995). The motion of the TM has been
shown to be closely coupled to that of the BM (Rhode & Cooper, 1996), and its frequencydependant properties influence the timing of energy input by the OHCs. In vitro measurements of
TM mechanical responses showed that below the CF of the acoustic stimulus the TM was elastically
coupled to the OHC hair bundles (figure 10a). At the CF, the TM imposed an inertial load upon the
hair bundles, thereby changing the phase of their excitation to coincide with maximum velocity of
the cochlear partition displacement towards the ST (figure 10b) (Gummer et al., 1996; Nowotny &
Gummer, 2006).
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Figure 10: Schematic of the influence of two
different modes of TM mass coupling upon OHC
force generation. A: Below CF, when the TM is
a compliant (elastic) mass, the force generation
of the OHCs is in opposite phase to the
direction of BM displacement (note the
opposite black arrows). This attenuates the
amplitude of the BM displacement. B: Near CF,
where the TM acts as an inertial mass. Force
generation is now in phase with BM velocity
(black arrows are no longer opposed). The
OHCs now amplify BM displacement. From
(Gummer et al., 1996)

The frequency dependent behaviour of the TM has only been measured directly in vitro (Gummer et
al., 1996; Nowotny & Gummer, 2006; Ghaffari et al., 2007; Jones et al., 2013). Indirect evidence in
favour of a role for the TM in the timing of the cochlear amplifier began with the recording of
notches of insensitivity in neural tuning curves (Liberman, 1978; Allen, 1980; Taberner & Liberman,
2005; Temchin et al., 2008), as well as in neural suppression tuning curves (Lukashkin et al., 2007a;
Lukashkin et al., 2007b; Russell et al., 2007). These notches were seen at approximately half an
octave below the CF, and were suggested to occur due to the TM resonance at this frequency of
stimulation e.g. (Lukashkin et al., 2010). At the resonance, where the TM impedance diminishes, the
TM load to the OHC stereocillia changes from compliant to inertial. At this frequency the TM and the
OHC hair bundles move in phase, as the OHC hair bundle is stiff enough to entrain the TM. This inphase movement reduces relative shear displacement between the TM and the RL, and hence
reduces IHC excitation (Zwislocki, 1986). This point of TM impedance drop, or resonance, was
modelled by Allen, (Allen, 1980) to be due to the series coupling of the TM at the spiral limbus and
by Zwislocki, (Zwislocki, 1980) to be due to the parallel coupling of the TM and the OHC hair bundles.
Genetic mutation of the α-tectorin gene results in detachment of the TM from the organ of Corti
(Legan et al., 2000; Lukashkin et al., 2004). This mutation causes changes to the mechanical
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properties of the organ of Corti, principally the disappearance of the notch from BM mechanical
threshold tuning curves. In addition to this, a recorded phase change in DPOAE and BM recordings
half an octave below the CF disappears in these mice. Furthermore, using a β-Tectorin mutant which
also changes TM mechanical properties, it was found that whilst sensitivity was slightly reduced
primarily at lower frequencies, tuning was actually sharpened at high frequencies (Russell et al.,
2007), implying that only amplification had been affected. Indeed, decreased longitudinal coupling
within the TM in β-Tectorin mutants seemed to show that fewer OHCs around the CF place were
involved in amplification, resulting in a smaller spread of excitation along the cochlea, which
consequently enhanced tuning. However, as the mechanical properties, and therefore resonant
properties, of the TM had been altered, it could no longer provide optimum phase conditions for
amplification (Legan et al., 2000; Legan et al., 2005).
Thus, there is great interest in characterising more directly in vivo the frequency dependent
properties of the TM. For review see (Lukashkin et al., 2010). As of yet, no measurements from the
OHC-TM complex in vivo have yielded information on the TM resonance, although technology now
exists that allows measurement of the TM non-invasively in the apical cochlea (Lee et al., 2015).

1.6 Thesis aims:
This thesis examines non-linear two-tone interaction in both the CM and in acoustic distortion
products. The aim of chapter 3 was to determine why CM suppression tuning curves are shifted in
their tuning to a point above the probe tone frequency. It is hypothesised that the effects of the
distributed generator mechanism measured at a single place may cause averaging of the CM signal.
Concordantly, only very localised CM responses evoked by low probe tone amplitudes could provide
tuning to the probe CF.
The CM suppression tuning curves produced for low-level probe tones demonstrate faithful tuning
to the probe CF. This corresponds to highly non-monotonic changes in the probe amplitude which
are also dependent on the masker level. At higher probe tone levels, CM suppression tuning curves
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are again tuned to higher frequencies, shifted by about half an octave above the probe CF. The nonmonotonic masker level dependent behaviour also disappears. Chapter 3 therefore concludes that
CM suppression is strongly influenced by probe tone level, likely due to the hypothesised distributed
generation of the CM.
In addition, both probe CF and high frequency notch tip regions are present when using low probe
tone levels. The high frequency notch is therefore less likely to be present due to CM two-tone
suppression, but may in fact be related to the TM resonance. The high frequency notch in the
presence of a probe frequency tip region is a feature of published CM suppression tuning curves that
has not been previously commented on.
The electrical distortion components produced during CM two-tone suppression are examined in
chapter 4. It is hypothesises that if low-side and high-side suppression are due to different
mechanisms the production of distortion products will not be the same for low and high-sided
maskers. The 2f1-f2 distortion product is produced only for low-side suppression, suggesting that the
hypothesis may be correct. Further to this, the absence of 2f1-f2 distortion at the high frequency
notch suggests that the notch is due to a passive mechanical resonance. The results also show the
coincidence of probe suppression and distortion product generation as a function of masker level,
suggesting that energy is indeed shunted from the probe frequency place directly into the distortion
product frequency places.
The aim of chapter 5 is to characterise the nature of errors that may arise from using linear
regression group delay estimates to estimate the travel times of DPOAEs. It has previously been
suggested that the relationship between DPOAE group delay and BM group delay may give an
indication as to the mechanism of DPOAE back propagation.
A novel algorithm is designed in order to reduce the error associated with non-linear changes in level
dependent phase slope with primary ratio. Uncorrected and corrected DPOAE travel time estimates
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are compared with interpolated BM travel time functions. Whilst the algorithm does successfully
correct for this error, estimates of DPOAE travel times are still smaller than BM travel times. In
addition, the phase slope behaviour at small primary ratios, and the relationship between DPOAE
group delay and DPOAE amplitude contrast the conclusions that may be drawn from the BM vs
DPOAE group delay relationship. As a result, it is concluded that DPOAE group delay is not an
appropriate tool for estimating emission reverse propagation mechanisms.
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Chapter 2: Materials and Methods
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2.1 Introduction to Materials and Methods:
This materials and methods chapter describes acoustic, electrophysiological and mechanical
measurements on guinea pigs. All experiments were performed in sound attenuated booths (IAC)
and on inflated gas isolation tables (LINOS, technical manufacturing corporation), in order to reduce
external noise and vibration.
All procedures involving animals were performed in accordance with UK Home Office regulations
with approval of the local ethics committee.

2.2 Animal Experimental Methods:

2.2.1 CM suppression, DPOAE Delay and Laser Interferometry procedures:
In order to measure the effects of two tones upon the CM at different frequencies, surgery was
performed on a preparation to allow access to the RW, and in the cases of laser interferometry, the
RW itself was removed with a thin hooked wire.

2.2.1.1 Guinea pig experimental procedure:
The measuring setup is shown in figure 1. Pigmented guinea pigs (180-450 g) were anaesthetised
with the neurolept anaesthetic technique (Atropine sulphate 0.06 mg/kg SC, Pentobarbital 30 mg/kg
IP, Hypnorm 500 µl/kg IM). In some later experiments Hypnorm was replaced with Fentanyl 50 µg/kg
IM and Medetomidine 200 µl/kg IM, or Fentanyl 50 µg/kg IM and Midazolam 10 mg/kg IM due to
commercial unavailability of Hypnorm. Differing anaesthetic regimes did not appear to have an
effect upon recordings. Additional injections of Hypnorm or Fentanyl and Medetomidine were given
every 40 minutes or with Midazolam, as necessary. Doses or Pentobarbital were administered as
necessary to maintain a non-reflexive state. An ECG was recorded with a pair of sharp electrodes
inserted SC. into either side of the thorax. Animals were then tracheotomised and artificially respired
with medical oxygen, and their body temperature was maintained by a heating blanket and head
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holder at 38oC. The middle ear cavity was opened to reveal the RW. At the end of experiments,
animals were euthanised with an overdose of Pentobarbital (150 mg/kg IC).

Figure 1: Schematic of the electrical setup for sound stimulation, and recording acoustic, electrical and mechanical
responses from the guinea pig cochlea. In the actual setup, two outputs with attenuators are present in the system, for
two tone stimulation. However, for simplicity, only one is illustrated. Adapted from (Weddell, 2013).

In order to gain access to the RW, the pinna was removed, and tissue beneath was cut away to
reveal the temporal bone. A prominence in the bone, known as the auditory bulla, was then
identified and fenestrated using a scalpel blade. The head of the animal was then fixed to the
headstage using dental cement and a steel bar. An Ag-AgCl electrode wire, coated in Teflon, was
then placed upon the RW, and two reference Ag-AgCl electrodes were attached to the cranium and
neck of the animal. Electrocochleography was measured through differential signalling of this
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electrode. A dental tip was placed near to the RW in order to reduce the build-up of fluid. A
schematic of the view through the temporal bone is shown in figure 2.

Figure 2: Schematic view of the surgical area through a lateral opening in the auditory bulla. RW: Round Window, BM:
Basilar Membrane, T: Tympanic Membrane, IS: Inco-Stapedal Joint, CH: Cochlea, S: Signal Electrode.

Compound Action Potentials (CAP) and the Cochlear Microphonic (CM) were measured from the
edge of the RW, adjacent to the BM, using a Teflon-coated silver wire. CAP thresholds were
estimated visually using an oscilloscope, by observing when the CAP signal (e.g. Section 1.4.1 figure 7
left) emerged from the noise floor.
For acoustic stimulation, sound was delivered to the tympanic membrane by a closed acoustic
system, with two Brüel and Kjær 4134 ½”microphones for delivering tones and a single Brüel and
Kjær 4133 ½” microphone for monitoring sound pressure at the tympanum. The microphones were
coupled to the ear canal via 10 mm long, 4 mm diameter tubes to a conical speculum, the 1 mm
diameter opening of which was placed approximately 1mm from the tympanum. The closed sound
system was calibrated in situ for frequencies of between 0.1 and 100 kHz to ensure all sound levels
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measured were relative to a single value. Known sound pressure levels were expressed in dB SPL re
2x10-5 Pa.
All acoustic stimuli were shaped with raised cosines of 0.5 ms duration at signal onset and offset to
avoid clicks of the speaker. White noise for acoustical calibration and tone sequences for auditory
and mechanical stimulation were synthesised by a DT 3010/32 board at a rate of 200 kHz and
delivered to the microphones through low pass filters (100 kHz cut-off frequency). Signals from the
acoustic measuring amplifier (60dB gain) were digitised at a rate of 200 kHz using the same data
acquisition board and were averaged in the time domain. Experimental control and data acquisition
were performed using a PC with MATLAB (Mathworks, USA). Data analysis was performed using
Origin 7 (Originlabs, UK). Electronic equipment was arranged as shown in figure 1.

2.2.1.2 Sound Calibration:
Before taking measurements, the sound system was calibrated in situ. A frequency stimulus of a
burst of quasi-white noise (0.1-100kHz) was delivered into the auditory canal via the speculum, and
was monitored by the recording microphone. The speakers’ characteristics allow for linear operation
within the bandwidth of the quasi-white noise. The resultant frequency response recorded in the ear
canal would normally contain notches due to resonant properties of the recording equipment and
the speculum-canal complex which varied with animal preparation. These were minimised as much
as possible by careful placement of the speculum.
The voltage recorded using the measuring microphone was then converted to dB SPL scale re 2x10-5
Pa. A sound level calibrator standard to the laboratory was used to deliver a tone of 94 dB SPL at 1
kHz (sound calibrator type 4230, Brüel and Kjær) to calibrate the recording microphone before in
situ placement. A short burst close to the calibration frequency was then played from speaker 1. This
test tone was used to determine the voltage response of the microphone for the stimulation
frequency. A conversion factor then allowed conversion of voltage response to dB SPL re 2x10-5 Pa.
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The same process was applied to the second speaker. This calibration process was undertaken with a
laboratory standard calibration programme written in MATLAB.

2.2.1.3 CM suppression recordings:
CM threshold was visually estimated by CAP recording as in a healthy preparation the CM threshold
should be just above the CAP threshold (section 1.4.1 figure 7 left). The aim was to record a stable
signal evoked by a probe tone of a level close to the noise floor. A probe tone was set at a constant
level and frequency, e.g. 7 dB SPL at 29 kHz. Simultaneously, a masker tone was presented at a single
frequency but increasing level e.g. 10 kHz and 0-70 dB SPL. The amplitude of the probe evoked CM
component was observed for each level of the masker, until it appeared to drop into the noise floor.
The masker frequency was then increased at 1 or 2 kHz intervals and the level run was repeated. The
probe frequency was never the same as the masker, as this would produce summation effects which
would mask any CM interactions. The masker frequency was increased per repeat until only high
masker levels were sufficient to suppress the probe. N1 was then measured to ensure sensitivity
remained.
Data analysis consisted of applying an iso-suppression threshold of 3dB to set level probe evoked CM
amplitudes as a function of increasing masker level, for a series of masker frequencies. If a single
record had a poor SNR, 5 point adjacent averaging was applied. The result produced CM suppression
tuning curves: the masker level at which the probe was suppressed by 3 dB, at a given masker
frequency.
The probe evoked CM amplitude was recorded as a function of the ratio between the two signals
(and thus relative to the masking frequency) for a variety of probe tone levels, using a fixed masker
tone level. Due to the additive effects of a ratio of 1.0, this data point was removed from the traces.
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2.2.1.4 Laser interferometry:
Mechanical measurements were made from various structures of interest in the cochlea using a selfmixing laser interferometer (Lukashkin et al., 2005). The photodiode detects changes in the lasing
power of the laser caused by reflected light re-entering the laser cavity out of phase with the
coherent emitted light (figure 3a), (Roos et al., 1996). It is well suited to recording from poorly
reflecting structures, and so there is no need to use reflective beads, unlike other laser
interferometers (Cooper, 1999).
A 10mW 670 nm beam with a 20 µm focal depth was collimated and focussed onto a 5 µm spot on
the target structure, the laser being positioned 45 mm away. The coherence of the reflected beam
was detected by the internal photodiode, low-pass filtered, amplified and converted to voltage,
before the data was analysed by the data acquisition board (Data Translation inc.) and MATLAB
2006b .
Sensitivity of the laser varies as a periodic function of distance from the target. The period of the
inteferometric zones corresponds to half the laser wavelength (670 nm) which governs the function
along which sensitivity varies (figure 3b). Greatest sensitivity is achieved at the steepest points of the
function, at the inflection points of the self-mixing response, known as quadrature points Q1 and Q2
(figure 3b). When the operating point is away from these positions, the same displacement will
produce a smaller response from the interferometer. The signal processing programme used to
record mechanical data includes a max averaging algorithm which takes the largest response with
the phase, inferring that the largest response is measured when the laser’s sensitivity is close to the
quadrature points. A limitation then becomes apparent in this design, whereby the two quadrature
points are indistinguishable from one another but opposite in sign. The laser therefore carries a 180⁰
phase ambiguity, meaning that the direction of the displacement cannot be reliably estimated.
Due to the change in focus around the operating point and gross physiological movement, it is
necessary to periodically refocus the laser to remain at highest sensitivity (Lukashkin et al., 2005).
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The linear range of laser amplitude is capped at 84 nm of displacement, above which the signal
becomes unreliable (figure 4). This is visible on the oscilloscope as flat topped waves, indicating that
the laser has entered into a non-linear range. Gain adjustment and filtering can reduce this problem.

Figure 3: a: Schematic of the laser interferometer. The beam from the diode is collimated with the collimating lens (CL)
and focused with the focussing lens (FL) to a 5µm spot on the structure of interest. The Reflected light interferes with
the emitted light and the resulting reduction in lasing power is detected by a photodiode (PD). The photocurrent is then
converted into voltage, followed by low pass filtering and amplification before signal processing is undertaken by the
computer program. The whole assembly is mounted upon a piezo actuator for calibration purposes. b: Illustration of the
varying sensitivity along the operating point of the laser. Points Q1 and Q2 are the points of maximum response. The
focal length of the laser is 670nm/4=167nm. c: As a test target is displaced through the focal length of the laser, the
signal output varies in amplitude. Adapted from (Lukashkin et al., 2005; Weddell, 2013).

As mentioned above, the laser required regular refocusing onto targets. In addition to this, in order
to keep measurements equivalent throughout the procedure, a calibration was run to produce a
coefficient for conversion of the voltage at the interferometer output into displacement of the
target. The laser housing is mounted on a piezoelectric actuator, which can vibrate at a set
frequency in response to a voltage from the computer (Roos et al., 1996). Set at 1kHz vibration, the
amplitude of the stimulus was increased until it had surpassed the linear range mentioned above, at
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which point clipping would cause the amplitude to drop and become erratic (figure 4). This
maximum would correspond to 84 nm of displacement. The voltage amplitude could then be
combined with this result to produce the coefficient. Several repetitions of this calibration were
made to obtain an average.

Figure 4: Linear range of the laser. The amplitude drops as the laser reaches non-linearity. The maximum response the
laser can measure is 84 nm of displacement (Lukashkin et al., 2005). From (Weddell, 2013)

2.2.1.5 Group Delay Recordings and Analysis:
Using the above surgical procedure, when the sound system is in place and calibrated, DPOAE
recordings were made, changing the primary ratio (f2/f1) from 1.05 to 1.4. The f2 and L2 (highfrequency primary) were kept constant for each recording, so the f2/f1 ratio was varied using an f1
(low-frequency primary)-swept paradigm.
After the experiment, group delay was calculated from the slope of the linear regression line of the
phase-frequency data according to the equation: τ = −Δφ/2πΔf, where τ is the group delay in
seconds; Δφ is the phase difference in radians; Δf is frequency difference in Hz. The group delay of
each component was compared to examine latency. Group delays were then compared with BM
delay data calculated from (Siegel, 2005). Using the shift of the level function notch, which has been
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suggested to be due to the non-linear behaviour (and therefore the cochlear amplifier gain) of the
two- tone interaction, an estimate of the actual level of L1 at the place of overlap (the DPOAE
distortion source) was made. The actual levels were then plotted as a function of ratio, and the level
difference between the best ratio and the larger ratios was used to estimate the actual phase value
of the L1. These phase values were then subtracted from the phase/frequency functions, to produce
a corrected group delay value. A schematic of the function of the algorithm is shown in figure 5.

Figure 5: Schematic diagram of the derivation of phase error due to L1 change at the overlap. The level at which the tip of
the notch is seen changes with ratio, as the overlap of the two waveforms changes. The notch is therefore thought to
represent in this case the actual level of L1 at the overlap place, relative to optimal ratios (Approx. 1.2). The shift in level is
used to calculate what phase error is introduced by using the input L1, rather than the corrected L1.
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Chapter 3: Level and Frequency Dependence
of Two-tone Interaction as Observed in the
Round Window Cochlear Microphonic
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3.1 Introduction:
The Basilar Membrane (BM) acts as a resonant low pass filter, whereby a travelling wave is
propagated along its length to a specific frequency place(known as the characteristic frequency or
CF), with high frequencies peaking at the basal end of the cochlea and low frequencies peaking close
to the apex. Around the CF, the peak of the travelling wave is amplified on a cycle by cycle basis,
through OHC mechanoelectrical transduction (Kemp, 1979; Davis, 1983; Dallos et al., 2008). Von
Békésy suggested that as a result of physical model experiments, and because the mechanical low
pass filter is relatively coarse, the neural output of the Organ of Corti (OC) must be somehow
sharpened (Von Békésy & Wever, 1960). In actual fact, Inner Hair Cell (IHC) tuning is as sharp as
afferent auditory fibre tuning (Russell & Sellick, 1978), thus making this statement open to debate
(Narayan et al., 1998).
The TM is strongly coupled to the OC (Rhode & Cooper, 1996), and has historically been viewed as a
stiff mass against which OHC stereocillia may react. However, mechanical modelling (Davis, 1965;
Zwislocki & Kletsky, 1979; Allen, 1980) and more recent in vitro data (Gummer et al., 1996; Richter et
al., 2007), as well as indirect in situ measurements (Liberman, 1978; Allen, 1980; Taberner &
Liberman, 2005; Temchin et al., 2008), have pointed to the TM as a graduated structure which could
perform the role of a second filter. The prevailing theory for TM resonance being vital to
amplification in the cochlea is that the TM provides inertial force to OHC stereocillia, allowing
maximal OHC force production to occur in phase with maximum BM velocity (Gummer et al., 1996),
which has been suggested to be the optimal phase condition for mechanoelectrical power
amplification (Lukashkin et al., 2007b) for review see (Lukashkin et al., 2010). It should be noted that
the primary plane of motion of this resonance is thought to be radial, indicating that the TM
movements are complex (Hemmert et al., 2000).
Moreover, studies on the loss-of-function mutation in the gene coding for the TM structural protein
α-tectorin display greatly compromised hearing (Legan et al., 2000). Mutations to this gene were
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previously shown to cause human deafness mutations DFNA12 (Verhoeven et al., 1997) and DFNA8
(Verhoeven et al., 1998). These observations, together with the mechanical theories of TM motion in
the cochlea, underline the vital role it plays in hearing.
So far, the potential for the TM to fulfil a second frequency map role has only been investigated
indirectly through neural tuning, or BM tuning curves in vivo (Legan et al., 2000; Ren & Nuttall, 2001;
Russell et al., 2007), and through hemicochlear explants or isolated TMs in vitro (Richter et al.,
2007). It is therefore of interest to investigate this problem using measurements which are more
closely coupled to the TM in vivo, e.g. OHC responses.
Two-tone suppression of the Cochlear Microphonic (CM) could provide such a tool. The CM is a gross
extracellular potential arising as a result of the complex vector sum of current flowing through OHC
MET channels as a consequence of hair bundle displacements due to radial shear between the TM
and RL. The CM signal thus can provide a direct indication of the mechanical relationship between
the TM and the rest of the OC (Dallos & Cheatham, 1976b; Russell & Sellick, 1978). Moreover,
measurements of the CM can be performed transtympanically in humans, (Choudhury et al., 2012),
whilst many other techniques, such as direct mechanical measurements, are impossible to perform.
Therefore, CM two-tone suppression has the potential to provide information about the mechanical
consequences of cochlear amplification including frequency tuning in humans.
The tuning properties of CM suppression threshold tuning curves (CMS tuning curves) have
previously been explored, but in these experiments the tip region of the curve did not coincide with
the probe frequency (Cheatham & Dallos, 1982; Remond et al., 1982). Instead, it was reported by
both Remond et al. and Cheatham & Dallos that the tip of the tuning of the CM to the probe
frequency was at a place roughly half an octave above the probe region. Cheatham & Dallos
reasoned that this could have been caused by the asymmetry of the travelling wave response or an
over-estimation of the CF place using the differential electrode technique. As Cheatham & Dallos
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1982 also reported their CM suppression re -3dB at the stapes, thus correcting for middle ear
effects, it can be concluded that the notch is not due to a middle ear resonance.
The aim of Remond et al. (1982) was to reconcile the relationship between CAP and CM responses to
two-tone suppression, and so as a result sought to normalise the offset frequencies of the two
separately derived tuning curves. However, the discussion of this relationship did point to some
reasonable explanation for the offset frequency. Their first suggestion for the close correspondence
of CM and CAP suppression tuning curves in sensitivity and selectivity, but not in absolute frequency,
was that the two originated from separate nonlinearities. Although it is now known that the source
of the CAP is the auditory neurons, and the source of the CM is the OHCs, the current findings
suggest that CMS tuning curves offer more faithful tuning to the probe frequency, probably due to
the fact that much lower probe tone levels, and higher probe tone frequencies were used
(Cheatham & Dallos’ lowest probe tone was in the region of 25dB SPL, and Remond et al. reports 1020dB SPL above noise and below 10kHz).
Another, more recent paper by Cheatham explores the possibility once more, of using CM recorded
at the RW to determine the state of the cochlear amplifier (Cheatham et al., 2011). The results of
this paper once more point to the mismatch of CM and CAP tuning curves, and highlight that only at
very high frequencies can the two measurements yield similar tuning properties. They discuss the
distributed source of the CM as the reason behind its unfaithful tuning at all but the highest
frequencies (or those close to the measuring point, in this case the RW). However, the shift and
mismatch of CM appears to be stable, as in the 1982 and 2011 paper, tuning curve tips show a shift
of half an octave. Such a consistent shift in tip from the probe tone might not be due to
overestimation of the CF, but to a mechanical phenomenon that is not directly linked to suppression.
Thus, the aim of this chapter is to derive CM suppression tuning curves from localised portions of the
cochlea and examine the effects of probe tone level (and therefore contributing OHC population)
upon the suppression characteristics of the CM. Just as there have previously been reflections of the
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TM resonance in other types of tuning curve (Legan et al., 2000; Lukashkin et al., 2007a), we identify
evidence for the TM resonance from OHC responses i.e. CM and suggest that the TM resonance is
the mechanism behind the shifted tips of previously published CM suppression tuning curves.

3.2 Results:
3.2.1 Probe amplitude becomes more non-monotonic as the masker is moved closer to
the probe CF:
Figure 1 shows a typical example of probe tone amplitudes as a function of masker tone amplitude
for a full range of masker frequencies used to construct a CMS tuning curve. The raw data (thin lines)
has been superimposed with a 5 point adjacent average (thick lines), due to the poor signal to noise
ratio as a result of using low probe amplitudes. The X intercept represents the -3dB threshold from
the average probe response at low masker levels; the selected criteria for suppression. The noise
floor was approximately 20dB below the unsuppressed signal. The probe frequency was 29 kHz,
probe amplitude 10dB SPL. As can be seen, at low masker frequencies, the probe decreases
gradually and monotonically in amplitude. As the masker frequency is increased, the amplitude
variation of the probe becomes markedly non-monotonic, until close-to-probe low-side masker
frequencies, where several phasic cycles of suppression and augmentation are seen. As the masker
surpasses the probe, the non-monotonic behaviour becomes less pronounced. At high masker
frequencies (e.g. 44 kHz) the variation in the amplitude of the probe is more likely to be due to noise
than suppression effects.
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Figure 1: Example of probe tone amplitude as a function of masker level for a range of frequencies either side of a probe tone (29
kHz 10 dB SPL). This data is used to construct the CM suppression tuning curves. The X intercept is the -3 dB suppression
threshold from the average response amplitude at low masker levels. The non-monotonic behaviour of the probe tone becomes
more pronounced between 20-28 kHz, after which it appears to begin to revert to a more monotonic regime of amplitude
variation.
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3.2.2 The non-monotonic behaviour of the probe at close-to-probe masker frequencies is
reduced as a function of probe amplitude:
Figure 2 shows a close-to-probe masker’s effect on a 29 kHz probe tone at several levels of the probe
(coloured lines). It can be seen that not only does the probe amplitude have an effect upon the
masker level at which suppression and augmentation effects are seen (figure 2 arrows vs. asterisks)
but that the level dependent behaviour of the probe is completely different. Low probe amplitudes
are accompanied by immediate suppression followed by an augmentation of the signal (figure 2:
black, red, green, blue lines) but as the probe amplitude reaches 25 dB SPL (cyan line), the mode of
suppression switches, with augmentation seen first followed by suppression. This augmentation is
also reduced systematically as probe tone amplitude is raised even higher (25-35 dB SPL). At the
highest probe tone amplitude trace (yellow line) only modest augmentation is displayed before
suppression is observed.

Figure 2: Changes in the masker level dependent behaviour of the probe tone, as a function of probe tone amplitude. Probe tone
level functions (Coloured lines) display highly non-monotonic behaviour, with both troughs (arrows) and peaks, a phasic
variation between suppression and augmentation for low to moderate probe tone amplitudes (5dB, 10dB, 15dB, 20dB). At higher
probe tone amplitudes, augmentation is seen first, followed by gradual suppression (asterisks).
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3.2.3 CM Suppression Threshold Tuning curves with low probe tone amplitudes provide
sharp tuning to the probe frequency in addition to a high-frequency notch:
Examples of CMS threshold tuning curves and neural thresholds from a pair of animals are given in
figure 3. The suppression criterion was set to -3dB from the average probe amplitude at low masker
level. N1 thresholds were deemed acceptable if they were not elevated by more than 10dB at the
probe frequency. The tip region of the curves is localised closely to the probe frequency (29kHz) and
is similar to the N1 threshold (-4dB SPL N1 and -7dB SPL CMS for GP46, and 5 dB SPL N1 compared to
5dB SPL CMS for GP45).
Aside from the main tip region, there are noticeable notches and discontinuities situated close to
half an octave above (asterisks) and below (arrows) the probe tone frequency. These two regions of
interest occurred in all 5 animals included in the study where low probe tone parameters were used,
and only the low-frequency notch appeared in BM mechanical threshold tuning curves (figure 4). For
mechanical recordings, the high-frequency notch was not localised to the half octave region, and
instead thresholds were very high at this frequency, which is expected when the stimulus BF is basal
to the measuring site.
Figure 3: Examples of CMS tuning
curves from two animals (upper
panels) accompanied by their
neural sensitivity (lower panels)
before and after recording. Lowfrequency discontinuities can be
seen (arrows) as well as notches at
or just before half an octave above
the probe tone region (asterisks).
Note the decreased sensitivity for
GP45 with respect to GP46. This is
likely due to the difference in
probe tone level.
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Figure 4: comparison of averaged BM
mechanical threshold tuning curves (N=4)
and CM suppression tuning curves (N=5).
CFs for the tuning curves ranged from 2931kHz and frequency of the probe/CF was
normalised to 1. Suppression thresholds
were similar to response thresholds below
the probe/CF, but the above probe/CF
curves differ. The high-frequency notch is
preserved after averaging, indicating it is a
robust feature of CM two-tone suppression.
Error bars show standard error.

The tip of the CMS tuning curves in figure 4 is not located exactly at the BF (x=1), indicating that the
estimate of frequency tuning is not as precise as that offered by mechanical measurements.
Additionally, whilst sensitivity is comparable, the sharpness of CMS tuning curves is broader
(averaged Q10dB for mechanical measurements =19.93, and for CMS= 13.32, although it should be
noted that variations in the probe amplitude across animals could affect tuning). However, the
variation in CMS curves across animals is much smaller, and the high-frequency notch is clearly
visible even after averaging. Thus, whilst CMS tuning curves appear less precise in their
representation of the mechanical tuning and sensitivity of the cochlea as direct mechanical
measurements, the presence of a highly conserved notch near the half octave place (figure 4 x=1.4)
is of great interest, as it may indicate the presence of a resonance.

3.2.4 Low probe frequency CM suppression threshold tuning curves are tuned to the
high-frequency notch:
It has been shown previously (Cheatham & Dallos, 1982) that CMS tuning curve sensitivity is
correlated positively with probe frequency, in that low-frequency probe tones will not produce
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highly sensitive tuning curves. Cheatham and Dallos (1982) used differential electrodes placed inside
the cochlea, and so the experiments were repeated to ensure that RW CMS tuning curves behave in
a similar manner. In Figure 5 it is shown that the threshold near the probe frequency (vertical
coloured lines) becomes higher with decreasing probe frequency (horizontal coloured lines).In
addition it is shown that the high-frequency notch regions (arrows) are not similarly reduced in
amplitude. This demonstrates that when varying the frequency with constant probe level, the
behaviour of the high-frequency notch region is independent of the tip region near the probe. It is
also of note that at this probe level (30dB SPL) the tip region is reduced even for the highest probe
frequency but the high-frequency notch remains present. These findings, therefore, make it
necessary to explore again the relationship between probe level and CMS tuning curve structure.
Figure 5: -3 dB suppression threshold as a
function of probe frequency. Lower
frequency probes are less sensitive to
suppression, and so the probe region
suppression threshold increases as probe
frequency decreases (corresponding
horizontal and vertical dotted lines).
However, the high-frequency notch
(arrows) is still present for each curve, and
is more susceptible to suppression than the
tip region at 30dB SPL probe amplitude.

3.2.5 CM suppression tuning curves for high-frequency probe tones of moderate level are
also tuned to the high-frequency notch:
The effect of changing the probe level whilst maintaining the same probe frequency in a single
animal is demonstrated in Figure 6. With increase in probe level, the frequency position of the tip
remains almost constant (dashed arrow, figure 6 upper panel) while the suppression threshold
around the tip region near the probe (29 kHz) is reduced. However, reduction of the suppression
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threshold at the tip of the high-frequency notch is much smaller (figure 6 lower panel), and the tip
shifts to lower frequencies (solid curved arrow, figure 6 upper panel).
Figure 6: Increasing the probe tone
level drastically reduces sensitivity
but not position of the tip region
(upper panel dashed arrow).
Conversely, sensitivity is affected to
a lesser extent at the highfrequency notch, but the notch
appears to shift to lower
frequencies as probe level increases
(upper panel solid arrow). Lower
panel: Tip vs notch suppression
threshold at different probe tone
levels to illustrate the different
behaviours.

Analysis of the effect of probe level on suppression is continued in more detail in figure 7. Iso-level
tuning curves for a constant masker level of 50 dB SPL were produced for a range of probe levels
when the frequency (f2/f1) ratio was varied. The high-frequency notch close to the half octave place
is largely dominant at all but the lowest levels of the probe (up to 45 dB SPL). At the very lowest
levels, it is clear that there is some strong suppression around the probe frequency itself, which does
not exist at higher levels (apparent at 0 dB SPL, black arrow, figure 7). These changes in probe
amplitude and their abolition at higher probe levels agree with the data in figure 6, and show that
only in very specific conditions can CMS tuning curves be tuned to the probe CF place. The highfrequency notch appears to drift to lower frequencies as probe level is increased. Both drifts seen in
figures 6 and 7 could be attributed to a spread of excitation as basal OHCs are recruited by a higher
amplitude probe tone, shifting the average response at the notch.
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The low-frequency half octave notch is also apparent in this higher resolution level analysis (blue
arrow, figure 7). This notch survives for probe levels up to 35dB SPL, but is far less pronounced than
the high-frequency half octave notch. The fact that both half octave notches are more robust at
higher levels, despite being far from the probe frequency place, suggests that these two notches are
caused by separate mechanisms to two-tone suppression when the probe and masker frequencies
are close to each other.
In summary, BM recordings are loosely matched in terms of sensitivity and tuning with CMS tuning
curves, but there is a high-frequency notch present close to the half-octave place in CMS tuning
curves. The high-frequency notch becomes the lowest threshold region for two tone suppression
when the probe level is high, or when the probe frequency is more apical to the recording site. This
behaviour is mimicked to a lesser extent half an octave below the probe frequency, in that the lowfrequency notch survives to higher levels of the probe, but is not as pronounced as the highfrequency notch. These high and low-frequency notches appear to be evidence of a separate
mechanism superimposed upon the non-linear two-tone suppression mechanism. Only for very low
probe tone levels (10 dB SPL or less) at CFs close to the recording site (the RW) will the tuned tip
region be located close to the probe frequency, at a low threshold. The results reported above
highlight the important effect of probe tone level on CMS tuning curves.
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Figure 7: Iso level tuning curves for a
range of probe levels for a constant
masker level of 50 dB SPL. Probe region
(solid vertical line) suppression is only
apparent at the lowest sound level
(black arrow). The strongest and most
consistent suppression appears around
half an octave above the probe
frequency (dashed vertical line). There
is also suppression apparent at the lowfrequency half octave below the probe
(dotted vertical line, blue arrow) which
survives to higher probe levels.
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3.3 Discussion:
The key findings of this study are as follows: CMS tuning curves are similar in tuning and sensitivity
to BM mechanical tuning curves for frequencies below the probe. Above the probe, however, there
is a pronounced notch which is located approximately half an octave basally from the probe CF. This
notch is more dominant at lower probe frequencies, and is less sensitive to probe level increase than
the tip region. A low-frequency notch is seen also half an octave below the probe, but is less
apparent in CM suppression iso-level responses.
The effects of probe amplitude on the frequency selectivity and sensitivity of CM suppression
threshold tuning curves is reflected in masker dependent probe behaviour for different probe levels
(figure 2). The highly non-monotonic low threshold behaviour of suppression seen in low probe tone
levels (figure 1) is abolished by the increase in probe amplitude. For the highest probe tone levels
almost all non-monotonic probe tone behaviour is abolished, apart from profound suppression at
high masker levels.
This widely divergent behaviour indicates that CM suppression is much more dependent upon probe
level than previously thought. For low probe tone levels, a highly restricted place on the BM is
excited, with rapidly rotating phase. As the masker level increases and the travelling wave extends
basally, the relative phase between the masker and the probe likely changes, causing overall signal
augmentations and suppression successively. When the probe tone is higher in level a larger
population of OHCs contribute to the probe tone signal, far less localised to the source of two-tone
interaction, and so the non-monotonic behaviour is averaged out. This, coupled with the fact that
higher probe tone levels are harder to suppress (figures 6, 7) indicates that it is vital to use a low
amplitude probe tone to clearly investigate tuning and sensitivity using CM suppression.
Previous studies lost tuning resolution around the probe tone region due to the use of higher probe
tone levels (leading to a larger population of OHCs contributing to the CM output), and as a result
only resolved the high-frequency notch (Cheatham & Dallos, 1982; Remond et al., 1982; Cheatham
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et al., 2011). This highlights the novelty of this current study in demonstrating the complex
suppression behaviour of low amplitude probe tones.
It is therefore reasonable to suggest that due to the differing sensitivity to probe level between the
tip and the notch, that two separate mechanisms of two-tone suppression may be present.
Following this, as the tip region is much more efficiently resolved at low level stimuli (where the
cochlear amplifier is most active) it could be the case that the probe region suppression is linked to
non-linear two-tone suppression, and the high-frequency notch is the manifestation of an altogether
separate, passive mechanical filter.
The notch manifests as a discontinuity superimposed upon a relatively steady rate of suppression
threshold reduction with increasing masker frequency (figure 4). This implies a local effect at the
probe place is temporarily increasing the suppressive efficiency of the masker tone.
It is also known that lower frequency CMS tuning curves are poorly tuned because the non-linear
signal associated with OHCs from the probe CF is dominated by more basal OHCs that are closer to
the recording site (Cheatham et al., 2011). However, because the presence of the high-frequency
notch was relatively unaffected by changes in probe frequency, the role of non-linear suppression in
the appearance of this notch could be diminished.
If this high-frequency notch is not due to traditional non-linear two tone interaction (Arthur et al.,
1971; Patuzzi et al., 1984; Robles et al., 1986a), then to what mechanism can it be attributed? Lowfrequency notches have been reported in single tone response threshold tuning curves from both
single fibre neural tuning in cats (Liberman, 1978) mice (Taberner & Liberman, 2005) and chinchillas
(Temchin et al., 2008). Such a notch has also been recorded in two tone neural suppression tuning
curves (Lukashkin et al., 2007a; Russell et al., 2007).The suggestion that these regions of relative
insensitivity were due to a resonance at the level of the TM was posited by Allen, and separately by
Zwislocki (Zwislocki & Kletsky, 1979; Allen, 1980). Zwislocki suggested that these notches were due
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to the reduction in relative displacement between the TM and the reticular lamina (RL) at a specific
place dependant on the input stimulus frequency (Zwislocki, 1986). More recently, Optical
Coherence Tomography derived frequency-response functions of the TM and BM have been
reported (Lee et al., 2015). Although lacking phase-frequency data for the site of the resonance, the
displacement functions confirmed TM travelling waves exist. This, in turn, lends more strength to the
argument that the relative motions of the two structures are more complex than previously thought.
As the high-frequency notch in our recordings occurs at a frequency close to half an octave above
the probe frequency, it could be the case that the peak of the masker travelling wave moves through
the region of the BM associated with the TM resonance of the probe waveform. It has been
suggested that biasing of OHC operating points in the active region of the probe travelling wave is
responsible for normal two tone suppression (Patuzzi & Sellick, 1984). Following this, because
suppression threshold is proportional to the probe amplitude, the notch may be due to a reduction
in the amplitude of the probe tone (and therefore an apparent increase in suppression efficiency) as
the phase relationship between TM and RL is disrupted. This would only occur when the masker
frequency was localised around the TM resonance. Such notches have been seen elsewhere, such as
in higher than CF BM frequency transfer functions using laser interferometry (Rhode, 2007) and
changes in BM suppression rate during two-tone interaction (Versteegh & van der Heijden, 2013).
The low-frequency notch that is visible in ours and other recordings (Liberman, 1978; Taberner &
Liberman, 2005), could be the reverse of this effect, with the peak of the probe interacting with the
TM resonance of the masker (although as there is a set amount of energy in the probe tone and the
measurement is of the probe, not the masker, the notch is far less pronounced and represents a
discontinuity).
In summary, this study has identified the best parameters for RW CM two-tone suppression: highfrequency, for the probe tone CF to be close to the measuring site, and as low a probe tone level as
possible to localise the OHC response. A tip region was resolved which had similar tuning and
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sensitivity to single tone BM mechanical threshold tuning curves whilst using low probe tone levels.
A high-frequency notch was present regardless of probe frequency or level, which had been
identified as a tip region in previous studies (Cheatham & Dallos, 1982; Remond et al., 1982). This
notch may relate to the TM resonance, and appears to be less sensitive to changes in probe level
and frequency than the tip region. This in turn may indicate that the mechanisms of high-sided and
low-sided suppression differ. Concordantly, the RW CM measured using high-frequency probe tones
with low stimulus levels can give much more information about mechanical tuning than previously
thought. Finally, this paper demonstrates the most direct analogue of the TM resonance recorded
electrically, as the resonance is directly related to the OHC-TM complex. Further study, undertaking
CM suppression measurements in transgenic mice with altered TM mechanics, is required to confirm
this hypothesis.
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Chapter 4: Level and frequency dependence
of distortion products in the cochlear
microphonic during two-tone interaction
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4.1 Introduction:
The mammalian cochlea contains a biological amplifier that increases sensitivity and frequency
tuning via the pumping of energy into the BM travelling wave. The nature of this amplification is
highly non-linear (Rhode, 1971; Kemp, 1979; Cooper & Rhode, 1992; Neely, 1993; Robles & Ruggero,
2001), and this non-linearity extends the dynamic range of the cochlea via the compression of level
dependent BM motion. That is, for moderate to loud sound levels at and above CF, the displacement
of the BM (Rhode, 1971; Sellick et al., 1982; Cooper & Rhode, 1992; Nuttall & Dolan, 1996) increases
at a rate less than 1 dB/dB of stimulus level increase.
The source of this compressive non-linearity has been shown to be primarily from the non-linear
transducer potential of the OHCs (Russell & Sellick, 1978, 1983; Dallos, 1986; Dallos & Cheatham,
1989). It has been shown that in the absence of OHCs the behaviour of the cochlea is distinctly linear
(Ryan & Dallos, 1975). This reflects the behaviour of post mortem cochleae, and indicates that the
organ of Corti has an active, physiologically vulnerable component and a passive component arising
purely from the mechanical properties of the cochlear structures (Von Békésy & Wever, 1960).
Compression is not the only hallmark of non-linearity in the cochlea. As shown in the previous
chapter, two-tone interaction is also seen, and can be used to infer tuning information, as well as
details on the passive structures, such as the resonant properties of the TM (Lukashkin et al., 2007a).
The non-linear frequency components of the CM during two-tone interaction are explored in this
chapter, in an attempt to characterise mechanisms of two-tone interaction over a wide range of
masker frequencies, and probe levels.
Acoustically measured distortion product otoacoustic emissions (DPOAEs) are used as an objective
measure for the state of the cochlear amplifier in the clinic, as well as in research (Kemp et al., 1990;
Gorga et al., 1997). In a healthy ear, DPOAEs are elicited with two tones at specific frequency ratios
and levels. Therefore, the behaviour of DPOAEs can be predicted, because the frequency ratios
which produce the strongest emissions are well known. In our study, the electrical distortion
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products extracted from the CM signal generated by two tones were taken as indicators of the nonlinearity of the response depending upon the parameters used (Kemp & Brown, 1984). It is
hypothesised that whilst suppression occurs during two-tone interaction there should be an increase
in the level of electrical distortion due to energy leak from the probe tone frequency into the
distortion product frequencies (Pickles, 2012).
In order to probe the non-linear behaviour of two-tone interaction, the frequency dependence of
the distortion products produced by the interacting probe and masker tones was measured. The
results show that whilst there is a large level of 2f1-f2 distortion associated with low-side masker
tones, the high-side maskers produce no such distortion. In addition, levels of other distortion
components such as 2f2-f1 are negligible. The difference tone amplitude appears to be symmetrical
for high and low side maskers, but interpretation of this is outside the scope of the study, as the
difference tone generator is less well understood than that of the 2f1-f2.
The conclusion of this chapter is that the high-frequency notch is indeed the result of the passive
mechanical properties of the cochlea. Moreover, the absence of measurable distortion for high-side
suppression at the levels used might suggest that the mechanisms of low- and high-side suppression
of the CM are not the same. In addition, the fact that enhanced suppression can occur in the
absence of non-linear distortion indicates that for certain types of hearing loss, where the cochlear
amplifier is intact but not functioning, this notch may well be used to aid mechanical filtering in
instances where poor frequency tuning is a problem.

4.2 Results:
2.1 Frequency dependence of the 2f1-f2 and 2f2-f1 distortion of CM responses:
Figure 1 shows the amplitude of the 2f1-f2 component of the CM, plotted against the 2f1-f2
frequency (figure 1a), and also against the masker frequency, compared to the CM suppression
tuning curve produced for a 10dB SPL probe tone at 29kHz. There is significant low-side distortion,
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peaking approximately half an octave below the probe frequency (figure 1a). As the f1 (masker)
amplitude is increased, the peak of the distortion moves to lower frequencies. Conversely, there is
very little distortion associated with the high-frequency notch (figure 1b). For example, a 20 dB
masker will produce almost 10 dB SPL of 2f1-f2 signal at a suppression threshold of 20 dB SPL for
low-side maskers, whereas the 2f1-f2 signal is in the noise floor for the same parameters with high
side- maskers. It should be noted that the high-side notch does not coincide exactly with the halfoctave region above the probe frequency (figure 1a, ≈37 kHz). This is not unusual, as the “halfoctave” is an approximation (Lukashkin & Russell, 2003), and the notch has been shown to move to
lower frequencies with increasing probe level (chapter 1 figure 6).
There was no evidence of any 2f2-f1 component for any frequency close to the high-frequency
notch, indicated by paired t-tests between 2f2-f1 signal and noise taken from three FFT points each
side of the 2f2-f1 (table 1).
Figure 2 shows the CM 2f1-f2 component amplitude for a different animal, as a function of primary
(f2/f1) ratio. Note that increasing ratio indicates a lower probe frequency. The optimal ratio at which
the highest 2f1-f2 amplitude was produced, for a probe tone amplitude of 7 dB SPL, was between
1.05 and 1.2, spreading apically as the f1 is increased in amplitude. Noise values for these recordings
were approximately 0 dB SPL. This range of ratios at which 2f1-f2 amplitudes may be recorded is
typical of distortion products in the guinea pig (Lukashkin & Russell, 2001).
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Figure 1a: Contour plot of the 2f1-f2 amplitude in relation to 2f1-f2 frequency and masker (f1) level. The maximum DP value
shifts to lower frequencies as L1 increases. The DPs are prominent at frequencies from half an octave below (≈20 kHz) the
probe (≈29 kHz), and tail off up to the probe frequency itself. For the frequency that corresponds approximately to the HF notch
(≈37 kHz), there is little if any DPOAE activity. Figure 1b: CM suppression Tuning curve (Solid blue line) compared to 2f1-f2
amplitudes at DP frequencies, at different masker levels (squares) . The largest DP amplitudes are below the probe, within the
optimal ratio range for distortion generation (figure 2). For high-sided masker tones, the 2f1-f2 amplitude is negligible, despite
the notch half an octave above the probe, and moderate thresholds for suppression. CM voltage is amplified x10000.
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Animal
(probe f)
GP78

(29kHz)

GP45
(29kHz)

GP40
(29kHz)

GP41
(29kHz)

Frequency (kHz)

P value

Significant (y/n) (<0.05)

35

0.09

N

36
37
38
39
40
41
34
35
36
37
38
39
40
36
37
38
39
40
41
37
38
39
40
41
42
43

0.15
0.06
0.36
0.2
0.9
0.54
0.03
0.1
0.03
0.8
0.3
0.08
0.2
0.3
0.11
0.9
0.47
0.58
0.7
*
0.6
0.2
0.28
0.16
0.75
0.36

N
N
N
N
N
N
Y
N
Y
N
N
N
N
N
N
N
N
N
N
*
N
N
N
N
N
N

44

0.48

N

Table 1: Results of paired t-tests of the means to detect the presence of 2f2-f1 from tone combinations
in four animals. Column 1 indicates the animal ID and probe frequency, column 2 indicates the masker
frequency used , column 3 indicates the p value re: p=0.05, and the final column indicates whether any
significance was found. The asterisks indicate where the noise was found to be significantly higher than
the signal.

Figure 2: Dependence of the CM 2f1-f2 amplitude on (f2/f1) ratio for a constant 29kHz 7dB SPL
probe tone (f2). Dependence is shown for several L1 values (coloured lines). Larger ratios indicate
lower f1 values. The 2f1-f2 amplitude is restricted to between 1.05 and 1.2, indicating that only
lower masker tones of any amplitude induce measurable 2f1-f2 signals. CM voltage is amplified
x10000.
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4.2.2 Level dependence of 2f1-f2 signals and their relationship to CM suppression:
The probe amplitude in response to a stimulus tone (10 dB SPL, 29 kHz) as a function of masker level
was compared with 2f1-f2 level functions for low-side masker tones (18 kHz, figure 3a), masker
tones close to the probe frequency (29 kHz, figure 3b), and high sided maskers tones (35 kHz, figure
3c). For the low sided and close-to-probe masker frequencies (figure 3 a,b) an increase in the 2f1-f2
amplitude coincides with the suppression of the CM probe signal by -3 dB (black arrows indicate 2f1f2 signal emerging from the noise, and dotted lines indicate the -3 dB suppression threshold). The
increase in 2f1-f2 amplitude seen in figure 3b coincides with a slight increase in rate of suppression,
which then plateaus as the 2f1-f2 amplitude begins to drop again. For a masker frequency close to
the high-frequency notch, the suppression seen is not associated with a 2f1-f2 signal increase
relative to the noise floor (figure 3c). This behaviour was seen in all 5 preparations examined.
Figure 3: Level functions relating CM amplitude at the
probe frequency (red circles) as a function of masker
level to 2f1-f2 amplitude (black square) for f1s 18 kHz
(a), 28 kHz (b) and 35 kHz (c). For panels a and b the
onset of suppression (Vertical dotted lines) is closely
related to the increase in DP amplitude from the noise
floor (vertical arrows). However, for panel c it is clear
that there is not an increase in 2f1-f2 amplitude when
suppression occurs. The probe amplitude was 10dB SPL.
D: 2f1-f2 amplitude at the -3dB CM suppression
threshold as a function of masker frequency for three
animals. The coloured asterisks indicate the position of
the high-frequency notch. There is no 2f1-f2 signal above
the probe frequency (29 kHz). CM voltage is amplified
x10000.
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Figure 3d shows the amplitude 2f1-f2 component of the CM when the probe amplitude was reduced
by 3dB. It is evident that at the suppression criteria, there is significant 2f1-f2 signal present for
masker frequencies below the probe tone. Above the probe tone, including around the highfrequency notch region (asterisks of corresponding colour) the 2f1-f2 signal is in the noise floor.

Effects of systematic increases of the probe tone amplitude on the 2f1-f2 level function for masker
frequencies around the high-frequency notch are shown in figure 4. At probe levels 0-20dB SPL
(figure 4 a, b, c), the signal cannot be distinguished from the noise. This probe tone level and above
is enough to completely abolish the tip region of CM suppression tuning curves (see chapter 1, figure
6).
Figure 4: A,B,C: 2f1-f2
responses using high-side
masker frequencies near to the
high-frequency notch position.
Probe tone levels of 0 (A), 10
(B) and 20 dB SPL (C) are used.
The 2f1-f2 signal is not
qualitatively distinguishable
from the noise-floor in A, B,
and C. D: 2f1-f2 signal
response from a different
animal (GP7) for a 30 dB probe
tone. The 2f1-f2 signal
emerges from the noise floor
at approximately 45 dB SPL but
is stronger (but note the
different scales). E: The CM
suppression tuning curve
corresponding to D. The tip
region has been completely
abolished, but the highfrequency notch is still present
NB note slightly different X
axis ranges. CM voltage is
amplified x10000.
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4.2.3 Frequency dependence of the CM quadratic difference tone f2-f1 (and f1-f2):
The amplitude of the low-side difference tone (f2-f1) and its high-side equivalent (f1-f2) were
measured as a function of masker frequency (figure 5). The amplitude of both of these tones is
symmetrically and positively correlated with the distance from the probe tone, in that close-toprobe maskers produced higher f2-f1 and f1-f2 amplitudes than distant maskers. The difference tone
signals emerged from the noise floor approximately ½ octaves below the probe tone (figure 5,
double arrow), and the high-side signal was lost close to the high-frequency notch location (figure 5,
single arrow). There is an inverse correlation between the difference tone amplitudes and the
masker tone level.

Figure 5: The difference tone components of the CM as a function of masker frequency.
Peak amplitudes of these components for a range of masker levels (coloured squares) were
close to the probe, and decreased until half an octave either side of the probe frequency.
Their emergence from the noise floor (arrows) seemingly coincides with the low and highfrequency notches on the CMS tuning curve (thick blue line). The maximum responses
evoked were using low levels: near the probe frequency, f2-f1 and f1-f2 amplitude appear
to diminish with increasing masker level. The average noise floor was approximately 2E-4V
(dotted line). CM voltage is amplified x10000.
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4.3 Discussion:
The distortion components of the CM measured from the RW during two-tone suppression
demonstrate an asymmetrical relationship with respect to low-sided versus high-sided masking
tones. The 2f1-f2 component had considerable amplitude for low-side suppression, dropping into
the noise floor and not re-emerging for close-to-probe and high sided masker frequencies, and low
probe tone levels. In instances where the probe and masker levels were constant and only the
masker frequency was changed (figures 1, 2, 3d), the distortion produced at high frequencies above
the probe tone was barely distinguishable from noise. The cubic difference tone showed a
symmetrical relationship to the probe, but unlike the 2f1-f2 decreased in amplitude with increasing
masker level. No 2f2-f1 component was found at recordable levels around the high-frequency notch
for low probe tone levels.
For low-sided maskers, the onset of suppression re -3dB coincided with the emergence of 2f1-f2
signals well above the noise floor (figure 3). This was not the case for high sided maskers, although
suppression still occurred re -3dB (figure 1, figure 3c, d), and in a non-monotonic manner, with the
high-frequency amplitude notch occurring in the absence of distortion.
It is the conclusion of this study that high-sided suppression may be dependent on a separate
mechanism to low-side suppression, as the latter is associated with highly non-linear distortion and
the former is not. It is acknowledged that the symmetry of the difference tone amplitude about the
probe frequency is a signifier of non-linearity, but the asymmetry of the cubic distortion product
indicates that the nature of this non-linearity differs from low-side to high-side. The fact that the
2f1-f2 would increase in amplitude when the masker tone level was increased (figure 1 b) whilst the
difference tone would actually decrease in amplitude (figure 5) suggests that the mechanisms for
the generation of the two different distortion products are not closely related, and as such their
masker level dependent behaviours do not impact on the conclusions of this study.
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Due to the low to moderate probe tone levels used in this study, it is possible to posit that
suppression mechanisms may be different for low and high level probe tones. Evidence for this can
be seen in figure 4D, where 2f1-f2 signal can be seen around the notch, for a 30dB probe tone. As
well as this, figure 4E shows that the behaviour of the suppression threshold changes drastically at
these probe levels. This is unsurprising, as the previous chapter shows that masker level dependent
probe behaviour changes with probe level, likely due to an increase in the number of OHCs
contributing to the CM signal.
There is a clear relationship between the ratio of the primary frequencies and the efficiency of 2f1-f2
generation (Harris et al., 1989; Lukashkin & Russell, 2001). This overlap ratio is mirrored in
suppression experiments (figure 2), in that the optimal ratio for production of the CM 2f1-f2 is close
to 1.2. For high-side masker tones, the primary ratio is far from the optimum to generate 2f1-f2
signals. This counteracts the generally accepted idea that during suppression the energy of the
probe tone is shunted into the distortion side-bands. It could be argued using simple energy
conservation principles that the energy from the probe is redistributed to different distortion
components during two-tone suppression (figure 3b), but in this case one would expect symmetrical
distortion signals from high-side maskers. As the difference tone but not the 2f1-f2 reflects this
symmetry, high-side suppression cannot obey this principle. One explanation for this may lie in the
idea that for high-side suppression, the probe and the masker switch roles, and the masker becomes
the equivalent of the f2. As such, the non-linear interaction between the probe and masker at the
distortion source may not be sufficient to generate measurable 2f1-f2 signals. However, the result of
this sub-optimal interaction is the same: suppression in the absence of non-linear distortion.
Extending from this, the high-frequency notch phenomenon, which we have attributed to the TM
resonance in the previous chapter, coincides with the emergence of the f1-f2 signal from the noise
floor. As the TM resonance has previously been suggested to represent the boundary between
compliant and inertial TM motion, in essence between the attenuated and the amplified portion of
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the travelling wave along the BM (Zwislocki & Kletsky, 1979; Allen, 1980; Gummer et al., 1996;
Lukashkin et al., 2004; Lukashkin et al., 2007a), the conclusion is that the TM resonance is the cause
of the amplitude notch seen, and that as such it is an entirely passive response.
As CM tuning curves produced by probe tones at moderate levels are tuned to a ½ octave above the
probe CF (Cheatham & Dallos, 1982; Remond et al., 1982), tentative to the TM resonance as
suggested here, there is an indication that a passive filter is present. Presenting tones in such a way
as to place this filter region in the low-frequency region of a travelling wave could suppress non-CF
generators and increase the frequency tuning of that wave. This idea could form the basis of a
prosthesis that takes advantage of passive filtering, in ears where frequency tuning is compromised.
However, as this resonance relies on the attachment of the TM to the OHCs (Legan et al., 2000),
which may not be intact in impaired ears, the suitability of this prosthesis may well be highly limited.

In conclusion, for the sound intensities used, the 2f1-f2 was not detected in the presence of nonmonotonic high-sided suppression. The f2-f1 and f1-f2 were detected, and behaved symmetrically
either side of the probe tone frequency. The overall difference of distortion product generation
between high and low-sided suppression indicates differing mechanisms of suppression.
Furthermore, the high-frequency notch previously characterised in CM suppression tuning curves
(Chapter 1) can be attributed to a passive mechanism, namely the TM resonance.
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Chapter 5: Sources of Error Attributable to
Cochlear Non-linearities in Estimates of
Distortion Product Otoacoustic Emission
Group Delay
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5.1 Introduction:
The mammalian cochlea contains a non-linear amplifier. Proof of this non-linearity comes from
measurements in the ear canal of the acoustic response to interaction between two tones (Kemp &
Brown, 1984) that can be measured as distortion product otoacoustic emissions (DPOAEs). With an
appropriate frequency separation and choice of stimulus level of these two tones (the primaries),
distortion products at frequencies not present in the primary tones can be recorded in the ear canal.
These so-called distortion product otoacoustic emissions (DPOAEs) are widely used in auditory
research and in the clinic (Probst et al., 1991).
The source of DPOAEs is suggested to vary between species, but there is overwhelming support for a
general two-source model. That is, one source at the place of overlap of the travelling waves elicited
by the primary tones, and another located around the CF of the distortion product e.g. 2f1-f2 where
f1 and f2 are the primary tone frequencies (Brown et al., 1996; Stover et al., 1996; Whitehead et al.,
1996; Shera & Guinan, 1999). Initially, it was thought that to investigate the source of DPOAEs, the
travel time could be estimated using the relationship between phase and frequency, so called group
delay (Kimberley et al., 1993; Stover et al., 1996; Avan et al., 1998; Schneider et al., 1999; Shera &
Guinan Jr, 2003; Siegel et al., 2005; Ren et al., 2006).
Group delay is defined as τ = Δφ/Δω, where τ is the group delay in seconds, Δφ is the change in
phase in radians, and Δω is the change in angular frequency in radians/second. The phase of an
emission, measured whilst changing the separation of the primaries but keeping one primary, e.g.
the f2, stationary produces a negative phase slope, the linear regression of which is the group delay.
It quickly became apparent that before the source of otoacoustic emissions could be identified the
mechanism by which emissions are propagated back from the source to the ear canal must be
understood. Two main theories are still widely discussed. The first is the reverse travelling wave
theory, which states that OAEs reach the stapes via a reverse travelling wave on the BM (Kalluri &
Shera, 2001; Shera & Guinan Jr, 2003; Cooper & Shera, 2004; de Boer et al., 2007). The second is the
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pressure wave theory, suggesting that the OAE signal is rapidly propagated via a pressure wave
through the cochlear fluid to the stapes (Avan et al., 1998; Nobili et al., 2003; Siegel et al., 2005).
If one mechanism and not the other is present (or one dominates the other) the results of DPOAE
group delay measurements should vary accordingly: if the slow-wave mechanism is responsible for
back propagation, then the τDPOAE =2τBM where τBM is the group delay of the BM derived from the
phase/frequency function of laser interferometry recordings or electrophysiological delays
(Schoonhoven et al., 2001; Cooper & Shera, 2004; Siegel et al., 2005). This is because the travelling
wave speed is set by the mechanical properties of the cochlear partition, and therefore a forward
travelling wave should travel at the same speed as a reverse travelling wave. The total travel time
will also include a small filter delay due to the cochlear amplifier at the peak of the travelling wave
(Bowman et al., 1998), as well as a middle ear delay e.g. (Robles et al., 2015).
If the pressure wave mechanism dominates, then the τDPOAE = τBM. This is because the pressure wave
should carry the DPOAE almost instantaneously to the stapes from the place of generation (Avan et
al., 1998). A filter and middle ear delay will also be imposed upon the system.
Studies have recorded the slow wave theory to be the dominant mechanism, and there is strong
evidence for this (Shera & Guinan Jr, 2003; Shera et al., 2007). However, there has never been a
successful recording of the reverse travelling wave (He & Ren, 2013), and studies have been
published which conflict this conclusion (Narayan et al., 1998; Ren, 2004; Ruggero, 2004; Siegel et
al., 2005; Ren & Nuttall, 2006). Relevant to this paper, studies employing τDPOAE report varied results,
supporting both theories dependent on the parameters or paradigms used (Ruggero, 2004; Ren et
al., 2006). Herein lies the problem, and thus the aim of this study: as the cochlea is highly non-linear,
applying a linear tool such as τDPOAE measurements may introduce unforeseen errors, either due to
varying parameters across studies (e.g. (Schneider et al., 1999)), or indeed the failure to compensate
for parameter induced changes in the group delay that do not truly reflect the goal of the study - to
find a discrete latency from a single place along the cochlea.
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The aim of this study is to highlight some potential sources of error in measuring τDPOAE, whilst
contributing corrected measurements to the discussion. It was discovered that errors can arise from
the level dependent phase changes seen in DPOAEs due to the non-linearity of the cochlear
amplifier. An algorithm is also designed to correct for these changes. The conclusion of this study is
that estimating τDPOAE via linear regression is not a suitable tool for investigating the mechanism of
reverse propagation not only due to many sources for error but also the fact that supporting
evidence is found for both the pressure wave theory and reverse travelling wave theory.

5.2 Results:
Figure 1a shows f1 swept τDPOAE from a range of f2 frequencies, the primary levels of which ≈30/50dB
SPL (empty symbols). These are compared to τBM estimates from previously published mechanical
data at 0.4kHz (Zinn et al., 2000), 18kHz (Nuttall & Dolan, 1996) and 32kHz(Cooper & Rhode, 1992),
−0.486
that were used in (Siegel et al., 2005) using the interpolation function 𝜏𝜏𝐵𝐵𝐵𝐵 = 3.05 × 𝐶𝐶𝐶𝐶(𝑘𝑘𝑘𝑘𝑘𝑘)
(red

line). The sixth order polynomial used (black line) is purely to illustrate the distribution of the data.
The estimates of τDPOAE measured here compare well with other findings (Ruggero, 2004). It can be
seen from the graph, however, that these findings do not fit in with either the slow wave or the fast
wave model, as they are considerably shorter than τBM. Despite this, they display a negative
correlation with frequency, implying that the source of the DPOAE moves closer to the stapes as
frequency increases.
The overall downward trend of τDPOAE is punctuated by several small discontinuities (figure 1a,
asterisks). These coincide with peaks on the DPOAEgram of the animals measured (figure 1b,
asterisks). The implication is that the τDPOAE is influenced not only by the level of the primaries (which
in turn will change the filter delay (Bode, 1945)) but local variations in the gain of the cochlear
amplifier will also influence the filter delay component of the emission, thereby causing the changes
seen at the asterisks in figure 1a.
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Figure 1: A comparison of average τDPOAE (Open shapes N=3 L1≈50/30dB SPL) with previously published τBM
((Siegel et al., 2005)red line). Local maxima and minima in the τDPOAE are likely related to the change in
amplitude of the 2f-1f2 signal (asterisks, both graphs). B: 2f1-f2 frequency functions, f2/f1= 1.23 L1/L2= 35/25.
The peaks in 2f1-f2 amplitude correspond to the peaks in τDPOAE in A.

5.2.1 Investigating errors in τDPOAE due to level dependent phase changes:
As phase varies with primary level in 2f1-f2 level functions, an error may be introduced through
failure to account for the actual amplitude of the L1 at the source of the 2f1-f2. This error will
change systematically as the ratio between the primaries is varied (as is necessary to produce a
range of phase/frequency relationships in order to calculate τDPOAE).

In this section, it is demonstrated that errors in τDPOAE estimates can occur not only from variations in
the emission amplitude (figure 1), but also from the assumption that the primary tone parameters
reflect faithfully the amplitude of the primaries at the overlap region from where the DPOAEs are
generated. Figure 2b shows several 2f1-f2 level functions at different f2/f1 ratio values and for a
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single f2 frequency. It can be seen (figure 2b, curved arrow) that the amplitude notch, a typical
feature of emission level functions in guinea pigs (Frank & Kössl, 1996; Lukashkin & Russell, 1998,
1999; Lukashkin et al., 2002), occurs at lower levels when the f2/f1 ratio is smaller. As the amplitude
at which the notch appears is predictable and stable when parameters are not altered, provided the
sensitivity of the preparation does not change (Lukashkin et al., 2002), it can be used as a metric to
estimate the actual L1 level at the place of primary overlap. Figure 2c shows how the L1 level, at
which the notch appears, changes with f2/f1 ratio. At large f2/f1 ratios, the overlap between the two
waves is small and the effective amplitude of the low-frequency primary f1 at the place of overlap is
small. Therefore a higher L1 is required for the notch to occur. When the waves are very closely
overlapped at smaller f2/f1 ratios, the notch appears at lower L1. An overall mean change of L1 at
which the notch appeared of 8.75 dB (se±1.78 N=4) was observed between f2/f1s of 1.2 and 1.3.
This observation confirms the prediction of the behaviour of the amplitude notch in (Lukashkin &
Russell, 2001). Whilst most of the data follows a similar trend (figure 2c), preparation DP32 appears
to have a much higher overall notch position. This could be down to relatively poor gain in the
cochlear amplifier in this animal, requiring a more intense stimulus to reach the notch region of the
non-linear growth function (Lukashkin et al., 2002).
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C

Figure 2: Description and demonstration of primary level variation at the primary overlap with
f2/f1. a: Schematic representation of the algorithm used to correct for level dependent phase
variation in 2f1-f2 level functions (see also methods section 2.2.1.5). Full description found in the
text. b: 2f1-f2 level functions (coloured lines) at different primary (f2/f1) ratios.The notch due to
the non-linear interaction between the two tones moves to lower L1 levels with decreasing f2/f1
ratio. c: L1 level corresponding to the bottom of the notch across f2/f1 ratios for several animals
(Filled shapes, N=5). The same trend is observed with some inter-animal differences, possibly due
to individual variations in the gain of the cochlear amplifier.

79
The phase of the 2f1-f2 signal demonstrates differing phase accumulation with stimulus level,
depending upon the f2/f1 ratio between the primaries. Around an optimal ratio (in guinea pigs of
roughly 1.2) there is very little phase change with increasing level of the primaries. However, as ratio
decreases towards 1, phase can vary strongly with primary level (Lukashkin & Russell, 2003) (see also
figure 5). As the primary overlap place is not at the peak of the L1 travelling wave for anything larger
than an f2/f1 of 1, the actual amplitude at the overlap reduces with increasing primary ratio. Thus,
the differing L1 at the place of DPOAE generation brings about a difference in phase which is not
usually taken account of in group delay calculations, resulting in inaccurate τDPOAE estimates

(group delay is calculated using the change in a primary frequency, and maintaining a constant ratio
results in constant phase for DPOAEs across frequency (Shera & Guinan, 1999) and so varying f2/f1
ratio is unavoidable).
Details of the algorithm used to estimate f1 amplitude change with f2/f1 ratio are shown in the
methodology chapter section 2.2.1.5 but it is recapped here for convenience. First, the L1 at which
the 2f1-f2 amplitude notch appears is visually identified and recorded for DPOAE level functions for
a fixed f2 and L2, varying the f2/f1 ratio by way of changing f1 (figure 2a). The value in L1 is
considered relative to that at the optimal f2/f1 (approx. 1.2). This will result in L1 discrepancies that
are positive above the optimal f2/f1 and negative below it (figure 2c). Following this, the slopes of
the level dependent phase plots for each f2/f1 ratio are measured. Data are selected from levels
before the notch (at which there is a 180⁰ phase flip) and at the highest SNR (at these parameters
between 35 and 50dB SPL). At this point, the f2/f1 dependent change in L1 is corrected for by
multiplying the L1 change by the phase slope, for the corresponding f2/f1. This change in phase is
then used to alter the phase measured across f2/f1, adding phase to values below the optimal f2/f1,
and subtracting phase from values above it.

Figure 3 shows the results of applying this correction algorithm to a group delay estimate for a 10kHz
f2 with stimulus parameters of 50/30dB SPL. The uncorrected phase slope (black squares) is linear,
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and therefore implies a uniform rate of phase accumulation as the primary ratio is changed. The
corrected phase slope shows a frequency dependent change in the rate of phase accumulation, with
small ratio phases (lower frequency) being steeper than those around the optimal ratio (arrow). The
overall change in the τDPOAE leads to an increase from 606µs to 720µs, a value closer to the estimated
τBM for 10kHz (961 µs).The corrections in place do not, however, impose a large change to the τDPOAE
values, and as such suggest that these values support the pressure wave theory of reverse
propagation, τDPOAE≈ τBM.

Figure 3: Phase vs Angular frequency slope for a single animal, f2=10kHz L2=30dB SPL L1= 50dB
SPL. The Uncorrected phase slope (black squares) is linear and produces a group delay of 606µs
(round trip delay to the place of overlap + middle ear delay + cochlear filter delay). Correcting
for the actual L1 at the primary overlap lengthens the group delay to 720µs. Minimal error is
accrued close to the optimal ratio (black arrow).

5.2.2 Above vs. below optimal ratio τDPOAE errors have similar dominating contributions:
Figure 4 shows the amount of phase error introduced to τDPOAE estimates as a function of primary
frequency ratio. The results display a parabolic distribution, and whilst they are referenced to the
optimal ratio of 1.2 (arrow), the base of the parabolic curve indicates the point of least error. This is
the point where phase is relatively independent of level change (1.25).
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The maximum level of phase error accrued by large ratio τDPOAE estimates appears to be the same,
regardless of whether the ratio is above or below the optimum f2/f1. This is unsurprising as there
appears to be a largely monotonic increase in phase slope with increasing level as a function of ratio
(figure 5), until very small ratios (<1.15).

Figure 4: Phase error introduced by level discrepancy at the primary overlap as a function
of primary (f2/f1) ratio normalised to 1.2 where phase is nearly invariant with level
(arrow). Collated data from N=6: numbers of points are not equal between animals. The
data is fitted with a second order polynomial (R=0.85029, P=<0.0001). All data points are
for a 10 kHz f2 at 30 dB SPL, the L1 is at 50 dB SPL.

Figure 5 shows the maximum phase slope as a function of primary ratio. The phase slope
demonstrates a linear increase from lag to lead as ratio is reduced, until f2/f1= approximately 1.15,
where a peak is reached and the phase accumulation rate begins to drop towards zero (arrows
figure 5). Smaller ratio measurements did not yield 2f1-f2 signals sufficiently above the noise floor to
assess the level dependent phase slope.
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Figure 5: relationship between the L1 dependent 2f1-f2 phase change and f2/f1 ratio (N=7). The ratio at which
the level dependent phase is flat (black horizontal line) is close to the optimal f2/f1=approx. 1.25. This ratio
corresponds to the smallest fitted error values in figure 5. The f2 was 16kHz at 30dB SPL. For very low ratios
the phase slope peaks and becomes suddenly shallower (arrows).

5.3 Discussion:
The τDPOAE measured here followed the same frequency trend as has been previously identified, with
longer delays being associated with lower frequency 2f1-f2 sources (Kimberley et al., 1993; Mahoney
& Kemp, 1995; Stover et al., 1996). The same studies reported level dependent changes in τDPOAE,
with short delays at high levels being attributed to the smaller contribution of the cochlear filter
delay.
Level dependent changes in the cochlear filter delay could also point to an explanation for the nonmonotonic changes seen in τDPOAE associated with increases in 2f1-f2 amplitude in DPOAE frequency
functions (figure 1). As the primary levels and ratios are unchanged with these measurements, the
local increases in distortion amplitude and increases in group delay are present despite the use of
different paradigms. This indicates that they are a real phenomenon of cochlear origin. A local
increase in the cochlear amplifier gain (not stimulus level) would increase the 2f1-f2 signal output at
low stimulus levels. This would also mean that the filter delay increases. Conversely, increasing the
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stimulus amplitude would decrease delay, as amplifier gain is reduced at higher stimulus levels. An
unknown factor in this explanation is what causes local increases and decreases in amplifier gain.
As the 2f1-f2 amplitude pattern was similar across animals (figure 1b), it may be due to the
interaction of the distortion source at the primary overlap, and the reflection source at the 2f1-f2
place (Talmadge et al., 1999). Whether or not the reflection component from the 2f-1f2 place affects
gain as it produces fine structure is an interesting question that would need to be addressed.
Another test of the effects of local gain upon τDPOAE would be to use an Allen-Fahey experimental
paradigm, where the amplitude of the 2f1-f2 was kept constant. As this paradigm has already been
used to estimate amplifier gain on the BM (Allen & Fahey, 1992), such measurements would not be
challenging to undertake.
A final consideration relates to the relative amplitudes of the two sources in the guinea pig, as the
irregularities responsible for reflection source components are fewer, due to the rodent cochlea in
general possessing a much more ordered structure (Wright, 1984). Such source mixing would also
require the existence of a reverse travelling wave, which is still disputed (Siegel et al., 2005; He &
Ren, 2013).
This study has highlighted the error effects of level dependent phase changes with primary ratio in
the estimate of 2f1-f2 group delay. These errors appear to come from the phase associated with the
amplitude of the L1 at the primary overlap (figure 2). Correcting for this error, using the 2f1-f2 level
function notch for reference, the non-linear nature of 2f1-f2 phase change with primary ratio was
unmasked. As a result of this, the overall τDPOAE was increased to closer to τBM estimates (figure 3, see
also symbols figure 6). Thus, corrected τDPOAE estimates support the fast pressure wave theory, as
τDPOAE ≈ τBM. Further analysis to produce corrections across a wider range of f2 frequencies were not
possible as the data used here was re-analysed old data, in an effort to reduce the number of
experimental animals used. As such, this study should be treated as a proof-of-concept for the
phase correction algorithm. To this end, it is appropriate to conduct further experiments with
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optimised parameters to investigate the full effect of level dependent phase error on τDPOAE. A
further consideration is that the amplitude notch can only be identified at a wide range of ratios for
certain frequencies, and this may limit the application of the algorithm to lower or higher
frequencies than have been shown here.

Figure 6: Comparison of estimated BM delay (black line, (Siegel et al., 2005)) with previously estimated DPOAE
group delay (blue line (Schneider et al., 1999)) and that estimated from the current study (red line). The closed
and open symbols indicate frequencies at which corrections have been calculated using the algorithm designed
here. A middle ear delay of 50µs has been applied to the red line and the symbols. Corrected DPOAE group delay
values are much closer, although still smaller than estimated BM delay measurements.

The peak phase slope and sudden drop off at small ratios (dotted arrows, figure 5) complements
observations of the reduction of 2f1-f2 signals at these ratios (Harris et al., 1989; Lukashkin &
Russell, 2001). Such a drop off has been attributed to multiple mechanisms, such as the mutual
suppression between the primaries and the distortion products when they are all localised to a small
portion of the BM (Lukashkin & Russell, 2001). However, the simplest explanation comes from the
same paper’s inference that the 2f1-f2 signal at the ear canal is a vector sum of acoustic responses,
an idea supported by subsequent investigation (Fahey et al., 2006). As such, at small ratios there
would be substantial phase cancellation and the signal amplitude would drop, accompanied by
flatter phase.
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This suggestion agrees with the conclusions of De Boer et al. 2005, in which it is shown that the
reverse propagation component is attenuated by the effects of rapidly rotating phase at the
distortion source (de Boer et al., 2005). Their results show that 2f1-f2 amplitude declines as a
function of primary ratio from a steady amplitude at primary ratio 1.25 to very small primary ratios.
This matches the ratio range over which the level dependent phase slope changes rapidly. Although
the phase variation in De Boer et al. 2005 was frequency dependent, rather than level dependent,
the proof of phase cancellation at the distortion source results in the sudden decline in non-linear
phase behaviour that we observe here. A test of this would arise from examining at which ratio the
maximum phase slope appears with different f2 amplitudes. Phase should peak at larger ratios if the
primaries are of larger level, indicating a larger f2 overlap.
In summary, the τDPOAE measurements here, after correction, support the pressure wave theory of
back propagation as τDPOAE≈ τBM. In contrast, analysis of the non-monotonic nature of the τDPOAE
supports a backwards travelling wave, as in order for the reflection component from the 2f1-f2 place
to affect the local gain at the primary overlap, there must be a travelling wave based propagation
mechanism. The wide variation of 2f1-f2 τDPOAE between studies (Ruggero, 2004) indicates that the
values derived are highly dependent upon stimulus paradigm, species and error introduced. For
example, it has been shown that τDPOAE estimates from an f1 swept paradigm (as used in this study)
vary from those in an f2 swept paradigm purely due to measurement artefact (Tubis et al., 2000;
Dome, 2007). τDPOAE also adds the complexity of source mixing between the distortion and the
reflection components of the emission (Shera & Guinan, 1999; Kalluri & Shera, 2001). Studies
employing SFOAEs, which have a single source at the CF place, support the backwards travelling
wave theory (Shera & Guinan Jr, 2003; Cooper & Shera, 2004). As a result, this study suggests that
2f1-f2 τDPOAE is not appropriate for examining the mechanism of back propagation.
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Chapter 6: General Conclusions
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6.1 General Conclusions:
This thesis explores some of the features of two-tone interaction in the non-linear mammalian
cochlea. Further evidence to support the existence of the TM resonance has surfaced from CM
suppression tuning curves, as well as the observation that the behaviour of CM suppression is more
influenced by probe tone amplitude than previously thought. Based on this observation, the
suggestion made in previous papers that CM suppression tuning curves are tuned to frequencies
above the probe, coinciding with the high-frequency notch observed in our recordings, must be due
to the relatively high probe tone levels used (Cheatham & Dallos, 1982; Remond et al., 1982).

Additionally, behaviours such as CM augmentation for certain frequency parameters may also be
attributable to the level of the probe tones used (Nuttall & Dolan, 1991). Certainly, the conclusions
of Nuttall & Dolan 1991 agree with ours, in that the theory that CM suppression and enhancement is
due to overall changes in the phase of responses of contributing OHCs at the peak of the probe tone
travelling wave. However, the change in this behaviour with probe tone level was not discussed, and
in using low probe tone levels here we have provided an example of the vector sum theory from a
small population of OHCs localised around the probe CF place. The fact that the vector summation
theory is directly attributable to two-tone interaction in the CM is also expanded upon here, for the
phasic variation between suppression and augmentation with masker level becomes more
pronounced as the probe and the masker overlap further (chapter 1, figure 1).

The limitations of the study reported here are evident when one considers the requirement of low
hearing thresholds for obtaining true CM suppression tuning. CM suppression tuning curves cannot
rightly be used to assess the sensitivity of an animal, as a loss of amplification will require higher
probe tone levels to elicit a measurable CM response, concordantly changing the tuning of the
response in the manner shown when higher level probe tones are used. In addition, if the sensitivity
for certain frequencies is compromised, then the overall phasic behaviour of the CM must also
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change. This was noted by Nuttall & Dolan 1991 when they described the change in CM behaviour
during two-tone interaction for a guinea pig with unusual low-frequency hearing loss.
All in all, the probe level dependent behaviour of CM suppression reminds us that the non-linear
nature of the cochlear amplifier is very difficult to interpret if responses are not localised to the
place of tone interaction.

In chapter 2 an endeavour is made to explore the non-linearity of the high-frequency slope of the
CM suppression tuning curve by measuring the evoked distortion products which could be present
as a result of two-tone interaction. A simple interpretation of the conservation of energy suggests
that suppression of the primaries during two-tone interaction occurs due to a leak of the energy
from the probe into the frequency components corresponding to the distortion products. As such,
within a half octave range on the low side of the probe tone, suppression was accompanied with
enhancement of the amplitude of the 2f1-f2 and f2-f1 distortion components, in agreement with
(Allen & Fahey, 1993). At extremely close-to-probe low side masker frequencies, 2f1-f2 distortion
was markedly reduced. This is in accordance with the findings of other studies into the effects of
primary tone ratio on 2f1-f2 DPOAE amplitude (Harris et al., 1989; Lukashkin & Russell, 2001), and is
likely due to phase variance between the reverse and forward travelling 2f1-f2 component
waveforms, complemented by mutual suppression of the primary tones (de Boer et al., 2005; Shera
et al., 2007).

The same results were not observed for masker tones above the probe frequency. Although similar
levels of suppression were seen (evident in similar thresholds either side of the probe frequency) the
accompanying 2f1-f2 component was not measurable. It is one possibility that because the primaries
were no longer at their optimal ratio for these frequencies, the 2f1-f2 signal was produced but was
below the noise floor. If this is the case, the suppression thresholds for high-frequency masker tones
should reflect this, in that less efficient suppression will elicit a smaller 2f1-f2 signal. The observation
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that similar suppression thresholds for low-side and high-side masker frequencies did not produce
similar levels of 2f1-f2 signal form an argument against a common mechanism for both two-tone,
low-side and high-side interaction regimes.

A differentiation of the two response paradigms lies in the consideration that the cochlear travelling
waves are not subject to non-linear amplification along their entire length. The idea that the TM
resonance represents the boundary between a passive and a non-linear, amplifying OHC-TM
mechanical relationship is widely described (Zwislocki & Kletsky, 1979; Allen, 1980; Allen & Fahey,
1993; Gummer et al., 1996; Lukashkin et al., 2007a; Lukashkin et al., 2010). This means that the CM
evoked from OHCs below the TM resonance at the probe is from the linear portion of the wave.
When two-tone interaction between the peak of the non-linear masker wave and the passive linear
probe wave occurs, the conditions allow for suppression via modulation of the probe frequency
(Geisler & Nuttall, 1997; Geisler, 1998), but not for the optimal generation of distortion products,
which requires two non-linear waveforms overlapping. It is certainly likely that some distortion
would be produced, but at a much lower level. This is suggested by the need for moderate sound
levels to evoke any 2f1-f2 from the noise floor, for high-side maskers.

The above reasoning provides a qualitative framework to understand low versus high sided
suppression not as two separate mechanisms per se, but as the same mechanism under different
regimes (figure 1). For the probe tone levels and frequencies used in this study, the area within the
two resonances identified (figure 1, between LF and HF) is governed by conventional non-linear
suppression, complemented by the filtering of the 2f1-f2 by the TM resonance associated with the
masker tone (Allen & Fahey, 1993), as well as some suppression of the 2f1-f2 by the primaries.
Outside of this regime, on the low side (figure 1, below LF), there is non-linear suppression and
distortion, as 2f1-f2 signals are generated in the presence of suppression. For the high side, only a
quasi-linear suppression takes place, i.e. modulation of the probe signal by the masker. However, as
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the overlap of the two non-linear portions of the waveform is small, negligible 2f1-f2 signal is
produced.

Why are the points at the CMS tuning curve, which correspond to the TM resonance frequencies, i.e.
the low-frequency discontinuity and the high-frequency notch, so different if both are produced by
the TM resonance? The low-frequency notch discontinuity is due to the abrupt change from the
compliant TM to the inertial TM regimes. As our frame of reference is from the probe tone, there
should be no change in the probe itself beside what is caused by reducing the distance to the peak of
the masker. The high-frequency notch represents this also, but as the probe moves through the TM
resonance associated with the masker tone, it could potentially influence the amplification of the
probe at this point. This may result in a temporary reduction in amplitude of the probe, concordantly
making it easier to suppress. This produces a robust notch.

Figure 1: Illustration of the regimes
influencing two-tone suppression of the CM
for low probe tone amplitudes. a.
Schematic of the CM suppression tuning
curve showing the different regions of
interest. b. Travelling wave schematics
showing the relative positions of the probe
and masker at the different regions of
interest (not to scale). Below the LF line the
probe is suppressed by the linear portion of
the masker travelling wave. The LF line
represents the low-frequency resonance of
the masker, above which (e.g. at NL) the
non-linear portions of the probe and
masker waves overlap, producing enhanced
suppression. At this point the 2f1-f2 signal
is filtered by the TM resonance. At the HF
line, the peak of the masker wave interacts
with the linear portion of the probe,
affecting the probe amplitude and
increasing the efficiency of suppression.
Note that in the LF, NL and HF waveform
schematics, the masker M is moving basally
and the probe P is stationary.
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The fact that the difference tone is suppressed by higher masker levels whilst the 2f1-f2 is
augmented complicates the understanding of the mechanism behind the difference tone. However,
in our results suppression was accompanied by difference tone signals in a range spanning ½ an
octave either side of the probe frequency. As the difference tone can be understood at the least to
be due to a non-linearity in the cochlea, this indicates that the active region of amplification does
indeed begin roughly ½ octave basal to the peak of the travelling wave.
In chapter 3 an attempt is made to identify some of the error involved in using phase slope group
delay estimates for DPOAEs. It is concluded that compensating for the change of the L1 at the
overlap place with changing primary ratio reduces error because the phase of the 2f1-f2 is level
dependent (Lukashkin & Russell, 2003). This leads to delay estimates that match more closely to the
estimated BM delay of Siegel et al. 2005.
A large unknown in this study was an accurate compensation for middle ear latency for the guinea
pig, across frequency. As a result, the delays calculated are marginally longer than would be correct.
To the author’s knowledge, no comprehensive middle ear delay estimates have been made in this
species. It is therefore of interest to provide such recordings, which could be made using a
heterodyne laser interferometer. It should be noted that it is not thought that middle ear delay
should vary between rodent species, and estimates of around 50-70 µs for the chinchilla (Robles et
al., 2015) may be applicable to the guinea pig (Geoff Manley, personal communication) and as such
a conservative 50 µs was employed here. As such, the error produced by the mechanisms
highlighted here could be considered negligible. Nevertheless, it is likely one of many sources of
error in group delay estimate.
The suitability of phase slope group delay for estimating reverse propagation times of DPOAEs has
been discussed widely, and it has been asserted that it does not accurately represent true cochlear
wave delays (Tubis et al., 2000). This sentiment is supported here, as even after correcting for level
dependent phase effects, a modest increase in the group delay supported the fast pressure wave
theory. In and of itself, this conclusion is questionable, as such a close correspondence to the BM
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delay leaves little room for the presence of the filter delay, which must be included in the overall
round trip delay (Ruggero, 2004). In addition, the level dependent phase behaviour at small primary
ratios and local perturbations in delay, possibly due to DPOAE fine structure (Withnell et al., 2003),
do not support the pressure wave theory. The phase behaviour shown here supports the results of
(Shera et al., 2007) as they reflect the reduction in DPOAE amplitude at small primary ratios.
It has previously been suggested that any f1 swept paradigm of group delay estimate cannot include
the filter delay, as the phase build-up for this delay occurs around the f2 region (Bowman et al.,
1997). This suggestion challenges our interpretation that non-monotonic changes in group delay
with frequency are associated with local changes in cochlear amplifier gain caused by distortion and
reflection source mixing. However, there is no reason why group delays derived from f1 swept
paradigms should not contain the filter delay, as the place of generation is not strictly the f2 place,
but the place of overlap between f1 and f2. The theory that the f2 swept delay is the only one that
contains the filter delay is therefore inconsistent with how we understand DPOAE generation.
Further to this, as the exact nature of the filter which produces distortion in the cochlea is unknown,
it is difficult to comment further than the suggestion that filter delay should decrease with
amplification (and therefore increasing primary level).
The thesis concludes with the interpretation that all effects related to two-tone interaction in the
mammalian cochlea requires a precise understanding of the localisation of these effects, which is
directly related to the stimulus levels used for the two tones. It has been shown here that two-tone
suppression of the CM is highly sensitive to probe amplitude, not only for tuning accuracy and
threshold estimation, but also for the mechanisms involved. The high-frequency notch previously
thought to be the CM suppression tip region has been shown to more likely be associated with the
TM resonance, which results in a different interpretation of how low versus high-sided suppression
mechanisms are related. Finally, it is shown that the use of a linear tool to estimate a non-linear
phenomenon, namely phase slope derived DPOAE group delay, carries many risks of introducing
error, and is unlikely to shed light on the backwards propagation mechanism of OAEs in the cochlea.
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