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Abstract 

 

In many previous physiological and psychoacoustic studies, Schroeder-phase masking (using Schroeder 

harmonic complexes to mask other sounds) has proven useful in understanding different aspects of 

cochlear function, particularly the phase curvature of the cochlea and cochlear nonlinearity. The 

common method of measuring Schroeder-phase masking functions uses a very time consuming three-

alternative forced choice (3AFC) process, which limits its research and clinical usefulness. This thesis 

describes a fast method for measuring Schroeder-phase masking functions that we developed to 

address this problem. By adapting the Békésy tracking technique, we demonstrate how the 

measurement time can be reliably shortened by almost 80% in comparison to the commonly-used 

method. Using the fast method, we have demonstrated that the difference in masking effectiveness 

produced by different phases of Schroeder maskers (known as the ‘phase effect’) is reduced in 

conditions where cochlear non-linearity is expected to be reduced (i.e. at low intensity levels and in 

sensorineural hearing loss subjects) – findings which are consistent with previous studies. The possible 

involvement of other mechanisms in producing the Schroeder phase effect (particularly the medial 

olivocochlear (MOC) reflex) is discussed. Given the shorter testing time and higher resolution data it 

can give, the fast method can be a useful tool in estimating cochlear phase curvature. The reduction 

in testing time in particular may significantly aid the investigation of different aspects of cochlear 

function which might have been limited by the long testing time given by the commonly-used method. 
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Chapter 1 - Introduction 

 

A harmonic complex is generated by the addition of multiple sinusoidal tones at fixed 

frequency intervals. When all the sinusoids component is set at zero phase, the resulting wave form 

would be very peaky, and has high ‘crest factor’. When passed through an amplifier or speaker, only 

limited magnitude of maximum amplitude of the signal can be delivered before clipping. This 

‘peakiness’ is particularly a problem for signal processing applications like radar and sonar (Schroeder, 

1970).  

Schroeder in 1970 found the crest factor issues can be minimized by adjusting the phases of 

the sinusoids components. Figure 1.1 illustrates the amplitude, frequency and phase spectrum, and 

the output of a harmonic complexes which comprises of 25 components, ranging from 200 Hz and 800 

Hz. Panel a) shows  the peakiness of the resulting waveform when all the sinusoids component in panel 

b) is set to zero phase as shown in panel c). On the other hand, adjusting the phase of the same sinusoid 

components as in panel f) will result in less peaky output as in panel d).This type of harmonic complexes 

with adjustment of the phase of the individual components is called a Schroeder-phase harmonic 

complex. It has been used in psychophysical experiments as a masker, and was found to provide 

different amounts of masking when different starting phase (scalar factor: c) of the complexes was 

used (Kohlrausch & Sander, 1995), despite having identical amplitude and frequency spectrum. The 

dependence of the amount of masking on the phase characteristic of the masker contradicts the power 

spectrum model (Patterson and Moore, 1986) which only emphasize on masker’s frequency and 

amplitude in determining masking. This thesis presents a novel, fast method for measuring Schroeder-

phase masking functions, and the results of several investigations in non-linear cochlear processing, 

and phase characteristic of auditory filter, facilitated by this new fast method of Schroeder-phase 

masking.  

This chapter provides the foundation for the reader to understand the rest of the thesis. 

Among the important things that will be reviewed in this chapter are the anatomy of the ear, the 

concept of travelling wave and auditory filter, the nonlinear characteristics of the cochlea, the effect 

of losing cochlear nonlinearity, the assessment of cochlear nonlinearity and the use of Schroeder-

phase masking functions in the measurement  of cochlear nonlinearity. We will also discuss the 

problems with commonly-used methods of conducting Schroeder-phase masking and one solution 

that this study might offer.  

1.1  The auditory system 

 In daily life, we capture sound, process it, and translate it into meaningful information - thanks 

to our peripheral and central auditory systems. The peripheral auditory system includes the outer ear, 
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middle ear, and parts of the inner ear (the cochlea and auditory nerve), all of which are embedded in 

the temporal bone. The central auditory system includes the cochlear nucleus, superior olivary 

complex, lateral lemniscus, inferior colliculus, medial geniculate body, the auditory subcortex, the 

cortex, and the interhemispheric pathways, all of which are located in the brainstem and brain. There 

are both ascending and descending pathways by which sound is processed- the afferent pathway from 

the ear up to the brain, and the efferent pathway from the brain back to the ear (Musiek & Baran, 

2007; von Békésy, 1947). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1.  Illustration of the effect of Schroeder phase settings on the crest factor of a harmonic complex 
consisting of 25 sinusoids ranging from 200 to 800 Hz at 25 Hz intervals. The left column shows the time domain 
waveform, two cycles shown in (a), amplitude spectrum (b), and phase spectrum when the phases are all set to 
zero (c). The right column shows the same information for the masker when Schroeder phases are used. Note the 
reduced crest factor in the time domain (d), the unchanged amplitude spectrum (e), and the non-zero phase 
spectrum (f). 

a) 

c) 

d) 

b) e) 

f) 
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1.2  Peripheral auditory system 

 Figure 1.2 illustrates the anatomy of the peripheral auditory system.  The outer ear consists of 

the pinna and the auditory canal. The outer ear plays an important role in sound localization. The large 

opening of the auditory canal directs the sound energy from the surrounding environment towards 

the closed-ended canal. This gives a boost of sound energy of 12-15 dB at the main resonant frequency, 

which is around 3400 Hz (Canalis & Lambert, 2000). The auditory canal then directs the sound energy 

into the middle ear via the tympanic membrane. The middle ear system acts as an impedance matching 

system to enable the transmission of sound from the air-filled ear canal to the fluid-filled inner ear. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The middle ear contains the malleus, incus and stapes; three bones which are known as ossicles. The 

middle-ear cavity is linked to the nasopharynx by the Eustachian tube, which equalizes the pressure 

within the middle ear cavity. The handle of the malleus is coupled to the tympanic membrane while 

the foot of stapes is coupled to the oval window which is located in the vestibule of the inner ear. 

Sound energy from the outer ear that strikes the tympanic membrane will cause vibration of the 

ossicles (malleus, incus & stapes) in the middle ear. Vibration of the stapes causes the energy to be 

transferred to the cochlea via the oval window.  

1.3  The cochlea 

 The inner ear consists of the cochlea (the hearing organ) and the vestibular organs (the utricle, 

saccule, and semicircular canals, responsible for balance). Discussion in this section will focus only on 

the hearing organ of the cochlea. The cochlea consists of a bony part and membranous part. The bony 

 
Figure 1.2: Illustration of the anatomy of the ear (Crystal & Varley, 1998) 
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part that encases the membranous part is coiled around a perforated central core called the modiolus 

(refer to Figure 1.3 a). Oval and round windows that are connected to the middle ear make two 

openings in the bony part. The bony part has about 2 ½ turns; the basal and apical turns, with the basal 

turn being located close to the middle ear (Musiek & Baran, 2007). The basal turn contains the portion 

of the cochlea that responds to high frequency sound, while the apical turn contains the cochlear 

regions that respond to lower frequency sounds.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The membranous part of cochlea has three fluid filled compartments; scala vestibuli (SV) 

containing perilymph), scala media (SM) (containing endolymph) and scala tympani (ST) (also 

containing perilymph) (refer figure 1.3 b). Scala vestibuli and scala media are separated by Reissner’s 

membrane (also known as the vestibular membrane) while scala media and scala tympani and are 

separated by the basilar membrane. At the apex, scala tympani and scala vestibuli communicate at a 

point called helicotrema.   

 The three types of fluid that fill in the membranous part of cochlea are perilymph (in scala 

vestibuli and scala tympani), endolymph (in scala media), and cortilymph (in scala media between the 

Figure 1.3: a) a cross section of one spiral turn of cochlea. b) Cross section of cochlea. c) Anatomy of organ of 
Corti. Source: Marieb & Hoehn (2006) Figure 1.2 (c) was edited to add labels of Tunnel of Corti, Reticular lamina 
and Deiter cells. 

 

Tunnel of Corti 

Deiter cell Basilar membrane 

Reticular lamina 

http://www.studyblue.com/notes/note/n/neuroanatomy-lecture-13/deck/10204749
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reticular lamina and basilar membrane). Each has a different chemical composition and electrical 

potential. These differences are very important features in facilitating cochlear function. Perilymph is 

low in potassium and high in sodium and has 0 mV electrical potential (relative to the blood), a 

composition that is similar to the cerebral spinal fluid (CSF) and Cortilymph (Musiek & Baran, 2007). 

Endolymph on the other hand has high potassium and low sodium composition with electrical 

potential of +80 to +90 mV (Musiek & Baran, 2007). 

 The organ of Corti that lies on the basilar membrane is composed of sensory cell (outer hair 

cells and inner hair cells) and supporting cells (refer to Figure 1.3 c). The tectorial membrane, located 

on top of the organ of Corti, makes contact with the tallest stereocilia of the outer hair cells but not 

the inner hair cells. Since the stapes is coupled to the oval window, the vibration of stapes will cause 

vibration of the fluid in scala vestibuli, which then vibrates the cochlear partition and sets the basilar 

membrane into motion. In general, the vibration of the basilar membrane causes deflection of the 

stereocilia of the cochlear sensory cells, the inner hair cells (IHC) and outer hair cells (OHC) by means 

of velocity coupling and displacement coupling respectively (Russell, Cody & Richardson, 1986). 

 The apical surface of the hair cells (from which originate the stereocilia) and those of 

supporting cells form part of a membrane of tight junctions called the reticular lamina, which functions 

to prevent electrical and chemical mixing of endolymph and perilymph, and ensures that current flow 

is transcellular. On top of the stereocilia, there are mechanically-gated ion channels that open 

whenever the stereocilia are bent toward the lateral wall of the cochlear duct, i.e. towards the longest 

stereocilia (or the basal body where the auditory hair cell’s kinocilium is located in development). Each 

stereocilium is connected to adjacent ones by small filaments called tip links. Tip links help in opening 

and closing of the mechanoelectrical transduction channels (Hudspeth, 2005) which allow cations 

(mainly potassium) to flow into the hair cells and start the transduction (Hudspeth, 2005). The basal 

surface of the inner hair cells synapses with the primary afferent neurons of the auditory nerve.  

1.3.1 Outer hair cells (OHCs) 

 OHCs are cylindrical in shape and carry out both forward (mechanoelectrical) transduction and 

reverse (electromechanical) transduction. In total, there are approximately 11000 OHCs, which are 

arranged in rows of 3 to 4 (Ashmore, 2008). The resting membrane potential of the OHC is around -70 

mV (Dallos, Santos-Sacchi, & Flock, 1982). The cell membrane of the OHC can be divided into two parts: 

i) the apical membrane which faces onto endolymph and endocochlear potential of scala media; and 

ii) the basolateral membrane, which faces onto Cortilymph.  

  In general, the apical part of hair cell exhibits an array of stereocilia, and at the tip of stereocilia 

there are tip links. The deflection of stereocilia towards the longest stereocilium  increases the tension 

of the tip link, and opens the MET channel and results in the influx of calcium and potassium into the 

hair cell down their electrical gradient, causing the hair cell to depolarize (Hudspeth, 2005). Conversely, 
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movement of stereocilia towards the shortest stereocilia reduces the tension of the tip-link and closes 

MET channels, reducing the current into the hair cell and leading to its hyperpolarization (Hudspeth, 

2005). The cyclical influx of potassium to the hair cell during the opening and closing of MET channels 

modulates the DC intracellular potential, producing an AC receptor potential. Due to the Boltzmann 

activation function describing the opening of the MET channels with stereocilliary displacement, this 

process is nonlinear. The action of outer hair cells in transforming the mechanical energy from stapes 

vibration into this electrical potential is known as forward transduction or mechanoelectrical 

transduction.  

 Prestin is a transmembrane protein that is responsible for OHC electromotility (He, Zheng, 

Kalinec, Kakehata, & Santos-Sacchi, 2006). It resides in the lateral wall of the OHC and contains two 

important structures; a voltage sensor and an actuator molecule (Oliver, He, Klocker, Ludwig et al., 

2001). Hyperpolarization of the OHC leads to shuttling of chloride within the prestin molecule and 

between the cytoplasm, causing a conformational change in prestin which causes the cell body to 

elongate. Depolarization on the other hand cause the chloride anion to be transported into the hair 

cell, causing the prestin and the hair cell to contract (Oliver, He, Klocker, Ludwig et al., 2001).  The 

generation of the change in OHC cell length from this voltage change is a nonlinear process (Russell et 

al., 1992). The process of sensing the change in electrical potential and transforming it into mechanical 

vibration is known as reverse transduction or electromechanical transduction.  

 Since the OHCs are coupled to tectorial membrane, the elongation and contraction of OHC 

causes (known as the active process) reduces the friction impeding the vibration of the organ of Corti 

(a process known as negative damping). This active process allows a basilar membrane vibration that 

is about 1000 fold (60 dB) larger as compared to vibration without OHC assistance (Patuzzi, 2009). The 

ability of OHC to enhance the basilar membrane vibration is known as the cochlear amplifier. The large 

vibration triggers the motion of the fluid near the apical surface of the hair cells which then stimulates 

the IHCs.  

1.3.2 Inner hair cells (IHCs) 

 In the cochlea there are approximately 3500 IHC which lie in a single row. Unlike OHC, IHC are 

lightly coupled to the tectorial membrane (Canalis & Lambert, 2000). Thus, the displacement of its 

stereocilia is not directly caused by the displacement of cochlear partition, rather it is highly related to 

the velocity of the fluid that is put into motion as a result of cochlear partition displacement (its motion 

is velocity coupled)(Canalis & Lambert, 2000). The deflection of stereocilia (towards the longest) 

increases the tension of the tip link, result in the influx of potassium in the hair cell and causing the 

hair cell depolarization (Jahne & Santos-Sacchi, 2001). Depolarization of the hair cell membrane 

increases the opening of voltage-gated calcium channels (L-type) in the basolateral membrane, causing 

the influx of calcium leading to fusion of intracellular membranous vesicle containing neurotransmitter 
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with the hair cell’s presynaptic plasma membrane (Jahne & Santos-Sacchi, 2001). This will result in 

release of neurotransmitter into the extracellular space between hair cell and nerve terminal. The 

neurotransmitter (glutamate) molecule binds to receptors located at postsynaptic membrane of the 

nerve fibre and alters the ionic conductance of this membrane (through influx of Na+). This then causes 

depolarization of afferent nerve fibre (Jahne & Santos-Sacchi, 2001). If the depolarization is sufficient, 

threshold will be crossed and an action potential will be generated by the nerve (Jahne & Santos-

Sacchi, 2001).  

1.4  Afferent nerve fibres 

 There are two types of auditory nerve fibre, which differ in terms of percentage of 

innervations: 90-95% are called Type 1 afferents (bipolar, innervating IHCs), and 5% are called Type 2 

(monopolar, innervating OHCs). The cell body of afferent cochlear neurons lie in the spiral ganglion, 

and the dendrites of multiple type 1 auditory neurons contact with individual IHCs (Jahne & Santos-

Sacchi, 2001). Spiral ganglion neurons (SGNs) are surrounded by perilymph, which contains a low 

concentration of K+ and a high concentration of Na+ and Cl- (Campbell, 2007). The excitory post-

synaptic potential (EPSP) depolarizes the membrane and opens the voltage-gated Na+ channels, 

causing an influx of Na+ into the cell, resulting in further depolarization of membrane, and opening of 

more Na+ channels (Campbell, 2007). The depolarization of the membrane beyond the threshold level 

causes generation of action potential which then carried via the ascending pathway of the central 

auditory system to be processed in the brain (Campbell, 2007).  

1.5  Central auditory system 

The pathway for central auditory processing (Figure 1.4) is not the focus of this thesis, and so 

shall be discussed here only briefly. The auditory nerve extends from the organ of Corti to the cochlear 

nucleus, the first structure in the central auditory system. The cochlear nucleus has a tonotopic 

frequency representation that is similar to auditory nerve, with low frequency auditory nerve fibre 

projecting to its lateral region and high frequency auditory nerve fibres projecting to the medial –dorsal 

region of the cochlear nucleus, thus maintaining its tonotopic organization (Musiek & Baran, 2007). 

The neural output of the cochlear nucleus travels through three branches: the anterior ventral cochlear 

nucleus, the dorsal cochlear nucleus, and the posterior ventral cochlear nucleus. These different 

divisions project to different brainstem nuclei, namely the superior olivary complex, inferior colliculus, 

lateral nucleus of the trapezoid body, lateral superior olive, middle superior olive, and the ventral 

nucleus of the lateral lemniscus, via either ipsilateral and/or contralateral pathways (Musiek & Baran, 

2007).   

 



10 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The superior olivary complex (SOC) is the first structure in central auditory system that receives 

both ipsilateral and contralateral signal from the cochlear nucleus. Hence, it plays an important role in 

determining the inter-aural timing difference of sound reaching the ear and contributes to localization 

(Musiek & Baran, 2007). The action potentials from the superior olive are then sent to the inferior 

colliculus in the auditory midbrain. Fibres from the inferior colliculus project to the medial geniculate 

body, which then project to primary auditory cortex, and the posterior auditory field (Moller, 2006).  

1.6  Efferent auditory pathway/ descending pathway 

The efferent auditory system runs via a descending pathway from the brain to the ear. There 

are two divisions of the efferent system; the rostral (anterior) and the caudal (posterior) systems. At 

certain points the efferent system interacts with the ascending system and creates a feedback loop. 

The rostral system makes several feedbacks loop mainly involving auditory cortex, the medial 

geniculate body and the inferior colliculus. The caudal system consists of the olivocochlear bundle, 

which mainly originates from the superior olivary complex and can be divided into medial and lateral 

portions (Musiek & Baran, 2007). The lateral olivocochlear bundle (LOC) is an unmyelinated tract and 

is ipsilaterally connected to the cochlear nucleus and projects to the afferent nerve fibres of inner hair 

cells- see reviews in Musiek and Baran (2007) and Moller (2006). The medial olivocochlear (MOC) 

bundles on the other hand are mostly myelinated fibres and connect to the contralateral outer hair 

Figure 1.4: Pathway of central auditory system. Source: Hill (2014). 
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cells. The MOCR is a reflex control system of the mammalian inner ear which provides efferent 

feedback to control the gain from cochlear amplifier (Lilaonitkul & Guinan, 2009). This feature provides 

an anti-masking effect and helps listening in noise, and will be discussed extensively in Chapter 4. 

1.7 Cochlear mechanics: the travelling wave, auditory filtering, and cochlear non-

linearity 

The most prominent theory on how we process sound in the cochlea was the travelling wave 

theory introduced by von Békésy (von Békésy, 1947). Figure 1.5 illustrates the propagation of vibration 

along the basilar membrane as a travelling wave over time, beginning at the oval window and 

terminating at the helicotrema. The location of the peak of the travelling wave at specific places 

(characteristic place) on the basilar membrane (its tonotopic organisation) is a function of the graded 

changes in mass and stiffness along the basilar membrane. The difference of stiffness gradient along 

the basilar membrane makes the travelling wave travels from the place of greater stiffness (base) 

towards the place of lesser stiffness (apex). The envelope of travelling wave (the dashed line in Figure 

1.5) peaks at specific point of basilar membrane depending on the frequency and amplitude of the 

sound (von Békésy, 1947). That is, high frequency sound causes maximum vibration at the basal part 

of basilar membrane and low frequency sounds give maximum displacement in the apical region of 

the basilar membrane (refer to Figure 1.6). This makes the travelling wave spread over frequencies 

above the central frequency of the signal but having an abrupt decay for frequencies below the central 

frequency of the signal (Patuzzi, 2009). This specific tuning of the basilar membrane makes it act like a 

band-pass filter, and determines the frequency selectivity of each point along the cochlea. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.5: The displacement of the cochlear partition in response to 200 Hz tone taken at two 
different times, with interval of quarter period between wave A and wave B. The dashed line shows 
the envelope of the travelling wave. Figure from Figure 6 of von Békésy (1947). 
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 However, the tuning of travelling wave from the work of von Békésy (1947; 1961) was 

somewhat broader compared to the later discoveries of the sharp tuning of the cochlea (Rhode, 1971). 

This discrepancy is due to i) the high intensity level used by von Békésy to measure the travelling wave, 

and ii) the fact that the recordings were made in cadavers, rather than living cochleae. Later work 

confirmed that the travelling wave was sharply tuned in the normal healthy cochlea, and that the 

response at the peak of the travelling wave was nonlinear as a function of intensity (Moore, 1978; 

Rhode, 1971). These nonlinearity aspects will be further discussed later in this chapter.  

1.8  The auditory filter 

In addition to the physiological approached introduced by von Békésy, the concept of the 

auditory filter has been investigated, and has been used to explain the results of many psychoacoustic 

experiments. Fletcher (1940) on his approach of explaining the masking phenomena proposed that the 

peripheral auditory system contains a series of overlapping band-pass auditory filters. A great amount 

of psychoacoustic research has been devoted to the estimation of the shape of the auditory filter. 

Among the measures used to estimate the shape and size of auditory filter are psychophysical tuning 

curves (PTCs) and the calculation of equivalent rectangular bandwidth (ERB).  

The PTC has been used as one of the important measures in estimating the shape and size of 

the auditory filter. In measuring the PTC, the frequency and the level of the signal is fixed (a low signal 

level is typically used, e.g. 10 dB SL), while the masker level required at different frequencies to mask 

the fixed signal is determined. The masker level required to mask the signal is plotted as a function of 

frequency, which gives the psychophysical tuning curve. Figure 1.7 shows an example of PTCs obtained 

using 10 dB SL probe tone at five different frequencies; 500 Hz, 1000 Hz, 2000 Hz, 4000 Hz, and 8000 

Hz. The PTC actually measures the masker level required to produce a fixed output from one auditory 

filter as a function of frequency. Thus, the auditory filter shape is expected to be the same as output 

produced by the auditory filter for stimuli at different frequencies. Assuming a linear inverse 

relationship between the masker level required to produced constant output and the output produced 

by the auditory filter, the shape of auditory filter is the inverted version of PTC (see the review in 

Moore, 2012).  

Another method used to estimate the shape and size of auditory filter is the notched-noise 

method proposed by Patterson (1976). Using this method, the signal frequency is fixed, and the masker 

is a noise with a small notch centred at signal frequency. The width of the notch is varied as a function 

of the central frequency of the signal. The threshold of the signal is determined as a function of the 

width of the notch. From this method, an auditory filter shape can be derived (see example in Figure 

1.8). The measurement and calculations to derive the auditory filter shape will not be described in 

detail here, but the reader may refer to Baker and Rosen (2006) for a detailed explanation. One 
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important measure that can be derived from notched-noise method is the equivalent rectangle 

bandwidth (ERB). The ERB tells the size of the auditory filter as function of frequency. The bandwidth 

of auditory filter was measured to be typically around 11% to 17% of the centre frequency (see the 

review in Moore, 2012). Figure 1.9 shows the estimated ERBs for different frequency from several 

studies complied by Glasberg and Moore (1990). Note that the ERB value increase with increasing 

frequency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.6: Different frequency stimuli peak at different places on the basilar 
membrane. In this example from a cadaver, the X-axis shows distance on basilar 
membrane from the stapes, and the Y-axis shows the amplitude of relative 
displacement of the basilar membrane. Figure from Figure 19 in von Békésy (1961). 

 



14 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.7: Psychophysical tuning curves recorded in normal healthy cochleae at 500 Hz, 1 
kHz, 2 kHz, 4 kHz, and 8 kHz probe frequency. Figure taken from Figure 10 in (Moore, 1978) 

 

 
Figure 1.8: Auditory filter shape derived from simultaneous notched noise masking for 
different frequency using 30, 50, and 70 dB SPL probe level. Filter shapes are normalized to 
have 0 dB gain at centre frequency. The dashed line represents filter shape obtained without 
applying a middle ear weighting function. Figure taken from figure 3 a in Baker and Rosen 
(2006). 
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1.8.1 Characteristics of the auditory filter 

The important interpretation from the auditory filter shape is that the sharp tuning of the 

auditory filter indicates higher frequency selectivity of cochlea, while a broader auditory filter shape 

indicates poorer frequency selectivity (Moore & Glasberg, 1987). In general, as shown in Figure 1.8, 

the auditory filter shape is broader at lower frequencies compared to higher frequencies (Baker and 

Rosen (2006), indicating lower frequency selectivity at low frequencies as compared to higher 

frequencies. Also the broadness of auditory filter shape is intensity dependent.  As shown in Figure 

1.10, the auditory filter has also been observed to be broader with increasing intensity (Glasberg & 

Moore, 2000; Moore, 1978). At low levels, the auditory filter is sharp, reflecting the contribution of the 

active process to basilar membrane vibration at low intensity levels. As the intensity of the stimulus 

gets higher, the tip of auditory filter becomes shallower reflecting a decreased contribution from the 

active process  to the vibration of the basilar membrane (Glasberg & Moore, 2000).  

Also, auditory filter shape was observed to be broader in hearing-impaired participants having 

hearing thresholds of more than 40 dB, indicating poor frequency selectivity in hearing impaired 

subjects (Glasberg & Moore, 1986). However, the ERB value was observed to vary for different hearing 

impaired participants that had the same hearing threshold (Glasberg & Moore, 1986), indicating that 

although frequency selectivity may be impaired in hearing impaired participants, the degree of 

impaired frequency selectivity cannot be explained by the hearing level alone. Figure 1.11 shows the 

broadening auditory filter in hearing impaired listeners as compared to normal hearing ones. 

Figure 1.9: Data of different ERB of auditory filter value as a function of centre frequency 
taken from several studies. Figure from Figure 7 in Glasberg and Moore (1990). 

 



16 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 1.10: Broadening auditory filter with increasing probe intensity from 30 dB SPL 
to 80 dB SPL. Figure taken from Figure 8 a) in Glasberg and Moore (2000). 

 

Figure 1.11: Auditory filter shapes derived from five normal hearing and five hearing impaired listeners 
using a 50 dB masker at 2 kHz. The auditory filter is generally broader in hearing impaired listeners 
compared to normal hearing ones. Figure adapted from Fig 7  of Glasberg and Moore (1986). 
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1.9  Phase response of basilar membrane 

There is a delay in cochlear wave propagation from the base to the apex, which is mainly 

contributed by pure delay (frequency independent delay), and filter delay (frequency dependent 

delay) (Robles & Ruggero, 2001). The delays cause the responses of the basilar membrane to have a 

phase lag that increases with frequency (Robles & Ruggero, 2001). Measurement of the phase 

response of the basilar membrane relative to middle ear motion in different animal species generally 

shows three distinctive patterns as function of frequency (see Figure 1.12).  At frequencies lower than 

CF, the phase-versus-frequency curves are shallow, and become steeper at frequencies around CF. At 

frequencies higher than CF, the response reaches a plateau. The slope of the phase-versus-frequency 

response curve (Figure 1.12) indicates group delay – the delay of wave propagation between the stapes 

and the measurement site. The phase slope was observed to increase with frequency, indicating that 

waves of higher frequency propagate more slowly than those of lower frequency (Robles & Ruggero, 

2001).   

 The frequency dependence of the phase response was observed to vary with intensity 

(Ruggero et al., 1997). The normalized phase response relative to that of an 80 dB SPL tone is shown 

in Figure 1.13, and compares phase responses at different frequencies as intensity is increased. For 

frequencies below CF (4-7 kHz), the phase lag was observed to increase as intensity increased (Figure 

1.13). Near CF, the phase lag of the response (as well as the phase slope/group delay) reduced with 

increasing intensity, with a group delay of 0. 99 ms for 10 dB tones and 0.61 ms for 90 dB tones. Above 

CF (10 – 12 kHz), the phase slope became steeper and group delay increased to 1.10 ms – 1.3 ms as 

compared to lower frequencies. The delay/phase lag of the response however, decreased as the 

intensity increased. The phase response reached a plateau above 12 kHz with responses not varying 

with intensity. Apart from the delay of the wave dispersion from the point of the stapes response, 

there were temporal variations in the frequency of oscillation observed in the basilar membrane’s 

impulse response (de Boer & Nuttall, 1997), a phenomenon known as ‘glides’. The implication of the 

glides on human auditory perception will be discussed in chapter 5.   

 There are different arguments on how cochlear damage may affect the phase response of 

basilar membrane. Dancer (1992) observed a phase lead of the basilar membrane phase response at 

the characteristic frequency in guinea pig cochlea after destruction of outer hair cells. Thus, he 

suggested that the phase lag of basilar membrane response depends on the presence of outer hair 

cells and is probably due in part to the action of the OHC active process. In contrast, the consensus of 

findings from several studies shows that the phase response at the characteristic frequency does not 

differ between normal and damaged cochleae (Robles, et.al , 1986;  review in Ruggero, 1994). For 

example, Figure 1.14 shows the phase response of basilar membrane recorded in live and dead 

cochleae. 
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Figure 1.13: ) Basilar membrane phase response at different sound intensities, normalized to 
the response at 80 dB SPL,  given the CF of 10 kHz. Figure taken from figures 14 of Ruggero et 
al. (1997).  

 

 
□  Squirrel monkey; Rhode (1971) 
Δ  Cat; Cooper and Rhode (1998) 
X  Chinchilla, CF: 9.7kHz; Ruggero et al. (1997) 
◊  Guinea pig; Nutall & Dolan (1996) 
○  Guinea pig; Sellick et al. (1983) 

+  Chinchilla; CF: 15 kHz; Narayan et al. (2000)  

Figure 1.12: Basilar membrane phase responses to tones as function of frequency, 
obtained at the basal part of cochlea. Different symbols indicate data from 
different studies recorded in different species. Closed symbol indicates CF. Figure 
was adapted from Fig 7 in Robles & Ruggero (2001) 
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1.10 Linear and non-linear systems 

 The fundamental property of a linear system is that the presence of one signal does not affect 

the way the second signal is handled – this is called the principle of superposition. That is, when two 

signals are presented at the input, the output will consist of the two separate signals; with amplitude 

of the output proportional to that of input. In processing a sinusoid signal, a linear system can only 

alter the amplitude and phase of the signal, but not the frequency. Hence, in response to complex 

sound consisting of different component sinusoids, a linear system will process every component 

independently of the other, but cannot create any new frequency components. On the other hand, a 

nonlinear system does not process the components of this type of sound independently and can create 

new frequency components at the output (de Boer & Nutall, 2010). In addition, the amplitude at the 

output of a nonlinear system is not necessarily proportional to the input. Under different conditions, 

the cochlea may process complex sounds in ways that are either linear or nonlinear, as will be 

described in the following sections. 

Figure 1.14: Phase response of basilar membrane for 9.5 - 10 KHz characteristic frequency in 
a live cochlea (straight line) and dead cochlea (dotted line). Stimuli used were 57 dB SPL clicks 
for the thin line and dotted lines and 107 dB SPL for the thick straight line. Figure taken from 
figure 2 Ruggero (1994). 
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1.11 Manifestation of cochlear nonlinearity: evidence from earlier work. 

 The cochlea has been repeatedly found to display both linear and nonlinear behaviour in sound 

processing. There are at least three main important observations that have been recorded by previous 

studies regarding the nonlinear properties of cochlea: 

1.11.1 The nonlinearity of the cochlea is frequency specific 

  The notion that cochlea exhibits a nonlinear properties was pioneered by the work of Rhode 

(1971). Rhode measured the input-output function of the basilar membrane by taking the 

displacement of the malleus as the input of the system and the displacement of basilar membrane as 

the output (refer Figure 1.15). The measurements were conducted in the squirrel monkey using the 

Mössbauer technique, with Rhode ensuring the point at which responses were recorded from on the 

malleus and the cochlea were kept constant among all the monkeys. Responses were recorded over 

the frequency range of 1 kHz – 9 kHz using stimuli at different intensities. From this experiment, Rhodes 

found that the displacement of the basilar membrane varied as a function of frequency, position along 

the basilar membrane, and intensity of the stimulus. Nonlinearity was observed as an inconsistent 

growth of the amplitude of displacement per octave frequency. The growth of basilar membrane 

displacement at frequencies well below the characteristic frequency was linear with growth of 

6dB/octave frequency. Near the CF, the growth of BM displacement increased nonlinearly to an 

average of 24 dB/octave frequency. At frequencies greater than the CF, the growth of displacement of 

the basilar membrane was observed to be linear again, reaching around -100dB/octave frequency. 

With increasing intensity of the stimulus, from 70 to 80 to 90 dB SPL, the same linear pattern on the 

rate of growth of basilar membrane was observed for frequencies way below, and greater than the CF. 

This finding indicates that the non-linearity of basilar membrane is frequency specific, that it is active 

at the CF, but is reduced for frequency away than the CF. 

1.11.2 The nonlinearity of the cochlea is intensity dependent 

 One issue with Rhode’s pioneering work was that the measurements were taken using a high 

intensity stimulus, such that the pattern of basilar membrane displacement at lower intensities could 

not be observed. Later work by de Boer and Nuttall (1997) & Ruggero et al. (1997) showed the 

nonlinearity of cochlea is intensity dependent; the gain for low-level stimuli was observed to be higher 

than for high-level stimuli. The amplitude of the response level to wide band noise signals was plotted 

against the frequency (refer to Figure 1.16). A higher response level at the peak of response curve was 

recorded when low intensity signals were used e.g. 20 dB. Starting from 30 dB, the response level at 

peak started to decrease with increasing stimulus intensity for stimuli up to 100 dB. Beyond 100 dB, 

the response level at the peak showed no further decrement with increasing stimulus level i.e. the 

cochlea started to behave linearly (de Boer & Nuttall, 1997; de Boer & Nuttall, 2010). 
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Figure 1.15: The amplitude ratio of basilar membrane displacement relative to 
malleus displacement as a function of frequency for 3 different stimulus intensities; 
70, 80, and 90 dB SPL. The growth of basilar membrane displacement as a function 
of frequency was observed to be linear at frequencies below (1 kHz, 6 kHz) and 
above (9 kHz) characteristic frequency, in this case 7.4 kHz. At around the 7.4 kHz 
region, the growth of displacement was non-linear. Figure taken from Figure 6 of 
(Rhode, 1971). 

Figure 1.16: Amplitude of basilar membrane response plotted against stimulus frequency, 
recorded at different intensity levels (represented by different line colours). Measurement 
was performed at basal turn of guinea pig cochlea using broadband noise as the stimulus. 
Figure was taken from Fig 5.5 A in (de Boer & Nuttall, 2010). 
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 This nonlinear property was better demonstrated in terms of the input/output (stimulus 

intensity/basilar membrane displacement) function of the cochlea (Johnstone et al., 1986). The input-

output function was recorded in healthy cochleae and in traumatized cochleae. In normal healthy 

cochleae, the growth of basilar membrane displacement for sound intensities up to 30 dB was 

observed to be linear (a slope of ≈1), followed by compressive nonlinear growth with increasing 

stimulus intensity up to 90 dB (steeper slope), and with growth once again becoming linear beyond 90 

dB (slope ≈1)  (Figure 1.17). The dashed line shows the growth of basilar membrane displacement in a 

linear system. The triangle symbol shows input/output function for the traumatized cochleae. Note 

that the function almost resembles that of the linear system, with little residual nonlinearity. 

 This compressive property of the basilar membrane growth function in normal healthy 

cochleae contributes to their wide dynamic range i.e. the ability to hear both very faint sounds, such 

as whispering, and loud sounds, such as musical concerts. The measurements were concentrated on 

the basal region of the cochlea as this was the easiest to access with the surgical approach they used. 

Indeed, measurements of the apical region were not taken since it was hard to reach without causing 

damage to the cochlea. Later work has shown  that compressive nonlinearity, although not as strong 

in basal turn, is still preserved in the apical turn of the cochlea (Cooper & Rhode, 1995). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 

Figure 1.17: Plot of basilar membrane input/output function (displacement against stimulus intensity). 
Square symbols represent data from normal healthy cochleae and triangle symbols represent data 
from traumatized cochleae. The dashed line indicates the input/output function of a linear system. 
Figure taken from (Johnstone, Patuzzi, & Yates, 1986) 
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 1.11.3  Nonlinearity produces distortion products  

 Apart from the response towards different stimulus intensities, the nonlinearity of cochlea is 

also manifest in its frequency response. Upon stimulation with two tones with different frequencies, 

nonlinear systems produce an output containing frequencies other than the frequencies presented 

to the input; these are known as distortion products (DPs), and they can be either harmonic distortion 

or intermodulation distortion (Robles, Ruggero, & Rich, 1997).  

1.12 Source of cochlear nonlinearity 

 Most evidence suggests that the nonlinear behaviour of the peripheral auditory system is 

mainly contributed by the cochlear amplifier and compression system that is provided by the OHCs (de 

Boer & Nuttall, 2010; Oxenham & Bacon, 2003; Patuzzi, 2009). The sources of these nonlinear 

properties will be discussed in the following sections: 

1.12.1 Nonlinear mechanoelectrical transduction at the apex of hair cells 

 The process of mechanoelectrical transduction has also been observed to be nonlinear. As 

shown in Figure 1.18, the OHC intracellular voltage was measured as function of hair bundle 

displacement (Russell, Kossl, & Richardson, 1992). The slope of the voltage increment relative to the 

hair bundle displacement was steep for low magnitude displacements and became shallower as the 

displacement increased, approaching the point of saturation. The sensitivity of OHC transducer to hair 

bundle displacement was calculated as the slope of voltage changes relative to the resting potential 

divided by the displacement of the hair cell bundle. The amount of displacement that gave maximum 

transducer sensitivity was around ≈20 nanometre towards the kinocilium which was the same region 

that gave minimum gating stiffness. Also, the same magnitude of displacement with direction away 

from the kinocilium was observed to give minimum transducer sensitivity, and apparently maximum 

gating stiffness.  These findings point towards an association between the nonlinear mechanical 

properties of hair bundle and hair-cell mechanoelectrical transduction (Russell et al., 1992). 

1.12.2 Nonlinear electromechanical transduction from OHC membrane potential 

 Electromechanical transduction in the outer hair cells has been proven to be voltage 

dependant in that the relationship between voltage and cell length has been observed to be nonlinear 

(Santos-Sacchi, 1992). Changing the membrane potential from the resting potential (around -70 mV) 

towards a more negative potential caused hyperpolarization that then caused elongation of the 

isolated hair cell, while increasing the voltage from the resting potential caused hair cell depolarization 

and contraction of the OHC. Shown in Figure 1.19 is a plot of length change in an isolated basal-turn 

OHC from the guinea-pig as a function of membrane potential, which was fitted with Boltzmann 

function  (Santos-Sacchi, 1992). At voltages lower than the resting potential, the OHC mechanical 
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response is less sensitive to voltage changes, while for membrane potentials above the resting 

potential, the mechanical response of the OHC to voltage changes is more sensitive. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.12.3 Efferent system 

 The medial olivocochlear (MOC) reflex (MOCR) has been observed to regulate cochlear 

nonlinearity, particularly its gain. The MOCR was observed to be activated at intensities of 45 to 75 dB 

SPL but not at any lower intensity (Guinan Jr, 2006). This is the mid-intensity range where the cochlea 

behaves nonlinearly (de Boer & Nuttall, 1997; de Boer & Nuttall, 2010). The activation of the efferent 

system acts as negative feedback loop by modulating the electromotile response of the OHCs and 

causing a decrease in cochlear gain, which contributing to cochlear compression at high intensities 

(Guinan Jr, 2006).  Activation of the crossed olivocochlear bundle has been observed to decrease the 

amplitude of the compound action potential (CAP) which is generated by type 1 auditory nerve fibres 

that contact with the IHCs. While earlier studies found that this decrease (and also that of the IHC AC 

and DC receptor potentials) was only observed at frequencies around CF but not frequencies remote 

from CF (Brown & Nuttall, 1984), findings from more recent studies have shown significant MOC 

inhibition for noise centred two octaves above and below the probe frequency (Guinan Jr, 2006).   

Figure 1.18: Plot of OHC receptor potential as a function of hair 
bundle displacement (open symbols) and transducer 
sensitivity (filled symbols). Figure taken from Figure 5 of 
Russell et al. (1992). 
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1.13 Consequences of losing cochlear nonlinearity 

1.13.1 Elevated threshold-due to reduced cochlear gain/impaired active process 

The active process of the OHCs enhances cochlear vibration by about 60 dB or 1000-fold 

(Patuzzi, 2009). Loss of cochlear nonlinearity is most often due to impaired active processes caused by 

damaged MET channels in hair cells stereocilia (Yates, 1995; Patuzzi, 2009). Thus in the case of OHC 

damage (particularly the stereocilia and the MET channels), cochlear gain is reduced due to an 

impaired active process. Without OHC amplification, higher sound levels are needed to stimulate the 

sensory inner hair cells, leading to elevated thresholds. The elevation of thresholds can be quantified 

by pure-tone audiometric measurement. Normally, damage to outer hair cells may cause hearing loss 

up to 60 dB (Killion & Niquette, 2000; Patuzzi, 2009).   

 
Figure 1.19: A. Plot of change in guinea pig outer hair cell length from the resting 
position in response to voltage steps delivered from a holding potential of -68.4 
mV. Data fitted with Boltzmann function. Panel B. shows the slope of Boltzmann 
fit from A. indicating voltage sensitivity of mechanical response across voltage. 
Figure from Santos-Sacchi (1992).  
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1.13.2 Recruitment 

 Disruption of the active process in the cochlea leads to loss of compression, and is believed to 

be the main cause of reduced dynamic range and increased loudness recruitment in patients with 

sensorineural hearing loss (Moore, 2002). There are two major aspects of recruitment resulting from 

loss of cochlear nonlinearity; abnormal growth in loudness by the central auditory nervous system and 

rapid upward recruitment of neural firing. One of the nonlinearity properties of the outer hair cells is 

that they act as the cochlear amplifier for low intensity level stimuli but contribute progressively less 

as intensity increases, resulting in the growth of basilar membrane vibration becoming compressive 

(i.e. the growth of vibration decreases with increasing stimulus intensity). When the OHCs are 

damaged, not only is the amplification of sound at low levels abolished, but the compressive property 

at higher intensity levels is impaired as well (Oxenham & Bacon, 2003) . With an impaired compression 

system, the growth of vibration becomes more linear, which triggers an increase of neural firing that 

is perceived as abnormally rapid by central nervous system, resulting in uncomfortable loudness 

sensations at high intensity levels (Moore, 2002; Oxenham & Bacon, 2003).  

 The frequency tuning of a normal nonlinear cochlea is sharp, so that at threshold only few 

neurons at the characteristic frequency are stimulated. Below 40-50 dB sensation level, increased 

stimulus intensity only causes slight recruitment of adjacent neurons. Beyond 50 dB sensation level, 

more high frequency neurons are stimulated but not lower frequency neurons - a phenomenon called 

upward spread of recruitment (Patuzzi, 2009). The rate of the upward spread of recruitment in relation 

to increasing stimulus intensity is very slow in cochleae with normal nonlinear compression. In ears 

with impaired nonlinearity, the frequency tuning is much broader, which is manifested by the tip of 

the neural tuning curve being broader and blunt. Near threshold, only a few neurons are stimulated, 

but the upward rate of recruitment of the adjacent neurons increases rapidly even with just a few dB 

increase of stimulus level above threshold (Patuzzi, 2009). This adds to the abnormally rapid firing rate 

due to loss of compression and results in an increase of uncomfortable loudness among listeners who 

have loss cochlear nonlinearity (Patuzzi, 2009).  

1.13.3 Poor gap detection in noise 

 Gap detection in noise is one of the measures of temporal resolution that has been observed 

to be poorer in hearing impaired as compared to normal hearing due to loss of cochlear nonlinearity 

 (Glasberg & Moore, 1992). Due to the loss of cochlear compression, the inherent fluctuation of the 

noise level causes fluctuations in neural firing that make it harder to detect the gap, leading to poor 

 performance (see review by (Oxenham & Bacon, 2003). Poor gap detection causes the difficulty to 

pick up salient information of sound of interest in the presence of daily background noise. This is 

particularly important when listening to speech in background noise as the noise that we encounter in 

daily life is most often fluctuating in level rather than steady state noise.  
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1.14 Measurement of nonlinearity: Some of important concepts in masking  

 Measurement of cochlear nonlinearity may provide useful insights on how much strength of 

compression is possessed by different individuals. Such information may aid in setting hearing aids; i.e. 

how much compression should be applied at different frequencies for different hearing aid users. 

Although pure tone audiometry has been used as a gold standard in audiological testing, it may not 

reveal some important information regarding cochlear nonlinearity. Audiometric thresholds could be 

the same for two individuals who may exhibit different degrees of cochlear nonlinearity. This has been 

manifested by different amounts of loudness recruitment exhibited by listeners with same audiometric 

threshold, and weak correlation between auditory filter bandwidth and audiometric threshold (Moore, 

Vickers, Plack, & Oxenham, 1999). Audiometric threshold is contributed by different sources from the 

peripheral up to the central auditory system, making it hard to distinguish one from another based on 

audiometric threshold alone.  

 Numerous measures have been conducted to assess cochlear nonlinearity - some are 

behavioural measures and some are objective measures. Objective measures include the use of OAEs 

in measuring the input-output function of basilar membrane to produce estimates of the compression 

ratio (Gorga, Neely, Dorn, & Konrad-Martin, 2002). A lot of behavioural/ psychoacoustic measures of 

cochlear nonlinearity have involved masking experiments. There exist correlation or agreement of 

compression estimates derived from OAE and psychophysical measures (Johnson, Gorga, Neely, 

Oxenham, & Shera, 2008 for detailed review). Meanwhile, OAEs do not require any involvement from 

the participant, but are also very difficult to record if there is any form of conductive hearing loss. Thus 

the use of behavioural masking in estimating cochlear non-linearity (such as growth of masking, 

psychophysical tuning curves, and Schroeder-phase masking) can overcome conductive hearing loss 

by using presentations at higher intensities, and thus can be useful additions to the toolkit of cochlear 

non-linearity measures.  

  To assist the discussion on the use of masking in assessing the nonlinearity, it is useful to 

elaborate on some of the important concepts in masking. Masking as defined by American National 

Standards Institute (1989) is the process (and amount) by which the threshold of audibility for one 

sound is raised by the presence of another (masking sound. In other words, masking is the process 

where the audibility of a sound can be affected by the presence of another sound.  

1.14.1 Physiology of masking 

 In the addition of noise, the threshold for tone detection is increased through 2 different 

mechanisms: swamping and/or suppression. Swamping (the “line busy” effect) happens when a 

masker produces excitation at the output of auditory filter that is similar to that of probe; such as in 
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 the case of on–frequency masking. The excitation of the nerve fibre by the steady noise increases the 

background discharge rate at the output of the auditory filter. When a tone is presented together with 

the noise, the tone should elicit a higher discharge rate than that of noise in order for the tone to be 

detected in the presence of a background noise. If the tone level is much lower than the noise level, 

the excitation produced by the tone is negligible, and is swamped by the excitation produced by the 

masker (Moore, 2012).  

 Suppressive masking occurs when the masker supresses the activity of the tone when 

presented together. This pattern of masking occurs when masker frequency is well below or above 

that of signal such as in the case of two tone suppression (Moore, 2012) or in off-frequency masking. 

The suppression of a tone by the masker that differs in frequency might lower the firing rate of the 

nerve fibre that is responding to the tone to its spontaneous rate. When this happens, the tone cannot 

be heard in the presence of the masker.  

1.14.2 The critical band concept and the power spectrum model in masking 

 Previously we have discussed about the nature and characteristics of the auditory filter. 

Fletcher (1940) used the concept of the auditory filter to explain masking phenomena. Different 

locations on the basilar membrane correspond to a limited range of frequencies and also to a specific 

band-pass auditory filter with specified centre frequency. This filter is particularly important in signal 

detection in the presence of background noise. When a signal is presented together with noise, the 

filter that is close to the centre frequency of the signal allows the signal to pass and removes part of 

the noise. Only the components of noise that pass the filter will have an effect on the masking of the 

signal.  

 Patterson and Moore (1986) proposed the power spectrum model of masking. This model 

suggests that the threshold of the signal in the presence of noise is determined by the amount of noise 

passing through auditory filter, which gives certain signal to noise ratio at the output of the filter. 

Increasing of noise bandwidth will result in more noise passing through the auditory filter. But this can 

only occur if the noise bandwidth is less than the auditory filter bandwidth. Once the noise bandwidth 

exceeds the auditory filter bandwidth, further increases in noise bandwidth will not cause any increase 

in noise passing through the auditory filter. At this point, the energy produced by the noise will remain 

constant and the threshold of the signal can increase no more –  the bandwidth of the noise at this 

point is known as critical bandwidth (Fletcher, 1940). Thus, for effective masking to occur, a certain 

frequency range or bandwidth of the masker is needed to mask the tone; enough to fall within the 

critical band. This becomes the basis of using narrow band noise in many masking experiments as well 

as in daily clinical routines such as in pure tone audiometry (PTA). 

 Among the measures used to estimate the size of critical bands is the calculation of ERBs (as 

discussed above). The critical band corresponds to a certain distance along the basilar membrane, 
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which is about 0.9 mm regardless of the centre frequency (Moore, 2012). The conventional power 

spectrum model in masking proposed that phase of the masker has no effect in the amount of masking 

provided. But later work by Kohlrausch and Sander (1995) showed that when a harmonic complex was 

used as a masker (Schroeder harmonic complexes in particular), changing the phase of masker 

components resulted in different amounts of masking. Detailed discussion will follow.  

1.14.3 Type of masking  

 There are typically 3 types of masking in reference to the presentation of the probe relative to 

the masker; simultaneous masking, forward masking, and backward masking. Simultaneous masking 

involves simultaneous presentation of the probe and the masker throughout the testing. Backward 

masking occurs when probe is presented before the masker. The mechanism of backward masking is 

poorly defined, but it has been related to the amount of practice received by the listener (Miyazaki & 

Sasaki, 1984). Listeners who were well practiced showed little or no backward masking. Forward 

masking involves the probe being presented following the presentation of the masker. Several theories 

have been put forward to explain the mechanism of forward masking, including the involvement of 

‘ringing’ phenomena at the level of the basilar membrane  (Plack & Moore, 1990), short term 

adaptation by the auditory nerve (Meddis & O'Mard, 2005), persistence of neural activity at the level 

higher than auditory nerve (Oxenham, 2001), persistent inhibition in the central of auditory system 

(Brosch & Schreiner, 1997), and activation of the efferent system (Backus, 2006); all of which may 

contribute to the masking of signals that are presented after the masker presentation has ended. The 

ringing phenomenon at the level of basilar membrane is more prominent at low frequencies than high 

frequencies (Plack & Moore, 1990). It has been observed that the amount of masking increases with 

decreasing delay between offset of the masker and onset of the signal, and with increasing masker 

duration up to 50 to 200 ms (review in Moore, 2012). The amount of masker level needed to mask the 

probe in forward masking depends on 2 factors: the recovery process and the strength of compression 

at CF (Jesteadt, Bacon, & Lehman, 1982; Oxenham & Plack, 1997).  

1.15 Use of masking in assessing cochlear nonlinearity function 

 In attempt to assess cochlear nonlinearity, several masking procedures have been applied in 

previous studies. We will mainly discuss three procedures that have been widely documented: the 

growth of forward masking, temporal masking curves, and Schroeder-phase masking.  

1.15.1 Growth of forward masking  

 One of the masking techniques used to quantify the degree of compression is by measuring 

loudness growth using on- and off-frequency forward masking (Oxenham & Plack, 1997). This 

technique was based on the notion that the non-linearity is frequency specific, and that the cochlea 
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behaves nonlinearly at CF but not at frequencies well below CF. Thus on-frequency masking was used 

in their experiment to reflect the nonlinearity of cochlea while the use of off-frequency masking 

reflects the linear cochlea and served as reference. The signal level was held constant and the masker 

level was varied according to patient’s response. Masked threshold at different signal levels was 

plotted for both on- and off-frequency masking and the growth of masking as the signal level increased 

was measured and compared between on-frequency and off-frequency masking (Oxenham & Plack, 

1997). The growth of masking for on-frequency masking was observed to be linear with a 10 dB 

increase in signal level resulting in an increase of 10 dB of masker level at threshold. In contrast, the 

growth of masking for off-frequency masking was observed to be nonlinear and shallower, with 

increases in signal level by 10 dB only resulting in around a 2 dB increase of masker level at threshold 

(refer to Figure 1.20). However, this phenomenon was only observed in healthy cochleae, and not in 

impaired cochleae. For on-frequency masking, both the signal and masker excite the same place along 

the basilar membrane which corresponds to the characteristic frequency – the region at which the 

cochlea behaves nonlinearly. Thus, the amount of compression that was applied to tone would also be 

applied to the masker, resulting in a linear growth of masking. 

 On the other hand, for off-frequency masking, the tone stimulates its characteristic place along 

the basilar membrane, which has nonlinear properties. But, as the masker was presented at a 

frequency well below the probe frequency, it behaves linearly. Therefore, while compression was 

applied to the tone, the masker on the other hand was not compressed, and so increasing the tone 

level did not result in proportional increase of masker level. The growth of masking function was 

plotted as the slope of the increment of masker level as a function of stimulus level. For stimulus 

intensities below 50 dB SPL, the slope of growth of masking function was almost linear, approaching 

1.0 dB/dB. Nonlinear growth of masking was observed when the signal level was between 50 dB and 

80 dB, with an average slope of 0.16 dB/dB being measured. This slope of growth of masking plot was 

consistent with input/output function derived from animal studies (approximately 0.20 dB/dB for mid-

level intensities at CF, and becoming more linear at a very low and high intensities). In contrast, results 

from hearing impaired listeners showed linear growth of masking for both on- and off-frequency 

masking, showing reduced cochlear nonlinearity in hearing impaired listeners. This finding supports 

the use of this method in estimating the magnitude of compression. The forward masking was not 

particularly used in this study. However in some chapter (e.g. in Chapter 4), the findings from previous 

study on forward masking was discussed to explain our findings. 
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1.15.2 Schroder phase masking 

 In addition to the methods described above, Schroeder-phase masking has been implemented 

in assessment of cochlear nonlinearity. Instead of using a common narrowband or broadband masker, 

a Schroeder harmonic complex is used as the masker, and a pure tone is used as the probe signal. 

Schroeder harmonic complexes consist of a series of sinusoids whose frequency is a multiple integer 

of fundamental frequency (f0), and whose construction is based on the following formula: 

 

 

Where the envelope of the complexes (m) is always uniform regardless of the fundamental 

frequency. Phase Ѳn was determined using the formula proposed by Schroeder (1970): 

 

The instantaneous frequency of the m (t) is determined by the starting phase of the complexes. The 

starting phase of the complex in Equation 1.1 can be altered by altering the – and + sign of Equation 

1.2. That is, a negative starting phase (Ѳn =-πn (n+1) /N) will form negative Schroeder complexes (-

SCHR) and a positive starting phase (Ѳn =+ πn (n+1) /N) will form positive Schroeder harmonic 

complexes (+SCHR).  The alteration of starting phase gives opposite frequency glides for –SCHR and + 

SCHR (refer Figure 1.21), with +SCHR decreasing in instantaneous frequency with time and –SCHR 

increasing over time (Kohlrausch & Sander, 1995).   

m (t)=∑ A0 sin (2 nf0t+ Ѳn) 
n=n1 

n2 

(Equation 1.1) 

Ѳn= ±πn (n+1) /N                                   (Equation 1.2) 

 

 

Figure 1.20: Plot of level of masker needed to mask 6 KHZ probe tone as function of signal level. Two 
masker with different centre frequencies was used; 3 KHz (for off frequency masking) and 6 kHz (for 
on-frequency masking). Data from the three normally hearing listeners are shown in the left-hand 
panel and data from the three hearing-impaired listeners are shown in the right-hand panel. Figure 
was taken from Figure 2 in Oxenham and Plack (1997). 
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 Due to the different frequency glides produced by +SCHR and –SCHR, these 2 complexes give 

different patterns of basilar membrane excitation and different masking abilities when used as masker 

(Carlyon & Datta, 1997; Gifford et al., 2008; Kohlrausch & Sander, 1995; Oxenham & Dau, 2004; Recio 

& Rhode, 2000; Summers, 2000; Summers, Boer, & Nuttall, 2003; Summers & Leek, 1998). 

Physiological studies by Recio & Rhode (2000) showed different basilar membrane response towards 

+SCHR and -SCHR. Recordings were conducted at the basal turn of the chinchilla cochlea using a 

displacement –sensitive heterodyne laser interferometer. In the normal nonlinear basilar membrane, 

the envelope response towards +SCHR was observed to be peakier, having wider valleys, and being 

briefer as compared to –SCHR (refer Figure 1.22). The response from –SCHR on the other hand contains 

a larger amount of spectral energy which is more evenly distributed across the time as compared to 

+SCHR. Due to the different frequency glides produced by +SCHR and –SCHR, these 2 complexes give 

different patterns of basilar membrane excitation and different masking abilities when used as masker 

(Carlyon & Datta, 1997; Gifford et al., 2008; Kohlrausch & Sander, 1995;  Oxenham & Dau, 2004; Recio 

& Rhode, 2000; Summers, 2000; Summers, Boer, & Nuttall, 2003; Summers & Leek, 1998). 

Physiological studies by Recio & Rhode (2000) showed different basilar membrane response towards 

+SCHR and -SCHR. Recordings were conducted at the basal turn of the chinchilla cochlea using a 

displacement –sensitive heterodyne laser interferometer. In the normal nonlinear basilar membrane, 

the envelope response towards +SCHR was observed to be peakier, having wider valleys, and being 

briefer as compared to –SCHR (refer Figure 1.22). The response from –SCHR on the other hand contains 

a larger amount of spectral energy which is more evenly distributed across the time as compared to 

+SCHR.  

 The different patterns of basilar membrane response upon stimulation by different phases of 

Schroeder-phase harmonic complexes are due to the interaction between the phase response of 

basilar membrane and the phase curvature of Schroeder harmonic complexes (Kohlrausch & Sander, 

1995). As discussed in Section 1.9, the phase response of basilar membrane is always phase lagging 

and the phase lagging increases with frequency, indicating filter delay.  The phase curvature of +SCHR 

on the other hand is phase leading (i.e. high frequencies are presented in advance of low frequencies). 

Thus the advance high frequency presentation compensates for the delay in the basilar membrane 

response. This makes all of the frequency components align at the same time at the output of auditory 

filter with roughly at the same phase, resulting in summation of all the instantaneous frequency 

components and producing a peaky output. In contrast –SCHR is phase lagging with the high frequency 

components presented slightly later than the low frequency components. This adds to the delay of the 

basilar membrane phase response, so that when it is summed it produces output at the auditory filter 

that has low peak amplitude. Thus the different internal representations between +SCHR and –SCHR 
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are due to different modulation patterns at the output of the auditory filter (Kohlrausch & Sander, 

1995; Lentz & Leek, 2001). 

 

 

 Recio & Rhode (2000) in their experiment calculated the amount of suppression by measuring 

the amplitude change of basilar membrane displacement when a tone was presented alone and when 

the tone was presented together with Schroeder harmonic complexes (Figure 1.23 c). Note the larger 

reduction of basilar membrane displacement observed in –SCHR compared to + SCHR and that the 

amplitude change increased with increasing intensity. The difference in this amplitude change 

between –SCHR and + SCHR reflects different masking ability, with –SCHR giving higher suppression 

and acting as a better masker compared to + SCHR. These findings were consistent with the result from 

 
Figure 1.22: Different patterns of basilar membrane displacement 
produced by +SCHR (top panel) and –SCHR (bottom panel), at two 
intensities (38 dB SPL and 88 dB SPL). Basilar membrane response to 
+SCHR contains a peaky region followed by a long valley, while the 
response towards –SCHR was more uniform with shorter valley. Graph 
was taken from Fig. 11 of Recio and Rhode (2000). 
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psychoacoustic experiments in humans, involving the detection of a tone in the presence of +SCHR and 

–SCHR. Lower masked thresholds were obtained when +SCHR was used as masker compared to–SCHR 

(Carlyon & Datta, 1997; Kohlrausch & Sander, 1995; Summers & Leek, 1998). This different masking 

ability can be explained by different modulation patterns of the basilar membrane towards different 

phases of Schroeder harmonic complexes. As discussed earlier, the peaky output containing a wider 

valley can be stimulated by +SCHR at the output of auditory filter. Thus when tone is presented 

together with +SCHR, the subject was able to detect the presence of tone during the low-amplitude 

period of the masker. Thus the tone can be heard at lower level in the presence of the masker, resulting 

in a lower masked threshold for +SCHR as compared to the –SCHR (Summers & Leek, 1998). 

 

 

 In addition to this “listening in the gap” phenomenon, cochlear non-linearity or active gain has 

also been proposed to contribute to different masking effectiveness at different phases of Schroeder 

harmonic complexes. As discussed above, the cochlear amplifier is known to be active at low stimulus 

intensity levels (Summers & Leek, 1998). Thus, when pure tones are introduced alongside a +SCHR 

complex, greater gain is given to the tone during the low amplitude period of the +SCHR (the quiet 

region). This improves the signal to noise ratio, and makes the tone more audible when presented 

together with +SCHR as compared to –SCHR. As the basilar membrane displacement towards -SCHR is 

more constant, with no obvious peak and valley regions, the active gain applied is more constant across 

time. This makes the probe tone less detectable when presented together with –SCHR, making –SCHR 

a more effective masker than +SCHR. There are other theories on how this different masking 

 

Figure 1.23: Solid line with dotted symbol represents BM displacement to an 8.1 kHz tone. A) and B) solid line 
with no symbol and dashed line shows basilar membrane displacement when the tone was presented together 
with different intensities (ranging from 47 and 92 in 10 dB steps except for the last step between 87-92) of –
SCHR and +SCHR respectively. The thickness of the line is proportional to the intensity of the masker.  C) Change 
of amplitude of basilar membrane when 36 dB SPL 8.1 kHz tone presented alone and when presented with 
together with different masker intensity. Figure was adapted from Fig. 20 of Recio and Rhode (2000).  
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effectiveness arises, but the listening in the gap and compression theories are the most commonly 

discussed. Details about the mechanism will be discussed further in Chapter 3. 

 In 2001, the Schroeder-phase formula was modified by Lentz and Leek as the following: 
 

Ѳn= Cπn (n+1) /N, -1≤C≤ 1                           (Equation 1.3) 
 
Using this formula, the changing of the phase was not quantised to just a positive or negative phase as 

in +SCHR and -SCHR, but different starting phases of the harmonic complexes could be created by 

changing the scalar factor (c) value. Changing the c value into -1 would give –SCHR and C value of + 1 

gives +SCHR. Other C values in between -1 or + 1 have been used (e.g. -0.75, -0.5, -0.25, 0, +0.25, +0.5, 

+ 0.75) to create Schroeder harmonic complexes of different starting phase. Different C values were 

found to have different masking abilities and plots of masked threshold as a function of scalar factor 

(c) gave Schroeder-phase masking functions similar to that shown in Figure 1.24. 

 The difference between the maximum and minimum masked thresholds across the different 

scalar factors is known as the “phase effect”. This reflects the difference in masked ability for different 

phases of masker, and the magnitude of this effect been attributed to the status of cochlear 

nonlinearity. The phase effect has also been observed to be level dependent, being reduced at a very 

high and low presentation levels (Summers et al., 2003; Summers & Leek, 1998), and in the presence 

of cochlear damage (Gifford et al., 2008;  Oxenham & Dau, 2004); both conditions at which nonlinear 

active gain is reduced. This finding supports the use of Schroeder-phase masking in assessing the 

nonlinearity of cochlear function. The use of Schroeder-phase masking has been extended to the 

assessment of hearing preservation following cochlear implant surgery (Gifford et al., 2008). It has 

been proven to be more sensitive than pure-tone audiometry in detecting cochlear damage following 

cochlear implant surgery. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure1.24: Schroeder-phase masking function taken from a normal hearing subject. 
The phase effect was calculated as difference between the maximum and minimum 
level s of the probe that could be detected when presented together with 75 dB A 
masker at different scalar factors (c).  
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1.16 Limitations of the commonly-used method of Schroeder-phase masking and a 

possible solution 

 Despite the valuable information it may give, traditional testing of Schroeder-phase masking 

is very lengthy. Conventional Schroeder-phase masking uses a three alternative forced choice (3 AFC) 

technique, which is very time consuming and may limit the clinical usefulness of Schroeder-phase 

masking. Our aim was to develop a fast method of conducting Schroeder-phase masking, evaluating 

and selecting the optimal parameters to be used, and to use this new method to study cochlear 

function before translating its use into clinical practice. The studies conducted towards achieving this 

goal will be extensively discussed in the following chapters:  

 

Chapter 2 

Chapter 2 will explain about the development of the fast method. This includes the description of 

important parameters used in constructing the method as well as the software that is used for the 

newly developed fast method. Two important aspects in evaluating a newly developed method include 

its reliability and validity. The reliability of fast method is discussed in this chapter. The deliberation 

about the shortest testing time used for the fast method without compromising its reliability will also 

be included. Meanwhile, the validity of fast method will be discussed in Chapter 3. 

 

Chapter 3 

Chapter 3 will describe the use of the fast method in measuring cochlear nonlinearity function. This 

includes testing at different intensity and testing among sensorineural hearing loss participant. The 

validity of the fast method was tested by observing if the result came into agreement with cochlear 

non linearity properties, as well as with findings from previous study. Also, this chapter will be 

discussing the theories on the mechanism involved at the level of peripheral auditory system.   

 

Chapter 4  

In chapter 3 we have established that phase effect reflects cochlear non-linearity function/ active 

processing of the cochlea. This cochlear-nonlinearity function was known to diminish in off frequency 

listening. To confirm if phase effect really reflects the cochlear non-linearity function, the effect of off-

frequency listening in Schroeder-phase masking was observed. In contrary to readily known theory, 

phase effect was still observed in off- frequency listening. The mechanism underlying the phase effect 

in off-frequency listening was discussed in this chapter.  
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Chapter 5  

In constructing Schroeder-phase harmonic complexes; there are several parameters that can be varied, 

including fundamental frequency, number of frequency component and bandwidth of the masker. 

Previously, there were no standardized parameters in conducting Schroeder-phase masking. Different 

studies have been using different parameters; some fixed the frequency components, other fixed the 

fundamental frequency; all of which produced different results. This study will be discussing on the 

effect of using different fundamental frequency and masker component. Such knowledge will be 

important in understanding phase curvature of cochlea and may be helpful in determining the best 

parameters to be used in testing. The estimation of phase curvature of the cochlea has been done in 

this chapter using alteration of the technique applied in previous study. 

 

Chapter 6  

Summary of study from every chapters will be listed here. This chapter will also emphasize on the 

significance contribution of the overall thesis, limitation of the study and recommendation for future 

research. 
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Chapter 2 - The development of a fast method for recording Schroeder-phase masking 

functions 

2.1 Introduction 

 The classical model of masking known as the power spectrum model suggested that the 

amount of masking is determined by the amount of noise passing through the auditory filter that is 

centered close to the frequency of the signal (Patterson and Moore, 1986). Increasing noise bandwidth 

will increase the amount of noise passing through the auditory filter as long as the noise bandwidth 

does not exceed the critical bandwidth. According to the power spectrum model, the amount of 

masking is determined by the frequency and intensity of the masker, and phase of the input stimulus 

has been considered to be of little perceptual significance. This however contradicts findings in 

masking experiments using Schroeder harmonic complexes as the masker.  Previous studies showed 

that the amount of masking was significantly dependent on the phases of Schroeder harmonic 

complexes used (Kohlrausch & Sander, 1995; Lentz & Leek, 2001; Oxenham & Dau, 2004; Recio & 

Rhode, 2000; Summers, 2000).  

 Schroeder-phase harmonic complexes (Schroeder, 1970) have been used in many 

psychophysical experiments to examine the phase curvature of cochlear filtering at characteristic 

frequencies, as well as other aspects of cochlear nonlinearity (Gifford et al., 2008; Kohlrausch & Sander, 

1995; Lentz & Leek, 2001; Recio & Rhode, 2000; Summers & Leek, 1998). These complexes, which have 

similar amplitude but differ in phase spectrum, have been observed to stimulate different patterns of 

basilar membrane excitation (Recio & Rhode, 2000), and have different masking abilities when 

presented together with tones in normal healthy cochleae, thus producing different masked 

thresholds (Gifford et al., 2008; Kohlrausch & Sander, 1995; Lentz & Leek, 2001; Summers & Leek, 

1998).  Different phases of Schroeder harmonic complexes can be created by altering the ‘scalar factor’ 

of the masker (the scaled modification of the original Schroeder-phase algorithm to produce gaps in 

the temporal structure of waveforms)(Lentz & Leek, 2001).  

 Positive Schroeder is the Schroeder harmonic complex with a positive scalar factor, and 

‘+SCHR’ has been widely used previously to indicate Schroeder-phase harmonic complexes with scalar 

factor +1. On the other hand, negative Schroeder is the Schroeder harmonic complex with a negative 

scalar factor, and the use of ‘–SCHR’ indicates Schroeder harmonic complexes with scalar factor of -1. 

The difference in masking effectiveness at different scalar factors or phases of Schroeder harmonic 

complexes is known as the ‘phase effect’. The phase effect is quantified by the difference between 

maximum and minimum masked thresholds across different scalar factors and will be used as one of 

the important measures of Schroeder-phase masking in this study. The phase effect has been observed 
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to decrease in participants with sensorineural hearing loss and at very low and high intensity sound 

levels (Gifford et al., 2008; Recio & Rhode, 2000; Summers & Leek, 1998). 

 There are several theories that may explain the underlying mechanisms of phase effect. It is 

believed that phase effect is due to different modulation patterns produced at the output of the basilar 

membrane filter, due to interaction between the different phase curvature of Schroeder harmonic 

complexes and negative phase curvature of the basilar membrane (Kohlrausch & Sander, 1995). That 

is, when Schroeder-phase complexes have the same magnitude but with an opposite phase from that 

of the basilar membrane, phase differences between the adjacent components will be flattened out 

by the auditory filter to produce a peaky output in the time domain (Kohlrausch & Sander, 1995; Lentz 

& Leek, 2001). This peaky output of internal waveforms contains a region of low amplitude enabling 

the signal when presented together with the masker to become audible during this period of low 

amplitude; refer to figure 1 in Summer & Leek (1998). This phenomenon is known as ‘listening in the 

gap’, which is more pronounced when positive Schroeder complexes are used as the masker, resulting 

in less effective masking, and producing a low masked threshold (Kohlrausch & Sander, 1995; Lentz & 

Leek, 2001; Oxenham & Dau, 2004) Unlike positive Schroeder complexes, negative Schroeder 

complexes produce a more uniform output over time which makes this a more effective masker and 

produces a higher masked threshold. This different pattern of interaction between the basilar 

membrane and the different phase of Schroeder masker is believed to contribute to the phase effect 

mechanism.  

 In addition, involvement of cochlear nonlinearity or active gain is also believed to contribute 

to the different masking effectiveness by different phases of Schroeder masking complexes. When a 

tone is added, the greatest changes (increasing displacement) of BM motion occur at the quiet region 

of +SCHR, and less magnitude of BM displacement changes occur with –SCHR (Recio & Rhode, 2000; 

Summers & Leek, 1998). This might be explained by the nonlinear active gain, which is level-

dependent, with lower levels giving greater gain than higher levels (Summers & Leek, 1998). Thus, 

when tone is introduced to the +SCHR complex, greater gain is given to the tone at the low amplitude 

region during internal excitation. This then improves the signal to noise ratio, and makes the tone more 

audible when presented together with +SCHR as compared to with –SCHR. When presented with –

SCHR, basilar membrane displacement was more stable over time (Recio & Rhode, 2000; Summers & 

Leek, 1998), with reduced gain given to the tone. This then makes the tone less detectable when 

presented together with –SCHR, making –SCHR a more effective masker than +SCHR.  The involvement 

of active mechanisms in explaining phase effect was supported by findings from several studies. It has 

been observed that phase effect was level dependent; reduced at both low and very high presentation 

levels (Summers, Boer, & Nutall, 2003; Summers & Leek, 1998), as well as in the presence of cochlear 
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damage levels (Gifford et al., 2008; Recio & Rhode, 2000; Summers & Leek, 1998). These are the 

conditions at which nonlinear active gain is reduced.   

 Due to its ability to measure an aspect of cochlear nonlinearity, Schroeder-phase masking has 

been used in many experiments and clinical applications. Moreover, Schroeder-phase masking has 

been proven to be more sensitive than conventional pure-tone audiometry in evaluating changes in 

nonlinear cochlear function, resulting from damage during cochlear implant surgery (Gifford et al., 

2008). Previous psychophysical experiments involving Schroeder masking used a three alternative 

forced choice (3AFC) method (Gifford et al., 2008; Kohrausch & Sander, 1995; Lentz & Leek, 2001; 

Oxenham & Dau, 2004; Summers & Leek, 1998). 3AFC involves a trial that contains a random ordering 

of three sets of stimuli, with two containing only Schroeder maskers and one containing the masker 

together with tone, which the participants were required to choose.  This procedure uses a 3-down 1-

up stepping rule to track a 79.4% correct level as described in Levitt (Levitt, 1970). One disadvantage 

of the 3AFC method is its long testing duration. As reported, one participant required nearly 2 hours 

to be completely familiar with the task (Glifford et al., 2008; Oxenham & Dau, 2004). Our data indicated 

that an average of 45 minutes was needed for one participant to complete the masking procedure for 

one frequency and intensity combination. The long testing duration may become intolerable to 

patients (especially the elderly) and make it unsuitable for clinical practice.  

 After examining this issue, we have developed a faster method of recording these masking 

functions which might enable the translation of their use from the lab into the clinical setting. Our 

version of the Schroeder masking tracking procedure was inspired by the use of the Békésy tracking 

technique in recording Psychophysical Tuning Curves (PTCs) (Zwicker, 1974). In recording PTCs using 

this technique, the frequency of the masker is constantly swept and a repetitive probe of fixed 

frequency is presented at the same time. While the probe level was held constant, the masker level on 

the other hand was increased and decreased according to the participant response. The participants 

respond as long as they can hear the probe in the presence of the masker and stop responding as soon 

as they can no longer hear the probe. As the participant responds, the level of the masker is 

continuously increased, and when the participant stops responding the masker level will then decrease 

gradually. Thus by adapting this technique into Schroeder-phase masking, the Schroeder-phase 

harmonic complex was used as the masker. The scalar factor of the Schroeder harmonic complex was 

consistently swept from -1 through 0 to +1, while a pulsatile probe was simultaneously presented. The 

level of the probe was adjusted according to the participants’ response (a more detailed description 

of this procedure will be discussed in the following section). The software for conducting this new 

method of Schroeder-phase masking was developed by Associate Professor Greg O’Beirne.  Using this 

new fast sweep method, the same masking function as that derived from the 3AFC method was 
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recorded in a much shorter time. However, before we could be sure that our new method could 

replace the 3AFC method, its reliability needed to be verified.  

 Reliability is a measure of true scores and includes examination of stability and equivalence 

(DeVon et al., 2007). The reliability and agreement of the Békésy technique in determining pure tone 

thresholds as compared to conventional audiometry has been tested previously, both in normal 

hearing and hearing impaired participants (Erlandsson, Håkanson, Ivarsson & Nilsson, 1979). A meta-

analysis conducted for 29 studies investigating the validity of Békésy audiometry as compared to 

conventional pure tone audiometry showed that both the results and the test-retest reliability for the 

two techniques were similar (Mahomed, Eikelboom & Soer, 2013). Although the validity of the Békésy 

technique in pure tone threshold determination has been established previously, the reliability of its 

implementation in the fast method of Schroder phase masking has yet to be determined.   

 This section will focus on the reliability of the fast method by discussing two important 

properties of measuring reliability, which are: the agreement of the new method as compared to the 

commonly-used method, and the repeatability of the new  method (Chinn, 1990).  Using the Békésy 

tracking procedure, various testing times could be predetermined. But the question of how much 

faster the test could be without compromising the reliability of the fast method remained. Three main 

aims of this chapter are i) to describe the development of the fast method Schroeder-phase masking 

test; ii) to study the reliability of the fast method by measuring both agreement and disagreement 

levels between the conventional and fast methods and the fast method’s test retest reliability; iii) to 

establish the shortest testing time for the fast method without compromising its reliability. 

2.2   The Development of a Fast Method of Schroeder-phase Masking 

 The essential parameters for developing the fast method will be described here. The important 

guidelines used for the commonly-used method (3AFC) will also be described here to give an overview 

for methods comparison. The parameters used for generating stimuli in both conventional and fast 

methods are generally the same except for a few details which will be highlighted later. The main 

difference applied in both methods is the threshold tracking procedure which greatly contributes to 

the shorter testing time of the fast method, relative to the commonly-used method.  
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2.2.1 Stimuli 

 The Schroeder harmonic complex was used as the masker and a pure tone was used as the 

probe. The Schroeder harmonic complex was constructed from this formula (Carlyon & Datta, 1997; 

Kohlrausch& Sander, 1995; Recio & Rhode, 2000, Summers & Leek, 1998):  

 

 

 

 

Different phases Ѳn were selected by changing the scalar factor (c) of the masker according to the 

alteration of Schroeder’s (1970) original formula by Lentz and Leek (2001): 

 

 

For the 3AFC technique, the masker was set at C: -1, -0.75, -0.5, -0.25, 0, 0.25, 0.5. 0.75 and 1. For the 

Békésy technique, the masker was swept from C=-1.1 to C=1.1. The masker contained 25 frequency 

components with a fundamental frequency of 25 Hz within the range of 200 Hz – 800 Hz centrally 

arranged around 500 Hz centre frequency (CF). This masker bandwidth was chosen on the basis that 

masker components ranging from 0.4CF- 1.6 CF were proven to effectively contribute to the masked 

threshold in Schroeder-phase masking (Oxenham & Dau, 2001a). Masker duration was set to be 480 

ms with a 15 ms rise-fall time. The overall level of the masker was fixed at 75 dB A. The probe was a 

500 Hz pure tone presented simultaneously with the masker. The total duration of the probe was 240 

ms with 15 ms of rise and fall time.  

2.2.2   Threshold tracking method 

Two threshold tracking methods are described below; the 3AFC technique (commonly-used 

method) and the Békésy technique (fast method). 

2.2.2.1  Three alternative forced choice method (3AFC 

The masker level was set constant at 75 dB A across the entire test. Initially, the probe level 

was set to be 10 dB higher than the masker level and the level was altered automatically by the 

software according to the participants’ response. 3 masker intervals were presented in one 

presentation with a gap of 400 ms in between intervals. The gap duration in between presentations 

was set to be 750 ms. Masker duration was set for 480 ms, which is centrally located within the masker 

duration, and the probe duration was for 240 ms. Of all three masker intervals, only one interval 

contained both probe and masker, whereas the other two intervals consisted of only the masker. The 

participant was asked to respond to the interval consisting of both masker and probe. A visual 

Ѳn= Cπn (n+1) /N, -1≤C≤ 1                                   (Equation 1.3) 

 

 

m (t)=∑  A0 sin (2 nf0t+ Ѳn)                                  (Equation 1.1) 

n2 

n=n1 
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presentation of the stimulus production by the 3AFC technique was given in terms of highlighting in 

blue the box containing the interval simultaneously with the sound that was presented (refer Figure 

2.1), and the participant responded by choosing one of the three boxes displayed on the screen, which 

then turned green.  

 

 

 

 

 

 

 

 

 

 

 

 

 As shown in Figure 2.2, the probe level was initially automatically decreased by 5 dB with every 

correct response until the participant responded incorrectly. At this point, the probe level was 

increased by 5 dB until the participant started to respond correctly again. The decrement process, 

where the probe level started to decrease due to incorrect response until the point where the 

participant started to respond incorrectly, was counted as one reversal. Then the process where the 

probe started to increase due to incorrect response - until the participant responded correctly - was 

counted as the second reversal. After the second reversal, the probe level was decreased by 1 dB for 

every correct response and increased by 2 dB for every incorrect response. A total of 8 reversals are 

needed to complete a run in which the first two reversals were discarded and response level of the 

remaining 6 reversal points was averaged and taken as the threshold of the run. An average of at least 

2 runs was needed to obtain the threshold at each of the scalar factors. If the difference of threshold 

between two runs was more than 3 dB, an additional run was required and the threshold was then 

taken from the average of 2 runs with the closest threshold. All of the above steps were repeated for 

all 9 scalar factors to yield a complete Schroeder masking function per frequency/intensity 

combination (see Figure 2.2 for overview of the threshold tracking procedure for 3AFC). This process 

took about 45 minutes. Participants were given a short training prior to the actual testing.  

 

Figure 2.1: Illustration of graphical user interface for the 3AFC method. Tone was presented in one of three masker 
intervals. The blue rectangle (left hand side) indicates which interval is currently being played. The interval selected 
by the listener turns green (right hand side) when the relevant button pressed. 
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Figure 2.2. An illustration of the threshold tracking procedure used in the 3AFC method. a) The 
participant chooses which of the three masker intervals contained the probe tone. b) An adaptive 
algorithm alters the probe level. Around 25 presentations is required to obtain threshold for 1 run 
at each scalar factor. c)  The final threshold is the average of two runs. Total testing time to record 
the curve is around 45 minutes.  

 

 

 

a) 

b) 

c) 
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2.2.2.2  Békésy technique 

For the Békésy technique, the masker was presented at a constant level and the probe was 

presented simultaneously, with the level being varied according to the participant’s response. Initially, 

the probe level was presented 10 dB higher than the masker level, and participants were asked to 

respond by pressing the space bar key on the key board as long as they could hear the probe, and 

release the space bar key as soon as they could not hear the probe. Visual feedback regarding the 

participants’ responses were given whenever they were holding down the response button (see Figure 

2.3). 

The probe level was consistently decreased at a rate of 2 dB/S when the participant responded 

and consistently increased at this same rate when the participant did not respond. The transition from 

‘response’ to ‘non-response’ was known as a ‘reversal’ and the transition from ‘non-response’ to 

‘response’ was taken as another reversal.  To ensure that the masking threshold at the start of the 

sweep range was correct, the scalar factor of the masker did not commence changing until 2 reversals 

had been obtained at the starting scalar factor.  The sweep rate can be calculated as: 

 

 Sweep rate: total scalar factor range/time taken to complete one sweep           (Equation 2.1) 

 

The value of scalar factor to be tested can actually be set at any range but, for our studies, the scalar 

factor was swept only from the point of -1.1 to + 1.1, which makes the total scalar factor range to be 

2.2. For a given range, different testing times give different sweep rates, with 5 minutes (300 sec) of 

testing time giving a sweep rate of 0.0073 c/ sec (2.2 c/ 300 sec), 4 minutes giving 0.00917 c/sec (2.2 

c/ 240 sec), 3 minutes giving 0.0122 c/sec (2.2 c/ 180 sec), and so on. Two sweep directions were 

applied: forward sweep (sweep started with C:-1.1 and ended with C: +1.1) and backward sweep 

(sweep started with C: +1.1 and ended with C: -1.1). The total testing time is the total time taken to 

complete both forward and backward sweeps, and is predetermined by the experimenter. The study 

looking at establishing the best testing time will be discussed in section 2.5. 

Figure 2.4 (b) shows the example of the threshold tracking step for the fast method of 

Schroeder-phase masking. The change of state from ‘response’ to ‘non-response’ causes the decrease 

and increase of probe level throughout the entire sweep of scalar factors, which then create ‘zig zag’ 

traces as in Figure 2.4 (b).  Table 2.1 shows part of the raw data which was used to plot the trace of 

threshold tracking steps as in Figure 2.4 (b). The point of c: -1.1 was when the participant starts 

responding at probe level of 59.44 dB A [first filled circle in Figure 2.4 (b)]. At this point, the probe level 

started to decrease at the rate of 2 dB/ sec until a point where the participant can no longer hear the 

probe and begins to stop responding [first unfilled circle in Figure 2.4 (b)]. This point occurred at c: -

1.075 with a probe level of 51.76 dB A. The points of ‘response’ (filled circle) and ‘non-response’ 
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(unfilled circle) in Figure 2.4 (b) are known as the ‘Békésy extrema’ of the masking curve.  The mid-

point between the two ‘Békésy extrema’ was taken as the threshold, i.e., the first threshold obtained 

when probe level was at 55.6 dB A, and scalar factor was at - 1.088 [first ‘+’ sign in Figure 2.4 (b)]. The 

tracking process continued to give other values and points as shown respectively in Table 1 and Figure 

2.4 (b). The threshold (‘+’) was obtained at many points in between c: -1 and c: +1.1 but we are 

particularly interested in 9 specific scalar factors which are c:-1, c: -0.75, c: -0.5, c:-0.25, c: 0, c: 0.25, c: 

0.5, c: 0.75, c: 1. These 9 scalar factors have been used in many previous studies of Schroeder-phase 

masking to investigate the many aspects of cochlear function. Thus, a better comparison with the 

previous literature could be made if we used the same ‘c’ value. Thus, to yield thresholds at those 

specific nine scalar factors1, interpolation was applied in Excel to the threshold obtained [‘+’ in Figure 

2.4(b)] for that particular sweep.  The interpolation was conducted in Excel using eq.4. Using the value 

as given in table 1, threshold at c:-1 can be obtained by interpolating the threshold between points 

before c:-1 (c: -1.008) and after c:-1 (c:-0.975) to give a masked threshold at c:-1 = 58.13. The same 

steps were applied at the other 8 scalar factors to yield a complete Schroeder-phase masking function 

for both forward and backward sweeps.  The final masked threshold is taken from the average of 

forward and backward sweeps [refer Figure 2.4 (c)].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

                                                           
1 For studies involving precise determination of the scalar factor that gives the minimum masker level (see 
Chapter 5), a finer degree of scalar factor resolution was given by interpolating at 41 points instead of 9. 

 

Figure 2.3: Illustration of graphical user interface for the fast method. Tone was presented in the presence of a 
continuously changing masker. The dull red circle changes to a bright green whenever participant responds by 
holding a key.  
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Both forward and backward sweep thresholds need to be averaged for the calculation of the 

final threshold to account for a ‘hysteresis effect’. The hysteresis effect has been documented in 

previous studies when using a sweeping masker, such as in recording the psychophysical tuning curve 

(Sek, Moore, Kluk, Wicher, 2005; Sek & Moore, 2011). This effect occurs due to the delayed response 

during the state of changing perception i.e. from audible to inaudible. For example, during the testing, 

whenever the participants hear the probe, they will press and hold the key and the level of the probe 

will decrease, and at the same time the scalar factor of the masker is continuously swept over time. 

When tones become inaudible, there might be some delay in participant response in reference to the 

on-time perception.  Hence, they just release the key after the probe becomes audible again. Due to 

the lagging, the threshold might not be recorded at the actual scalar factor, but at the one next to it. 

This makes the location of the minima in the Schroeder-phase masking curve shift upward for the 

forward sweep, and shift downward for the backward sweep. Although this effect was not consistent 

in our data, i.e some participants exhibited the effect while others did not, it is better to account for 

the ‘hysteresis effect’ while calculating the threshold. 

 

  

Table 2.1: An example of data for the derivation of a Schroeder-phase masking function 

scalar factor (c) Békésy extrema (probe level, dB A) 
Threshold – midpoint of extrema 

(probe level, dB A) 

-1.100  59.44   

 -1.088  55.6  

-1.075  51.76   

 -1.059  56.08  

-1.043  60.40   

 -1.033  57.52  

-1.022  54.64   

 -1.008  58.48  

-0.994  62.32   

 -0.975  57.04  

-0.955  51.76   

 -0.940  56.08  

-0.924  60.40   

 -0.908  56.08  

-0.892  51.76   

 -0.881  54.64  
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a) 

c) 

b) 

Figure 2.4: An illustration of threshold tracking procedure used in the fast method. a) The participant 
holds a key while they can detect the probe in the presence of slowly changing continuous masker. 
b) The probe level changes at the rate of 2 dB/s according to participant’s response. The masker 
scalar factor is slowly swept from -1 to + 1 in 4 to 5 minutes c) Final threshold is the average of 
forward and backward sweeps. Total testing time to record the curve is around 8 to 10 minutes.  
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2.2.3   Calibration  

 The custom software implemented an inverse filter process to compensate for the frequency 

response of the Sennheiser HD 280 Pro supra-aural headphones, and the InSync Buddy USB 6G sound-

card used in this study. The frequency responses of the headphone and sound-card were measured 

using a Brüel & Kjær Type 4128 Head and Torso Simulator (HATS) connected to a Brüel & Kjær 7539 

5/1-ch. Input/Output Controller Module. The inverse filter process enabled computational estimates 

of sound levels to be made for each combination of stimulus, sound-card and headphone, and ensured 

that the output level of each presentation was kept constant throughout testing. The output 

calibration was conducted in dB A, and this unit was then used consistently throughout the entire 

study.   

2.2.4 Training 

Previous studies on the reliability of the Békésy technique in pure tone audiometry reported 

that lower thresholds were obtained for second test sessions as compared to first sessions (Burns & 

Hinchcliffe, 1957; Erlandsson et al., 1979a; 1979b; Fausti et al., 1990; Fornby et al., 1996; Gosztonyi et 

al., 1971; Ho et al., 2009; Ishak et al., 2011; Luteman et al., 1989; Swanepoel et al, 2011). This implies 

that there is a learning effect in Békésy audiometry performance, and indicates the importance of 

training to improve the subject’s performance (Erlandsson et al., 1979a; 1979b; Ishak et al., 2011; 

Luteman et al., 1989, Robinson & Whittle, 1973). Taking this into account, the fast method of 

Schroeder-phase masking software incorporated training prior to the actual test. The average decision 

time (measured by the transition from ‘audible’ to ‘not audible’ and vice versa) was calculated based 

on the subject response – the shorter the average decision time for the subject to make judgement 

whether the tone was audible or not, the more stable and accurate the masking trace was likely to be. 

The software would recommend to commence testing when the average decision time reached 4 

seconds or below. However, the decision time needed to be reached before the subject can commence 

testing will depend on tester’s judgement. For the 3AFC technique, practice was given by giving a 

demonstration of the three masker intervals with and without tone. Figure 2.5 shows the illustration 

of the graphical user interface for the practice mode of the fast method a) and the 3AFC method b). 

2.2.5  Important measures obtained from Schroeder-phase masking test 

 The resulting plot of masked threshold at different scalar factors is known as a Schroeder-

phase masking function. Figure 2.6 shows an example of the Schroeder-phase masking function 

obtained at 75 dB A masker level and 500 Hz of probe centre frequency using the fast method. Three 

important measures that can be obtained from the Schroeder-phase masking function are the masked 

threshold, the phase effect, and the location of the minima of Schroeder-phase masking function. 

Masked threshold is the minimum probe level required by the participant to detect the probe in the 
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presence of a constant masker (e.g. 75 dB A). The configuration of the Schroeder masking function 

gives a general idea of the overall status of cochlear nonlinearity: a concave-up curve in healthy 

cochlea, flatter in sensorineural hearing loss (Gifford et al., 2008; Kohlrausch & Sander, 1995; Lentz & 

Leek, 2001; Oxenham & Dau, 2004; Summers, 2000). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 The phase effect was calculated as the difference between the maximum and minimum 

masked thresholds in the Schroeder-phase masking function. The magnitude of phase effect is related 

to the nonlinearity of cochlear function with larger phase effects being observed in normal and healthy 

cochleae, and reduced phase effects being observed in people with sensorineural hearing loss (Gifford 

Figure 2.6. Example of a Schroeder masking function recorded at 75 dB A at 500 Hz 
probe frequency using fast method. Difference of maximum and minimum masked 
threshold was denoted as phase effect. Location of the minima is the value of scalar 
factor that produced lowest masked threshold. 

  

Figure 2.5: Illustration of graphical user interface for the practice mode of a) the fast method and b) the 
commonly used method (3 AFC).  

     

a) b) 
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et al., 2008; Kohlrausch & Sander, 1995; Lentz & Leek, 2001; Oxenham & Dau, 2004; Summers, 2000). 

Phase effect magnitude will be used as an important measure in this study.  

 Another important measure is the location of minima in the Schroeder-phase masking 

function. The locations of minima give the value of the scalar factor that produced the minimum 

masked threshold in the Schroeder-phase masking function (as shown in Figure 2.6).  Previous studies 

have used the locations of the minima in the Schroeder-phase masking function to derive an estimation 

of phase curvature of the cochlea (Oxenham & Dau, 2001b; Oxenhma & Ewert, 2005). The phase 

curvature of the cochlear filter is always negative; it is equal but opposite in phase with the Schroeder 

masker phase curvature producing minimum threshold (Oxenham & Dau, 2001b)   

 

2.3  Experiment 1: Agreement of the fast method and the commonly-used method 

 One of the components in establishing reliability is the measure of agreement. This experiment 

was conducted to measure the agreement between conventional and fast methods.   The aim was to 

observe whether the fast method produced a result that agreed with the conventional 3AFC method.  

2.3.1    Participants 

38 normal hearing participants, aged 17-48 years old participated in this study. All participants 

had normal audiometric thresholds of ≤ 20 dB HL at all octave frequencies, and had normal middle ear 

function as indicated by type A tympanometry. This study was conducted in sound treated booths at 

the University of Canterbury, New Zealand and at the International Islamic University, Malaysia. All 

participants received either a shopping or petrol voucher for $10 as the honorarium for their 

participation. 

2.3.2   Methods and materials 

Consent was obtained from participants prior to the testing. Preliminary hearing tests 

(otoscopy, tympanometry and PTA) were conducted prior to Schroeder masking tests to ensure that 

all participants had a normal middle ear function and normal hearing threshold at all frequencies. 

Participants underwent two Schroeder masking tasks using both conventional (3AFC) and fast methods 

(Békésy) within one session. Practice was given prior to the actual testing for both conventional and 

fast methods. Participants were given the freedom to pause the test whenever they felt tired and to 

resume after taking a break.  The order of the test was alternated between participants (participant 1 

started with the fast method and participant 2 started with the commonly-used method, and so on).  

All stimuli were presented monaurally through the Sennheiser 280 Pro headphone via Buddy 

USB 6G sound card that was connected to a desktop. The masker consisted of 25 frequency 

components with a fundamental frequency of 25 Hz within the range of 200 Hz – 800 Hz. The overall 
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level of the masker was fixed at 75 dB A. Total duration of the masker was 480 ms with 15 ms rise and 

fall time. The probe was a 500 Hz pure tone with continuous tone used in the conventional 3AFC 

method and pulsatile tone used in the fast method. Total duration of the probe was 240 ms with 15 

ms rise and fall time. The probe was first presented at 10 dB above the masker level, and later the level 

was varied according to participant response.  

The threshold tracking procedure for the conventional 3AFC method as described in 2.2.21 

was applied. The same threshold tracking procedure for the fast method as described in 2.2.2.2 was 

applied.  Time taken to complete either forward or backward sweep was set at 5 minutes (300 sec) 

which gave a total testing time of 10 minutes.  

2.3.4   Data analysis and results  

Figure 2.7 (a) shows the plot of the mean of Schroeder-phase masking function obtained from 

both conventional and fast methods. Note that the masked thresholds for both methods across all 

scalar factors lie close to each other. The difference of masked thresholds between the conventional 

and the fast method obtained for the same participant was calculated; and mean difference across all 

participants was plotted across all scalar factors as in Figure 2.7 (b). The mean difference was 

approximately zero dB across all scalar factors ranging from -2.2 dB (at C=-0.5) to 1.18 dB (at C=-1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The phase effect (difference of maximum and minimum masked threshold) was calculated as 

a measure to assess the agreement between the commonly-used and the fast methods. Intraclass 

correlation coefficient (Bartko, 1966) was used to analyze the agreement between the two methods, 

with a value of 1 showing perfect agreement and 0 showing no agreement. ICC was calculated using a 

two-way mixed ANOVA model via SPSS version 20, with the participant being treated as a random 

Figure 2.7. a) Plot of Schroeder-phase masking function obtained using both commonly-used method (square) and 
fast method (circle). b) Difference of masked threshold between commonly-used and fast method plotted against 
scalar factor. Error bar shows 1 s.d.   

 

b) a) 
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effect and the method treated as the fixed effect (detailed explanation in McGraw & Wong, 1996). 

Analysis gave an ICC value of 0.548 with 95 % confidence interval between 0.191 and 0.758. 

 The Information Based Measure of Disagreement (IBMD) was also calculated to measure the 

disagreement level between the two methods, where 0 shows no disagreement and 1 shows total 

disagreement (Costa-Santos, Antunes, Souto & Bernardes, 2010).  The IBMD value was calculated by 

inserting the values of phase effect for the commonly-used and the fast methods for all participants in 

an online calculator (Costa-Santos, 2012), and the result gives an IBMD value and the 95% CI of 0.16 

(0.133, 0.182) showing low disagreement between the two methods. Table 2.2 summarizes the 

agreement analysis.  

 
 

Table 2.2: Analysis of agreement between 2 methods using Intraclass Correlation Coefficient (ICC) and 
Information Based Measure of Disagreement (IBMD) 

Mean phase effect 
commonly-used method ± 

S.E 

Mean phase effect fast 
method ±  S.E 

ICC coefficient  * 
(95% CI) 

IBMD coefficient 
(95% CI) 

22.02 ± 0.54436 20.31 ± 0.46 0.548 ( 0.191 , 0.758) 0.16 (0.133 , 0.182) 

*ICC was calculated using two way mixed ANOVA model 

 

2.4    Experiment 2: Test retest variability 

2.4.1 Method 

 25 participants from experiment 1 were asked to repeat the fast method to see the consistency 

of the results between 2 trials within the same session. All the parameters were kept the same as in 

the fast method of experiment 1.  

2.4.2   Data analysis and result 

 The Schroeder-phase masking function was recorded twice for the same participant within the 

same session. Mean masked threshold for each trial was plotted across all scalar factors as in Figure 

2.8. The dotted line shows mean masked threshold for the first trial ± one standard deviation. Note 

that the mean threshold for second trial lay within ± one standard deviation showing high repeatability. 

In measuring the test retest reliability, the consistency of the phase effect measured from 2 trials of 

the fast method of Schroeder-phase masking was analyzed using a one-way random ANOVA in ICC 

analysis (see explanation in McGraw & Wong, 1996). Analysis gave the ICC value of 0.773 with 95 % 

confidence interval between 0.554 and 0.893.  Table 2.3 summarizes the repeatibility analysis. 
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Table 2.3: Analysis of test retest reliability of the fast method using Intraclass correlation coefficient (ICC) 

Mean phase effect 1st trial ± S.E Mean phase effect 2nd trial ± S.E ICC coefficient 

(95% CI) 

20.57 ± 0.57 20.16 ± 0.72 0.773 

( 0.554, 0.893) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5   Experiment 3: Determining the shortest testing time for fast method 

 After establishing the reliability of the fast method (the agreement between the conventional 

and fast methods, and test retest variability of the fast method), we decided to test if it was possible 

to make the testing time shorter than 10 minutes. Previously the 10 minutes testing time used in 

experiment 1 and 2 (5 minutes per sweep direction) was taken arbitrarily. Thus we decided to test if it 

was possible to shorten the testing time even more without compromising the reliability of the fast 

method.   

2.5.1   Method 

 Six normal hearing participants from experiment 1 were asked to participate in this 

experiment.  As mentioned before in 2.2.2.2, the testing time for the fast method could be set to any 

value; that is by changing the time taken to complete both forward and backward sweeps. In this 

experiment, the testing times were set at 6 minutes, 8 minutes and 10 minutes, which gives 3 minutes, 

4 minutes and 5 minutes to complete one sweep direction (forward/ backward sweep) respectively. 

 

Figure 2.8: Schroeder masking function for repeated trial within same session. The circle symbol 
represents mean masked threshold for the first trial and the X symbol represents the second trials. 
The upper and lower dotted line represents mean masked threshold of the first trial + 1 s.d., and 
mean masked threshold of the first trial - 1 s.d. respectively.  
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Other than the testing time, all parameters for the fast method were kept the same as in experiment 

1. 

2.5.2 Data analysis and result 

 The results for different testing times of the fast method were compared to that of the 

commonly-used method. Results for the commonly-used method for these 6 participants were taken 

from experiment 1 and served as reference for the comparison. Analysis was done using a mixed effect 

model with the testing time being set as the fixed effect and the participant being set as the random 

effect. The masked threshold at each scalar factor was taken from the average of 6 participants. Figure 

2.9 a) shows the plot of the Schroeder-phase masking function for different testing times of the fast 

method (6, 8 and 10 minutes) and for the 3AFC method. The level of masked threshold at the minima 

of Schroeder masking function decreased with increasing testing time. This resulted in larger phase 

effect observed with longer testing time used, as plotted in Figure 2.8 b); with largest phase effect 

being observed for the commonly-used method followed by the fast method with testing time of 10 

minutes, 8 minutes and 6 minutes consecutively.  

 

 

 

 

 

 

 

 

 

 

 

 

  

  The comparions of phase effect between different testing times of the fast method 

and the commonly-used method were conducted using linear mixed effect models via SPSS version 20. 

Table 2.4 summarizes the result. A significant difference of phase effect was observed between the 

fast method and the commonly-used method with 3 minutes testing time (p: 0.043). On the other 

hand, comparison between the conventional and fast methods at  4 minutes and 5 minutes testing 

times gave no significant difference (p: 0.120 and p: 0.243 respectively).  This result suggested that the 

testing time of the fast method can be shortened down to 4 minutes before it starts to give different 

results from the commonly-used method.  

Table 2.4: Comparison of phase effects between different testing times (3, 4, 5 
minutes) of the fast method and the commonly-used method (45 minutes) using mixed 

effect model 

Method & 

Testing time 

Mean (S.E.) 95%  CI p-value 

Fast method    

6 minutes 17.83 (1.54) 15.91, 19.73 0.043 

8 minutes 19/19 (5.05) 13.89, 24.49 0.120 

10 minutes 19.90 (2.83) 16.93, 22.88 0.243 

Commonly-used method    

45 minutes 21.89 (2.75) 19.00, 24.77 a 

a: Reference in comparison 
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Figure 2.9. a) Plot of Schroeder-phase masking function for obtained from different testing times 
(6, 8 and 10 minutes) of fast method and commonly-used 3 AFC method. Error bar shows ± 1 
standard deviation. b) Plot of phase effect obtained from different testing times (6, 8 and 10 
minutes) of fast method and commonly used 3 AFC method. Error bar shows ± 1 standard 
deviaton. 

a) 

b) 
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2.6   Discussion 

Direct comparison of our findings with previous studies was difficult due to various different 

parameters (fundamental frequency, scalar factor, number of masker component, masker intensity, 

type of masking; forward vs. simultaneous masking) used by previous studies as compared to this 

study. However, one study that has been identified that used exactly the same parameters as those 

used in this study was that conducted by Gifford et al. (2008). Using a similar fundamental frequency, 

bandwidth and intensity of the masker as the ones used in this study, the phase effect was recorded 

to be ≈20 dB SPL in normal hearing, consistent with our findings. Although the measurement unit was 

different (dB SPL used in Gifford et al. (2008), and dB A used in this study), our findings showed a 

pattern consistent with that of Gifford (Figure 3 in Gifford et al., 2008). Apart from the phase effect, 

our findings showed that the minimum of the mean of the masking function lies at c: 0.25 (figure 2.6 

a), consistent with that in Gifford, et al. (2008).  A minimum that lies at positive ‘c’ was consistent with 

the notion that the location of minima reflects the phase curvature of cochlea in an opposite manner, 

reflecting negative curvature of cochlea (Kohlrausch & Sander, 1995; Oxenham & Dau, 2001b).  

In establishing the reliability of a newly developed method, there is no fixed guideline on which 

statistical analysis should be used in measuring agreement between 2 methods. Several types of 

analysis have been proposed previously with every analysis having its own limitation (Luiz & Szklo, 

2005). The use of  Intra Class Correlation (ICC) analysis (Bartko, 1966) in measuring the reliability of 

medical instruments was the most commonly reported in previous studies, followed by the mean 

comparison method and the Bland-Altman method (Zaki, Bulgiba, Nordin & Ismail, 2013). Rankin & 

Stokes (1998) proposed the use of ICC together with Bland and Altman’s (1983) method for reliability 

assessment. However, the Bland-Altman method was not performed due to a lack of knowledge of 

decision rules or clinically accepted values of how far apart the two measurements can be without 

causing difficulties. This value needed to be determined before performing the Bland-Altman method. 

This key requirement has been viewed as the weakness of the Bland-Altman method, since 

determining the decision rule is not a straightforward process if the conventional technique is not 

being set as the ‘gold standard’ (Alanen, 2010). This holds true at least for this study, as the lack of 

knowledge on determining the clinically accepted decision rule makes the Bland-Altman analysis 

inappropriate for our data. To the best of our knowledge, no study has been conducted in determining 

how much the phase effect or masked threshold can differ between two measurements before it starts 

to give a clinically significant effect. To yield that information, further extensive study needs to be 

conducted in both normal hearing and hearing impaired participants to see how much change in 

Schroeder-phase effect (or the shape of the masking function) results in a clinically significant 

difference in auditory performance. Thus, for the purpose of our agreement analysis, we did not intend 

to compare our results with any clinically significant value. Acknowledging there are specific 
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advantages and disadvantages of every analysis method, Luiz & Szklo (2005) proposed the use of more 

than one analysis to measure the agreement between two methods. Along with the recommendation 

by Luiz & Szklo (2005),  ICC analysis (from two-way model) (Bartko, 1966), Information Based Measure 

of Disagreement (Costa-Santos, Antunes, Souto, & Bernardes, 2010), and mean comparison (mixed 

linear model analysis) was used to measure the agreement and disagreement levels between the fast 

and commonly-used methods respectively.  

 ICC is a measure of proportion of a variance that is attributable to the measure of interest, 

which gives information about the measurement error of the measurement of interest, and has been 

widely used as a reliability index (Shrout & Fleiss, 1979). The guideline on the type of ICC Analysis to 

be used in reliability measure can be found in McGraw & Wong (1996). The ICC value of ‘1’ shows 

complete reliability and ICC of ‘0’ shows complete unreliability. A different ranking system was 

proposed previously to rate the agreement level.  Fleiss (1981) proposed that the ICC < 0.4 indicates 

poor reliability, 0.4 ≤ ICC < 0.75 indicates fair to good reliability, and ICC ≥ 0.75 indicates excellent 

reliability. According to this criterion, the ICC value for the absolute agreement between the 

conventional and the fast methods of 0.548 fell under the acceptable range. The considerably low ICC 

of agreement value obtained in this study might be due to the homogeneity of the population. One 

important limitation of ICC is that it is strongly influenced by the variance of the traits in the population 

in which it assessed (Müller & Büttner, 1994). A homogenous population with low variance may result 

in low ICC. This might explain the low ICC value obtained in this study since the population under study 

was homogenous, i.e.  Participants were all normal hearing.  

 To support the reliability measure from the ICC calculation, the Information Based Measure of 

Disagreement (IBMD) was calculated (Costa-Santos et al., 2010). The IBMD is a metric system that was 

calculated based on the amount of information obtained from the differences between 2 variables 

(Costa-Santos et al., 2010). The IBMD with a normalized value ranges from 0 to 1 with ‘0’ showing no 

information in the differences between 2 variables. The IBMD value increases when the difference 

between 2 variables increases, tending to 1. The IBMD value of 0.16 shows a low level of disagreement 

between phase effects measured using conventional and fast methods. Furthermore, mean 

comparison analysis using the mixed linear model in experiment 3 shows no significant difference of 

phase effect found between the conventional and fast methods ( for 8 and 10 minutes testing time).  

Despite the statistical analysis, the absolute mean differences of masked thresholds between the 2 

methods lie approximately at 0 dB (-2.2 dB at C=-0.5 to 1.18 dB at C=-1). The acceptable level of ‘ICC 

of agreement’ value, low IBMD value, and no significant difference of phase effect found between the 

conventional and the fast method, supports the agreement of the fast method with the commonly-

used method.  
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 Internal consistency, also known as test-retest reliability or repeatability is another important 

aspect to focus on in establishing the reliability of a new method. Repeatability can be analyzed using 

the one-way ANOVA model of ICC. A different ranking system was proposed by Nunnally, Bernstein, & 

Berge (1967) for repeatability analysis, with ICC of <0.70 being unacceptable, 0.70- 0.8 considered fair 

and acceptable, and > 0.80 considered excellent. Our ICC value for the repeatability analysis was 0.773 

and fell within the acceptable limit. In addition, the masked threshold for the 2nd trial lies within one 

standard deviation of the first trial which proved a small variation of the result between the two trials, 

supporting the repeatability of the fast method.  

 In PTA testing, the threshold obtained from the Békésy technique was observed to be lower 

as compared to conventional method of pure tone audiometry (Burns & Hinchcliffe, 1957; Erlandsson 

et al., 1979a; 1979b; Frampton & Courter, 1989; Harris, 1979; Ishak et al., 2011; Jokinen, 1969; Knight, 

1965). Although this might be an issue when determining hearing sensitivity via pure tone audiometry, 

it is less of an issue for Schroeder-phase masking. In Schroeder-phase masking, the main outcome 

measure is the phase effect (maximum-minimum masked threshold) rather than the actual threshold. 

The phase effect is a relative measure, rather than an absolute measure (i.e. if there is a probability 

the threshold obtained from the Békésy technique is lower than the 3AFC technique, it should affect 

both the maximum and minimum masked thresholds). Thus, the resulting phase effect magnitude 

should not have been affected by this factor. In fact, we have shown that there was no significant 

difference of phase effect measured using the Békésy technique (fast method) as compared to the 

3AFC technique (the commonly-used method) at least for testing times down to 8 minutes (refer to 

Table 2.4).  

 The main difference between the conventional and the fast methods of Schroeder-phase 

masking lies in the threshold tracking procedures and the psychophysical method of threshold seeking. 

Apart from this, all other technical parameters for testing were kept the same (i.e. the probe duration 

and level, the masker level, the sound card, calibration method, transducer, testing environment etc.). 

With the technical parameters being kept constant for both the commonly-used 3AFC and the fast 

Békésy methods, the difference in terms of perception should be reflected primarily in the participant 

reliability, which can be affected by factors such as their individual motivation and decision levels. 

Several studies on the reliability of hearing threshold determination showed that there were no 

differences in intra-subject reliability across different tested frequencies (Henry, Flick, Gilbert, 

Ellingson, & Fausti, 2001; Mahomed, Eikelboom & Soer, 2013; Sinks & Goebel, 1994). If there were any 

difference in the participant’s perception as a result of applying two different psychophysical methods, 

we would expect the difference (measured as threshold) to have manifested at one frequency as much 

as at any other. Based on this reasoning, testing at one frequency (e.g. 500 Hz, as we have here) should 

provide a reasonable reliability measure for the fast method.   
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 In conclusion, having demonstrated the two important properties (agreement with the 

commonly-used method and repeatability), the fast method has been shown to be a reliable measure 

of nonlinear cochlear function. The main strength of this method is the 80% reduction in testing time 

it gives relative to the commonly-used method (8 minutes compared to 45 minutes), which may 

considerably facilitate future research using Schroeder-phase masking. The fast method has great 

potential to aid future studies investigating the phase curvature of cochlea, the mechanism of cochlear 

nonlinearity, and has good potential to be used in monitoring hearing preservation in cochlear implant 

surgery. Future studies on hearing impaired participants are needed to establish the validity of the fast 

method.   

2.7  Disclosure 

This chapter is an edited version of a manuscript that was invited and accepted for a Special Issue 

of the journal Hearing Research (refer to statement of contribution section).  
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Chapter 3 - The use of the fast method of Schroeder-phase masking in measuring cochlear 

nonlinearity 

 

3.1  Introduction 

In the previous chapter, the reliability of the fast method of Schroeder-phase masking was 

established. The fast method of Schroeder-phase masking has been shown to give results that were in 

agreement with the commonly-used method while giving significant time advantages. Nevertheless, 

there was still uncertainty as to whether the fast method was actually measuring the same aspect of 

auditory function as the 3AFC method. In other words, the validity of the fast method was yet to be 

established. This is the aim of this chapter. Validity is defined as the ability of an instrument to measure 

the attributes of the construct under study (DeVon et al., 2007). That is, the ability of a technique or 

method or instrument to measure what it is supposed to measure, and produce expected results.  

One of the major uses of Schroeder-phase masking is to measure cochlear nonlinearity, such 

as following cochlear implant surgery (Gifford et al., 2008). As discussed in chapter 1 and 2, the 

difference in masking effectiveness produced by different phases of the Schroeder-phase masker/ 

phase effect has been thought to reflect active processing or cochlear nonlinearity (Kohlrausch & 

Sander, 1995). A different internal modulation pattern is produced from the interaction of negative 

curvature of the basilar membrane and different phase curvature of Schroeder harmonic complexes 

(Kohlrausch & Sander, 1995; Carlyon & Datta, 1997). The Schroeder-phase masker with positive 

curvature (e.g. +SCHR, c: +1) interacts with the negative curvature of the basilar membrane to produce 

a peaky internal response that has an interval of low amplitude region. Thus when the masker is 

presented together with tone, the tone will be detected during the period of low amplitude-listening 

in the valley (Kohlrausch & Sander, 1995; Lentz & Leek, 2001; Oxenham & Dau, 2004). The valley of the 

internal representation of positive Schroeder is where the active gain is believed to give perceptual 

significance. Due to the nature of cochlear nonlinearity, greater gain is given to the low amplitude 

region as compared to the peak region. Thus when a tone is presented together with +SCHR, the active 

gain is applied to the tone at the low amplitude valley of the masker. At this point, active gain enhances 

the excitation of the basilar membrane by the tone, so that it improves signal to noise ratio, and make 

the tone easily detected when it exceeds the threshold level. The illustration by Summers & Leek 

(1998) as in Figure 3.1 explains this phenomenon clearly.  

 Unlike positive Schroeder complexes, the interaction of negative curvature of the basilar 

membrane with negative curvature of Schroeder complexes produces an internal excitation that has a 

more uniform amplitude over time. Thus active gain is less involved in tone detection in the presence 

of -SCHR. This makes –SCHR a more effective masker, giving more suppression to the tone, making the 
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tone less detectable when presented together with –SCHR, compared to +SCHR. This is how difference 

in masking effectiveness produced by different phases of Schroeder harmonic complexes/ phase effect 

is believed to reflect the active processing of cochlear. Two important observations of the active 

process of cochlear are: i) it is intensity dependent (Ruggero et al., 1997; Sellick, Patuzzi, & Johnstone, 

1982); and ii) it is reduced in cochlear damage - see review in Yates (1995).  

 

 

 

Psychoacoustically, the degree of modulation can be quantified by measuring the masking 

period pattern (Zwicker, 1976). A short duration signal is presented at different onset of the masker, 

and threshold for signal detection is measured. The threshold of detection of the short signal is 

measured as a function of its temporal position within the masker period. It is assumed that the 

threshold of the signal directly reflects the temporal course of the masker’s internal excitation 

(Zwicker, 1976). The difference between maximum and minimum threshold at different timing of the 

masker period may reveal the degree of modulation of auditory filter in response to the Schroeder-

phase masker (Kohlrausch & Sander, 1995). At moderate levels (e.g. 60 dB), MPPs measured in normal 

hearing were highly modulated for +SCHR but flatter in –SCHR. When measured in participants with 

Figure 3.1: a) & b) the acoustic waveform of positive (+SCHR) and negative (-SCHR) Schroeder masker. c) 
& d) the output of cochlear model showing the basilar membrane displacement when Schroeder harmonic 
complex is presented alone. e) & f) the output of cochlear model showing the basilar membrane 
displacement when a low level tone is presented together with the masker. Figure was taken from Fig. 1 
in Summers & Leek (1998).   
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sensorineural hearing loss, the MPP was less modulated for +SCHR as compared to that of normal 

hearing , but showed no difference from that of normal hearing participants for -SCHR (Summers, 

2000), consistent with observations from animal studies (Recio & Rhode, 2000).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.2: Envelope response of +SCHR and –SCHR for four different stimulus levels recorded in 
guinea pigs at basilar membrane location that is tuned to 17 kHz. Response to –SCHR has been 
shifted 4.25 ms to the left. The response become more prolonged as the stimulus increased with 
latency of response denoted by horizontal blue (+SCHR) and red (-SCHR) lines. Latency of 
response peak increases with increased intensity and response peak for –SCHR move earlier. The 
dotted line indicates the time at which response peak occurs for 35 dB and 95 dB. Figure was 
adapted from FIG 5 in Summers, de Boer, Nuttall (2003) and annotated by the author.   
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Several animal studies have recorded the observation of the basilar membrane response 

towards different phases of Schroeder harmonic complexes (+SCHR and –SCHR) at different intensities 

(Recio & Rhode, 2000; Summers, de Boer, Nuttall, 2003).  Findings from those studies were consistent 

in showing that basilar membrane response towards positive Schroeder was peakier than that of 

negative Schroeder. As intensity increased, the response became less peaky for both +SCHR and –SCHR 

(see figure 3.2). The temporal location of the response peak shifted to the right (delayed) for +SCHR 

and shifted to the left (advanced) for –SCHR with increasing intensity. Responses for both +SCHR and 

–SCHR have a “spindles part” (slowly decaying part) on the right side for positive Schroeder and on the 

left side for –SCHR (refer figure 3.2). As the intensity increased, the amplitude of the spindle part 

increased, and the response became more filled up within a period, with larger ‘filling up’ effects 

occurring for –SCHR rather than +SCHR.  Because the +SCHR has downward frequency glide, and high 

frequencies precede low frequencies in the time domain, and –SCHR has upward frequency glide with 

low frequencies occurring later in the time domain, thus, the ‘filling up’ and shifting of the peak 

response to the right for +SCHR and to the left for –SCHR was consistent with a greater influence of 

low frequency parts of the input as the intensity increased (Glasberg & Moore, 2000; Moore, 1978). 

Such observation of BM response towards Schroeder-phase stimuli was consistent with the BM 

response towards other stimuli: i) At low intensities, the response is sharply tuned to the characteristic 

frequency; ii) With increasing input level, the low frequency tail of frequency response at fixed BM 

location grows linearly, while response near characteristic frequency grows less linearly; and iii) the 

best frequency shifts towards lower frequencies with increasing input level (Ruggero, et.al., 1997; 

Sellick, Patuzzi, & Johnstone, 1982).  

 When presented together with the tone, the magnitude of suppression of basilar membrane 

displacement given by different phases of the Schroeder harmonic complex varies. Recio and Rhode 

(2000) recorded the basilar membrane displacement in the chinchilla cochlea when a 36 dB SPL tone 

with CF of 8.1 kHz was presented alone and when the tone was presented together with the Schroeder 

masker at different intensities. Figure 3.3a shows the amplitude change of basilar membrane 

excitation when the tone is presented together and when it is presented together with different levels 

of Schroeder stimuli. This amplitude change indicates the magnitude of suppression given by the 

Schroeder harmonic complexes, with -5 dB change indicating that Schroeder stimuli have suppressed 

the basilar membrane excitation to the tone by 5 dB. The suppression function as in Figure 3.3 b) was 

derived by inverting the plot of amplitude change in Figure 3.3 a). Figure 3.3 b) shows that both –SCHR 

and + SCHR give some amount of suppression to the tone at all tested masker intensities. But +SCHR 

constantly gave smaller suppression than –SCHR at all masker intensities. The difference in the degree 

of suppression given by +SCHR and –SCHR was level dependent: there were small differences at low 

intensity masker levels (e.g. 47 dB SPL), and increased differences as intensity increased for moderate 
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intensity levels (e.g. 57-87 dB SPL), followed by reduced differences again at very high intensity levels 

(e.g. 92 dB SPL). This was the pattern observed at the level of the basilar membrane. Would this 

difference in suppression ability for different intensity levels manifest in terms of the actual auditory 

perception? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
Figure 3.3: a) Change of amplitude of basilar membrane vibration when a 36 dB SPL 8.1 kHz tone was 
presented alone and when it was presented together with +SCHR and –SCHR at different intensities. Figure 
was adapted from Fig.20 (c) in Recio and Rhode (2000). b) The inverted version of panel a) to show the 
magnitude of suppression by both +SCHR and –SCHR at different masker intensities.  

a) 

b) 
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 Psychoacoustic experiments have supported the findings in animal studies which show that 

the differences in masking effectiveness produced by different phases of the Schroeder harmonic 

complex, known as the phase effect, were actually level dependent. The phase effect was observed to 

reduce at low and very high intensities (e.g. 80 dB SPL) and increase at mid intensities (e.g. 60 dB-70 

dB SPL)  (Summers & Leek, 1998).  As discussed above, the difference in masking effectiveness by 

different phases of Schroeder harmonic complexes was attributed to the involvement of cochlear 

nonlinearity. Thus, the level-dependent property of phase effect was actually consistent with the level-

dependent property of cochlear nonlinearity. Reduced phase effects in sensorineural hearing loss and 

in linear cochleae in comparison to those of normal hearing individuals provide more support for the 

involvement of cochlear nonlinearity/the active process in the phase effect mechanism (Gifford et al., 

2008; Recio & Rhode, 2000; Summers & Leek, 1998). On this basis, it has been used clinically, but not 

extensively, to measure cochlear nonlinearity function such as following cochlear implant surgery 

(Gifford et al., 2008).  

 However, previous research has typically carried out the measurement of Schroeder-phase 

masking functions using a 3AFC technique as the threshold finding procedure. Using our fast method, 

we wanted to investigate if the effect of varying the intensity and the effect of cochlear damage in 

Schroeder-phase masking, as observed when using the  3AFC method, could be replicated using the 

fast method. The result would help to verify the validity of the fast method in measuring nonlinear 

cochlear function. On that basis, the following experiments were conducted: 

i. Investigating the effect of stimulus intensity: Comparison of the phase effect measured at 45 

dB A and 75 dB A across frequencies in normal hearing participants.  

ii. Investigating the effect of cochlear damage: Comparison of the phase effect in normal hearing 

and hearing impaired participants at 75 dB A across frequencies. 

 

3.2 Experiment 1: Investigating the effect of stimulus intensity 

3.2.1. Subjects 

 This study was conducted in a sound treated booth at the International Islamic University 

Malaysia. 15 normal hearing participants, aged between 17 and 27 years old were involved in this 

experiment. All normal hearing participants had audiometric thresholds of ≤ 20 dB HL at all octave 

frequencies, and had normal middle ear function as determined by the presence of bilateral type A 

tympanograms. All participants received an honorarium of RM 25 for their participation. Consent was 

obtained from participants prior to the testing. Preliminary testing (otoscopy, tympanometry and PTA) 

was conducted prior to the Schroeder-phase masking tests. 
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3.2.2 Stimuli and procedure 

 Schroeder harmonic complexes as described in 2.2.1 were used as the masker, and a pure tone 

was used as the probe. Masker frequencies ranged between 0.4 CF and 1.6 CF, and the number of 

masker frequency components (N) was fixed at 25. Using these settings, the fundamental frequency 

of the masker varied with different center frequency (CF) of the masker. Table 3.1 shows the setting 

for masker components (N), and fundamental frequency (f0) for different probe center frequencies 

(CF). The duration of the masker was 480 ms with rise and fall time of 15 ms as described in 2.2.1.  

Schroeder-phase masking functions were measured in all participants using two masker 

intensities (45 dB A and 75 dB A) at each of five frequencies (250 Hz, 500 Hz, 1 kHz, 2 kHz, and 4 kHz). 

Randomization was applied to determine the order of different frequencies and intensities tested. A 

short break was given in the middle of the test session. Participants were given freedom to pause the 

test whenever they felt tired. The same threshold tracking procedure as described in 2.2.2.2 was 

applied in this experiment. The total testing time was set to be 4 minutes. All stimuli were generated 

and produced digitally at sampling rate of 44100 Hz and were presented monaurally through 

Sennheiser 280 Pro headphones via a Sound Blaster X-Fi Surround 5.1 Pro sound card (Creative 

Technologies, Singapore) that was connected to the desktop computer.  

Table 3.1: Parameters for masker settings for different centre frequencies. 

Centre frequency (CF) Masker frequency range 

(lower bound-upper bound) 

Masker frequency 

components (N) 

Masker fundamental 

frequency (F0) 

250 Hz 100 Hz-400 Hz 25 12.5 Hz 

500 Hz 200 Hz-800 Hz 25 25 Hz 

1000 Hz 400 Hz-1600 Hz 25 50 Hz 

2000 Hz 800 Hz-3200 Hz 25 100 Hz 

4000 Hz 1600 Hz-6400 Hz 25 200 Hz 

 

3.2.3 Data analysis & results 

The phase effect was used as the dependent variable and was measured at various frequency 

and intensity levels. Data was analyzed using a linear mixed model in SPSS version 20. In measuring 

the intensity and frequency effect among normal hearing participants, the intensity and frequency was 

treated as the fixed effect and the participant was treated as the random effect. Figure 3.4 shows the 

mean of masking functions recorded from 15 normal hearing participants. Note that the masking 

functions for the 45 dB A masker level (symbol: Δ) were flatter than the ones for the 75 dB A masker 

level (symbol: □). The phase effect was calculated for all participants and was averaged and plotted in 

Figure 3.5. Larger phase effects were observed with 75 dB A masker levels as compared to 45 dB A at 

all tested frequencies in the normal hearing group. Analysis using mixed effect models showed 
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significant difference between phase effect of 75 dB A and 45 dB A at all tested frequencies (p< 0.05) 

except for 4 kHz (refer to Table 3.2. for a summary of the analysis). The phase effect at 75 dB A was 

consistently larger than 20 dB across frequencies except at 4 kHz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 3.4: Schroeder-phase masking function recorded from 15 normal hearing participants at 250 Hz, 500 Hz, 
1000 Hz, 2000 Hz and 4000 Hz using two masker intensities; 45 dB A (Δ) and 75 dB A (□). Error bar shows ± 1 
standard deviation. 
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3.3 Experiment 2: Investigating the effect of cochlear damage. 

3.3.1 Method and materials 

15 participants with sensorineural hearing loss at least at 2 frequencies participated in this 

experiment. Schroeder-phase masking was conducted at 75 dB A at 250 Hz, 500 Hz, 1000 Hz, 2000 Hz, 

and 4000 Hz. All other methods and procedures were kept the same as in experiment 1. Table 3.3 

summarizes the hearing profiles of the participants.   

Table 3.2: Comparison of phase effect at different intensities in normal hearing participants 

Frequency (Hz) Masker level 
(dB A) 

Phase effect (dB) 
Mean ± S.E. 

95% Confidence Interval 

 

p-value 

250 
45 8.07 ± 2.24  6.93, 9.23 <0.001 

75 24.64  ± 3.68 22.80,26.47 

500 
45 10.69 ± 2.83  9.12, 12.26 <0.001 

75 27.00 ± 4.07  24.83, 29.17 

1000 
45 10.45 ± 2.85 8.94, 11.97 <0.001 

75 25.57 ± 4.13 23.37, 27.77 

2000 
45 13.36  ± 2.88 11.82, 14.89 <0.001 

75 25.15 ± 5.29 22.33, 27.96 

4000 
45 11.02  ± 3.30 9.11, 12.92 0.832 

75 10.76  ± 4.10 8.49, 13.04 

Figure 3.5: Mean of phase effect for 45 dB A and 75 dB A masker levels recorded from normal 
hearing participants (n=15). Error bar shows ± 1 S.D. Asterisks show significant differences of phase 
effect between 45 dB A and 75 dB A (p<0.05). 

 

* 
* 

* * 
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3.3.2 Data analysis and results  

The grouping classification to differentiate between normal hearing and hearing impaired 

participants was done based on hearing threshold at individual frequency. Participants with pure-tone 

audiometric thresholds < 20 dB HL were classified as normal hearing and the participants who had 

pure-tone audiometric thresholds of more than 20 dB HL were treated as hearing impaired at that 

particular frequency. This is because the specific centre frequency corresponds to certain bandwidth 

of auditory filter, typically around 10% - 17% of the central frequency (review in Moore, 2012). Thus 

hearing loss occurring at one frequency may be the result of impaired auditory filters corresponding 

to that frequency. Thus, for the same individual, different mechanisms may happen when testing at 

different frequency regions, depending on the status of the part of the cochlea corresponding to that 

frequency region. Data for normal hearing participants was taken from experiment 1.  

Comparison of phase effects between normal hearing and hearing impaired participants was 

conducted using a linear mixed effect model with frequency and hearing status treated as fixed effects 

and participants treated as random effects. Comparison between these 2 groups was done only at 75 

dB masker level at all tested frequencies. The 75 dB masker level was chosen due to the larger phase 

effect observed at 75 dB compared to 45 dB (Summers & Leek, 1998), allowing larger potential of 

observing the phase effect in  sensorineural hearing loss. There were some participants with moderate-

level hearing loss who might not have been able to complete the task using masker levels lower than 

75 dB A.  

 

Table 3.3: Participants hearing profile 

Hearing status Frequency (Hz) Mean PTA threshold ± s.d. N 

Normal 250 10.5 ± 5.7 21 

500 
9.4 ± 3.6 16 

1000 
8.4 ± 6.0 16 

2000 
7.5 ± 5.8 16 

4000 
5.3 ± 6.4 15 

Sensorineural 
hearing loss 

250 
36.1 ± 15.2 9 

500 
33.9 ± 12.3 14 

1000 
36.1 ± 13.6 14 

2000 38.2 ± 13.5 14 

4000 48.3 ± 18.7 15 
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Figure 3.6 shows Schroeder-phase average masking functions at different frequencies for 

normal hearing (symbol: o) and hearing impaired (symbol: x) participants. The mean phase effect 

across different frequencies for both normal hearing and sensorineural groups is shown in Figure 3.7. 

A smaller phase effect was observed in the sensorineural hearing loss group at all tested frequencies 

except for 4 kHz. Analysis using a mixed effect model showed a significant difference in phase effect 

between normal hearing and sensorineural hearing loss groups at all tested frequencies (p< 0.05) 

except for 4 kHz (refer to table 3.4 for a summary of the analysis). No significant difference in the phase 

effect between normal hearing and sensorineural hearing loss groups was observed at 4 kHz (P>0.05).   

  

Table 3.4: Comparison of phase effect between normal hearing and hearing impaired groups at 75 dB A 

masker level 

Frequency (Hz) Hearing status Phase effect (dB) 

Mean ± S.E. 

95% 

Confidence 

Interval 

 

p-value 

250 
Normal hearing 24.64 ± 3.68 21.78, 26.71 <0.001 

Sensorineural hearing loss 11.34  ±  2.32 6.73, 15.94 

500 
Normal hearing 26.94  ±  1.32 24.33, 29.56 <0.001 

Sensorineural hearing loss 18.59  ±  1.66 15.30, 21.87 

1000 
Normal hearing 25.39  ±  1.32 22.77, 28.00 0.002 

Sensorineural hearing loss 17.93  ±  1.97 14.03, 21.83 

2000 
Normal hearing 25.21  ±  1.32 22.59, 27.83 <0.001 

Sensorineural hearing loss 16.81  ±  1.52 13.80, 19.82 

4000 
Normal hearing 10.73  ±  1.36 8.03, 13.44 0.324 

Sensorineural hearing loss 8.67  ±  1.58 5.53, 11.81 
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Figure 3.6: Schroeder-phase masking functions recorded using 75 dB A masker level at 250 Hz, 500 Hz, 1000 
Hz, 2000 Hz and 4000 Hz among normal hearing participants (O) and participants with sensorineural hearing 
loss (X). Error bars show ± 1 S.D. 
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 3.4 Discussion 

It is hard to quantitatively compare the size of the phase effects observed in this study with those 

of previous studies due to the different parameters used (e.g. intensity of the masker, number of 

masker components (n), fundamental frequency of the masker (f0), simultaneous vs. forward masking, 

animal vs human subjects). Nevertheless, our result was in line with previous studies in showing that 

large masking differences produced by different phases of Schroeder harmonic complexes require test 

conditions where the BM input-output function is non-linear, i.e. moderate intensity in normal hearing 

(Carlyon & Datta, 1997; Recio & Rhode, 2000; Summers & Leek, 1998; Wojtczak & Oxenham, 2010). 

The phase effect was reduced in conditions at which cochlear is expected to behave more linearly; i.e. 

at low intensity levels, and in sensorineural hearing loss.  

3.4.1 Intensity effect 

Large masking differences/phase effects at moderate intensities in normal hearing were 

attributed to the different degrees of modulation produced by the auditory filter upon stimulation by 

different phases of Schroeder-phase masking. Both observation of basilar membrane displacement in 

physiological studies on animals (Recio & Rhode, Summers, de Boer, Nuttall, 2003; Carlyon & Datta, 

1997; Summers, 2000); and psychoacoustic experiments measuring the masker period pattern 

(Kohlrausch & Sander, 1995; Summers, 2000) confirmed that a larger degree of modulation was 

produced by Schroeder harmonic complexes with positive phase as compared to the negative 

Schroeder. The internal BM response to positive Schroeder was also highly peaked, followed by a 

period of low amplitude, while response towards negative Schroeder was more flat. 

In general, degree of modulation towards stimulation by positive Schroeder increased with 

increasing level, with some exceptions at very high intensity level. Carlyon and Datta (1997) reasoned 

 

Figure 3.7: Mean phase effect for normal hearing participants and participants with 
sensorineural hearing loss. Error bar shows ± 1 S.D. Asterisks show significant differences 
of phase effect between normal hearing and sensorineural hearing loss participants 
(p<0.05). 

* * * * 
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that the increase of modulation was due to the broadening of the auditory filter as the intensity of the 

input increased. Broadening of the auditory filter may allow more masker components to pass through 

the auditory filter passband, resulting in an increase of modulation of internal response. Based on this 

reasoning, the largest modulation, and therefore phase effect, was expected to occur when testing in 

the condition in which the auditory filter is highly broadened, i.e. in sensorineural hearing loss 

participants, and at very high intensities. This turned out to not be the case. At very high intensities, 

the masking period pattern (Summers, 2000) as well as the envelope of BM response (Recio & Rhode, 

2000; Summers, Boer, & Nutall, 2003) was observed to be flatter compared to moderate intensity 

stimuli. Also, in simulations using a cochlear model, varying the auditory filter bandwidth failed to 

explain the reduced modulation pattern at high intensity (Summers, 2000). In addition, reduced phase 

effects in our data and flatter masker period patterns (Summers, 2000) in sensorineural hearing loss 

participants as compared to normal hearing participants support the argument that broadening of the 

auditory filter cannot account for the high degree of modulation as the intensity increases.  

An alternative explanation for the observed large phase effect at moderate intensities is that 

of phasic suppression, which was more involved when using the Schroeder harmonic complex with 

positive phase rather than negative phase (Summers, 2000). That is, active process / nonlinear cochlear 

processing suppresses the gain towards tones when they are placed in the high amplitude region of 

the internal response, and boost the frequency-selective gain towards the tone when it is placed in the 

low amplitude region of the internal response of the masker.  This phasic suppression benefits the tone 

detection in the presence of positive Schroeder as the internal response contains periods/regions of 

low amplitude (valley), but not in negative Schroeder as the internal response is more flat. As a result, 

large differences in masked threshold, and therefore phase effect, were produced at moderate 

intensity in normal hearing participants as observed in our data as well as in previous studies (Summer 

& Leek, 1998; Oxenham & Dau, 2004).  

Previous studies have shown that at low intensities (e.g. 35 dB SPL-39 dB SPL), where the 

cochlea is expected to behave more linearly, the “high peak followed by silence” pattern of the internal 

BM response for positive Schroeder, and the flatter internal BM response for negative Schroeder are 

still observed (see Figures 3.2 & 3.8). Thus we expected the difference in degree of suppression/ 

masking effectiveness to be considerably large for the low intensity levels too. However, this was not 

the case. Despite the peaky and flatter internal response produced by positive Schroeder and negative 

Schroeder respectively, the difference in magnitude of suppression as observed from physiological 

studies (Recio & Rhode 2000 - see Figure 3.3) as well as the difference in masking effectiveness (the 

phase effect) observed from psychoacoustic experiments (such as data from the present study) were 

both small at low intensities. The small phase effect at low intensities can be explained if we consider 

the reduction of cochlear nonlinearity at low intensity levels. At low intensities where cochlea behaves 
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more linearly, the cochlear gain is directly related to the input of the cochlea. Thus, lower gain is given 

to the tone when placed in the low amplitude region of the internal response of positive Schroeder, 

and a higher level of the probe is needed in order for the listener to detect the probe. In other words, 

the positive Schroeder masker works as efficiently as the negative Schroeder masker in masking the 

probe at low intensity levels. This results in a small difference in masked threshold between positive 

(‘c’ at minima) and negative Schroeder (‘c’ at maxima of Schroeder-phase masking function), explaining 

the small phase effect observed at 45 dB A in this study. This was also consistent with small differences 

in the degree of suppression produced by negative and positive Schroeder observed at the level of the 

basilar membrane (Recio & Rhode, 2001 - Figure 3.3).   

One thing that can be inferred from this discussion is that the peakier pattern of internal BM 

response towards positive Schroeder as compared to negative Schroeder does not require the 

involvement of cochlear nonlinearity. Kauhlrausch and Sander (1995) showed that the peakier internal 

response of positive Schroeder as compared to negative Schroeder can be modeled using a passive 

model of the cochlea. The peakier pattern of the internal response of positive Schroeder as compared 

to negative Schroeder could result from the interaction of the negative curvature of BM and positive 

curvature of Schroeder harmonic complexes. However, in order for the listening in the gap to happen, 

the cochlear nonlinearity must play a significant role to enable its perception.  

Outer hair cell (OHC) saturation has been determined as the main source for the cochlear 

nonlinearity.  As discussed in Chapter 1, the basilar membrane response exhibits a different pattern of 

input/output function at different intensity levels; linear growth at low intensity levels, highly 

compressive (nonlinear growth) at moderate intensity levels, and reduced compression at high 

intensity levels (Ruggero et al., 1997; Sellick et al., 1982). This intensity dependence of basilar 

membrane compression mainly involves the active process and the transduction mechanism of outer 

hair cells (OHCs) which highly depend on the MET channels of the OHC stereocilia (Yates, 1995). At low 

intensity levels, the cochlea behaves linearly until the OHC nonlinear transduction current reduces the 

active process by a small amount (Patuzzi, Yates, & Johnstone, 1989). As the intensity increases, the 

OHC transduction current becomes saturated, thus gradually reducing the cochlear gain (Moore, 

1995). As the intensity increases, the OHC transduction will be further saturated, until it reaches a 

point where the feedback loop gain is reduced until it becomes negligible. At this point the cochlea 

behaves linearly and the amplifier is operating as an open loop system (Yates, 1990), in that the gain 

and output will be directly proportional to the intensity of the input. This feedback loop system 

explains the level dependence of cochlear nonlinearity. 

3.4.2 Effect of sensorineural hearing loss in phase effect 

At moderate intensity levels (e.g. 75 dB A), at which the cochlea is expected to behave 

nonlinearly (Ruggero et al., 1997; Sellick et al., 1982), the phase effect is expected to be large. However, 
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a reduced phase effect was observed in sensorineural hearing loss participants at 75 dB, which was 

consistent with findings in previous studies (Gifford et al., 2008; Oxenham & Dau, 2004; Summers & 

Leek, 1998). The phase effect was observed to reduce even for participants with mild sensorineural 

hearing losses as low as 30 dB HL, also consistent with the observation from a previous study (Gifford 

et al., 2008). Reduced modulation for linear cochleae (Recio & Rhode, 2000) and in sensorineural 

hearing loss (Summers, 2000) has been documented previously. Figure 3.8 shows that the envelope of 

basilar membrane response towards +SCHR closely resembles that of –SCHR in linear cochleae, 

showing less difference in the degree of modulation (Recio & Rhode, 2000). Also, a flatter masking 

period pattern was observed for positive Schroeder in sensorineural hearing loss participants as 

compared to normal hearing participants. In contrast, no difference in the masking period pattern 

between normal hearing and sensorineural hearing loss was observed for negative Schroeder  

(Summers, 2000). Our result was in line with previous observations, showing that the maximum 

masked threshold in sensorineural hearing loss was not considerably different from that of normal 

hearing (refer figure 3.6). However, the difference in masked threshold between normal hearing and 

sensorineural hearing loss participants was observed at the particular ‘c’ producing minimum masked 

threshold. As such, the reduced phase effect in sensorineural hearing loss was consistent with 

reduction of modulation for positive Schroder / positive scalar factors at which cochlear nonlinearity 

was believed to contribute to the tone detection. Reduced cochlear nonlinearity in sensorineural 

hearing loss is most likely due to impaired function of the cochlear amplifier. This may involve 

mechanical damage to the gating proteins, blockage of channels by pharmacological agents, reduction 

in the driving potential across the hair cells, or interference from other stimuli of high intensity, all of 

which result in impaired OHC function and a reduction of gain of cochlea amplifier [see review in Yates 

(1995)].  

Another possible explanation for reduced phase effect observed in sensorineural hearing loss 

as compared to normal hearing was the poor temporal resolution in sensorineural hearing loss. As 

described in Chapter 1, the loss of cochlear compression has been related to the poor performance in 

tasks involving the detection of gaps in noise. Due to the loss of cochlear compression, the fluctuation 

of the noise level causes increased fluctuation in neural firing as well. This makes it harder to detect 

the gap in the fluctuating level of noise and leads to poor performance [see review by  Oxenham and 

Bacon (2003)]. Gap detection in noise is one measure of temporal resolution that has been observed 

to be poorer in hearing impaired participants as compared to normal hearing ones due to loss of 

cochlear nonlinearity (Glasberg & Moore, 1992). Poor gap detection causes difficulties in picking up 

salient information from sounds of interest in the presence of background noise.  

Thus, poor temporal resolution may impair the ability to listen in the gap and impair the tone 

detection in positive Schroeder, thereby reducing the phase effect in sensorineural hearing loss. This 
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may result in less difference in masking effectiveness between positive and negative phases of the 

Schroeder masker and reduced phase effects in sensorineural hearing loss as compared to normal 

hearing. However, the ability to listen in the valleys/gaps is not the only determinant of size of the 

phase effect, but may couple with other possible mechanisms discussed above to produce a difference 

in masking effectiveness by different phases of Schroeder masker.  

One possible explanation for the insignificant difference in the phase effect between 75 dB A 

and 45 dB A at 4 kHz, and between normal hearing and hearing impaired participants at that frequency, 

might not be due to lack of cochlear nonlinearity at 4 kHz, but rather to a technical issue that arises 

when using masker at 4 kHz. For the 4 kHz masker, there was acoustic artefact generated by the 

software, producing another separate small click sound apart from the masker. This small click sound 

was identifiable by the experimenters and participants, and interfered the ability of the participant to 

detect the tone in the presence of 4 kHz masker.  Future work needs to be conducted to eliminate this 

artefact issue, enabling testing at 4 kHz and beyond.  

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

  

 

Figure 3.8: The basilar membrane response recorded in hook region of the chinchilla cochlea for 
different intensities of Schroeder-phase maskers. A and B show response from a linear cochlea 
and C and D show response from non-linear cochlear. Figure was taken from Fig. 14 of Recio & 
Rhode (2000). 
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3.4.3 Relationship between phase effect and hearing threshold 

Variation in the magnitude of the phase effect was observed between participants with the 

same audiometric threshold. Table 3.5 shows examples of some individual data for audiometric 

threshold and the size of the phase effect at 75 dB A masker level. For example, at 500 Hz, both 

participants H5 and H15 had audiometric thresholds of 25 dB HL, but the phase effect between those 

two participants differed by about 10 dB. This difference could be due to the threshold obtained from 

pure-tone audiometry testing involving the integration of sound processing from the periphery up to 

the central auditory system. Also, the audiometric threshold is determined by the participant’s 

psychoacoustic and auditory processing skills to detect and respond to the faintest sound that is being 

presented. Along with findings from a previous study (Gifford et al., 2008), the data in table 3.5 suggest 

that PTA threshold is not an indicative measure of phase effect, and therefore cochlear nonlinearity.  

 

 

Gifford et al. (2008) found that while PTA threshold changes pre-and post- cochlear implant 

surgery were not clinically significant (within ± 5 dB), the measured phase effect was significantly 

reduced after the surgery. This finding indicates that the Schroeder-phase effect was a more sensitive 

tool than pure tone audiometry threshold in measuring cochlear damage, specifically nonlinear 

cochlear function as a result of cochlear implant surgery (Gifford et al., 2008). Similarly, OAE 

measurement was also observed to be more sensitive than pure tone audiometry in detecting changes 

of cochlear function in the case of ototoxicity (Sliwinska-Kowalska & Kotylo, 2001). In monitoring the 

Table 3.5: Examples of variations in phase effect size in participants with similar audiometric thresholds 

Frequency Participant PTA threshold (dB HL) Phase effect (dB) 

500 Hz H5 25 26.2 

500 Hz H15 25 16.9 

 

 

500 Hz H8 30 21.0 

500 Hz H10 30 30.0 

 

 

   

1 kHz N42 10 17.2 

1 kHz N47 10 32.2 

 

 

2 kHz H3 25 34.7 

2 kHz H5 25 17.9 
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effect of an ototoxic agent, the OAE response was observed to decrease one month after the 

corticosteroid therapy, while pure-tone audiometry results remained the same. In other words, 

assessment of pure-tone audiometry alone might miss some important information about cochlear 

function that may be supported by findings from Schroeder-phase masking, much in the way that OAEs 

are used for detection of pre-clinical hearing loss in cases of exposure to noise or ototoxic agents 

(Sliwinska-Kowalska & Kotylo, 2001).  Identification and characterization of the origin and nature of 

hearing loss is important in applying specific targeted therapy accordingly.  

 

3.5  Conclusions  

The above experiments were conducted by manipulating two parameters: stimulus intensity, and 

the presence or absence of cochlear hearing loss, both of which were known to affect nonlinear 

cochlear function, based on previous studies. The summary of the results from the experiments above 

are as follows:  

i. Phase effects in normal hearing participants were observed to be level dependent, in that 

 they were reduced at lower presentation levels (45 dB A) as compared to medium 

 presentation levels (75 dB A). This finding was consistent with reduced cochlear nonlinearity 

 at low presentation levels (Ruggero et al., 1997; Sellick et al., 1982) and was also consistent 

 with findings from previous studies which used a 3AFC technique as the threshold tracking 

 procedure (Summers & Leek, 1998).  

ii. At 75 dB A, the phase effect was reduced in hearing impaired participants as compared to 

 normal hearing ones, consistent with the reduction of cochlear nonlinearity in the damaged 

 cochlea (Gifford et al., 2008; Oxenham & Dau, 2004; Recio & Rhode, 2000; Summers & 

 Leek, 1998)  

 

The above findings indicate that our new fast method has the potential to become a useful tool to 

measure nonlinear cochlear function, albeit with some limitations at 4 kHz due to a masker acoustic 

artefact issue. Further modification of the construction of maskers at and above 4 kHz may allow 

assessment of Schroeder-phase masking at higher frequencies. The time advantages given by the fast 

method may facilitate future research investigating cochlear function, and its application in clinical 

settings.  
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Chapter 4 

Off-frequency masking in Schroeder-phase harmonic complexes 
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Chapter 4 - Off-frequency masking in Schroeder-phase harmonic complexes 

4.1  Introduction 

Under certain circumstances, the phase relationship of masker components can be an 

important factor in determining the amount of masking. Contrary to the power spectrum model, 

differences in masking effectiveness have been shown to result from stimulation with Schroeder-phase 

maskers at different scalar factors , even though the power spectra of the maskers were identical 

(Kohlrausch & Sander, 1995; Lentz & Leek, 2001; Oxenham & Dau, 2004; Recio & Rhode, 2000; 

Summers, 2000). The difference in masking effectiveness produced by different phases of Schroeder 

harmonic masker is quantified as the phase effect. 

The probable mechanisms of the phase effect have been discussed thoroughly in the previous 

chapter. The different masking effectiveness given by different phases or scalar factors of Schroeder 

harmonic complexes was attributed to the different degree of modulation produced at the level of 

auditory filter (Kohlrausch & Sander, 1995; Lentz & Leek, 2001; Summers & Leek, 1998). As explained 

in Chapter 3, these different modulation patterns produced by the auditory filter enable ‘listening in 

the gap’ phenomena and lead to different degrees of cochlear nonlinearity involvement (Gifford, 

Dorman, Spahr, & Bacon, 2007; Recio & Rhode, 2000; Summers, et al., 2003; Summers & Leek, 1998). 

The reduced phase effect at low intensity levels and in participants with sensorineural hearing loss 

supports the involvement of cochlear nonlinearity in determining the size of phase effect.  

As discussed in Chapter 1, the nonlinearity of the cochlea is frequency specific. Cochlear 

vibration shows a compressive property for tones at characteristic frequency (CF), but not for 

frequencies below the CF. In Chapter 3, our findings were in line with previous studies in confirming 

that cochlear nonlinearity is important in determining the size of phase effect. Thus, in off-frequency 

listening, where the masker is centred away from the frequency of the probe, the phase effect would 

be expected to be absent or reduced due to the reduced cochlear nonlinearity at frequencies remote 

from the characteristic frequency. However, findings by Oxenham & Ewert (2005) using simultaneous 

masking indicated that the phase effect was still present in off-frequency listening. While the data in 

the study by  Oxenham & Ewert (2005) was obtained at only one probe frequency (2000 Hz), additional 

findings for off-frequency Schroeder-phase masking at several other frequencies (1 kHz, 2 kHz, and 6 

kHz) obtained by Wojtczak & Oxenham (2009, 2010) were in line with that study’s findings. Significant 

phase effects were observed in off-frequency listening, and these effects increased with increasing 

frequency and masker duration.  

The presence of the phase effect in conditions where cochlear nonlinearity is expected to have 

no effect (i.e. off-frequency listening) suggests the contribution of a mechanism other than cochlear 

nonlinearity in creating the phase effect. Unlike Oxenham & Ewert (2005), who used simultanous 
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masking in their experiment, Wojtczak and Oxenham (2009, 2010) used forward masking to eliminate 

the contribution of listening in the gap. Listening in the gap can only occur in simultaneous masking 

that is when the probe and masker are presented at the same time. In forward masking, where the 

probe is always presented after the offset of the masker, the ‘listening in the gap’ mechanism can be 

ruled out. Thus, in off-frequency forward masking using Schroeder harmonic complexes, the 

contributions of both ‘listening in the gap’ and cochlear nonlinearity can be controlled for (Wojtczak & 

oxenham, 2010). Wojtczak and Oxenham (2010) in their study showed that the phase effect for 

frequencies above 1 kHz was dependent on the masker duration. They found that the phase effect was 

consistently larger for masker durations of 200 ms as compared to 30 ms maskers. This time 

dependence of the phase effect cannot be explained by the peripheral compression as the nature of 

peripheral BM compression is fast acting and decreases over long course stimulation (Strickland, 2004).   

The potential mechanism that may account for the phase effect in off-frequency masking 

should have a long time constant, and give a strong effects at mid- to high frequencies (i.e. at and 

above 2 kHz), and should be able to aid in off-frequency listening. One possible mechanism that fits 

those descriptions is the medial olivocochlear reflex (MOCR) (Wojtczak & Oxenham, 2010), discussed 

below. 

4.1.1 Medial olivocochlear (MOC) anatomy 

The anatomy of the efferent auditory system was briefly discussed in Chapter 1. To summarize, 

the olivocochlear bundle is part of the efferent auditory system and mainly originates from the 

superior olivary complex (SOC). There are 2 types of olivocochlear efferents: the lateral olivocochlear 

efferents (LOC) and the medial olivocochlear efferents (MOC). The medial olivocochlear efferents 

consist of thick myelinated fibres that project through the vestibular nerve to the cochlea and 

innervate the outer hair cells. The MOC system (MOCS) consists of crossed and uncrossed pathways 

and can be activated either by ipsilateral or contralateral stimulation or binaural stimulation (review 

in Liberman & Guinan, 1998). The lateral olivocochlear efferent system (LOCS) consists of 

unmyelinated fibres that project via the vestibular nerve and innervate the type 1 fibres at the base of 

the IHC (Guinan Jr, 2006; Musiek & Baran, 2007). For the purposes of understanding how the 

olivocochlear efferents work, the review of that system in Chapter 1 will be extended here. However, 

this chapter will focus on the MOCS, but not the LOCS, since the MOCS has been proposed to be one 

of possible contributors to the Schroeder phase effect mechanism (Wojtczak & Oxenham, 2010).  

4.1.2 MOCS and cochlear gain reduction at different time scales 

When sounds enter the cochlea through the middle ear, the mechanical vibration of the basilar 

membrane is amplified by the outer hair cells, which function as the cochlear amplifier. The inner hair 

cells sense the changes in basilar membrane motion and excite the auditory nerve fibres. Auditory 
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nerve fibres excite interneurons in cochlear nucleus which then projects to the superior olivary 

complex to excite the LOCS and MOCS cells (Guinan, 2006; De Venecia, Liberman, Guinan & Brown, 

2005). As opposed to the LOCs, which innervate the primary afferent neurons and alter the firing rate 

of the auditory nerve fibres, the MOC efferents terminate on the OHCs and provide a feedback system 

to inhibit the amplification by OHCs and reduce the amplitude of basilar membrane motion. This 

feedback loop system forms the olivocochlear acoustic reflex, and acts as gain controller of the 

cochlear amplifier (Guinan, 2006). When auditory stimuli above a certain threshold are received, the 

MOC neurons depolarize and release the neurotransmitter acethycholine (ACh). ACh binds to the ACh 

receptor protein and causes the opening of calcium channels, allowing the increased entry of calcium 

into the outer hair cells. The time course of this calcium release gives different effects on OHCs. On a 

fast time scale (e.g. 100 ms), the release of calcium will open calcium-activated-potassium channels, 

allowing the potassium to flow out from OHC and cause it to hyperpolarize. This is known as the MOC 

fast effect (Cooper & Guinan, 2003; Guinan, 2006). On a longer time scale (more than tens of seconds), 

the prolonged entry of calcium results in changes in the OHC cytoskeleton, making the OHC less stiff. 

The change of OHC stiffness is responsible for the ‘MOC slow effect’ (Cooper & Guinan, 2003; Guinan, 

2006). Hyperpolarisation reduces OHC motility for a given stimulus intensity by changing the voltage 

sensitivity of prestin, whereas changes in stiffness alter the turgor state and the OHC motility/force for 

a given transmembrane voltage (Fuchs, 2002). At low to moderate sound levels, both slow and fast 

MOC effects have been observed to reduce basilar membrane amplitude in response to tone burst 

stimulation (Cooper & Guinan, 2003). The amounts of inhibition for the fast MOC effect decreased 

over the first 100 s of efferent stimulation, but the amount of slow inhibition built up over time and 

continued up to 500 s. In addition, differences in basilar membrane phase response patterns were 

observed for the fast and slow MOC effects. Fast MOC effects produce phase lag responses at low to 

moderate levels for frequencies ¼-½ octave below CF, and responses turned to phase leads at higher 

levels and frequencies. Slow MOC effects on the other hand always produce phase lag responses 

(negative phase) (Cooper & Guinan, 2003). Although reduced basilar membrane motion in response 

to tone burst stimulation was observed when the MOCS was activated, a different effect was observed 

when the tone was presented together with noise, as described below.  

4.1.3 MOCR and its anti-masking effect 

In the presence of background noise, previous studies have reported various findings on the 

role of the MOCS in aiding tone detection and speech recognition in noise. Some of these findings are 

in contradiction to the others. A study by Zeng, Martino, Lintichum & Soli (2000) in patients who 

underwent vestibular neurectomy showed that the operated ear (where the efferent nerve was 

sectioned) showed increases loudness sensation, a reduced overshoot effect, an accentuated ‘mid-

level hump’ in forward masking and worsened intensity discrimination in noise – suggesting active role 
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of efferent system in auditory perception in noise.  In testing the role of the MOCS in aiding tone 

detection in noise, several studies reported the correlation between MOC strength (measured as 

changes in magnitude of OAE suppression with and without contralateral noise stimulation) and 

masked threshold. Garinis, Werner & Abdala (2011) reported a positive correlation between masked 

threshold and the strength of MOC effects. These findings indicate that stronger MOC effects were 

associated with a reduced ability to detect tones in noise, and resulted in higher masked thresholds. 

On the other hand, several other studies (Micheyl and Collet, 1996; Baghat & Carter, 2010) reported a 

negative correlation between the MOC strength and masked threshold. A possible reason for the 

contradictory findings is the different frequency parameters used. Studies that reported negative 

correlations between MOCR strength and masked thresholds (Micheyl and Collet, 1996; Baghat & 

Carter, 2010) used a predictable and single frequency tone as target. That is, the listener was able to 

focus and listen over a narrow frequency region. On the other hand, the studies that reported the 

positive correlation used a complex tone as the target (consisting of multiple frequency component) 

(Micheyl, et al., 1995) and the signal was presented over a long interval (24 s) in between trials (Garinis 

et al., 2011). Thus, listener could be uncertain about the target frequency and had to listen over a 

broader frequency range.  This difference in the frequency parameters of the probes might explain the 

contradictory findings in terms of the correlation between the MOC strength and the masked 

threshold. One possible hypothesis that may be inferred from this observation was that the MOC reflex 

may provide the unmasking effect provided that the listeners are certain about the target and listen 

over a narrow frequency region (Garinis et al., 2011).   

However, the findings of Scharf, Magnan & Chays (1997) contradict the above findings and did 

not support the notion on the role of the MOCR in aiding the detection of tones in noise. Measuring 

the tone detection in noise in subjects who underwent vestibular neurectomy, their findings showed 

that the operated ear did not perform significantly worse than the unoperated ear. In fact in some 

cases, the operated ear showed lower masked thresholds (better performance in detecting tones in 

noise) after the surgery, contradicting the previous hypothesis that the olivocochlear bundles aid in 

tone detection in noise. They speculated that the possible causes of the negative findings could be due 

to the incorrect combination of stimulus conditions to test the right psychoacoustic function related 

to anti-masking. That is, the strong efferent effects may otherwise manifest when a complex sound is 

used as the stimulus. While Scharf et al. concluded that they observed negative findings regarding the 

anti-masking role of efferent system, Zeng et al. (2000) on the other hand have another perspective in 

interpreting Scharf et al.’s 1997 data. Scharf et al. (1997) measured the detection of tone bursts in 

notched noises (two wideband noises with a frequency separation that varied between 0 and 800 Hz). 

Their data showed that there were no differences in masked threshold between the operated and the 

unoperated ear in the no notch condition (no frequency separation between the two noises), but the 
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difference between the two groups apparently increased as the notch width increased. In the widest 

notch condition (800 Hz), there was still at least 10 dB masked threshold difference between the two 

groups. That is, the unoperated ear performed better in the detection in notched noise as compared 

to the operated ear when the notch of the noise is wide (i.e. 800 Hz). Zeng et al. (2000) attributed the 

anti-masking effect observed in Scharf et al. (1997) to the contribution of off-frequency masking rather 

than on-frequency masking, which is consistent with the wide and more basal projection of the 

efferent nerve to the outer hair cells in the cochlea. Another identified possible role of the MOCS is to 

facilitate speech recognition in noise. Contralateral noise was presented to activate the MOCR effect 

while speech in noise was presented ipsilaterally in normal hearing participants and in patients who 

had undergone vestibular neurectomy (Giraud, Garnier, Micheyl, Lina, Chays & Chery-Croze, 1997). 

The vestibular neurectomy patients were expected to have an impaired MOCR due to the sectioning 

of the vestibular nerve. While the addition of contralateral background noise improved the speech-in-

noise intelligibility scores for normal hearing subjects compared with no contralateral noise 

stimulation, vestibular neurectomy patients showed no such improvement. In addition, significant 

correlations were found between improvements in speech-in-noise intelligibility due to the presence 

of contralateral noise and the strength of MOCR measured by suppression of OAEs (Giraud et al., 

1997). In other words, subjects with strongest MOCR showed the highest improvement of speech-in-

noise intelligibility in the presence of contralateral noise. These findings support the role of the MOCR 

in aiding speech recognition in noise. 

Apart from findings in psychoacoustic studies, the anti-masking effects of the MOCS were also 

observed in physiological studies. In the presence of background noise, the MOC activation was 

observed to enhance auditory nerve responses towards transient sounds (Guinan, 2006; Kawase, 

Delgutte, & Liberman, 1993). Figure 4.1 better illustrates these phenomena. Figure 4.1 shows the 

response from a single auditory nerve fibre to tone bursts in quiet backgrounds without MOC 

activation (A), with MOC activation (B), in the presence of continuous noise without MOC activation 

(C), and in the presence of noise with MOC activation (D). In the absence of noise and without MOC 

activation (4.1 A), the typical response from an auditory nerve fibre is plotted as the solid black line. 

With MOC activation (4.1 B), the response as shown in the grey line was shifted to the right, indicating 

that higher tone burst levels were required to produce comparable responses (in terms of firing rate) 

as in 4.1 (A) . In the presence of continuous background noise (4.1 C), the auditory nerve firing rate 

during tone burst presentation is raised at low levels, and reduced at high levels, resulting in reduced 

dynamic range. This was most likely due to depletion of neurotransmitter reserves available for tone 

burst responses as the result of continuous stimulation of background noise. With MOC stimulation 

(4.1 D), the nerve response shifted towards the right with higher levels of tone burst required to 

produce minimum firing rate, which is higher than minimum firing rate in 4.1 C. Also, the maximum 
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firing rate was higher than that shown in 4.1 C. At this point, ‘unmasking’ occurs where the response 

to the noise is inhibited, the supply of neurotransmitter available for tone burst stimulation is restored, 

and the dynamic range is increased. This aids the listening of transient signals in the presence of 

continuous background noise (Guinan Jr, 2006, Kawase & Liberman, 1993).  

4.1.4 MOCR and protection against noise damage 

Apart from aiding listening in noise, evidence in animal studies showed that the MOCR plays 

an important role in providing protection to the ear from noise damage (Rajan, 2000; Maison & 

Liberman, 2000). The deactivation of the efferent pathway in adult cat has been observed to result in 

thresholds increasing by almost 30 dB following exposure to loud sound compared to animals with 

intact efferents (Rajan, 2000). Also, during traumatic sound exposure, animals with strong MOCR 

reflexes (determined by the magnitude of changes in OAE response) had the least damage while 

animals with weak reflexes suffered from the greatest damage (Maison & Liberman, 2000).  

4.1.5 MOC frequency tuning properties 

Frequency tuning of the MOCS was observed to be broad and frequency dependent 

(Lilaonitkul & Guinan, 2009, 2012). Different patterns of MOC tuning were observed for different 

frequency regions. The frequency tuning of the MOCS has been studied by Lilaonitkul & Guinan (2012) 

who measured the change of SFOAE magnitude and phase for 500 Hz, 1 kHz and 4 kHz probe tones 

with and without the presence of a 60 dB SPL tone or narrowband noise that was presented 

ipsilaterally, contralaterally or bilaterally. The frequencies of the narrowband elicitor were varied and 

separated by half-octave steps ranging from -2 to +3 octaves re: the 500 Hz probe, from -2.5 to + 2.5 

octaves re: the 1 kHz probe, and from +3.5 to +1 octave re: the 4 kHz probe. The MOC effect, measured 

as ΔSFOAEn [see Lilaonitkul & Guinan (2012) for the details of analysis] was then plotted against the 

different frequency of the elicitor, as in Figure 4.2. Different patterns of MOC frequency tuning were 

noted for different probe frequencies. For 500 Hz probes, the MOC effect peaks at a frequency that is 

higher than the probe frequency, and elicitor frequencies that are higher than the probe frequency 

produce large effects. For 1 kHz, the MOC effect peaks at a frequency below the probe frequency, with 

elicitor frequencies that are lower than the probe frequency producing a large effect. For 4 kHz, the 

MOC effect peaks at the probe frequency, with a large MOC effect was observed for elicitors at and 

more than half octave above the probe frequency. Although different MOC activation patterns were 

observed for different probe frequencies, generally, elicitors in a range of ≈0.5 - 2 kHz were observed 

to be effective in eliciting the MOC effect. The pattern of the MOC tuning was basically similar for 

bilateral, contralateral and ipsilateral elicitor stimulation but the magnitude of the effect was largest 

for bilateral elicitation, followed by ipsilateral and contralateral elicitation. Findings in physiological 

studies in auditory nerve fibres shows the largest MOC inhibition was observed at mid to high 
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frequencies, and the effect appeared for masker levels as low as 40 dB SL (Guinan & Gifford, 1988; 

Maison, Adams, & Liberman, 2003; Kawase & Liberman, 1993). 

 

 

4.1.6 Investigating the involvement of MOCR in Schroeder-phase effect mechanism using 

the fast method of Schroeder-phase masking 

 Although the forward masking method as justified by Wojtczak & Oxenham (2010) was ideal 

for eliminating the contribution of cochlear nonlinearity and listening in the gaps, the current protocol 

for fast method uses simultanous maksing. Thus, findings for off-frequency listening by Oxenham & 

Ewert (2005) are more relevent for the purpose of comparison with the fast method since 

simultaneous masking is applied for our fast method. However, the data from Oxenham & Ewert (2005) 

was only limited to 2 kHz. Also, although extended findings for other frequencies was available in 

Wojtczak & Oxenham (2009), their testing is limited to mid- and high frequency region and comparison 

of phase effect at low frequency regions was not possible. In the present study, we have tested at 

lower frequency regions (500 Hz) to enable the comparisons with the mid-frequency regions. We 

would like to observe if the frequency dependant characteristics of the phase effect in off-frequency 

listening that have been observed by Wojtczak & Oxenham (2010) using forward masking procedures, 

can be observed in simultaneous masking. If the same effects that were observed in forward masking 

 
Figure 4.1: Response from single auditory nerve fibre in quiet and in the presence of background noise, 
with and without MOC activation. Figure was adapted from Figure 5 in Guinan (2006). See text for 
description. 
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are manifested in simulataneous masking, it would support the possible involvement of mechanisms 

other than cochlear nonlinearity in determining the size of phase effect. The novel conditions used in 

this study in comparison with Oxenham & Ewert (2005) are the use of the fast method instead of the 

conventional 3AFC method in threshold tracking procedure, the extended testing at several 

frequencies (500 Hz, 1kHz and 2 kHz), and the testing of hearing-impaired participants.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.2: Frequency tuning of MOC effects using ipsilateral, contralateral, and bilateral 60 dB SPL 
narrowband noise elicitors. Vertical dashed line shows the probe frequency. For contralateral stimulation, 
two different ‘0.1 s’ time windows ware used; ‘during elicitor’ (ends 0.05 s before the end of elicitor) and 
‘post- elicitor’ (starts 0.05 s after the end of the elicitor).Error bar shows ± 1 SE. Figure was adapted from 
Fig. 7 in Lilaonitkul & Guinan (2012). 
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Findings from this experiment are hoped to answer the questions below. Specific hypotheses are given 

for each question as follows:  

i. Using the fast method, do we observe the phase effect in off-frequency simultaneous 

masking?  

ii. Is the frequency effect observed in off-frequency masking present in normal hearing and 

hearing impaired? 

iii. Does the magnitude of the phase effect for off-frequency listening differ between normal 

hearing and hearing impaired participants? 

iv. What scalar factor of Schroeder masker produces the minimum masked threshold 

(minima)? Does location of the minima in the Schroeder-phase masking functions reflect 

the phase curvature of the cochlea?  

4.2  Method 

 Using the new developed fast method, Schroeder-phase masking was conducted at 75 dB A 

for probe frequencies of 500 Hz, 1 kHz, and 2 kHz in normal hearing and hearing impaired participants. 

The same participants as in Chapter 3 were invited to participate in this study. All the procedures were 

kept the same as in the ‘on-frequency’ masking experiments described in Chapter 3, except for the 

masker parameters. The masker centre frequency was set to be more than half an octave away from 

the centre frequency of the probe to eliminate the involvement of peripheral auditory compression 

(Wojtczak & Oxenham, 2010). The masker bandwidth remained as in on-frequency masking in the 

range of 0.6- 1.4 CF masker. Figure 4.3 shows the frequency relationship between masker and the probe, 

i.e. proportion of the CFprobe re CFmasker. The red thick line spans half an octave below the CFprobe. The 

black line shows the masker frequency components that were set to be more than half an octave below 

the CFprobe. The details of the frequency settings are shown in Table 4.1. 

 

Figure 4.3: Frequency relationship between CFprobe and CFmasker. For the on frequency masking, the proportion 
of CFprobe re CFmasker was 1. In off-frequency masking, the proportion of the CFprobe re CFmasker was 2.667, that 
the masker was always set to be more than half octave below the CFprobe. The red thick line points at the 
frequency half an octave below the CFprobe. Masker components was set to be in the range of 0.4-1.6 CFmasker.  

0.4-1.6 CFmasker.  
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Table 4.1: Masker parameters for off-frequency masking 

Probe 
frequency 

(Hz) 

Half octave below 
probe frequency 

(Hz) 

Masker 
centre 

frequency 
(Hz) 

Masker spectrum 
(lower bound)(Hz) 

Masker spectrum (upper 
bound) (Hz) 

500 375 150 60 240 

1000 750 375 150 600 

2000 1500 750 300 1200 

 

4.3  Data analysis 

Data for on-frequency masking were taken from those used in Chapter 3. Phase effects from on-

frequency masking in Chapter 3 were compared to those of off-frequency masking. Analysis was 

conducted using linear mixed models in IBM SPSS Statistics for Windows (Version 20, IBM Corp., 

Armonk, NY). In comparing the on-and off-frequency masking among normal hearing participants, the 

type of masking (on- or off-frequency masking), frequency, and hearing status was treated as the fixed 

effect and the participant was treated as a random effect. Another aspect to be observed is the 

location of minima in the Schroeder-phase masking curve. The logic is that the location of the minima 

is equal but opposite sign to  the phase curvature of the cochlea (Oxenham & Dau, 2001b; Oxenham 

& Ewert, 2005). Thus, we will observe the location of minima for off-frequency masking result and 

compare that to published observations and theory. For grouping the participants, the same criteria 

to define the hearing-impaired group as was described in Chapter 3 were used. Unlike in on-frequency 

masking, the use of the off-frequency masker for 4 kHz probe did not produce any acoustic artefact 

issues. This could be because the masker was centred more than half an octave below the centre 

frequency of the probe. Hence all the frequency components of the 4 kHz masker were within the 

range of lower frequencies. But for the purpose of comparison between on-frequency and off-

frequency results, results at 4 kHz were not analysed due to unreliable responses at 4 kHz for on-

frequency components. 

4.4  Results 

4.4.1 Comparison of phase effects in on- and off-frequency masking 

Figure 4.4 shows a plot of the phase effect for on- and off-frequency masking in normal hearing 

and hearing impaired participants at different frequencies at a 75 dB A masker level. Flatter masking 

curves were observed in off-frequency masking as compared to on-frequency masking. The locations 

of minima, at least for the mean of the masking function for on-frequency masking, were generally at 

positive scalar factors, for both normal-hearing and hearing-impaired participants. Locations of the 

minima for off-frequency masking (shown by the black arrow in Figure 4.4) were constantly at c: 0 for 
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all frequencies for both normal-hearing and hearing-impaired participants. Comparisons of the phase 

effect using linear mixed models showed significantly reduced phase effects for off-frequency masking 

as compared to those of on-frequency masking for all tested frequencies, consistent with the 

hypothesis. Even so, the magnitude of the phase effect in off-frequency masking was still considered 

large (e.g. 20+ dB for 2 kHz). Table 4.2 summarises the analysis and the descriptive statistics for the 

overall data. Phase effects for on- and off-frequency masking in normal hearing and hearing impaired 

participants are plotted in Figure 4.5.   
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Figure 4.4: Schroeder-phase masking function using on-frequency (filled symbols) and off-frequency (unfilled 
symbols) maskers at 75 dB A level. Plots on left hand side are for normal hearing (blue circle symbols) and 
plots for right hand side are for hearing impaired (red circle symbol). Black arrow shows the location of 
minima for off-frequency Schroeder-phase masking function. Error bar shows one standard deviation. 
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Table 4.2: Comparison of phase effects between on- and off-frequency masking in normal hearing and 
hearing impaired participants across frequencies 

Frequency 
(Hz) 

Hearing 
status 

Type of masking N 
Mean of phase 

effect (dB) ± s.d. 
95% Confidence 

Interval 
p-value 

500 

Normal 

hearing 

On-frequency masking 16 27.00 ± 4.07 24.83, 29.17 <0.001 

Off- frequency masking 12 9.07 ± 4.89 5.96, 12.18  

Hearing 

impaired 

On-frequency masking 10 18.59 ± 7.41 13.29, 23.89 <0.001 

Off- frequency masking 12 5.59 ± 2.62 3.92, 7.25  

1000 

Normal 

hearing 

On-frequency masking 16 25.57 ± 4.14 23.37, 27.77 <0.001 

Off- frequency masking 13 17.29 ± 3.59 15.12, 19.45  

Hearing 

impaired 

On-frequency masking 7 17.86 ± 6.04 12.28, 23.45 0.003 

Off- frequency masking 13 11.14 ± 3.61 8.96, 13.32  

2000 

Normal 

hearing 

On-frequency masking 16 25.15 ±5.29 22.33, 27.96 0.008 

Off- frequency masking 13 20.99 ± 6.96 16.78, 25.20  

Hearing 

impaired 

On-frequency masking 12 16.92 ± 8.86 11.29, 22.55 0.005 

Off- frequency masking 11 11.47 ± 4.89 8.18, 14.76  

 

  

Figure 4.5: Phase effect magnitudes for on- (filled bar) and off-frequency (shaded bar) masking in normal 
hearing (red marker) and hearing impaired (green marker) participants. Error bars show one standard 
deviation. Abbreviations: On: on-frequency masking; off: off-frequency masking; NH: normal hearing; HI: 
Hearing impaired. 
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4.4.2. Comparison of the phase effect at different frequencies 

For the purpose of understanding the mechanism underlying the presence of the phase effect 

in off-frequency masking, phase effects were compared between the frequencies. Comparisons were 

conducted for normal hearing and hearing impaired participants. The frequency effect was not 

observed for on-frequency masking, with no significant difference observed in the magnitude of the 

phase effect across frequencies. On the other hand, the frequency effect was observed for off-

frequency masking, with the phase effect at 2 kHz being consistently larger, and the phase effect at 

500 Hz being consistently smaller, than the other frequencies. The frequency effect was present for 

both normal hearing and hearing impaired groups. However, frequency effect for off-frequency 

masking in sensorineural hearing loss might be influenced by the variation in hearing thresholds at 

different frequencies. Table 4.3 summarizes the analysis. Figure 4.6 shows a plot of the phase effects 

across different frequencies for on- and off-frequency masking in normal hearing where the auditory 

function was expected to be intact.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
Figure 4.6: Phase effect at different frequencies for on and off-frequency masking in normal hearing. 
Error bar shows one standard deviation.  
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4.4.3  Comparison of phase effect between normal hearing and hearing impaired for off-

frequency masking  

Phase effect comparisons between normal hearing and hearing impaired participants for on-frequency 

masking were presented in Chapter 3. We observed reduced phase effects in participants with 

sensorineural hearing loss as compared to those with normal hearing at all tested frequencies in on-

frequency masking. A slightly different pattern was observed in off-frequency masking. Phase effects 

were significantly reduced for participants with sensorineural hearing loss as compared to normal 

hearing at 1 kHz and 2 kHz, but not at 500 Hz (refer to Table 4.4). Figure 4.7 shows a plot of off-

frequency phase effect for both groups. 

 

Table 4.3 : Comparison of phase effect at different frequencies  

Type of 

masking 

Hearing 

status 

Frequency 

(Hz) 

N Mean phase 

effect (dB) ± 

s.d. 

S.E. 95% Confidence 

Interval 

p-value 

On-frequency 

masking 

Normal 

hearing 

500 16 27.00 ± 4.07 1.02 24.83, 29.17 0.448 

1000 16 25.57 ± 4.14 1.03 23.37, 27.77 

2000 16 25.15 ±5.29 1.32 22.33, 27.96 

Hearing 

impaired 

500 10 18.59 ± 7.41 2.34 13.29, 23.89 0.432 

1000 7 17.86 ± 6.04 2.28 12.28, 23.45 

2000 12 16.92 ± 8.86 2.56 11.29, 22.55 

Off- frequency 

masking 

Normal 

hearing 

500 12 9.07 ± 4.89 1.41 5.96, 12.18 <0.001a 

1000 13 17.29 ± 3.59 1.00 15.12, 19.45 

2000 13 20.99 ± 6.96 1.93 16.78, 25.20 

Hearing 

impaired 

500 12 5.59 ± 2.62 0.76 3.92, 7.25 0.001b 

1000 13 11.14 ± 3.61 1.00 8.96, 13.32 

2000 11 11.47 ± 4.89 1.48 8.18, 14.76 

Post hoc test:  
a significant difference was found between 500 Hz &1 kHz (p<0.001), 500 Hz & 2 kHz (p<0.001), and 2 kHz and 
1 kHz (p: 0.013). 
b significant difference was found between 500 Hz &1 kHz (p: 0.001), 500 Hz & 2 kHz (p: 0.001).  

 

 

Table 4.4: Comparison of phase effect between normal hearing and hearing impaired participant for off-
frequency masking 

Frequency (Hz) Hearing status N 
Mean phase effect 

(dB) ± s.d. 

95% Confidence 

Interval 
p-value 

500 
Normal hearing 12 9.07 ± 4.89 5.96, 12.18 0.141 

Hearing impaired 12 5.59 ± 2.62 3.92, 7.25  

1000 
Normal hearing 13 17.29 ± 3.59 15.12, 19.45 0.017 

Hearing impaired 13 11.14 ± 3.61 8.96, 13.32  

2000 
Normal hearing 13 20.99 ± 6.96 16.78, 25.20 <0.001 

Hearing impaired 11 11.47 ± 4.89 8.18, 14.76  
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4.5  Discussion 

4.5.1 Phase effect in off-frequency masking 

The observation of reduced phase effects for off-frequency masking as compared to on-

frequency masking was consistent with hypothesis 1, and was consistent with findings from previous 

studies (Wojtczak & Oxenham, 2009; Oxenham & Ewert, 2005). The reduced phase effect in off-

frequency masking was expected due to the reduced contribution of cochlear nonlinearity for 

frequencies away from centre frequency of the probe. However, the presence of a measureable phase 

effect in off-frequency masking (although still smaller than that for on-frequency masking), might 

suppport the possible involvement of mechanisms other other than cochlear nonlinearity in creating 

the phase effect (Wojtczak & Oxenham, 2009).  

Previously in Chapter 3, we discussed the mechanism by which the phase effect may occur. 

Interaction between basilar membrane phase curvature and phase curvature of Schroeder-phase 

masker was thought to result in different degree of modulation at the output of auditory filter. The 

modulation, together with nonlinear cochlear processing, aids in tone detection, which is prone to 

occur when positive phase of Schroeder masker was used. As a result, a large phase effect was 

observed in normal hearing group at moderate intensities, conditions at which cochlear nonlinearity 

is preserved (refer Chapter 3 for a more explicit explanation). At frequencies that are away from the 

CF, phase curvature tends to be zero (Shera, 2001), and cochlear nonlinearity is reduced (Rhode (1971). 

 

Figure 4.7: Plots of the mean phase effect for off-frequency masking for normal hearing and 

sensorineural hearing loss participants. Error bar shows one standard deviation. 
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Thus, one could argue that the presence of the phase effect in off-frequency masking was simply due 

to the difference in the envelope of acoustic waveform at c: -1 / c: +1, and at c: 0. At c: 0 the acoustic 

waveform of Schroeder harmonic complexes has a high crest factor, consisting of regions of high peak 

amplitude separated by regions of low amplitude (refer to Figure 4.8). Due to their being no phase 

curvature of the cochlea at frequency well below CF, the phase of the masker was not modulated and 

the same pattern of the peaky waveform at c: 0 would have been produced relatively unchanged at 

the output of auditory filter. Thus when presented with tone, the tone can be heard in the low 

amplitude regions of the masker. This phenomenon that we call listening in the valley or in the gap 

might lead to the lowest minimum masked thresholds. On the other hand the listening in the gap does 

not happen for c: +1 and c: -1 as the acoustic waveform has a flat temporal envelope, and when 

presented with a probe tone it better masked the tone, and higher tone levels were needed in order 

for the listener to detect the tone in the presence of Schroeder noise. The difference of masking 

between these two scalar factors was then attributed to the difference in the envelope of the acoustic 

waveform of the masker, and produced phase effect. If this is the case, the effect should have been 

consistent across frequencies as the temporal envelopes of the acoustic waveform for different scalar 

factors are preserved even when the frequency is varied, as shown in Figure 4.8. However, this was 

not the case. 

Observations from the current study showed that the phase effect was reduced at 500 Hz as 

compared to 1 kHz and 2 kHz. One might then argue that the reduced phase effect at 500 Hz as 

compared to higher frequencies was due smaller size of critical band (smaller absolute ERB value) at 

lower frequencies as compared to higher frequencies (Moore, 1995). Smaller critical bands for lower 

frequencies allows a smaller number of masker components to be processed by the each cochlear filter 

(e.g. the one tuned to 500 Hz), and resulted in less interaction of the filter and masker, and hence a 

reduced phase effect. However, using similar numbers of masker component in on-frequency masking, 

the difference of phase effect across frequencies was not observed, ruling out the possibility of size of 

auditory filter contribution in explaining the frequency effect observed in off-frequency masking. The 

presence of the frequency effect in off-frequency masking (which could not be explained by the size 

of auditory filter) suggesting that the listening in the gap that was contributed by the difference in the 

temporal envelope of acoustic waveform of Schroeder harmonic complexes alone, could not explain 

the off-frequency masking phase effect. Consideration of additional mechanisms that might work 

together with ‘listening in the gap’ phenomenon might explain the observed phase effect in off-

frequency listening. Such mechanism should fulfil these criteria: 

i. It is not cochlear compression (since cochlear compression is only active at 

characteristic frequency) 
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ii. It is not active at lower frequency region, but is active at mid-frequency regions (at 

least from observation of this study since no high frequency was tested)  

iii. It is affected by sensorineural hearing loss, and 

iv. Can be elicited with a masker that was more than half octave below the characteristic 

frequency of the probe. 

Wojtczak & Oxenham (2009) who also observed the phase effect in off-frequency masking pointed at 

the possibility of MOC involvement. It is worth noting that some of the findings in Wojtczak & Oxenham 

(2009) differed from those in the current study, and the implication of the differences will be discussed 

later.  

 

 

 

4.5.2 Phase effect in off-frequency masking: an effect of varying frequency.  

The larger phase effects observed with increasing frequency in off-frequency masking were 

consistent with the frequency pattern found in Wojtczak & Oxenham (2009). A little deviation of our 

findings from that of Wojtczak & Oxenham (2009) was observed at 1 kHz. Significant phase effects for 

off-frequency masking at 1 kHz were observed in this study, but not in Wojtczak & Oxenham (2009). 

Our findings were consistent with Lilaonitkul & Guinan (2009, 2012) who found large MOC effect at 1 

Figure 4.8: Temporal waveforms for Schroeder-phase masking complexes at scalar factors of +1, 0, and -1. 
Two periods of each masker are shown at each scalar factor. The labels on the horizontal axis show the 
halving of the masker period as the frequency doubles, from 80 ms at 250 Hz to 5 ms at 4 kHz. 
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kHz. Generally, the frequency pattern observed in this study, and in Wojtczak & Oxenham (2009), was 

consistent with frequency tuning of MOC that was observed to be activated when using mid- to high 

frequency elicitor (Guinan & Gifford 1988; Maison, Adams, & Liberman, 2003; Kawase & Liberman, 

1993; Lilaonitkul & Guinan (2012). Therefore, the reduced phase effect at 500 Hz in off-frequency 

masking was probably due to the reduced MOC strength at the lower frequency region (Guinan & 

Gifford 1988; Maison, Adams, & Liberman, 2003; Kawase & Liberman, 1993).  

4.5.3 Effect of sensorineural hearing loss in off- frequency masking 

 The comparison of the off-frequency phase effect between normal hearing and 

hearing impaired groups might provide another insight in explaining the potential phase-effect 

mechanism. In on-frequency masking, the phase effect was significantly reduced in the hearing 

impaired group as compared to normal hearing group at all tested frequencies, possibly due to reduced 

cochlear nonlinearity in hearing impaired group (detailed discussion in Chapter 3). Thus, we would 

expect to see no difference in phase effect between normal hearing and hearing impaired groups in 

off-frequency masking for all tested frequencies since cochlear nonlinearity plays no significant role in 

off-frequency listening. However, based on our findings, the expected observation held true only at 

500 Hz, but not at 1 kHz and 2 kHz. The phase effect for the hearing impaired group was significantly 

lower as compared to the normal hearing group for 1 kHz and 2 kHz, but no significant difference was 

observed for 500 Hz. The insignificant difference observed at 500 Hz between those two groups was 

probably due to the independence of cochlear nonlinearity for off-frequency masking mechanism, and 

possibly due to inactivation of MOC at lower frequency regions. For frequencies at which MOC reflex 

was thought to show a large effect, the discrepancies in phase effect between normal hearing and 

hearing impaired group was observed. To the best of our knowledge, the only study that reported the 

MOC effect in sensorineural hearing loss was conducted by Collet, Veuillet, Bene, & Morgan (1992). 

Collet et al. (1992) measured the MOC effect as the reduction of OAE amplitude (with ipsilateral click 

as stimulus) measured without and with MOC activation (via contralateral white noise stimulation). 

They found no significant difference in MOC effect between normal hearing and sensorineural hearing 

loss subjects. However, the inclusion criteria for sensorineural hearing loss made by Collet et al. (1992) 

could be a confounding factor. The criterion for sensorineural hearing loss subjects in that study was 

that the hearing threshold at 1 kHz should be less or equal to 30 dB. With this criterion, it was possible 

to have sensorineural hearing loss participants with intact hearing function i.e. normal hearing 

threshold (≤ 20 dB HL) at 1 kHz region, making the comparison with normal hearing group result in no 

significant difference. For example, the mean threshold at 1 kHz for sensorineural hearing loss 

participants from their pilot study was 13.1 dB, which fell within the average normal hearing limit (≤ 

20 dB HL). Although it is not well studied, the MOC function is expected to be reduced in patients with 

damaged outer hair cells (a common cause of sensorineural hearing loss). Damage or loss of outer hair 
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cell function will impair the cochlear amplification system and result in elevated hearing thresholds. 

Thus, reduced amplification will also reduce the MOC’s ability to modulate the amplification (Liberman 

& Guinan, 1998). Thus, the reduced phase effects observed in sensorineural hearing loss participants 

as compared to normal hearing participants was consistent with expected reduction of MOC effects in 

sensorineural hearing loss listeners. However, this could not be confirmed unless a more direct 

physiological measure is conducted, as described in Section 4.5.6 below.  

4.5.4 Possible mechanism for the phase effect in Schroeder-phase masking.  

Up to this point, we could possibly rule out the involvement of cochlear nonlinearity and 

modulation by auditory filter phase curvature in off-frequency masking phase effect mechanism. Based 

on the frequency patterns and findings in sensorineural hearing loss as discussed above, the MOCS 

could potentially be the candidate for the phase effect mechanism in off-frequency masking, 

consistent with suggestions by Wotjzack & Oxenham (2010). Model prediction in Wotjzack & Oxenham 

(2010) showed that the phase effect in off-frequency masking could not be predicted with model that 

incorporates filtering with auditory filter phase curvature and compression, but could be well 

predicted by the model that incorporated MOCR characteristic was consistent with our reasoning. But 

a very important question to be addressed is how does the MOCS effects aid in creating the masking 

differences at different phases of Schroeder masker, thus creating the phase effect?  

Observation from previous studies elucidated two main roles of the MOC. First, upon 

activation, MOC reacts by decreasing the cochlear gain (Cooper & Guinan, 2003; Guinan, 2006; 

Lilaonitkul & Guinan, 2009 & 2012). This effect protects the ear against noise damage (Rajan, 2000; 

Maison & Liberman, 2000). The second role of MOC is to provide the anti-masking effect and help in 

signal detection in the presence of noise (Micheyl and Collet, 1996; Baghat & Carter, 2010; Giraud, et 

al., 1997, Guinan, 2006; Kawase, Delgutte, & Liberman, 1993). Measurement of masked thresholds at 

frequencies at which MOCS function is thought to be active or inactive might determine which of the 

two roles of MOCS function applied in creating the phase effect. If the masked threshold increased at 

frequencies at which the MOCS is thought to be active, then the MOCS function was to reduce the 

cochlear gain towards the probe. If the level of masked threshold decreased for frequency at which 

MOCS is thought to be active, then MOCS anti-masking function may be responsible.  

 Since the phase effect was contributed by the difference between maximum and minimum 

masked threshold, we will look at the changing pattern of masked thresholds across frequency for 

scalar factors that produced maximum and minimum masked thresholds. Looking at how the 

maximum and minimum masked thresholds changed with frequency in normal hearing participants 

would give an insight into how the MOCS might contribute to the phase effect. For frequencies at 

which the MOCS effect was observed to be strong i.e., 1 kHz and 2 kHz, (Guinan & Gifford 1988; 

Lilaonitkul & Guinan, 2012; Maison, Adams, & Liberman, 2003; Kawase & Liberman, 1993), the level of 
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masked threshold tends to be higher compared to the frequency where MOCS is thought to be inactive 

(e.g. 500 Hz). This can be seen at least for scalar factors that produce the minimum and maximum 

masked thresholds, but the effect was rather obvious for the maximum masked threshold (refer to 

Figure 4.3). 

The maximum masked threshold increased from 23.7 dB A (at 500 Hz) to 41.6 dB A (at 1 kHz) 

to 47.5 dB A (2 kHz) as the frequency increased. Whereas, the minimum masked threshold increased 

more subtly from 15.4 dB A (500 Hz) to 25.1 dB A (1 kHz) to 28.7 dB A (2 kHz) with increasing frequency. 

Thus the increment of masked threshold as frequency increased (from 500 Hz to 2 kHz) was more for 

the maximum masked threshold (23.8 dB A) than the minimum masked threshold (13.3 dB A). Two 

important pieces of information that can be derived from this observation are: i) the MOCS, if involved 

in creating phase effect, was more activated by Schroeder maskers at scalar factors that produced 

maximum masked thresholds (c: -1/c: +1); and ii) upon activation, the MOCS role was to reduce 

cochlear gain towards the probe, causing higher probe levels to be needed in order to be detected in 

the presence of noise, hence increasing the masked threshold.  

The increase in masked threshold at frequencies where the MOCS is expected to be stronger 

was consistent with findings in Garinis et al. (2011) which found positive correlation between masked 

thresholds and the MOCS effect. Also, Lilaonitkul and Guinan (2009, 2012) observed the upward spread 

of the MOCS effect, where the MOCS was observed to reduce gain (measured as a reduction in SFOAEs) 

at the signal’s characteristic frequency even though all the components of the elicitor were below the 

signal frequency. Our data showed that the increase in masked threshold was more prominent at scalar 

factors that produced the maximum masked threshold as compared to scalar factors that produced 

the minimum masked threshold (c: 0). Also, the maximum masked threshold lay at either c: -1 (2 kHz) 

or c: +1 (1kHz). At these scalar factors, the temporal envelope of the acoustic waveform is flat. This 

observation was consistent with hypothesis by Wotjzack & Oxenham (2009) that stated that elicitors 

with flat temporal envelopes should produce stronger MOCR activation (reduced cochlear gain) than 

elicitors with the same rms level but more highly modulated temporal envelopes (e.g. c: 0).  

Although many previous studies showed that the MOC produced anti-masking effects when 

activated (Micheyl and Collet, 1996; Baghat & Carter, 2010; Giraud, et al., 1997, Guinan, 2006; Kawase, 

Delgutte, & Liberman, 1993), such effects were not observed in this study. In order for the MOCS to 

produce the anti-masking effect, it needs to be able to identify the noise as being continuous and the 

signal as being transient. When continuous tones are presented in continuous noise, the OC system 

could not differentiate between noise and signal, and therefore could not help in the tone detection 

and produce the anti-masking effect (Liberman & Guinan, 1998). Our fast method uses a Békésy 

tracking procedure where the pulsatile probe is continuously presented in the presence of a 

Schroeder-phase masker that was continuously swept across different scalar factor. Thus, if MOC is 
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activated by the off-frequency Schroeder noise, it could not produce anti-masking effect due to 

continuous presentation of the masker and the probe makes it difficult to differentiate between ‘noise’ 

and ‘signal’. Thus the role of MOC in this case was not to produce anti-masking effect, but to reduce 

the cochlear gain towards the tone, and increase the masked threshold, consistent with suggestion by 

Wotjzack & Oxenham (2010). This effect was more intense at frequency at which MOC is believed to 

be activated (1 kHz and 2 kHz).  

In Chapter 3, we have discussed that the difference of phase effect between normal hearing 

and hearing impaired were observed at scalar factor that produce minimum masked threshold, but 

not at the scalar factor that produce maximum masked threshold. This could be due to reduced phasic 

suppression (that was explained to be accountable for the minimum masked threshold) in 

sensorineural hearing loss as a result of impaired active process. On the other hand, in off frequency 

masking the frequency pattern (that was thought to be contributed by the MOCR) was observed at 

scalar factor that produce maximum masked threshold. This observation could indicate that both 

suppression and MOCR might involve in Schroeder-phase masking, but acting in different ways. That 

is, the active process might contribute to the Schroeder-phase masking for scalar factor that produce 

minimum masked threshold, and the MOCR might contribute to the masking at scalar factor that 

produce maximum masked threshold. However, further testing is needed before a concrete conclusion 

on the mechanism governs the phase effect can be drawn.   

4.5.5 Prediction of cochlear phase curvature based on the location of minima of Schroeder-

phase masking function 

Another important piece of information that can be derived from the findings is the estimation 

of phase curvature of the cochlea based on Schroeder-phase masking. The location of the minima of 

Schroeder-phase masking function was thought to reflect the phase curvature of basilar membrane 

(Oxenham & Dau, 2001b). The phase response of basilar membrane is thought to be opposite of the 

phase of the masker that produce minimum masked threshold in Schroeder-phase masking function. 

This is the basis of the notion for modulation mechanism theory in creating the phase effect. That is, 

when the phase curvature of the masker cancels out the phase curvature of basilar membrane, 

maximum modulation occurs and consequently results in the lowest masked threshold (Oxenham & 

Dau, 2001b). The observation from this study indicates that the location of the minima for off-

frequency masking lies consistently at C: 0 for all tested frequencies and for both normal hearing and 

hearing impaired groups. This observation was consistent with the findings of off-frequency Schroeder-

phase masking in Wojtczak & Oxenham (2009) and Oxenham & Ewert (2005) that showed the minima 

for off-frequency Schroeder masking lies at c: 0 (see Figure 4.9 for findings in Oxenham & Ewert, 2009). 

This is consistent with the previous findings that showed that at frequency below the characteristic 

frequency, the phase response of basilar membrane tends toward 0 degrees (Ruggero et al. (1994). 
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Similar patterns of the location of the minima observed in normal hearing and in hearing impaired 

were consistent with the findings that showed no difference in the phase response found in healthy 

and damaged cochlea (Robles, et Al., 1986; see also the review in Ruggero, 1994). Also, as shown in 

Figure 4.3, an approximately similar level of masked threshold was observed in off-frequency masking 

for c: -1 and for c: +1 for all frequency. Due to 0 phase curvature for frequency below CF, no alteration 

of temporal waveform was occurring at the level of auditory filter. Therefore, the resulting internal 

excitation mimics the flat temporal waveform of the input for c: +1, and c: -1, and produced similar 

masking ability, thus similar masked threshold. Findings from this study provide more evidence 

supporting the idea that the location of minima in Schroeder-phase masking function reflects the 

phase curvature of the auditory filter, but with opposite sign (Kohlrausch & Sander , 1995; Oxenham 

& Dau, 2001b).  

 

  

Figure 4.9: Finding in Oxenham and Ewert (2005) showing 
location of minima of Schroeder phase masking function for 
on- and off-frequency masking. Note that the location of 
minima for off-frequency masking lay at c:0, consistent with 
zero phase curvature of auditory filter.  Figure from Fig. 2 in 
Oxenham and Ewert (2005). 
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4.5.6 Potential use of off-frequency Schroeder-phase masking 

The limited information on the status of MOCS strength in sensorineural hearing loss could be 

the due to the limitation of the normal protocol in recording the MOCS effect. The common method 

of measuring the MOCS effect uses OAEs, in which the change in OAE amplitude is measured in the 

presence of contralateral/bilateral or ipsilateral noise that is believed to be able to elicit the MOC effect 

(Baghat & Carter, 2010; Lilaonitkul & Guinan, 2009 & 2012; Garinis, Werner & Abdala, 2011; Giraud, 

Perrin, Chéry-Croze,, Chays, & Collet, 1996; Maison & Liberman, 2000; Micheyl and Collet, 1996). In 

order to apply this technique in measuring the MOCS effect in sensorineural hearing loss participants, 

the OAEs need to be presented in order to measure the changes with and without noise stimulation. 

Thus, the inclusion criteria for recruiting the sensorineural subjects was the presence of OAEs, which 

are able to be recorded for hearing threshold < 30 dB (Collet, Veuillet, Bene, & Morgan, 1992). Using 

this method, it is not possible to investigate the MOC effect for sensorineural hearing loss patients 

with hearing threshold greater than 30 dB. It is also possible to measure the MOCs effect with 

electrocochleography by examining increases in the magnitude of the cochlear microphonic and 

reduction in CAP amplitude (Guinan, 1996), but this is considerably more invasive than the OAE 

technique. The off-frequency of Schroder phase masking might be a potential tool to measure the MOC 

effect extending the testing on patients with higher thresholds for sensorineural hearing loss. 

However, before this is possibly applied, further direct physiological measurement confirming the 

involvement of the MOCR in off-frequency masking of Schroeder harmonic complexes needs to be 

conducted. One way of doing this is by measuring the changes in OAE amplitude while a subject 

responds to the tone with and without the presence of Schroeder masker. Although this is beyond the 

scope of the present study, this could be a very interesting area to be explored in the future.  

 

4.6 Conclusion 

In summary, this study provides several pieces of important information, as follows:  

i) The phase effect was significantly reduced in off-frequency masking as compared to on-

frequency masking, consistent with reduced cochlear nonlinearity for off-frequency 

listening. 

ii) The phase effect for off-frequency masking increased with increasing probe frequency, 

showing a frequency pattern that resembles the frequency tuning of the MOCS effects 

that are more prominent at mid-frequency regions but not at lower frequency regions. 

iii) The phase effect for off-frequency masking was reduced in participants with sensorineural 

hearing loss as compared to normal hearing participants for frequencies at which the 
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MOCS is active, consistent with expected reduction in MOCS function in sensorineural 

hearing loss as compared to normal hearing. 

iv) Masked thresholds increased with increasing frequency, an effect that was more 

pronounced at scalar factors that produce maximum masked threshold (c: -1/ c: +1). This 

suggests that the MOCS, if they were involved, acted in reducing cochlear gain, and were 

more activated by maskers having a flat temporal envelope. 

v) The minima of the masking function lay at c: 0 for all tested frequencies and in both normal 

hearing and hearing impaired participants, consistent with a phase curvature of the 

cochlea that tends toward zero degrees for frequencies below the characteristic 

frequency. 

vi) Schroeder-phase masking function could be a potential tool in measuring MOCS function 

but further direct physiological measures are needed to confirm the possible MOCS 

involvement in the phase effect mechanism.  
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Chapter 5 - Effect of fundamental frequency and different numbers of masker components 

on the estimation of auditory filter phase curvature in Schroeder-phase masking 

5.1  Introduction 

In constructing Schroeder harmonic complexes, there are a few important parameters that 

can be varied. The parameters include the scalar factor (c), masker bandwidth, masker fundamental 

frequency (f0), number of frequency components (n).  There is no standard guideline for which 

parameter values are to be used in Schroeder-phase masking tests, and so different studies have used 

different parameters. Interestingly, previous studies have shown that varying these parameters in 

testing gives different results, e.g. masked threshold, phase effect, location of minima, etc. (Oxenham 

& Dau, 2001b). The difference in the result reflects how maskers with different parameters produce 

different effects in cochlear processing.   Investigating the effects of different parameters in Schroeder-

phase masking will be useful in determining the best parameters to be used for specific purposes of 

testing, e.g.: measuring cochlear nonlinearity, etc. Although there are multiple parameters that can be 

varied, this chapter will specifically focus on the effect of varying masker fundamental frequency and 

the number of masker components.  

5.1.1 Scalar factor 

The scalar factor (as described in Chapter 2) can be varied to give different phases of Schroeder 

masker which will result in different masking effectiveness when presented in normal healthy cochleae 

(Kohlrausch & Sander, 1995; Lentz & Leek, 2001; Oxenham & Dau, 2004; Recio & Rhode, 2000; 

Summers, 2000). The discussion on different masking effectiveness produced by masker with different 

scalar factor was presented in Chapter 3.  

5.1.2 Masker bandwidth 

Masker bandwidth (the range of frequencies contained in the masker) is very important to set 

correctly, as a certain minimum masker bandwidth is required to effectively mask a probe. This is the 

basis of critical band concept, which suggested that there are certain limits of masker bandwidth that 

will significantly affect masking. Below the limit, the amount of masking increases as the masker 

bandwidth increases, and above the limit increasing masker bandwidth will not increase the amount 

of masking (Fletcher, 1940). This is the reason for using narrowband maskers for masking pure tones 

during PTA testing (Denes & Naunton, 1952). Previous studies of Schroeder-phase masking have 

established that only certain masker bandwidths, in the range of 0.4 - 1.6 times the probe CF,  could 

effectively mask the probe (Oxenham & Dau, 2001a).  This has led to the basis of using a fixed masker 

bandwidth in relative to the signal frequency in our testing.  
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5.1.3 Fundamental frequency  

The fundamental frequency forms the lowest frequency in the series of harmonics. Schroeder 

harmonic complexes can be constructed using different fundamental frequencies which determine the 

size of the frequency separation between one frequency component and the next in the harmonic 

series, even though the fundamental itself may not be present in the complex. For instance, for a 

masker centred at 500 Hz with bandwidth range from 200 - 800 Hz and fundamental frequency of 100 

Hz, will consist of the harmonics of 200 Hz, 300 Hz, 400 Hz, 500Hz, 600 Hz, 700 Hz and 800 Hz. 

Fundamental frequency also determines the rate of frequency glide, with high fundamental 

frequencies giving a high rate of frequency change from one component to another. Given a masker 

bandwidth ranging from 0.4 to 1.6 CF, fundamental frequency for the masker can be calculated using 

the following formula:  

 

f0= (1.6CF-0.4CF) / (n-1)                                                            (Equation 5.1)  

Where, 

CF: centre frequency 

f0: fundamental frequency 

n: number of masker components 

 

Varying the fundamental frequency of Schroeder masker apparently produced significant 

effects on masking ability at different phases of the masker (Kubli, Leek, & Dreisbach, 2005; Oxenham 

& Dau, 2001b, 2004). In general, lower fundamental frequencies gave larger phase effects as compared 

to higher fundamental frequencies, suggesting that there are different types of modulation or 

mechanism elicited by maskers with different fundamental frequencies  (Kohlrausch & Sander, 1995; 

Kubli et al., 2005).  Studies on the effect of different fundamental frequency have been conducted in 

order to investigate the temporal resolution within a fixed auditory filter (using a fixed masker 

bandwidth) (Kohlrausch & Sander, 1995). In addition, studies of different fundamental frequencies 

have been conducted in order to investigate the nature of cochlear phase curvature, particularly in 

understanding the nature of ‘scaling symmetry’ (Oxenham & Dau, 2001b).  

 Kohlrausch & Sander (1995) observed the difference in masking effectiveness of Schroeder 

harmonic complexes with varying fundamental frequency. Using an 1100 Hz signal and fixed masker 

bandwidth ranging from 200 - 2000 Hz at 75 dB SPL, masked thresholds were recorded for +SCHR and 

-SCHR.  At very low fundamental frequencies (e.g. f0: 25 Hz), they observed small masking differences 

between +SCHR and –SCHR (i.e. a small phase effect). The phase effect was largest for fundamental 

frequencies between 50 Hz to 100 Hz, and then started to reduce with increasing fundamental 

frequency.  Kohlrausch & Sander (1995) also measured masker period patterns or MPPs (using short 
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signals placed at different periods following masker onset) to see the degree of modulation given by 

masker with different fundamental frequency (see Chapter 3 for the explanation of masking period 

pattern).  The large difference between +SCHR and -SCHR masker period patterns shows a higher 

degree of modulation happening when a 100 Hz fundamental frequency was used. No difference 

between +SCHR and –SCHR MPP was observed when using 25 Hz fundamental frequency, indicating 

that the signal and masker were processed through a linear filter. The MPP result was consistent with 

the results for longer signals. This result shows that within a fixed auditory filter, a certain range of 

fundamental frequency is needed in order to elicit difference in masking effectiveness between 

different phases of Schroeder harmonic complexes. However, the range of masker fundamental 

frequency that produces largest phase effect that was observed in Kohlrausch & Sander’s (1995) study, 

i.e., 50 Hz – 100 Hz, might be applicable to the stimulus parameters they used (masker bandwidth of 

200 Hz - 2000 Hz; signal centred at 1100 Hz), but not to other combinations of parameters. Also, unlike 

our study, the calculation of phase effect in Kohlrausch & Sander was based on masked thresholds 

produced by only two phases of Schroeder masker (+SCHR and –SCHR). Testing parameters more 

similar to the ones use in our study were used by Oxenham & Dau (2001b); similar masker bandwidths 

(0.4 - 1.6 CF), and testing at several phases (various scalar factors). Oxenham & Dau (2001b) varied the 

fundamental frequency of the masker in their study across different frequencies with the aim of 

estimating the phase response of the auditory filter- a more detailed review of that paper will follow 

later.  Generally, the phase effect was observed to increase with decreasing fundamental frequency 

(Oxenham & Dau, 2001b). 

5.1.4 Number of masker components  

The number of masker components is number of frequency component contained within the 

specified masker bandwidth. Given a masker bandwidth range from 200 Hz - 800 Hz with fundamental 

frequency of 100 Hz, this masker will contain 7 frequency components: n1 = 200 Hz, n2 = 300 Hz, n3 = 

400 Hz, n4 = 500 Hz, n5 = 600 Hz, n6 = 700 Hz, and n7 = 800 Hz. Given the masker bandwidth, range 

from 0.4 - 1.6 CF, the number of masker component can be calculated using the following formula:  

 

n= 1 + (1.6CF-0.4 CF)/ f0                          (Equation 5.2) 

   

In investigating the effect of varying the number of masker components, Carlyon & Datta (1997) 

observed increasing magnitude of masking period pattern (MPP) modulation with increasing number 

of masker components (see Figure 5.1). Using maskers with 100 Hz fundamental frequency, the 

number of masker components were varied to be 5 (ranging from 900 - 1300 Hz) and 7 (ranging from 

800 - 1400 Hz), and 19 (ranging from 200 Hz - 2000 Hz). The 1100 Hz signal was presented at 152 ms, 

154 ms, 156 ms, 158 ms, and 160 ms after masker onset. Masked threshold was plotted at different 
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masker onsets (i.e. the masking period pattern - refer to Figure 5.1). The difference in masked 

threshold at different masker onsets was thought to reflect the degree of modulation produced by 

auditory filter. Larger differences in masked threshold at different masker onset show higher degrees 

of modulation by auditory filter. 

For –SCHR, varying the number of masker components did not affect the magnitude of masked 

threshold, in that the MPP was appeared to be flat for all the different numbers of masker components 

used. In contrast, for +SCHR, increasing number of masker components resulted in decreasing masked 

threshold at the valley (at Δt that produced minimum masked threshold). This finding showed that 

increasing the number of components will give higher modulation by the auditory filter when +SCHR 

was used, but not in –SCHR.   

Using a 60 dB SPL masker with similar fundamental frequency, number of components and 

bandwidth as used in Carlyon & Datta (1997), Oxenham & Dau (2001a) on the other hand had observed 

contradictory findings. A smaller phase effect was observed using 4 kHz masker (masker bandwidth: 

3200 – 5000 Hz) compared to a 1 KHz masker (masker bandwidth: 200 – 2000 Hz) despite having the 

same number of components (N=19). Based on this findings, Oxenham & Dau (2001a) suggested that 

instead of the number of components, the masker bandwidth was the factor affecting the magnitude 

of the phase effect. Their findings suggested that in order to elicit a large phase effect, masker 

bandwidth should be wider than the traditional critical bandwidth. The critical bandwidth for 4 kHz is 

wider than that of 1000 Hz (Glasberg and Moore (1990)), therefore the masker bandwidth that is 

needed to elicit a large phase effect should be larger for 4 kHz than for 1kHz. This explained the smaller 

phase effect at 4 kHz as compared to 1 kHz despite having the same number of masker components 

and masker bandwidth. In investigating the effect of number of masker components, both studies did 

not control for the effect of masker bandwidth. That is, the masker bandwidth increased as the number 

of masker components increased. A more appropriate way to control the effect of masker bandwidth 

is to fix it while varying the number of masker components. This way we would be able to observe the 

pure effect of varying the number of masker components. Given similar proportions of masker 

bandwidth at every frequency, how does varying the number of masker components affect the 

magnitude of phase effect? This will be one of the interests of this chapter.  
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Figure 5.1: Masking period patterns for –SCHR (A ) and + SCHR (B) for maskers with different 
numbers of components.  Δt: masker-signal delays. Error bar shows ± one standard error. Figure 
was taken from Fig. 3 and Fig. 4 in Carlyon & Datta (1997).  

A 

B 



122 
 

5.1.5 Cochlear phase curvature 

The temporal properties of the basilar membrane response have been studied in terms of 

cochlear phase curvature. Apart from the delay of the wave dispersion from the point of stapes 

response, there are temporal variations in the frequency of oscillation observed in the basilar 

membrane’s impulse response (de Boer & Nuttall, 1997). The change in the instantaneous frequency 

of oscillation of the response waveform over time is known as ‘glide’. The instantaneous frequency of 

oscillation measured at the base of the cochlea always consists of low frequency components initially, 

followed by the higher frequency components later. This indicates that the low frequency travelling 

wave propagates faster along the basilar membrane than does the high frequency one.  

The different timing of the oscillation of the basilar membrane measured at different BM 

locations was thought to originate from the dispersion of the travelling wave in the cochlea (Shera, 

2001). The dispersion arises from the inhomogeneity of the mechanics of cochlear partition, as well as 

from the hydro-mechanical properties of the fluid wave (Shera, 2001). The cochlea is an elongated 

cavity filled with fluid which is divided into 3 chambers, separated by the cochlear partition containing 

the basilar membrane and organ of Corti. This fluid cavity has two outlets, the oval and round window. 

Due to the large size of the wavelength as compared to the diameter of the fluid cavity, the wave starts 

at stapes as a long shallow wave. As it travels, the wavelength gradually become shorter until it is 

shorter than the cross sectional diameter of the fluid cavity, and terminates at its characteristic place. 

Due to the longer wavelengths of low frequency components compared to high frequency ones, low 

frequencies travel faster and arrive at the measured location earlier than the high frequency waves. 

This is then observed as the upward frequency glide when expressed as the average rate of change of 

instantaneous frequency (refer Figure 5.2 a). When measured in the time domain, the upward glides 

are expressed as negative phase curvature. This, however, applies at the basal part of cochlea, but not 

at the apex. At the apex, different glides and phase curvature patterns were observed by previous 

studies. Cooper and Rhode (1996) did not observe low-to high frequency glide in guinea pig response 

along the BM at CF: 400 Hz, i.e. no phase curvature was observed. Similarly, recording the impulse 

response from cat AN fibres, Carney, McDuffy, and Shekhter (1999) observed no glides / zero phase 

curvature between BF of 750 Hz and 1500 Hz, and  a reverse- high-to-low-frequency glide/ positive 

curvature of impulse response for BF < 750 Hz. Observation of the glide slope from the cat auditory 

nerve fibre response was shown in Figure 5.2 a. At the base, the slope of the glide/ delay pattern in 

the traveling wave oscillation was observed to be relatively constant when scaled to CF for CF >1.5 kHz, 

as shown in Figure 5.2 b (Shera, 2001). Shera termed the region (CF > 1.5 kHz) as the “scaling region” 

(having the constant glide slope- zero slope of the dimensionless glide slope vs. frequency function in 

figure 5.2 b). At CF<1.5 kHz, the glide or the phase curvature strongly depends on the frequency (refer 

Figure 5.2 b). The upward frequency glide in the time domain was observed to be independent of the 
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intensity (de Boer & Nuttall, 1997, Carney et al., 1999) and also independent of active process in 

cochlea (Recio, Rich, Narayan, & Ruggero, 1998). 

 

 

 

  Previously, the impact of the basilar membrane phase curvature/ impulse frequency 

glide on human auditory perception had been dubious (Carney et al., 1999). However, psychoacoustic 

findings in Schroder phase masking showed that the phase curvature and instantaneous frequency 

glides of basilar membrane play significant role for tone detection, provided the right phase curvature 

(frequency glide) of the stimulus is applied. The right phase curvature of a Schroeder-phase masker is 

that needed to maximize its interaction with the instantaneous frequency glide of basilar membrane. 

The masker phase curvature that mirrors the phase curvature of basilar membrane counteracts the 

 

Figure 5.2: a. Plots of glide slope according to frequency taken from auditory nerve fibre 
response in cat - data in Carney et al. (1999) b. Conversion of the glides in Figure a. into 
dimensionless unit by dividing the glide slope by the square of the CF. The dimensionless glide 
slope was constant for CF > 1.5 kHz - a region known as scaling region.   Figure was taken from 
Fig. 1. In Shera, (2001). 
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basilar membrane phase response and produces maximum frequency and amplitude modulation (a 

peaky temporal structure) for the internal response. The amplitude modulation of the internal 

response will enable the listening in the gap to occur, and together with nonlinear cochlear processing, 

it will significantly improve tone detection ability. This process will result in the minimum masked 

threshold observed in the Schroeder masking function. Thus, the phase curvature of Schroeder-phase 

maskers that produces the minimum masked threshold was thought to be that which reflects the 

phase curvature of the basilar membrane but in opposite sign.  This process has been thoroughly 

discussed in the previous chapters.  

However, to find the right phase curvature that produce minimum masked threshold was not 

a straight forward process. The selection of the phase curvature of Schroeder-phase masker was 

determined by several parameters, i.e. the fundamental frequency of the masker, and scalar factor 

and number of masker components. The phase curvature of a Schroeder harmonic complex is constant 

and can be determined using the following formula: 

 

𝑑2𝜃

𝑑𝑓2 = 𝐶 
2𝜋

𝑁𝑓0
2                                                  (Equation 5.3) 

Where, 

𝜃 = 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑝ℎ𝑎𝑠𝑒  

𝑑𝜃

𝑑𝑓
= 𝑝ℎ𝑎𝑠𝑒 𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒/𝑔𝑟𝑜𝑢𝑝 𝑑𝑒𝑙𝑎𝑦  

𝑓0 = 𝑓𝑢𝑛𝑑𝑎𝑚𝑒𝑛𝑡𝑎𝑙 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  

𝑁 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑎𝑠𝑘𝑒𝑟 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠 

 

Producing estimates of basilar membrane phase curvature from Schroeder-phase masking 

functions has been done previously (Kohlrausch & Sander, 1995; Lentz& Leek, 2001; Oxenham & Dau, 

2001b). Kohlrausch & Sander (1995) estimated that the phase curvature at 1100 Hz lies between – 1.05 

x 10 -5 π/ Hz2 to – 0.74 x 10 -5 π/Hz2. They suggested that the curvature of higher frequency auditory 

filters is less than the lower frequency auditory filters. However, their estimates was based on only 2 

phases; negative Schroeder which is equal to C: -1 and positive Schroeder which is equal to C: +1. Thus, 

they might have missed observations between the points of C: -1 and C: +1. Our data from chapter 2, 

3, and 4 showed that the minima might occur at positive scalar factors that are less than c: +1.  

A study by Lentz & Leek (2001) used more phases of Schroeder-phase masker (more scalar 

factors) to estimate the phase curvature of auditory filter. Consistent with suggestions by Kohlrausch 

& Sander (1995), observations in Lentz and Leek (2001) showed that the curvature of higher frequency 

auditory filters was less than the lower frequency auditory filters. However, even though the study 

represented a big advance in the topic, their curvature estimates were derived from a limited number 

of conditions. Namely: i) Only one fundamental frequency (100 Hz) was tested and only one masker 

Phase curvature=  
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bandwidth (200 - 5000 Hz) was used for all the tested signal frequencies (1 kHz, 2 kHz, 3 kHz and 4 

kHz); ii) The masker bandwidth used was broad and not very frequency specific, and may have 

activated more than one auditory filter; iii) No estimation of the phase curvature was conducted for 

frequencies below 1000 Hz; and iv) Lower intensity (40 dB SPL) maskers were used.  Our results in 

Chapter 3 show that at lower masker intensities, the phase effect was reduced, and there were cases 

where the masking curve was flat. This may cause difficulties in locating the scalar factor that produced 

the minimum masked threshold and might affect the phase curvature estimation.  

Similar to Lentz and Leek (2001), Oxenham & Dau (2001b) used more phases of Schroeder-

phase maskers to estimate the phase curvature of cochlea (nine scalar factors were used to derive the 

masking functions). The study by Oxenham & Dau (2001b) sought to investigate the nature of scaling 

symmetry of the basilar membrane phase response. This was done by varying the phase curvature of 

the Schroeder-phase masker by altering the fundamental frequency and observing the phase curvature 

of the masker that produced the minimum masked threshold. Their observation showed that the 

phase response, when transformed into dimensionless units, did not show scaling symmetry pattern 

for CF < 1000 Hz, consistent with physiological findings in Shera (2001). However, it was not clear from 

their findings if the scaling symmetry extended to CFs above 1000 Hz. In contrast with the findings of 

Carney et al., (1999), their findings showed that the low frequency regions still exhibited negative 

phase curvature. Figure 5.3 shows the estimation of cochlea phase curvature derived by Oxenham & 

Dau (2001b), and comparisons from other studies.  

 Unlike Lentz and Leek (2001), who used a broad masker bandwidth, Oxenham & Dau (20001b) 

used frequency specific and narrower masker bandwidths (0.4 CF - 1.6 CF) which closely reflected the 

frequency specific nature of basilar membrane excitation. Also, estimates of phase curvature in 

Oxenham & Dau (2001b) were derived from more conditions (see Table 5.1) that those of Lentz and 

Leek (2001). However, estimations of cochlear phase curvature were derived from the result of varying 

the fundamental frequency of the masker, but neglected the effect of varying the number of masker 

components. Theoretically, phase curvature of the masker is influenced by the number of masker 

components, the masker fundamental frequency, and the scalar factor. Thus, by varying these 3 

parameters, we might get a better and more accurate pattern of phase curvature of basilar membrane. 

Also, measurement was done only at 9 masker scalar factors between -1 to +1 (at intervals of 0.25). 

Thus the measurement may have missed observations at points between the intervals of 0.25. While 

it would have been prohibitively time-consuming using the 3AFC method, an advantage of our fast 

technique is that testing at more scalar factors can provide more accurate observations of the location 

of the minima and might provide a more accurate estimation of the phase curvature.  
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Table 5.1: Conditions used in Oxenham & Dau (2001b) to estimate the phase curvature of auditory filter 

Condition Signal frequency  

(Hz) 

Masker bandwidth 

(Hz) 

Masker fundamental frequency 

(Hz) 

1 125  50-200  12.5 

2 250  100-400 12.5 

3  3 250 100-400 25 

4 250 100-400 50 

5 500 200-800 50 

6 1000 400-1600 25 

7 1000 400-1600 50 

8 1000 400-1600 100 

9 2000 800-3200 50 

10 4000 1600-6400 50 

11 8000 3200-12800 200 

 

Figure 5.3: The estimation of normalized masker phase curvature that produced minimum masked 
threshold in Schroeder-phase masking function derived from Kohlrausch and Sander (circle), Oxenham & 
Dau (square and triangle) and Lentz & Leek (diamond); and estimation of phase curvature from a guinea 
pig study by Shera (x symbol). The phase curvature of auditory filter was thought to be of equal value as 
in the figure but with negative sign. Figure was taken from Fig. 9 in Oxenham & Dau (2001b).  
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Given our method’s time advantages, we were also able to extend the work by Oxenham and 

Dau (2001b) by extending the testing at other fundamental frequencies and numbers of masker 

components. We were interested to see how the phase effect and location of the minima changes with 

varying those two parameters. More conditions were tested and an estimation of the phase curvature 

of the cochlea was able to be derived from more conditions than were used in Oxenham and Dau 

(2001b). While that study tested at 9 scalar factors with intervals of 0.25, we tested at 41 scalar factors 

between -1 to +1 with intervals of 0.05. This should give more accurate locations of minima and give a 

better estimation of the phase curvature of the cochlea. However, unlike Oxenham and Dau (2001b) 

who tested up to 8 kHz, our testing was limited to 2 kHz due to the acoustic artefact issues we 

encountered when testing at 4 kHz (see Chapter 3 for more details). Despite the limited range of 

frequencies tested, it is hoped this chapter will better elucidate the phase curvature of cochlea, 

particularly at low-to-mid intensity levels which have previously been given little attention. In fact, the 

study by Oxenham and Dau (2001b) was the first behavioural study that investigated the phase 

response in humans below 500 Hz. Due to the difficulty in deriving physiological measurements from 

the apex without causing damage to the cochlea, previous observations in animal studies were mainly 

taken at the basal region. This study may therefore add support to observations of basilar membrane 

phase response at low frequencies in human. Three main aim of this chapter are:  i) to investigate the 

effects of varying fundamental frequency and the number of components; ii) to determine the best 

parameters to be used in the Schroeder-phase masking test; and iii) to derive a more accurate estimate 

of cochlear phase curvature.   

 

5.2  Experiment 1: The effect of fixing the number of masker components while varying 

 fundamental frequency 

5.2.1 Participants 

6 normal hearing participants, aged 19-40 years participated in both experiment 1 and 2.  All 

participants had normal hearing thresholds of ≤ 20 dB HL for all octave frequencies (250 Hz - 8000 

Hz). Participants were given a $10 petrol voucher for their participation. Testing was conducted in 

sound treated booth at the University of Canterbury.   

5.2.2 Method and procedure  

Preliminary basic audiological tests (otoscopy, tympanometry and pure tone audiometry) were 

conducted prior to participation to ensure participants had normal hearing and no middle ear 

pathology. Consent was obtained from all participants during the preliminary testing phase. All stimuli 

were generated and produced digitally at a sampling rate of 44100 Hz and were presented monaurally 

through Sennheiser 280 Pro headphones via an X-Fi Surround 5.1 Pro sound card that was connected 
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to the desktop computer. The same threshold tracking procedure as described in Section 2.2.2.2 was 

used. Practice was given to each participant prior to the actual test. Some of the participants were 

familiar with the task as they had participated in previous experiments.   

 5.2.3 Stimulus  

The masker bandwidth ranged from 0.4 CF - 1.6 CF, and the masker level of 75 dB A was kept 

constant throughout entire experiment. The four frequencies tested were 250 Hz, 500 Hz, 1000 Hz and 

2000 Hz. Higher frequencies were not tested due to acoustic artefact issues that occurred for the 4 kHz 

masker. Given that the masker bandwidth ranged from 0.4 CF - 1.6 CF, the masker fundamental 

frequencies (f0) and number of masker components (n) can be determined using Equations 5.1 and 

5.2 respectively. The number of masker components was fixed to be 4, 13, 25, and 49 across different 

frequencies.  

Fixing the overall level of the masker at 75 dB A results in different individual masker component 

levels as the number of masker component varies. The relationship between the level of individual 

masker component and the overall level is given by the following equation: 

 

Overall masker level (dB SPL) = Level of individual masker component (dB SPL) – [10 x log10(1/n)]  

where n = number of components. 

          (Equation 5.4) 

 This relationship applies to maskers measured in dB SPL. For each setting, the masker is 

constructed by summing each of the individual masker components presented at the same unweighted 

level. To determine what the overall masker level would be in dB SPL, we apply the following steps: i) 

determine what the level of each of the ‘n’ components would be if they were all weighted the same 

using Equation 5.4 above; ii) apply the relevant A-weighting correction to the calculated level of each 

of the individual masker components; iii) sum the decibels using the standard decibel summation 

formula for incoherent signals. The overall level in dB SPL is equal to the measured level in dB A plus 

the difference between this dB A level and the level calculated in iii). 

However, having information on the level of individual masker component in dB SPL, the overall 

masker level in dB SPL can be calculated using equation 5.4. Given overall masker level of 75 dB A, the 

setting for different masker bandwidth, number of components, fundamental frequency, level of 

individual masker component (dB SPL) and overall masker level in dB SPL for different masker centre 

frequencies are shown in table 5.2.  
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Table 5.2: Settings for different masker bandwidth, number of components, fundamental frequency, level of 
individual masker component (dB SPL) and overall masker level in dB SPL for different masker centre 
frequencies for experiment 1 (given the overall masker level of 75 dB A). 

Probe and masker 
centre frequency (CF) 

Masker 
bandwidth 

Number of 
masker 

component 
(N) 

Masker 
fundamental 

frequency (F0) 

Overall 
masker level 

 (dB SPL)  

Individual 
masker 

component 
levels 

 (dB SPL)  
(0.4 CF – 1.6 

CF) 

250 100- 400 4 100 83.06 77.04 

250 100- 400 13 25 83.24 72.10 

250 100- 400 25 12.5 83.27 69.29 

250 100- 400 49 6.25 83.29 66.39 

500 200-800 4 200 78.34 72.32 

500 200-800 13 50 78.32 67.18 

500 200-800 25 25 78.32 64.34 

500 200-800 49 12.5 78.32 61.42 

1000 400-1600 4 400 75.53 69.51 

1000 400-1600 13 100 75.37 64.23 

1000 400-1600 25 50 75.35 61.37 

1000 400-1600 49 25 75.33 58.43 

2000 800-3200 4 800 74.26 68.24 

2000 800-3200 13 200 74.09 62.96 

2000 800-3200 25 100 74.07 60.09 

2000 800-3200 49 50 74.06 57.15 

 

5.2.4 Data analysis and result:  

Figure 5.4 shows plots of Schroeder-phase masking functions for different numbers of masker 

components (n) for every subject. The mean of this masking function is plotted in Figure 5.5. The phase 

effect was calculated for every subject for different numbers of components across different 

frequencies and is plotted in Figure 5.6. Comparison of the phase effect between different numbers of 

masker components across frequencies was conducted using linear mixed models in SPSS version 20. 

The number of masker components (n) and frequencies were treated as fixed effects and the subject 

was treated as a random effect.  The results are summarized in Table 5.3. In general, the masking 

curves were observed to be flatter for lower numbers of masker components, as shown in Figures 5.4 

and 5.5.  The mean phase effect plotted in Figure 5.6 shows a small phase effect for n=4 for all 

frequencies, with means ranging between 4.2 dB and 6.4 dB. Analysis using linear mixed model shows 

that the phase effect for n=4 was significantly lower than for other values if ‘n’ across all tested 

frequencies (p≤ 0.05) (Table 5.3).  
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Table 5.3: Comparison of phase effect magnitude for different numbers of masker components at different 
tested frequencies using linear mixed effect models 

Frequency (Hz) n Mean (S.E.M) 95% Confidence 
Interval 

Lower Bound-
Upper Bound 

p-value *Pairwise comparison 
 

Pairs having 
significant  
difference 

p-value 

250 4 4.23 (1.68) 0.87 - 7.59 <0.001* n4 & n13 <0.001 

13 22.79 (1.68) 19.43 - 26.15 n4 & n13 <0.001 

25 24.33( 1.68) 20.97 - 27.68 n4 & n 25 <0.001 

49 21.75(1.68) 18.39 - 25.11 n 4 & n 49 <0.001 

500 4 6.37(1.68) 3.01 - 9.73 <0.001* n4 & n13 <0.001 

13 25.66(1.68) 22.30 - 29.01 n4 & n 25 <0.001 

25 29.48(1.68) 26.12 - 32.84 n 4 & n 49 <0.001 

49 33.65(1.68) 30.29 - 37.01 n49 & n13 <0.001 

1000 4 4.97(1.68) 1.61 - 8.33 <0.001* n4 & n13 <0.001 

13 15.43(1.68) 12.07 - 18.79 n4 & n 25 <0.001 

25 25.38(1.68) 22.02 - 28.74 n 4 & n 49 <0.001 

49 34.42(1.68) 31.06 - 37.78 n13 & n25 <0.001 

n13 & n 49 <0.001 

n25 & n 49 <0.001 

2000 4 5.75(1.68) 2.39 - 9.10 <0.001* n4 & n13 0.015 

13 11.35(1.68) 8.00 - 14.71 n4 & n25 < 0.001 

25 25.20(1.68) 21.84 - 28.56 n 4 & n49 <0.001 

49 31.88(1.68) 28.52 - 35.24 n13 &n25 <0.001 

n13 & n49 <0.001 

n25 & n49 0.004 

 

 

At 250 Hz, our data showed interesting findings. Generally, the phase effect was observed to 

increase with increasing number of frequency components (n). This observation held true for all tested 

frequencies except for 250 Hz. At 250 Hz, increasing the number of masker components beyond 13 did 

not increase the magnitude of phase effect. Our analysis showed no significant difference in phase 

effect (p > 0.05) between n=13, n=25 and n=49 at 250 Hz (Table 5.3).  Comparison of the phase effect 

between different frequencies in Table 5.4 showed no significant difference in phase effect between 

frequencies for n=4 and n=25 (p > 0.05). Increasing number of masker components from 25 to 49 did 

not cause significant difference in phase effect between 500 Hz, 1 kHz and 2 kHz.   
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Table 5.4: Comparison of the phase effect at different frequencies with different numbers of masker 
components using linear mixed effect model 

n 
Frequency 

(Hz) 
Mean 
(SEM) 

95% Confidence 
Interval 

 
 

p-value 

Pairwise comparison 

Lower Bound- 
Upper Bound 

Pairs having 
significant difference 

p-value 

4 

250 4.23 (1.68) 0.87- 7.59 0.796   

500 6.37 (1.68) 3.01 - 9.73   

1000 4.97 (1.68) 1.61 - 8.33   

2000 5.75 (1.68) 2.39 - 9.10   

13 

250 22.79 (1.68) 19.43 - 26.15 <0.001* 250 Hz & 1000 Hz 0.002 

500 25.66 (1.68) 22.30 - 29.02 250 Hz & 2000 Hz <0.001 

1000 15.43 (1.68) 12.07 - 18.79 500 Hz & 1 kHz  <0.001 

2000 11.35 (1.68) 8.00 - 14.71 500 Hz & 2 kHz <0.001 

25 

250 24.33 (1.68) 20.97 - 27.69 0.109   

500 29.48 (1.68) 26.12 - 32.84   

1000 25.38 (1.68) 22.02 - 28.74   

2000 25.20 (1.68) 21.84 - 28.56   

49 

250 21.75 (1.68) 18.39 - 25.11 <0.001* 250 Hz & 500 Hz <0.001 

500 33.65 (1.68) 30.29 - 37.01 250 Hz & 1000 Hz <0.001 

1000 34.42 (1.68) 31.06 - 37.78 250 Hz & 2000 Hz <0.001 

2000 31.88 (1.68) 28.52 - 35.24   
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Figure 5.5: Plot of Schroeder masking functions sorted according to the number of masker 

components. Error bars show ± 1 s.d. 

Figure 5.6: Mean phase effect magnitude according to different number of frequency components (n) at 
different frequencies.. Error bars indicate ± 1 standard deviation. 
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5.3  Experiment 2: Effect of fixing fundamental frequency while varying the number of 

 masker components 

5.3.1  Method: 

 All 6 participants from experiment 1 participated again in experiment 2. All parameters were 

kept the same as in experiment 1 except for the masker fundamental frequency and number of 

components settings. The fundamental frequency of the masker was fixed to be 12.5 Hz, 25 Hz, 50 Hz 

and 100 Hz. Table 5.5 shows the masker settings for this experiment. Whenever the combination of CF, 

fundamental frequency and number of masker components setting was the same as in the experiment 

1, the data from experiment 1 was used to avoid repetition and extra testing time.  

 

 
Table 5.5: Settings for masker bandwidth, fundamental frequency and component for experiment 2. 

Probe and masker centre 
frequency 

(CF) 

Masker bandwidth 
(0.4 CF – 1.6 CF) 

Masker fundamental 
frequency 

(F0) 

Number of 
masker 

component 
(N) 

250 100- 400 12.5 25 

250 100- 400 25 13 

250 100- 400 50 7 

250 100- 400 100 4 

500 200-800 12.5 49 

500 200-800 25 25 

500 200-800 50 13 

500 200-800 100 7 

1000 400-1600 12.5 97 

1000 400-1600 25 49 

1000 400-1600 50 25 

1000 400-1600 100 13 

2000 800-3200 12.5 193 

2000 800-3200 25 97 

2000 800-3200 50 49 

2000 800-3200 100 25 

 

5.3.2 Results  

Figure 5.7 shows the individual plots of Schroeder-phase masking functions for 6 participants.  

Similar patterns of masking function were observed from all six participants across different probe CF 

and masker fundamental frequencies, and so the results will be presented as the average value from 6 

participants, as shown in Figure 5.8. The phase effect was calculated from every participant and the 

average of that was plotted in Figure 5.9. Comparison of phase effects for different fundamental 
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frequencies at different tested frequencies was conducted using mixed effect linear models via SPSS 

version 20. These results are summarized in Table 5.6. The phase effect was treated as the dependant 

variable, the fundamental frequency (f0) and frequency were treated as fixed effects and the subject 

was treated as a random effect. Comparison of phase effects between all tested frequencies was also 

conducted to see if there were any frequency effects observed. The results are summarized in Table 5.7.  

 

 

One general pattern that can be observed from the results was that with increasing 

fundamental frequencies the masking curve tends to get flatter (refer Figures 5.7 & 5.8) and the phase 

effect is reduced (refer Figure 5.9). This general pattern was supported by analysis using mixed linear 

model which shows a consistent pattern of significantly reduced phase effect with increasing 

fundamental frequency. However, this does not apply for certain cases: increasing from f0=12.5 to f0=25 

Table 5.6: Comparison of phase effect for different fundamental frequencies at various test frequencies 

Frequency 

(Hz) 

f0 

(Hz) 

Mean 

(S.E.) 

95% 

Confidence 

Interval 

p-

value 

Pairwise comparison 

Lower Bound -

Upper Bound 

Pairs having significant 

difference 

p-value 

250 12.5 24.33 (1.63) 21.07- 27.58 <0.001 f0 = 12.5Hz& 50Hz <0.001 

25 22.79 (1.63) 19.54 - 26.04 f0 = 12.5 Hz & 100 Hz <0.001 

50 11.24 (1.63) 7.98 - 14.49 f0 = 25 Hz& 50 Hz <0.001 

100 4.23 (1.63) 0.98 -7.48 f0 = 25 Hz & 100 Hz <0.001 

f0 = 50 Hz & 100 Hz 0.003 

500 12.5 33.65 (1.63) 30.40 - 36.90 <0.001 f0 = 12.5 Hz &50 Hz 0.001 

25 29.48  (1.63) 26.23- 32.74 f0 = 12.5 Hz &100 Hz <0.001 

50 25.66 (1.63) 22.40- 28.91 f0 = 25 Hz & 100 Hz <0.001 

100 14.30 (1.63) 11.05 - 17.56 f0 = 50Hz & 100 Hz <0.001 

1000 12.5 36.65 (1.63) 33.40 - 39.90 <0.001 f0 = 12.5 & 50 <0.001 

25 34.42 (1.63) 31.17 - 37.67 f0 = 12.5 & 100 <0.001 

50 25.38 (1.63) 22.13 - 28.63 f0 = 25 & 50 <0.001 

100 15.43 (1.63) 12.18 - 18.68 f0 = 25 & 100 <0.001 

f0 = 50 & 100 <0.001 

2000 12.5 35.17 (1.63) 31.92 - 38.42 <0.001 f0 = 12.5 & 100 <0.001 

25 36.29 (1.63) 33.04 - 39.55 f0 = 25 & 100 <0.001 

50 31.88 (1.63) 28.63 - 35.13 f0 = 50 & 100 0.005 

100 25.20 (1.63) 21.95 - 28.45 
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did not significantly increase the phase effect, an observation that was consistent across all tested 

frequencies (refer to Table 5.6). A pattern of the effect of masker frequency can be observed as an 

increase in the phase effect with increasing frequency.  The phase effect at 250 Hz was smallest by a 

significant margin (p≤ 0.05) compared to other tested frequencies for every fundamental frequency 

used (refer to Table 5.7). On the other hand, the phase effect at 2000 Hz was the largest (p≤ 0.05) 

compared to other tested frequencies. This pattern was consistent for every fundamental frequency 

used, with exception of the fundamental frequency of 12.5 Hz. For this fundamental frequency, there 

was no significant difference in phase effect between 500 Hz, 1000 Hz and 2000 Hz (refer to Table 5.7). 

 

Table 5.7: analysis of the effect of masker frequency for various fundamental frequencies 

f0 Frequency 

(Hz) 

Mean 

(S.E.) 

95% Confidence 

Interval 

p-value Pairwise comparison 

Lower Bound-

Upper bound 

Pairs having 

significant difference  

p-value 

12.5 250 24.33 (1.63) 21.07- 27.58 <0.001 250 Hz & 500 Hz <0.001 

500 33.65 (1.63) 30.40 - 36.90 250 Hz & 1000 Hz <0.001 

1000 36.65 (1.63) 33.40 - 39.90 250 Hz & 2000 Hz <0.001 

2000 35.17 (1.63) 31.92- 38.42 

25 250 22.79 (1.63) 19.54 - 26.04 <0.001 250 Hz & 500 Hz 0.004 

500 29.48 (1.63) 26.23  32.74 250 Hz & 1000 Hz <0.001 

1000 34.42 (1.63) 31.17 - 37.67 250 Hz & 2000 Hz <0.001 

2000 36.29 (1.63) 33.04 - 39.55 500 & 1000 0.004 

500 & 2000 0.004 

50 250 11.24 (1.63) 7.98 - 14.49 <0.001 250 Hz & 500 Hz <0.001 

500 25.66 (1.63) 22.40 - 28.91 250 Hz & 1000 Hz <0.001 

1000 25.38 (1.63) 22.13 - 28.63 250 Hz & 2000 Hz <0.001 

2000 31.88 (1.63) 28.63 - 35.13 500 Hz & 2000 Hz 0.008 

1000 Hz & 2000 Hz  0.006 

100 250 4.23 (1.63) 0.98 - 7.48 <0.001 250 Hz & 500 Hz <0.001 

500 14.30 (1.63) 11.05 - 17.56 250 Hz & 1000 Hz <0.001 

1000 15.43 (1.63) 12.18 - 18.68 250 Hz & 2000 Hz <0.001 

2000 25.20 (1.63) 21.95 - 28.45 500Hz & 2000 Hz <0.001 

1000 Hz & 2000 Hz <0.001 
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  Figure 5.9: The mean phase effect for different fundamental frequencies. Error bar 

shows ± 1 standard deviation (S.D.) 

 
Figure 5.8: Plot of mean Schroeder-phase masking function for different masker fundamental 
frequencies.  Error bars show ± 1 standard deviation. 
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5.4  Estimation of auditory filter phase curvature  

5.4.1 Estimating the minima in Schroeder-phase masking curves.  

The procedure used to estimate the phase curvature in this study was similar to the one used 

in Oxenham & Dau (2001b), except for few steps in locating the minimum of the Schroeder-phase 

masking function. The location of minima was estimated from all the conditions in experiment 1 and 2 

from all 6 participants. However, we did not use results from conditions where the number of masker 

components n=4, due to the flat masking curve it produced at all tested frequencies. Flat masking 

functions make it difficult to specify the minima and affect the accuracy of the estimation. Table 5.8 

shows the list of the conditions (combined from the conditions in experiments 1 and 2, with removal of 

conditions where n=4) that were used in the estimation procedure.  

 

Table 5.8 : List of conditions used for the estimation of phase curvature 

Condition  Probe and masker 
centre frequency 

(CF) 

Masker bandwidth 
(0.4 CF – 1.6 CF) 

Masker fundamental 
frequency 

(F0) 

Number of 
masker 

component 
(N) 

1 250 100- 400 6.25 49 

2 250 100- 400 12.5 25 

3 250 100- 400 25 13 

4 250 100- 400 50 7 

5 500 200-800 12.5 49 

6 500 200-800 25 25 

7 500 200-800 50 13 

8 500 200-800 100 7 

9 1000 400-1600 12.5 97 

10 1000 400-1600 25 49 

11 1000 400-1600 50 25 

12 1000 400-1600 100 13 

13 2000 800-3200 12.5 193 

14 2000 800-3200 25 97 

15 2000 800-3200 50 49 

16 2000 800-3200 100 25 

17 2000 800-3200 200 13 

 

The locations of minima were estimated from the masking curve. As described in Chapter 2, our 

threshold tracking procedure allows the masker to be constantly swept across different scalar factors 

at a certain sweeping rate, while the signal was pulsed on and off at the same time. The resulting 

masking curve consists of masked threshold across the scalar factors between the points of +1 and -1. 

To yield masked thresholds at certain scalar factors, linear interpolation was done in Excel. Previously 

we interpolated the masked thresholds at 9 scalar factors in between c: +1 and c:-1 with intervals of 
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0.25 (c: -1, -0.75, -0.5, -0.25, 0, + 0.25, +0.5, +0.75. +1). The reason for limiting the interpolation at these 

9 points was to enable the comparison of the findings with previous studies which carried out 

measurements at these 9 values of scalar factors (Gifford, et al., 2008; Oxenham, & Dau, 2001a; 

Oxenham, & Dau, 2001b; Oxenham & Dau, 2004; Oxenham & Ewert, 2005). Interpolation at set points 

also allowed the forwards and backwards sweeps to be averaged. However, since the location of minima 

was an important measure in estimating the phase curvature of auditory filter, interpolation at many 

more scalar factors was conducted. This was to give a more accurate estimates of location of minima of 

Schroeder-phase masking function. The masked thresholds were therefore interpolated for scalar 

factors in between +1 and -1 with intervals of 0.05, and the location of minima was then determined 

from all 41 data points. 

5.4.2 Effect of varying f0 on the location of minima: hypothesis testing 

 One important assumption/hypothesis used in estimating the auditory filter from Schroeder-

phase masking results is: that the phase curvature of the masker that produces the minimum masked 

threshold is equal but opposite in sign to the phase curvature of auditory filter (Kohlrausch & Sander, 

1995; Lentz& Leek, 2001; Oxenham & Dau, 2001b). As proposed in section 3 of Oxenham & Dau (2001b), 

if the minimum of the Schroeder-phase masking function is determined by the interaction between the 

phase curvature of the masker and the auditory filter, then the masker c value that produced minimum 

masked threshold should vary with varying masker f0 in a predictable manner. With constant masker 

bandwidth, doubling of f0 should lead to doubling of the c value that produced the minimum masked 

threshold (refer to Equation 5.3). Observing the location of the minima while varying fundamental 

frequency would confirm if the underlying hypothesis in estimating the phase curvature of the cochlea 

from Schroeder-phase masking results is true.  Figure 5.10 shows a plot of the location of minima for 

different masker fundamental frequencies in all condition listed in Table 5.8. The linear slope of the line 

shows that the doubling of the f0 leads to a doubling of the C value.  This was observed for almost all 

conditions, with some deviation from the hypothesis for every frequency tested when a higher f0 was 

used.  This observation was consistent with that of Oxenham & Dau (2001 b), and confirms the theory 

behind the assumption that the minima in Schroeder-phase masking curve is determined by the 

interaction between the phase curvature of the masker and the auditory filter. Thus, the masker C value 

at the minima will be used in estimating the phase curvature of auditory filter. 
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5.4.3. Phase curvature estimation procedure 

The phase curvature of masker that produces the minimum masking threshold was determined 

by converting the scalar factors for the minima into phase curvatures using Equation 5.3. This was done 

for all 17 conditions in Table 5.8 for all 6 participants. The masker phase curvature was determined for 

every frequency in every participant by averaging the phase curvature for all conditions that were tested 

for that particular frequency. After getting individual phase curvatures at one particular frequency, the 

phase curvatures were averaged across all participants to yield a final average phase curvature for that 

particular frequency. The procedure was repeated for all other tested frequencies and the mean of the 

phase curvature of masker that produced the minimum masked threshold for different frequencies was 

plotted in Figure 5.11 a). 

Estimates of auditory filter phase curvature were derived from the data in Figure 5.11 a) by 

multiplying all the estimates of masker phase curvature by -1. This is plotted in Figure 5.11 b. This 

estimation was based on the assumption that the phase curvature of auditory filter is equal but opposite 

to the masker phase curvature that produced the minimum masked threshold. The mean of masker 

phase curvature (the dotted line in Figure 5.10) shows decreasing phase curvature as the frequency 

increases, with all frequencies showing positive curvature. Large individual variation in phase curvature 

was observed at 250 Hz. Half of the participants (subject 3, 5, and 6) showed smaller phase curvature at 

250 Hz compared to 500 Hz. In fact, participant 3 displayed negative curvature at 250 Hz.    

 

Figure 5.10: Changes in the mean of location of minima with increasing masker f0. Linear slope of the line 
shows that the doubling of the f0 leads to doubling of C value.  This was observed for almost all conditions 
with some deviation from the hypothesis at higher f0.  
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The phase curvature was converted into dimensionless units by multiplying the value in Figure 

5.11 by f2
s/2π as suggested by Shera (2001), to see if the pattern of scaling symmetry existed in our data. 

The dimensionless estimate of masker phase curvature that produce minimum masked threshold in 

Schroeder-phase masking function was plotted in Figure 5.12 a).  Estimates of normalized auditory filter 

phase curvature were derived from the data in Figure 5.12 a) by multiplying all the estimates of 

normalized masker phase curvature by -1, as plotted in Figure 5.12 b).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 
Figure 5.11: a) Estimates of masker phase curvature that produce minimum masked threshold as a 
function of frequency for each participants (represented by different line colour). b) Phase 
curvature of auditory filter estimated by multiplying data in figure a) by -1. The dotted line 
represents the mean estimate across 6 participants.  Error bars show 1 standard deviation. 

a) 

b) 
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Figure 5.12. a) The plot of masker phase curvature in dimensionless units. Data from Figure 5.11 a) 
was multiplied by f2

s/2π to yield the dimensionless estimates of phase curvature. b) The plot of 
estimates of normalized auditory filter phase curvature. Data from panel a) was multiplied by -1.  
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5.5. Discussion 

5.5.1 Effect of number of masker components and fundamental frequency. 

 The following are the summary of the findings from experiments 1 & 2:   

i. The phase effect at n=4 is constantly smaller than phase effects at other n. 

ii. The phase effect increases with increasing n. This is true for all tested frequencies except 

 250 Hz. Increasing n>13 at 250 Hz did not increase the phase effect. 

iii. At n=4 and n=25, the phase effect was constant across frequencies.  

iv. The phase effect was reduced with increasing fundamental frequency, however when 

 fundamental frequency was increased from f0=12.5 to f0= 25, no significant difference in 

 phase effect was observed.  

v. Across all fundamental frequencies used (except for 12.5 Hz), the phase effect was 

 consistently smallest for 250 Hz and largest for 2000 Hz as compared to other frequencies. 

 When using a 12.5 Hz masker fundamental frequency, no significant difference in the phase 

 effect between 500 Hz, 1000 Hz and 2000 Hz was observed.  

Observation of the effects of different numbers of masker components is crucial in determining the 

minimum amount of Schroeder masker components needed to produce significant phase effect. 

Kohlrausch & Sander (1995) stated that “as long as at least three sinusoidal components interact 

internally, i.e. excite the same auditory filter, changes in components’ phase can alter the time function 

at the output of this filter”. Our observation showed that this was not the case. Using masker with 4 

frequency components, the masking function was observed to be flat. In other words, when using just 

4 sinusoid components, changes to the components’ phase failed to alter the timing function at the 

output of auditory filter. Thus, no modulation happened at the output of auditory filter, and the phase 

effect was negligible.  This observation was consistent across different frequencies, suggesting that 

apart from the right choice of the phase of input, the number of the sinusoid components contained in 

the input was an important factor in producing modulation at the output of the auditory filter. We found 

that more than 4 sinusoid components are needed in order for the phase of the input to cause significant 

interaction with the phase curvature of auditory filter and produce modulation at the output of auditory 

filter.  

In general, we observed an increase in phase effect as the number of masker component increased. 

Given the fixed overall masker level of 75 dB A, the level per component will vary widely between 4 and 

49 components. The higher number of masker components results in each individual masker 

component needing to be at a lower level than for maskers with a lower number of masker components 

(refer table 5.2). One could argue that the differences in individual level of masker components for 

different ‘n’ settings could have confounding effect on the observed masked threshold; i.e. the observed 



145 
 

masked threshold could be due to the difference in the level of individual masker components rather 

than the number of masker components. Using this rationale we would expect that masker that has 

higher level of individual masker components will give higher energy to the auditory filter and thus result 

in a larger phase effect. However, this was not observed from our data. In fact, our observations 

contradict this; i.e. maskers that have higher individual masker component level produced smaller phase 

effects than those with lower individual masker component levels (refer to tables 5.2 and 5.3). In 

addition, a large variation in phase effect was observed for maskers that have very similar individual 

component levels. For example, a 500 Hz masker with n=49 components has similar individual 

component levels to a 1000 Hz masker with n=25 components (individual component level: ≈61 dB SPL)- 

refer to table 5.2, but the phase effect was 33.65 dB and 25.38 dB respectively (refer to  table 5.3). This 

observation implies that the individual masker component level was not the primary determinant of 

phase effect magnitude, but the phase effect was rather more dependent on the number of masker 

components.  

The increase in the phase effect with increasing numbers of masker components, and with 

decreasing fundamental frequency, can be explained in terms of the masker energy within a single 

critical band. Given a fixed masker bandwidth, the relationship between fundamental frequency and 

number of masker components was inversely proportional (refer to Equations 5.1 & 5.2): Increasing the 

number of masker components will result in decrease of fundamental frequency. Increasing number of 

masker components within a single critical band results in increase of the average masker energy 

passing through the auditory filter (Kohlrausch & Sander, 1995). This will increase the interaction 

between phase of masker components and the phase curvature of the auditory filter and produce higher 

degree of modulation - reflected as larger magnitude of phase effect.   

However, at 250 Hz, increasing the number of masker components beyond 13 did not significantly 

increase the magnitude of the phase effect (Table 5.3). This could be due to smaller size of auditory 

filter (smaller ERB) at 250 Hz as compared to other frequencies (Moore & Glasberg, 1983). At 250 Hz, 

the auditory filter reaches its saturation when using 13 masker components, so that increasing the 

number of components beyond 13 wouldn’t increase the amount of energy passing through the 

auditory filter.  Another interesting pattern that was observed from Figure 5.6 was that for n= 13, the 

phase effect was higher at low frequencies as compared to high frequencies. This could be due to the 

widening of auditory filter as CF increases (Moore & Glasberg, 1983), such that 13 components were 

not enough to elicit similar degrees of modulation at higher frequencies. In contrast, due to smaller 

auditory filter at low frequencies, the 13 components were enough to elicit a reasonable amount of 

modulation at the output of auditory filter. Significant correlation was found between the ERB value 

(estimate of auditory filter bandwidth, which determines frequency selectivity) and the phase effect 
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magnitude (Oxenham & Dau, 2004). With the possible dependency of the size of auditory filter (which 

determines the frequency selectivity) in creating the phase effect mechanism, we again could not 

eliminate the possibility of contribution of cochlear nonlinearity in creating the phase effect.  

For n=4 and n=25, the phase effect was constant across frequencies. The constant phase effect for 

n=4 could be due to the use of small number of masker components that was insufficient to elicit 

significant interaction with the auditory filter as discussed above. For n=25, the insignificant difference 

in the phase effect between frequencies could be due to the auditory filter reaching its saturation point 

beyond n= 13 for 250 Hz, and similar amount of modulation produced at 500 Hz, 1 kHz and 2 kHz when 

n=25 was used. When n was increased from 25 to 49, the insignificant difference in phase effect 

magnitude between 500 Hz, 1 kHz and 2 kHz persisted. These findings suggest that the 500 Hz, 1 kHz 

and 2 kHz regions must possess a common property; the property that should have contributed to 

similar degree of modulation and phase effect despite the differences in frequency region. This property 

could possibly be the size of auditory filter or the phase curvature of auditory filter tuned for these 

frequencies. The absolute magnitude of the ERB (Moore, 1995) for 500 Hz, 1000 Hz and 2000 Hz is 78.67 

Hz, 132.64 Hz, and 240.58 Hz respectively. When scaled to the CF, the ERB values for 500 Hz, 1000 Hz, 

and 2000 Hz actually account for 16% , 13% and 12 % of the centre frequency respectively, indicating 

that the ERBs for these frequencies were relatively similar to each other. The insignificant difference in 

phase effect between 500 Hz, 1 kHz and 2 kHz when n≥25 might therefore be due to the approximately 

similar size of the auditory filters at those frequencies (when scaled to CF). The significant correlation 

found between ERB value and the magnitude of the phase effect may support this explanation 

(Oxenham & Dau, 2004).  

Alternatively, the equal phase effect magnitude at 500 Hz, 1 kHz and 2 kHz can be explained in terms 

of the property of auditory filter phase curvature.  The interaction between auditory filter phase 

curvature and masker phase curvature partly contributes to the phase effect magnitude (Kohrausch & 

Sander, 1995; Oxenham & Dau, 2001 a&b). When scaled to frequency, constant phase curvature was 

found for 500 Hz, 1 kHz, and 2 kHz (with slope approaching 0 - refer to Figure 5.13), resulting in constant 

degree of modulation for these three frequencies. This might explain the similar magnitude of phase 

effect for 500 Hz, 1 kHz, and 2 kHz.  This finding may support the pattern of scaling symmetry observed 

from the estimate of auditory filter for frequencies of ≥ 500 Hz – more explanation will follow in Section 

5.5.2. However, this scaling symmetry effect would have been observed when at least n =25 was used, 

or when the fundamental frequency was set to be ≤ 0.05 CF (fixing the number of masker component 

would result in fundamental frequency to be scaled to the frequency by factor of 0.4 CF, 0.1 CF, 0.05 CF, 

and 0.025 CF for n= 4, n=13 n=25 and n=49 respectively).   

It is possible that the large phase effect that was observed when using lower fundamental 

frequencies was due to long masker period (T=1/ f0). It has been shown that when the period of the 
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masker is larger than the temporal window (the integration period used by the auditory system to detect 

the signal), the phase effect can occur without the contribution of peripheral compression (Oxenham & 

Dau, 2001a). The size of the temporal window decreased with increasing frequency and level, ranging 

from 29.1 ms (100 Hz) and 13 ms (300 Hz) to 7 ms (8100 Hz) (Moore, Peters, & Glasberg, 1993; C.J. Plack 

& B.C.J. Moore, 1990).  Thus, the large phase effect observed when using lower fundamental frequency 

could be due to period of the masker exceeding the temporal window at that particular frequency.  The 

fundamental frequency (f0) of 12.5 Hz gives a masker period (T) of 80 ms (as T=1/ f0) which exceeds the 

temporal window of approximately 7 ms- 13 ms for frequency 500 Hz to 2 kHz. This might explain the 

insignificant difference of phase effect between 500 Hz, 1000 Hz and 2000 Hz observed when using 

masker f0 =12.5 Hz. At this point, it is possible that the phase effect merely occurred due to the long 

masker period enabling the listening in the valley without the contribution of compression.  

Thus, for practical applications when conducting Schroeder-phase masking testing, several points 

need to be considered: 

i. The masking curve was observed to be flat for all tested frequencies when n=4 components 

 were used. This finding suggested that more than four components of Schroeder harmonic 

 complexes are needed to elicit significant interaction between the masker and auditory filter 

 phase curvatures.  

ii. No frequency effect was observed when n=25. 25 masker components may therefore be 

 used when testing is designed to control the frequency effect. For example, in Chapter 4, the 

 frequency effect for on-frequency masking was controlled by using 25 masker components. 

 For this reason, no frequency effect would have been expected for off-frequency masking 

 testing if the same mechanism that was involved in on-frequency masking was responsible 

 for off-frequency masking. The fact that the frequency effect was observed for off-frequency 

 masking (an effect that was not observed for on-frequency masking) suggested that phase 

 effect would have been contributed by a mechanism that was different from that in on-

 frequency masking.    

iii. When testing at 250 Hz, the use of 13 components was enough to maximally elicit the phase 

 effect. In testing, we would like to minimize the number of masker component used. This is 

 because i) a high number of masker components will give a lower fundamental frequency; ii) 

 with a lower fundamental frequency, the period of the masker will be large; and iii) when 

 the period of masker is larger than the temporal window of auditory filter, the phase effect 

 can happen merely due to listening in the gap without contribution of cochlear compression. A 

smaller number of masker components is therefore preferable. 

However, the above suggestion might only be applicable when using similar range of masker bandwidth 

as the one used in this study (0.4-1.6 CF).  
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5.5.2 Phase curvature of the  filter 

Generally, our estimates of the phase curvature of auditory filter were consistent with the 

suggestion by Kohlrausch & Sander (1995) and observation by Lentz & Leek (2001) that the magnitude 

of phase curvature of the auditory filter decreases, approaching zero with increasing frequency (see 

Figure 5.11). Thus, phases of higher frequency stimuli are less altered than that of lower frequency, in 

reference to the phase of the input stimuli.  (Lentz & Leek, 2001).  Large individual variation in phase 

curvature was observed at 250 Hz, consistent with similar observations in Oxenham & Dau (2001b). The 

source of individual variation at low frequencies was uncertain. Despite the individual variation, the 

mean of phase curvature estimated in this study shows that the auditory filter phase curvature for low 

frequencies was negative, consistent with findings in Oxenham & Dau (2001b). These findings contradict 

the findings in animal studies showing no phase curvature for low frequencies observed in guinea pigs 

(Cooper and Rhode, 1996), and positive curvature at low frequencies observed in the cat (Carney et al., 

1999).This findings add further support to Oxenham & Dau (2001b) in demonstrating that the auditory 

filter curvature in humans at the low frequency region might vary from other species.   

With conversion of the estimates of curvature into dimensionless units, it is possible to compare 

our estimates with those from previous studies. Figure 5.13 was adapted from Figure 9 in Oxenham & 

Dau (2001b) and data from Figure 5.12 (red circle) was incorporated to the figure to enable comparison 

of our findings with those from previous studies. Our estimates of the dimensionless auditory filter 

phase curvature at 1 kHz was  - 4.53, consistent with those in Kohlrausch & Sander (1995) which ranged 

between -4.5 to -6.3. At 2 kHz, our estimate was -6.07, the magnitude of which was slightly smaller than 

those reported in Lentz & Leek (2001) and Oxenham & Dau (2001b) that were more negative than -8.  

Although there were variations in the magnitude of the estimates compared to those of previous 

studies, similar patterns of estimated curvature as function of frequency were observed (see Figure 

5.13).  

The conversion dimensionless units also enabled us to examine whether scaling symmetry was 

observed in our data.  If scaling symmetry existed, the resulting normalized curvature should be 

constant and independent of CF (Shera, 2001), i.e. the curve for normalized estimate of auditory filter 

curvature vs frequency function should be flat and exhibit a low slope value. At least 2 distinctive 

patterns of the normalized estimate of auditory filter curvature vs. frequency function curve were 

observed in Figure 5.13. Our data (red circle) showed that below 500 Hz, the slope of the normalized 

estimate of auditory filter curvature was higher than that above 500 Hz. Above 500 Hz, the normalized 

estimate of auditory filter curvature vs. frequency function curve was fairly flat, even flatter than the 

ones from previous studies (Oxenham & Dau, 2001b; Lentz & Leek, 2001). 

Observations from our data suggested that frequency regions lower than 500 Hz did not exhibit 

scaling symmetry (i.e. the curvature of the auditory filter did not scale with CF). The curve pattern in 



149 
 

Figure 5.13 shows that the scaling symmetry holds for regions above 500 Hz.  However, limited 

conclusions on the nature of scaling symmetry at higher frequency can be derived from this study since 

the testing was limited to 2 kHz and below.  

Previously, the estimates of auditory filter curvature in humans have been given limited 

attention. Existing cochlear models did not exhibit the right phase curvature, and failed to predict the 

results from Schroeder-phase masking (Oxenham & Dau, 2001a).   The existence of variations in auditory 

filter curvature between humans and other species, at low frequency specifically, shows the importance 

of not relying on estimates from animal studies in establishing auditory models for humans.  The 

knowledge of the frequency glide/ phase curvature of the auditory filter in humans is important for the 

betterment of auditory models. The consistency of our data with that of previous studies (Kohrausch & 

Sander, 1995; Oxenham & Dau, 2001 b; Lentz & Leek, 2001) suggests that the newly developed fast 

method of Schroeder-phase masking can be a good tool for psychophysical estimation of auditory filter 

phase curvature.  

One caveat on using the estimation of auditory filter phase curvature from this study, as well 

from previous studies using Schroeder phase masking functions (Kohlrausch & Sander, 1995; Oxenham 

& Dau, 2001b), is that the effect of middle ear transmission was not corrected for. Middle ear 

transmission can affect sound entering the cochlea in two ways: via the gain and the delay (phase). In 

the gerbil, the middle ear transmission produces a delay-like phase shift corresponding to a ≈25 – 30 μs 

delay (measured behind the stapes footplate in reference to the ear canal). This accounts for the delay 

of middle ear transmission between ear canal pressure and stapes velocity and was observed to be 

independent of frequency generally (de La Rochefoucauld, Kachroo, & Olson, 2010).  However, a 

subcomponent of the delay was observed to be frequency dependent, with a delay between the ear 

canal and umbo accounting for delays at frequency up to ≈17 kHz, and a delay along the ossicles 

accounting for delays at frequency ranges from ≈17 to 30 kHz (de La Rochefoucauld, Kachroo, & Olson, 

2010). On the other hand, a slightly different observation from data from fresh human temporal bones 

revealed that the delay was frequency dependent. The delay/phase lag was observed to increase with 

frequency: the middle ear sound pressure gain was observed to have a mean phase angle of 51 degrees 

for frequencies of 0.1 to 0.5 kHz, and decreased by -78 degrees/octave above 0.5 kHz (Aibara, Welsh, 

Puria, & Goode, 2001). Thus, the sounds entering the cochlea carried the phase of/delay from the 

middle ear transfer function. It is possible that the phase curvature estimated from this study may have 

been partly contributed by the delay in middle ear transmission.  In our experiment, we compensated 

as best we could for the frequency response of the transducer chain, but did not control for the middle-

ear filtering. However, the effect could be simulated by filtering the stimulus with the middle-ear filter 

functions, which may enable the effect of the middle ear filtering on the phase curvature of the cochlea 

to be observed.   
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a

b) 

Figure 5.13: Comparison of the data in Figure 5.12 (red circles) with previous studies. a) Estimates of 
normalized masker phase curvature that produce minimum masked threshold. b) Estimates of 
normalized auditory filter phase curvature.  Figure was adapted from Fig 9. in Oxenham & Dau (2001b).  
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Chapter 6 - Conclusion 

6.1  Summary of the findings 

The unique property of Schroeder harmonic complexes as stimuli lies within their phase 

characteristic. Staggering the phase of harmonic components following the formula by Schroeder (1970) 

has been shown to resolve the crest factor issue described at the beginning of Chapter 1; that would 

otherwise arise when all the harmonic components were set to zero phase. The interesting findings on 

how different phases of Schroeder-phase maskers causes different patterns of basilar membrane 

excitation, as well as different auditory perceptions, contradicts previous notions that the cochlea is 

‘phase deaf’ (Helmholtz, 1875). Also the different masking abilities produced by different phases of 

Schroeder harmonic complexes contradicts with power spectrum model of masking (Patterson and 

Moore, 1986), which assumes the masking is affected only by the frequency and intensity of the masker, 

but not the phase.  

 Schroeder harmonic complexes have been used in many physiological studies (Recio & Rhode, 

2000; Summers, Boer & Nuttall; 2003) and psychoacoustic studies (Kohlrausch & Sander, 1995; Lentz & 

Leek, 2001; Oxenham & Dau, 2001a &b, 2004; Summers & Leek, 1998) in investigating cochlear function, 

and even clinically in measuring hearing preservation in cochlear implant surgery (Gifford et al., 2008). 

In psychoacoustic measurements, the commonly-used method of measuring Schroeder-phase masking 

functions uses a 3AFC method which results in a long testing time, and this factor might limit its research 

and clinical usefulness. The main aim of this thesis was to develop a fast method of measuring 

Schroeder-phase masking functions and to use it in understanding different aspects of cochlear 

mechanics. The new fast method uses a Békésy tracking procedure, and has been demonstrated to 

reliably shorten the testing time to 8 minutes, compared to 45 minutes when using conventional 3AFC 

method. The stages of development of the Schroeder-phase masking procedure were thoroughly 

discussed in Chapter 2. Two important measures derived from Schroeder-phase masking function that 

were repeatedly used in this thesis were the phase effect and the location of the minima in Schroder 

phase masking functions.   

 The phase effect (the difference in the amount of masking produced by different phases of 

Schroeder masker) was used to measure the degree of modulation that was thought to be partly 

contributed by cochlear nonlinearity. In Chapter 3, have demonstrated that the magnitude of the phase 

effect could be affected by testing at multiple conditions that were believed to affect the nonlinear 

function of the cochlea (e.g. at low and high intensity levels, and in sensorineural hearing loss). Several 

theories on the mechanisms involved at the level of peripheral auditory system were discussed in 

Chapter 3. In general, the phase effect was thought to result from the interaction between different 

phase curvature of the masker and the auditory filter phase curvature, coupled with the contribution of 
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cochlear nonlinearity. However, the contribution of cochlear non-linearity to the phase effect 

mechanism cannot be confirmed from this study since there were no other test batteries conducted 

that measured the non-linearity of cochlear function. Further investigations should be carried out to 

address this issue.   

 To further test the theory that the phase effect contributed by cochlear nonlinearity, we 

extended the testing as described in Chapter 4 to off-frequency listening, where cochlear nonlinearity 

is thought to have little contribution. Interestingly, we found that phase effect was still present in off-

frequency masking, showing a frequency pattern that resembled the tuning of MOCR. Based on this 

observation, the possible MOCR involvement in the phase effect mechanism cannot be ruled out.  We 

have demonstrated that the MOCR alone, if involved, cannot explain the phase effect pattern observed 

in on-frequency masking (e.g. in Chapter 3),  but may be coupled with the OHC active process in creating 

the phase effect.  However, there was no direct measure of MOCR function performed in this study, 

which limits any conclusions for the possible MOCR involvement in the phase effect mechanism. Adding 

other test batteries for measuring MOCR function, such as OAE suppression, may support the proposed 

theory and observations.  

In Chapter 5, we extended the use of the fast method in investigating the effect of using 

different masker fundamental frequencies and numbers of masker components. We listed several 

guidelines for setting the right number of masker components and discussed the appropriate 

fundamental frequency to use in Schroeder-phase masking tests. Also, we have demonstrated that the 

higher-resolution data provided by the fast method of Schroeder-phase masking may provide a more 

accurate way of estimating cochlear phase curvature based on determining the location of minima in 

Schroeder-phase masking function. The knowledge of a more accurate method of estimating of auditory 

filter curvature may aid in the betterment of existing cochlear models, which may be affected by 

inaccurate estimates of auditory filter phase curvature. 

In general, this thesis has demonstrated that large quantities of data can be rapidly gathered, 

and a lot of interesting research areas can be explored, using the fast method of Schroeder-phase 

masking, which otherwise could have been limited by the long testing time of the commonly-used 

method. The fast method has a great potential to aid future studies investigating the phase curvature 

of cochlea, the mechanisms of cochlear nonlinearity, and also to be used in clinical application such as 

in monitoring hearing preservation in cochlear implant surgery.  

6.2  Limitations of the study 

 Throughout the testing, we encountered the masker acoustic artefact issue described in 

Chapter 3, when testing was extended beyond 2 kHz. This problem limited our observations to 2 kHz 

and below. Therefore, only limited conclusions on aspects of cochlear function such as phase curvature 
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of auditory filter can be derived for the higher frequency regions. In elucidating the mechanisms 

involved in Schroeder-phase masking throughout the thesis, justification was derived based on the 

observed patterns from the findings in Schroeder-phase masking function alone. No other test batteries 

were performed to measure the nonlinear cochlear function (chapter 3) or the MOCR function (chapter 

4) of the subjects. Thus, the involvement of those proposed auditory functions in creating the phase 

effect mechanism cannot be confirmed. Also, the design for participants’ response i.e. continually 

pressing the button to respond and releasing it to stop responding, required a high level of consistency 

from the participant. This level of consistency depended on the participants’ motivation, how they 

define their perception, and how they differentiate the state of ‘response’ from ‘non-response’. The 

consistency of the response can be improved by proper training. For participants who have experience 

in doing psychophysical tests, short training times could warrant good responses. However, a lot more 

training was needed when testing certain populations, such as the elderly. Apart from the training, the 

quality of data was observed to be highly dependent on the patient’s alertness, which could sometimes 

be affected during long testing sessions. Keeping the patient alert and motivated throughout the entire 

testing was quite a challenge.  

6.3 Future directions of the research.  

We have identified many improvements that can be implemented to the currently developed 

fast method to maximize its potential for research well as clinical applications. Future investigation into 

possible solutions to the masker acoustic artefact issue would enable the extension of the testing 

beyond 2 kHz. Also, adjusting the temporal placement of the probe relative to an intermittent masker 

may enable other masking conditions, such as forward masking and masking period patterns, to be 

measured.  

In investigating the possible mechanisms involved in phase effect, adding findings from other 

test batteries, such as OAEs, measured from the same set of participants, might provide additional 

support towards the proposed theories on the mechanism involved. Also, the effect of cochlear status 

on Schroeder-phase masking functions could be observed by using manipulations that cause transient 

SNHL, such as intense very low frequency tones (the “bounce phenomenon”; Hirsch and Ward, 1952; 

Kemp. 1986), or intoxication with salicylate or furosemide in animal models. This way, the mechanisms 

contributing to the phase effect could be investigated at the cellular level.    

In addition, the use of the fast method should not be limited to just psychophysical masking, 

but can be extended and incorporated into objective measurement paradigms such as OAE, ABR and 

electrocochleography in humans or experimental animals. This would give a better idea of the 

mechanisms involved at the cochlear level as well as flow-on effects in the higher auditory pathways.  



156 
 

 During the study, several attempts were made to use the fast method in measuring hearing 

preservation in cochlear implant surgery, to support the findings from pure-tone audiometry (which 

might miss some important information about cochlear function). Although ethical approval to conduct 

the study was sought and obtained, time constraints meant we were not able to recruit any participants 

who met the strict hearing criteria, therefore the study was not conducted. In the future, where time 

may be less of an issue, this might be a very interesting research area. Also, given higher sensitivity of 

Schroeder-phase masking in detecting changes in cochlear function in comparison to pure tone 

audiometry (Gifford, et. al., 2008), it could be used routinely for the detection of pre-clinical hearing 

loss in cases of exposure to noise or ototoxic agents, as well as in intraoperative monitoring. However, 

before it can be implemented, further studies are needed to gather more Schroeder masking data across 

frequencies at multiple intensity levels, and also across normal hearing and hearing impaired subjects 

to determine the normative values of Schroeder phase masking functions.  
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