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Researchers previously have found a correlation between the strength of the 

auditory steady-state response (ASSR) and corresponding auditory behavioral 

measurements such as speech recognition scores, thus concluding that the ASSR can be 

used as an objective measurement of auditory supra-threshold properties.  In the present 

study, it was hypothesized that the increase in the strength of the ASSR at different 

modulation depths would be reflected in corresponding psychophysical measures, 

specifically, auditory modulation discrimination.  These relationships were investigated 

in normally-hearing listeners at modulation rates of 40 and 80 Hz for both amplitude 

(AM) and mixed modulation (MM), at several modulation depths.  Analyses were 

completed for two sets of measurements derived from the physiological and behavioral 

responses.  For the first analysis, derived measures of iso-neurometric thresholds were 

compared to isometric modulation discrimination thresholds.  For the second analysis, 

derived estimates of physiological neurometric slope were compared to estimated 

psychometric function slopes.  Mixed-model analyses for both of these measures revealed 

significant or near-significant relationships between physiological and psychophysical 

measures at 40 Hz for AM and at 80 Hz for MM.  Bootstrap resampling analyses were 
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completed to estimate the distribution of the resultant statistics.  Implications regarding 

the location of neural encoding for amplitude and frequency modulation were discussed. 
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I.  INTRODUCTION 

   

Auditory sensitivity has a direct impact on the ability to understand, develop, and 

process speech and language.  Access to sound is inferred by testing auditory sensitivity 

to sounds at certain frequencies that contain spectral contributions to speech; the implicit 

belief is that if these frequencies are audible at soft sound pressure levels (within “normal 

limits”), then auditory processing of speech also should be normal.  Therefore, a 

traditional hearing test evaluates hearing sensitivity at a threshold level.  However, this 

test gives no direct information about more central processing of auditory stimuli at a 

supra-threshold level.  Supra-threshold auditory abilities, specifically the processing of 

amplitude and frequency modulation, also can impact the ability to process speech. 

Speech sounds do not consist merely of simple sinusoids at certain frequencies.  

Speech is a complex auditory stimulus with modulations in time of amplitude (AM) and 

frequency (FM), which provide important cues for speech perception.  Speech contains 

both slow and rapid amplitude fluctuations to which listeners must be able to attend  

(Plomp, 1983; Drullman et al., 1994a, 1994b; Liègeois-Chauvel, Lorenzi, Trèbuchon, 

Règis, & Chauvel, 2004; Van Tasell, 1993; Goswami et al., 2002; Grant, Summers, & 

Leek, 1998).  AM detection is correlated with the ability to discriminate sounds of 

varying intensity and reflects a listener’s ability to encode the aspects of speech that 

contain slow fluctuations in amplitude over time, referred to as envelope information.  

This, then, may be beneficial for speech recognition in ideal listening situations 

(Wojtczak and Viemeister, 1999; Lorenzi, Gilbert, Carn, Garnier, & Moore, 2006; 

Moore, 2008).  Additionally, AM discrimination provides a measure of the fidelity of 

envelope coding; that is, the extent to which different amounts of modulation can be 
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discriminated from each other (Wakefield & Viemeister, 1990).  In addition to dynamic 

amplitude cues, sensitivity to AM is also indicative of a listener’s temporal resolution 

(e.g., Viemeister 1979), which contributes to auditory stream segregation, the ability to 

perceptually separate a temporal sequence of sounds into two separate stimuli (Grimault, 

Bacon, & Micheyl, 2002).  AM detection also correlates with vowel and consonant 

identification in listeners with cochlear implants, who are thought to rely mainly on 

temporal cues (Cazals, Pelizzone, Saudan, & Boex, 1994).  Individual differences in 

processing of AM cues also have been shown to influence various reading and spelling in 

listeners with dyslexia (Goswami et al., 2002; Witton, Stein, Stoodley, Rosner, & Talcott, 

2002). 

Sensitivity to FM is considered a measure of frequency resolution as well as 

temporal resolution (John et al., 2001).  There exist many speech cues that change in 

frequency over short periods of time.  In order for these cues to be preserved, a listener 

must have the ability to process these rapid changes in frequency.  This ability also is 

thought to enhance speech recognition in the presence of background noise and 

contributes to a listener’s recognition of speaker.  At low modulation rates, FM detection 

is thought to reflect temporal fine structure present in the speech signal (e.g., Moore & 

Sek, 1996b).  FM detection, and thus the ability to use temporal fine-structure cues, is 

degraded in hearing-impaired listeners (Grant, 1987; Lacher-Fougère and Demany, 1998; 

Moore and Skrodzka, 2002), and is correlated with poorer performance on speech-

recognition tasks (Buss, Hall, & Grose, 2004; Summers, Makashay, Theodoroff, & Leek, 

2013) and phonological decoding skills in adults with dyslexia (Witton, Stoodley, 

Rosner, & Talcott, 2002).   

In adults with normal cognitive function, AM and FM processing can be tested 

behaviorally, using standard psychophysical paradigms.  However, behavioral auditory 
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measurements cannot be obtained on certain special populations, such as infants/toddlers 

or listeners who are cognitively compromised in some way.  Frequency-specific auditory 

sensitivity has been traditionally evaluated in these populations through the measurement 

of evoked neurological responses, referred to as auditory evoked potentials (AEPs).  

There are currently no AEP procedures widely accepted for the testing of supra-threshold 

modulation processing, even though information on such processing cannot be obtained 

behaviorally in many patients.   

The auditory steady-state response (ASSR) is an auditory neuro-electrical signal 

that is generated by the presentation of one or more sinusoidal carrier tones that are either 

modulated in frequency, amplitude, or a combination of the two (Picton, John, 

Dimitrijevic, & Purcell, 2003).  Responses are measured at the specific rate of 

modulation, which then indicates that the carrier is audible at the auditory periphery 

(Galambos, Makeig, & Talmachoff, 1981).  Responses can be elicited over a large range 

of modulation rates, which is interpreted as different sets of neural generators in the 

central auditory nervous system ranging from the brainstem to the cortex (reviewed in 

Picton et al., 2003).  Neural processing, therefore, can be evaluated at multiple points in 

the peripheral and central auditory pathway.  The ASSR is sensitive to both amplitude 

and frequency modulation; response amplitude increases with the amount of modulation, 

or modulation depth, in the stimulus (Picton, Skinner, Champagne, Kellett, & Maiste, 

1987; Lins, Picton, & Picton, 1995, John, Dimitrijevic, Van Roon, & Picton, 2001).  

ASSR thresholds have shown high correlations with behavioral audiometric thresholds, 

thus rendering it an ideal tool for objective evaluation of hearing sensitivity (Aoyagi et 

al., 1994, Dimitrijevic et al., 2002). However, the ASSR also is potentially appealing for 

evaluating supra-threshold neural processing of dynamic auditory signals such as speech, 



 4 

especially because the nature of the stimulus can resemble speech more than the stimuli 

of other auditory evoked potentials. 

With the underlying assumption that an AM/FM pure-tone stimulus has similar 

spectral and temporal characteristics to speech, researchers have focused on finding 

relationships between steady-state responses and auditory behavioral measurements such 

as speech-recognition scores. Several studies indicated a high correlation between 

performance on common word-recognition-score (WRS) testing and ASSR 

characteristics such as amplitude, number of responses, and deterioration from masking 

(Dimitrijevic, John, Van Roon, & Picton, 2001; Dimitrjevic, John, & Picton, 2004; Picton 

et al., 2002).  Alaerts, Hofmann, and Wouters (2009) found a strong relationship between 

speech-recognition scores in noise and the ASSR at relatively low (but not high) 

modulation rates, suggesting that stimuli modulated at low rates may be used to assess 

speech processing.  Grose, Mamo, and Hall (2009) found, in elderly listeners, a direct 

relationship between ASSR amplitude and speech recognition in modulated noise as a 

function of modulation frequency.  Menell, McAnally, and Stein (1999) found that 

listeners with dyslexia had increased (poorer) psychophysical modulation thresholds in 

response to AM white noise, along with reduced amplitude–modulation-following-

responses (AMFRs).  Picton  (1987) measured psychophysical AM and FM detection 

thresholds for carriers of 1000 Hz modulated at 40 Hz in normally-hearing listeners and 

found that they did not differ significantly from the lowest level of modulation for which 

ASSRs were obtained.  Lorenzi, Micheyl, and Berthommier (1995) found correlations 

between measured psychometric functions of AM detection and simulated neural firing 

patterns in response to AM stimuli.  A study conducted with a similar experimental 

paradigm showed a correlation between sentence-recognition performance and the ability 



 5 

of the auditory cortex to follow the temporal envelope of the speech signal in a low-

modulation steady-state magnetoencephalogram (MEG) (Ahissar et al., 2001).   

In the present study, it was hypothesized that physiological differences in 

sensitivity to depth of amplitude- and frequency-modulation would be reflected in 

corresponding psychophysical measures.  Auditory steady-state responses were collected 

in response to amplitude and frequency-modulated pure-tone carriers of 2000 Hz in 

normally-hearing listeners over a range of supra-threshold modulation depths at 

modulation rates of 40 and 80 Hz.  Participants completed a series of modulation-

discrimination tasks in which the smallest amount of amplitude- or frequency-modulation 

needed to differentiate from a standard amount of modulation were measured in a 2IFC 

paradigm over the same range of modulation depths.  In order to remove AM-induced 

cues present in frequency modulation, stimuli of “mixed modulation” (a combination of 

FM and AM) were used for conditions for which the parameter of interest was FM.  The 

relationship between the ASSR and the psychophysical performance was investigated.  

For the current experiment, physiological and psychoacoustical data were collected for 

normally-hearing listeners. 
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II.  REVIEW OF THE LITERATURE 

  

  

2.1.  Amplitude modulation 

  

Sounds in everyday life fluctuate in amplitude over time, and can be 

approximated with amplitude-modulated (AM) tones.  An AM tone consists of a carrier 

stimulus that is modulated to follow the envelope of a sinusoidal modulator.  An AM 

stimulus with a sinusoidal carrier can be expressed as 
  
 

y(t) = (1 + m sin 2π fm t) sin 2π fc t 
  
 

where t is time, fc is the frequency of the carrier sinusoid, and fm is the frequency 

of the modulator, or modulation rate. The variable m represents the modulation depth; in 

other words, the ratio of the difference between the maximum and minimum amplitudes 

of the stimulus to the sum of the maximum and minimum amplitudes of the stimulus 

(Moore, 2004; Picton et al., 2003).   
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Figure 1.  Waveform of a sinusoid with fc = 1000 Hz amplitude-modulated m = 1, or 
100%, at fm = 40 Hz. 

  

When viewed in the frequency domain, an AM tone consists of energy at fc with 

sidebands at fc – fm and fc + fm.  The amplitude of the sidebands affects the modulation 

depth. 

 

 

 

Figure 2.  Schematic of an AM tone viewed in the frequency domain. 
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Thus, an AM tone does not contain energy at the frequency of the modulator, but 

a listener may be aware of the modulation rate by perceiving the modulated envelope of 

the carrier. 

 

2.1.1  AM DETECTION/DISCRIMINATION 

  

The ability to process amplitude modulation can be measured, among other ways, 

through AM-detection or AM-discrimination tasks.  An AM-detection threshold refers to 

the smallest modulation depth at which a listener can reliably perceive a stimulus to be 

modulated, whereas an AM-discrimination threshold refers to the smallest difference in 

modulation depth needed before a listener can reliably differentiate between two AM 

stimuli.  AM-detection thresholds measured as a function of modulation rate are referred 

to as temporal modulation transfer functions (TMTFs).  TMTFs initially were 

investigated as a method of evaluating temporal-processing capabilities in listeners with 

normal hearing or hearing impairment (e.g., Bacon & Viemeister, 1985; Viemeister, 

1979).  The authors of the indicated studies concluded that detection thresholds of 

amplitude-modulated wideband noise increased in normally-hearing listeners with 

increasing modulation rate above 10 Hz, with an attenuation rate of 3-5 dB/octave from 

50 – 800 Hz, presumably reflecting the limits of temporal processing up through 

modulation frequencies higher than 1000 Hz.  TMTF thresholds worsened when the noise 

bandwidth was decreased through low- and band-pass filtering.  Improvement was seen 

as the center frequency of the band-passed noise was increased, presumably due to an 

increase in bandwidth.  The frequency where the TMTF began to attenuate, referred to as 

the “cut-off frequency,” also increased with increasing center frequency, indicating 
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“improvement in temporal resolution with increasing spectral frequency” (Viemeister, 

1979, p. 1371).  Detection remained fairly consistent across a wide range of carrier 

intensity levels, which was verified in other studies as well (e.g., Bacon & Gleitman, 

1992).   

Strickland and Viemeister (1997) plotted TMTFs for narrowband noise with 

differing center frequencies, bandwidths, and with the presence/absence of notched 

noise.  Performance with narrowband noise, like wideband noise, improved with 

increasing bandwidth, although the cutoff frequency remained largely the same.  The 

TMTFs were very similar for noise with different carrier frequencies but equal 

bandwidth, suggesting that critical-band filtering did not affect AM detection.  Sensitivity 

was decreased in the presence of notched and high-pass noise, but mostly for modulation 

frequencies lower than 64 Hz, which the authors interpreted as a “sluggish” upward 

spread of excitation that created an additional cue for listeners.  These results were 

largely similar to those of Eddins (1993), who plotted TMTFs in normally-hearing 

listeners as a function of both bandwidth and center frequency, manipulated 

independently.  The TMTFs did not change significantly with center frequency, and 

performance generally improved with increased bandwidth.  However, Eddins (1993) 

found that the cutoff frequency of the TMTFs systematically increased with increasing 

bandwidth, which Strickland and Viemeister (1997) attributed to the different filtering 

process of their stimuli.  Other researchers (Dau, Kollmeier, & Kohlrausch, 1999; Ewert 

& Dau, 2004) reported AM-detection thresholds of noise at a bandwidth roughly twice 

the modulation frequency.   

The traditional TMTF has been modeled as a system involving peripheral 

bandpass filtering, nonlinear half-wave rectification, and a subsequent low-pass filter 

with an envelope-detection mechanism at the output of the filter (Bacon & Viemeister, 
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1985; Strickland & Viemeister, 1997; Viemeister, 1979).  An alternative model was 

proposed (Dau et al., 1997a, 1997b) that included a nonlinear modulation filterbank step 

following half-wave rectification and perceptual signal adaptation.  The authors of this 

model proposed the existence of a process at a more central location in the auditory 

system to explain the observed patterns of AM detection.  

Because sinusoidal tones with AM contain nonrandom amplitude fluctuations, 

they are arguably better stimuli for evaluating temporal processing in the auditory system 

than wideband noise (Moore & Glasberg, 2001).  AM-detection thresholds of sinusoidal 

carriers also increase as modulation rate is increased, although performance remains 

relatively asymptotic through a higher cut-off frequency than for wideband noise – about 

100 – 120 Hz as opposed to 50 Hz (Grant et al., 1998; Moore & Glasberg, 2001; Sek, 

1994). However, the ability to evaluate temporal cues in AM detection is limited by the 

spectral resolution of the auditory system.  At high carrier intensities, if the carrier 

frequency and its sidebands are sufficiently far apart in frequency, listeners are provided 

with additional cues from the resolution of the sidebands, thereby improving AM-

detection performance (Glasberg & Moore, 1990; Kohlrausch, Fassel, & Dau, 

2000).  The modulation rate at which sideband resolution occurs, as expected, increases 

as carrier frequency increases.  Performance up through this modulation rate, however, is 

roughly similar across carrier frequencies of 1 kHz and higher (Kohlrausch et al., 2000; 

Moore & Glasberg, 2001), indicating that critical-band auditory-filtering capabilities do 

not influence sinusoidal AM detection until the frequency at which sidebands are 

resolved.  Kohlrausch et al. (2000) also found that higher carrier frequencies yielded 

higher maximum thresholds prior to sideband resolution.   

Detection of AM tones overall improves with higher intensity levels, in contrast 

to detection of wideband noise, which appears to be more level-independent.   At lower 
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sensation levels, detection does not change appreciably over a wide range of modulation 

rates, likely due to the low amplitude of the spectral sidebands.   

There exist significantly fewer studies investigating amplitude-modulation 

discrimination ability; that is, the smallest additional modulation depth needed in order to 

differentiate between a standard AM signal and a more or less highly modulated signal. 

Fleischer (1980) originally investigated AM-discrimination thresholds (which he referred 

to as “difference limens”) of sinusoidal stimuli over a range of modulation depths from 

approximately 20% to 100%.  Ozimek and Sek (1988) investigated AM difference limens 

for octave-band noise stimuli ranging from modulation depths of 25% to 100%.   AM 

difference limens were generally independent of modulation rate and increased with 

increasing modulation depth up to 75%.  For most modulation rates tested, performance 

appeared to improve (decreased difference limens) at 100% modulation 

depth.  Additionally, difference limens for noise modulated at 100% appeared to worsen 

with increasing modulation rate, especially above fm = 16 Hz.  Wakefield and Viemeister 

(1990) plotted an AM-discrimination function for wideband noise in normally-hearing 

listeners over a much wider range of modulation depths from detection threshold to -5 dB 

(which corresponds to roughly 56.2% modulation).  Functions were plotted for several 

modulation rates.  In general, the participants showed similar patterns of 

functions.  Discrimination thresholds were generally the lowest near detection thresholds, 

and then increased monotonically as the modulation depth of the standard was increased 

past about 10 dB above the detection threshold.  Functions were similar across 

modulation rate after taking into account the inherent increase noted in modulation-

detection threshold at higher modulation rates, consistent with the results of Ozimek and 

Sek (1988).  Although the functions increased systematically with increased modulation 

depth, they did not appear to obey Weber’s law.  AM discrimination of wideband noise, 
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like the TMTF, did not appear to be affected much by carrier level, although the number 

of participants run was quite small.  Grantham and Bacon (1988) plotted AM-

discrimination functions for wideband noise from 25% to 90% modulation, with results 

consistent with preliminary data presented, and later published, by Wakefield and 

Viemeister (1990).  Ewert and Dau (2004) investigated AM-discrimination functions 

with both wideband noise and a 4000-Hz sinusoidal carrier.  Discrimination thresholds 

increased monotonically with increasing standard modulation depth for both types of 

stimuli; however, they noted that the systematic change in discrimination threshold 

appeared to approach the constant Weber fraction at high modulation depths, especially 

for the sinusoidal carrier.  Lee and Bacon (1997) reported that sinusoidal AM 

discrimination improved as a function of duration across a range of modulation depths, 

rates, and carrier frequencies up through about four cycles of modulation. 

 

2.1.2  AM CUES IN AUDITORY PERCEPTION/SPEECH PERCEPTION 

  

Speech contains temporal fluctuations in amplitude, thereby requiring the 

processing of AM for its perception.  Fluctuations in speech have been characterized 

across different rates of modulation (Plomp, 1983; Rosen, 1992).  Slow fluctuations from 

2-50 Hz are referred to as “envelope” cues.  Fluctuations between 3-4 Hz indicate 

important temporal amplitude changes across syllables (Plomp, 1983; Van Tasell, 

1993).  Fluctuations up through 50 Hz bring insight into manner of articulation, some 

limited voicing cues, segmental cues important for vowel identity, and some prosodic 

cues.  Information present from rates of fluctuation 50-500 Hz include periodicity cues, 

such as voicing, manner, and prosodic cues in the forms of intonation and stress.  Speech 
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elements contained in higher rates of fluctuation from 600-10,000 Hz are referred to as 

“fine structure” cues and include spectral content of speech, such as formant patterns, 

place of articulation, vowel quality, and segmental cues important to voicing and manner.  

A listener therefore must be sensitive to both low and high rates of amplitude modulation 

in order to perceive all of these characteristics of speech. 

Correspondingly, perception of temporal cues in the form of amplitude 

modulation has proven to be important in speech recognition.  Even with spectral cues 

largely or entirely removed, normally hearing listeners exhibit relatively high levels of 

performance in consonant, vowel, and sentence recognition when using only temporal 

cues provided by amplitude fluctuations up through about 20-50 Hz (Drullman, Festen, & 

Plomp, 1994a, 1994b; Shannon, Zeng, Kamath, Wygonski, & Ekelid, 1995; van der 

Horst, Leeuw, & Dreschler, 1999; Van Tasell, Soli, Kirby, & Widin, 1987).  However, 

removal of lower frequencies from speech stimuli, and thus removal of envelope cues, 

significantly reduces speech recognition performance (Drullman et al., 1994a, 1994b;  

Shannon, Zeng, & Wygonski, 1998; van der Horst, 1999).  Until the development of 

more recent technology, listeners with cochlear implants, for whom spectral cues are 

effectively nonexistent, have relied mostly on temporal envelope cues for speech 

recognition. They have been shown to process amplitude modulation largely similarly to 

normally-hearing listeners, although there is greater individual variability (Busby, Tong, 

& Clark, 1993; Shannon, 1992).  Cazals et al. (1994) found a significant correlation 

between the low-pass filter characteristics of AM detection and vowel and consonant 

recognition in cochlear implant users.  Cochlear implant listeners also demonstrated 

strong correlations between vowel/consonant recognition scores and mean AM thresholds 

for a 100-Hz modulation rate across a range of intensity levels (Fu, 2002). 
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AM processing is also related to other important aspects of auditory 

perception.  AM detection was found to be related to intensity discrimination in normally 

hearing listeners as well as in cochlear-implant users  (Donaldson & Viemeister, 2000; 

Gallun & Hafter, 2006; Wojtczak & Viemeister, 1999;).  AM discrimination is thought to 

provide a measure of the fidelity of envelope coding, which “indicates the extent to 

which variations in the strength of amplitude modulation can convey information about 

the acoustic signal (Wakefield & Viemeister, 1990, p. 1367).  The ability to perceive 

differences in amplitude modulation rate is shown to be important for auditory streaming; 

that is, the perceptual separation of a temporal sequence of sounds (Grimault et al., 

2002).  In turn, the ability to determine different acoustic sources of sounds is helpful for 

speech perception in noisy environments. Auditory streaming thresholds are also affected 

systematically by increases in modulation depth.  

The ability to process temporal modulation, in addition to being important for 

speech perception, may be related to the development of phonological skills, the 

systematic organization of sounds in language.  Impaired phonological skills are thought 

to contribute to poor literacy and dyslexia (e.g., McAnally & Stein, 1996).  Studies have 

found that children with dyslexia perform more poorly on tasks involving AM detection, 

(especially at lower modulation rates), AM discrimination at higher modulation rates, 

discrimination of AM rate, AM rise-time detection, and consonant recognition of 

spectrally degraded as well as unprocessed speech (Goswami et al., 2002; Lorenzi, 

Dumont, & Füllgrabe, 2000; Rocheron, Lorenzi, Füllgrabe, & Dumont, 2002).  TMTFs 

also were more variable in children with dyslexia in comparison to adult and children 

control listeners (Lorenzi et al., 2000; Rocheron et al., 2002).  Adults with dyslexia also 

tend to perform more poorly on AM detection, (Menell et al., 1999; Witton et al., 2002), 

although the results of these studies indicated that the adults showed greater impairment 
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at higher modulation rates than did the children with dyslexia (Rocheron et al., 

2002).  Hämäläinen, Leppänen, Torppa, Müller, and Lyytinen (2005) found that a subset 

of adults with dyslexia performed more poorly on rise-time detection tasks (which were 

thought to be related to AM perception).  These performances were significantly 

correlated with performance on reading and phonological tasks.  Consequently, with 

respect to the studies of this particular population, one may conclude that impaired AM 

perception appears to be related to concomitantly poorer phonological abilities.  The 

interesting disparity seen between adults and children in impaired rate of AM processing 

has not been addressed in these referenced studies, but may warrant further investigation. 

Interestingly, peripheral/sensorineural hearing loss does not appear to have a 

significant impact on AM processing or tasks involving speech envelope processing 

(Bacon & Gleitman, 1992; Bacon & Viemeister, 1985; Erber, 1972; Lacher-Fougére & 

Demany, 1998; Moore & Glasberg, 2001; Turner, Souza, & Forget, 1995).  Listeners 

with phonological/reading deficits generally present with normal peripheral hearing, but 

it is hypothesized that there may exist a deficit in the central nervous system (Rice & 

Barone, 2000).  It may be inferred, then, that AM processing is not heavily affected by 

impairment in the auditory periphery, but perhaps at a more central location. 
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2.2.  Frequency modulation 

 

A frequency-modulated tone maintains constant amplitude but changes its 

instantaneous frequency periodically.  An FM stimulus with a sinusoidal carrier can be 

expressed as 

 

f(t) = sin(2π fc t + ß cos 2π fm t) 

 

 

where t is time, fc is the frequency of the carrier sinusoid, and fm is the modulation 

rate. The variable ß represents the modulation index, and is represented as a ratio of the 

difference between the maximum instantaneous frequency and the carrier frequency to 

the modulation rate, or ∆ fc / fm.  Other researchers have defined frequency modulation 

depth as 2∆ fc / fc or ∆ fc / fc (e.g., John et al., 2001). 

 

 

Figure 3.  Waveform of a 1000-Hz sinusoid, frequency-modulated at 300 Hz with a 
modulation index ß = 2. 
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2.2.1  FREQUENCY MODULATION DETECTION/DISCRIMINATION 

  

There have been many questions regarding the exact mechanisms of the 

perception of frequency modulation.  Researchers have traditionally theorized that the 

processing of FM is largely dependent upon monitoring of the changes in excitation level 

at different frequencies, thus assuming a model of FM perception based on a “place” of 

stimulation (e.g., Zwicker, 1956).  Because this mechanism relies on the perception of 

changes in stimulus level, this model is presumed to overlap with the mechanisms of AM 

detection.  However, researchers from a number of psychophysical studies have proposed 

that FM detection is influenced by a “sluggish” secondary mechanism based on temporal 

information and/or by neural phase locking.  The effects of this mechanism are seen at 

low modulation rates and low carrier frequencies.  Further support for this claim exists in 

physiological studies as well, as will be detailed later in this chapter (e.g., Luo, Wang, 

Poeppel, & Simon, 2006). 

Demany and Semal (1986) presented data that conflicted with the traditional 

excitation-pattern model proposed by Zwicker (1956).  Normally-hearing listeners 

performed differentially on AM- and FM-detection tasks of the same carrier frequency at 

very low modulation rates, and the ability of the listeners to identify the modulation type 

changed as a function of modulation rate.  The deviation of AM and FM detection 

performance led them to suspect a different mechanism for the processing of FM tones. 

Moore and Glasberg (1989) investigated 4-Hz FM detection at differing carrier 

frequencies and found that performance varied somewhat with carrier frequency, 

although not as much as it did with frequency discrimination of simple pure 

tones.  Specifically, thresholds (represented as a ratio of the change in frequency needed 

for discrimination to its respective carrier filter bandwidth) decreased slightly up through 
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carrier frequencies of 2 kHz, and then increased at 4 kHz and 6.5 kHz.  Moore and 

Glasberg proposed that the increase at the highest carrier frequency was a result of the 

loss of temporal phase-locking cues that are not present at higher carrier frequencies in 

the mammalian auditory system.  They also found that the addition of a bandpass noise 

(intended to mask the upper side of the excitation pattern) increased frequency- 

modulation difference limens (FMDLs), but accompanying random variations in level did 

not significantly affect thresholds further.  These results lent support for their hypothesis 

that FM detection involved a second mechanism in addition to monitoring changes in 

excitation level. 

Moore and Sek (1995) plotted psychometric functions of sinusoidal AM- and FM- 

detection thresholds for low modulation rates (2, 5, and 10 Hz) across a wide range of 

carrier frequencies (125, 1000, and 6000 Hz).  For the two lowest carrier frequencies, FM 

detection was generally better at the lower modulation rates, whereas AM detection was 

the best at the highest modulation rate.  However, at 6000 Hz (where neural phase 

locking is no longer available in humans), AM and FM detection was poorer at the lowest 

modulation rates, demonstrating a convergence in detection patterns.  Moore and Sek 

inferred the existence of a second mechanism for FM detection at very low modulation 

rates and lower carrier frequencies based on phase locking.  As a follow-up, Sek and 

Moore (1995) measured FMDLs across the same three modulation rates but at several 

more carrier frequencies (from 0.25 to 8 kHz).  At carrier frequencies of 2 kHz and 

below, FM detection performance appeared to worsen as modulation rate increased, 

whereas at the highest carrier frequencies tested (6 and 8 kHz), performance improved at 

higher rates.  The authors also found that FMDLs did not vary as much across carrier 

frequency as did discrimination of simple pure tones, confirming earlier findings (Moore 

& Glasberg, 1989).  In fact, at the highest modulation rate tested (10 Hz), FMDLs at 
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different carrier frequencies maintained an almost constant proportion of their respective 

equivalent rectangular bandwidth (ERB) (Glasberg & Moore, 1990), which was 

consistent with expectations associated with an excitation-based mechanism.  This 

pattern, however, was not seen at the lowest modulation rate of 2 Hz; FMDLs increased 

with increasing carrier frequencies.   

Ozimek and Sek (1987) found that detection thresholds for 1000-Hz AM and FM 

carriers were markedly different at modulation rates up through 70 Hz, above which they 

were very similar (presumably due to the cues provided by sideband resolution).  In order 

to evaluate the dependence or independence of FM detection on AM cues, they measured 

detection of mixed-modulation (MM) signals; that is, FM signals with superimposed AM 

at sub-threshold modulation depths.  FMDLs with superimposed sub-threshold AM were 

differentially affected at low and high modulation rates.  Namely, incrementally 

increasing sub-threshold AM depth improved FM detection at a modulation rate of 4 Hz, 

whereas thresholds increased with additional AM at the highest modulation rate of 400 

Hz (results were conflicting for an intermediate 64-Hz modulation rate).  The authors 

attributed the different effects to the contribution of temporal and spectral mechanisms of 

FM detection, respectively.   

A follow-up study conducted by Moore and Sek (1992) investigating the 

mechanisms behind AM and FM confirmed some of these earlier findings.  The addition 

of sub-threshold amounts of AM improved FMDLs for a 1000-Hz carrier modulated at 4, 

16, and 64 Hz, but the effect notably decreased at the higher modulation rates.  The 

addition of AM increased FMDLs at a modulation rate of 256 Hz, similarly to results 

presented by Ozimek and Sek (1987).   

Other studies have indicated that the addition of supra-threshold AM increases 

FM thresholds at all modulation rates, including low frequencies.  Moore and Glasberg 
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(1989) investigated 4-Hz FM detection in the presence of additional 33.3% AM.  The 

addition of AM increased FMDLs at all carrier frequencies.  Moore and Sek (1996b) 

systematically explored the effect of 33.3% added AM on FMDLs at different carrier 

frequencies and modulation rates, under the assumption that the added AM would have 

the greatest disruptive effect at modulation rates and carrier frequencies where the 

predominant perceptual cue for FM detection was based on changes in excitation.  In 

confirmation, for carrier frequencies between 0.25 and 2 kHz, the effect of the added AM 

was greater at higher modulation rates than at lower modulation rates, where a phase-

locking cue was presumably available to listeners.  The effect of the AM on FMDLs at 6 

kHz (where phase locking cues would not be present) was roughly the same across all 

modulation rates. 

Another parameter investigated in these studies was the effect of modulator phase 

in the detection of mixed modulation; specifically, it was predicted that the relative 

phases of AM and FM in mixed modulation would have greater effects on detection 

thresholds when listeners relied on excitation-pattern cues (Moore & Sek, 1992, 

1994b).  In these studies, psychometric functions were plotted for AM and FM alone, and 

then for a combined mixed modulated stimulus with modulation depths of equal 

detectability for AM and FM.  Results indicated notable effects of modulator phase at 10 

Hz.  Moore and Sek (1996b) extended the experimental conditions to include 2 Hz, where 

a phase-locking cue was predicted to be dominant.  Phase effects at the 2-Hz modulation 

rate were relatively small at low to mid carrier frequencies (in contrast to reported results 

for 10 Hz in the other two studies), but large phase effects were seen for the 6-kHz 

carrier, again confirming that excitation pattern cues become dominant once phase 

locking is no longer available. 
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Other researchers investigated the mechanisms of FM detection by evaluating the 

ability of a listener to discriminate between AM and FM.  Edwards and Viemeister 

(1994) postulated that if AM and FM signals were discriminable at equal levels of 

detectability, that was indicative of the presence of a second perceptual cue for FM 

detection that did not exist within the AM signal.  In general, they found that at higher 

FM depths (which led to higher FM detectability), discrimination between AM and FM 

improved.  They thus made the claim that FM was mostly encoded through a similar 

mechanism to AM, but at high modulation depths, an independent and second perceptual 

cue was made available to listeners, likely consisting of a perception of “instantaneous 

frequency fluctuation” that was more available at lower modulation rates.     

Moore and Sek (1994a, 1995) also investigated AM vs. FM discrimination – 

initially with a 1-kHz carrier modulated at a rate of 10 Hz, and then for modulation rates 

of 2 Hz, 5 Hz, and 10 Hz at a number of carrier frequencies.  Discriminability appeared to 

increase as detectability of AM or FM increased, similar to the results presented by 

Edwards and Viemeister (1994).  They also generally determined that at 10 Hz, 

discrimination ability was always poorer than AM- or FM-detection ability; in fact, 

results from the first of these two studies indicated that at low levels of AM/FM 

detectability, discrimination was essentially impossible.  In contrast, at 2 Hz, 

discrimination was sometimes as good as detection – again, purportedly supporting the 

claim that FM detection was governed by a second mechanism, but only at very low 

modulation rates.  These results were consistent with those of Demany and Semal (1986), 

who determined that identification thresholds of the modulation type (AM or FM) were 

better at a modulation rate of 2 Hz than a modulation rate of 15 Hz. 

Supporting results also have arisen from studies involving FM detection of 

complex tonal signals.  Carlyon, Moore, and Micheyl (2000) found that detection 
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thresholds for FM tone complexes increased as modulation rate increased from 2 – 20 

Hz, again providing evidence for the “sluggishness” of the temporal acuity of the 

auditory system.  FM coherence, a phenomenon in which a listener can better detect a 

tonal complex that is identically modulated than differentially modulated across carrier 

frequencies, also appears to be better at very low modulation rates (Furukawa & Moore, 

1996, 1997). 

The claim of two separate cues contributing to FM processing is further supported 

by data collected from listeners with cochlear implants, who primarily rely on temporal 

cues only.  Chen and Zeng (2004) tested sinusoidal FM detection administered 

acoustically to normally-hearing listeners and electrically to listeners with cochlear 

implants.  Listeners with cochlear implants performed similarly to normally-hearing 

listeners at low carrier frequencies, but experienced a much greater increase in FMDLs 

with increases in carrier frequency in comparison to the normally-hearing listeners.  This 

provided support for the hypothesis that, in listeners with normal hearing, spectral cues 

are dominant in FM detection at higher carrier frequencies.  Results were slightly 

different from previous studies, however; Chen and Zeng found that FMDLs remained 

relatively unchanged across modulation rate up through about 80 Hz for both types of 

listeners.  They postulated that temporal cues extended up to a higher modulation rate 

than previously hypothesized. 

As is the case with AM-depth discrimination, there are far fewer studies 

investigating the ability of a listener to differentiate between two FM tones modulated at 

different depths.  John et al. (2001) reported FM-discrimination thresholds of 1.4% for a 

50% FM tone with a carrier of 1000 Hz and a modulation rate near 80 Hz.  Ozimek and 

Sek (1990) measured FM discrimination for 1000-Hz sinusoidal carriers across multiple 

modulation rates (from 2 to 128 Hz, thereby encompassing all three “perception ranges” 
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defined in their paper) at very low modulation depths (from .6% to 5% baseline 

modulation depths).  FM-discrimination thresholds increased as the baseline modulation 

depth increased, but with a decreasing corresponding Weber fraction.  Plack and Carlyon 

(1994) conducted a follow-up study that extended the range of modulation depths (from 

2.5% - 20%) and the number of carrier frequencies (0.5 – 4 kHz).  Testing was only 

conducted at one modulation rate of 5 Hz.  Results were generally consistent with 

Ozimek and Sek (1990); the Weber fractions of the difference limens decreased as the 

baseline modulation depths increased, although there was no significant difference 

between the Weber fractions at the two highest depths tested, 10% and 20%.  Thresholds 

were overall higher for the 500-Hz carrier frequency than the others, between which there 

was no significant difference in performance.  Moore, Glasberg, Gaunt, and Child (1991) 

tested FM discrimination only at one depth of 2% for a 1000-Hz carrier at a modulation 

rate of 10 Hz, but in the presence of modulated and unmodulated noise.  FM-

discrimination performance was affected most by stimuli modulated near the same 

modulation rate, a phenomenon also observed in AM perception referred to as 

modulation discrimination interference (see Moore, 2004).   

 

2.2.2  FM CUES IN AUDITORY PROCESSING/SPEECH PROCESSING 

  

In addition to changes in amplitude, speech contains both slow and rapid changes 

in frequency over time, the latter of which are referred to as temporal fine structure cues 

(TFS) (Moore, 2008).  Although listeners can achieve high levels of speech perception 

with AM cues only, they are further benefited by auditory sensitivity to both kinds of FM 

cues.  The studies referenced below provide supporting evidence to the claim that 
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encoding of rapid TFS cues is particularly important for speech recognition in noisy 

environments, whereas slow FM cues are important for other aspects of speech 

recognition such as the recognition of a speaker and word recognition in tonal languages.  

Speaker recognition, in addition to its inherent importance, is thought to contribute to 

perceptual separation of competing talkers, which then facilitates improved speech 

recognition in noise (Zeng et al., 2005).    

In order to isolate perception of TFS cues, a number of researchers have 

attempted to investigate speech recognition with envelope cues removed (e.g., Ghitza, 

2001; Gilbert & Lorenzi, 2006, Lorenzi et al., 2006).  Lorenzi et al. (2006) found that 

normally-hearing listeners were able to achieve equivalently high speech recognition 

scores using either TFS cues or envelope cues in quiet.  Hopkins, Moore, and Stone 

(2008) measured, in the presence of fluctuating background noise, speech-recognition 

thresholds (SRT) as a function of the number of bands of TFS information.  SRTs 

improved significantly as the number of bands of TFS information were increased, 

indicating the importance of TFS in speech perception when fluctuating background 

noise is present. 

Zeng et al. (2005) investigated the importance of AM and FM cues in normally-

hearing listeners and listeners with cochlear implants, with the hypothesis that each type 

of modulation independently contributed to various important aspects of speech 

perception.  The authors chose to focus on cochlear implant listeners due to their 

traditionally poor performance on speech recognition in noise, speaker recognition, and 

Mandarin tone recognition.  The difficulty of these tasks was presumably due to the lack 

of FM cues in the signal processing of cochlear implants.  Participants completed 

sentence-recognition tasks in quiet and in noise as a function of increasing number of 

bands of either AM plus FM combined (envelope and TFS), or AM information only 
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(envelope).  Performance improved as a function of number of frequency bands for both 

conditions, although performance was better in both quiet and noise with both AM and 

FM information.  The presence of noise degraded performance across all conditions, but 

more for the AM-only conditions than for AM+FM.  The authors also tested speaker 

recognition (that is, a listener’s ability to identify the speaker) of consonant-vowel-

consonant (CVC) stimuli and Mandarin tonal recognition as a function of number of AM-

only or AM+FM bands.  Listeners showed significant improvement from the added FM 

for both tasks, especially with fewer bands of information.  Finally, Zeng et al. compared 

performance on the Hearing in Noise Test (HINT) in the presence of speech-shaped 

noise, a competing female talker, or a competing male talker, in normally-hearing 

listeners presented with only 4 bands of either the AM-only or AM+FM information.  

The added FM provided a large advantage over AM-only perception for the two 

competing talkers, but not for the steady-state noise.  The authors attributed the 

difference to the enhanced speaker recognition seen with additional FM information, 

which allowed the listeners to perceptually separate the two voices.  This also may be 

related to the hypotheses made by others regarding the contribution of TFS cues in 

fluctuating background noise.  The authors thus argued that in contrast to earlier studies, 

AM cues were only beneficial in ideal listening environments and that FM provided 

important additional cues in more realistic environments containing background noise. 

In addition to the aspects of speech perception contributions denoted above, 

sensitivity to FM also appears to play an important role in the development of reading 

skills.  The authors investigating this link have hypothesized that the ability to rapidly 

process frequency changes in auditory stimuli leads to awareness of short and meaningful 

linguistic segments called phonemes, which provides the basis of reading abilities 

(Talcott et al., 2003).  Thus, deficits in reading (defined as developmental dyslexia) may 



 26 

be at least partially related to impairment in the temporal processing of dynamic auditory 

stimuli, as evidenced by poorer performance on FM-detection tasks.  Witton et al. (1998) 

found that adults with dyslexia performed worse than adult controls on FM detection of 

500-Hz carriers at slow modulation rates of 2 Hz and 40 Hz; however, FM detection 

performance of a 1000-Hz carrier was equivalent to normals at a rate of 240 Hz.  Witton 

et al. (2002), in a follow-up study, investigated both AM and FM detection in a group of 

adults with and without dyslexia.  FM was tested at a carrier frequency of 1000 Hz at 

rates of 2 Hz and 240 Hz, and AM was tested at 2 Hz and 20 Hz.  The group with 

dyslexia performed significantly more poorly than the control group in 2-Hz FM 

detection and 20-Hz AM detection, but no significant difference was found in detection 

of 240-Hz FM or 2-Hz AM.  Performance on 2-Hz FM detection and 20-Hz AM 

detection was not significantly correlated, demonstrating that the deficiencies were not 

necessarily comorbid.  Additionally, the finding that adults with dyslexia did not exhibit 

impairment in both types of modulation at 2 Hz lends further support to the argument that 

AM and FM are governed by different perceptual mechanisms at slow modulation rates.  

Talcott et al. (2003) found that Norwegian-speaking students who were classified as poor 

readers performed more poorly than good readers on a slow-rate FM detection task, 

supporting their earlier findings that FM-detection performance was a strong indicator of 

phonological decoding skills in students with normal reading skills (2000). 

Other researchers, however, have disputed the claim for the link between 

impaired FM processing and dyslexia.  Hill, Bailey, Griffiths, and Snowling (1999) found 

no significant differences between adults with and without dyslexia in FM-detection 

performance at a modulation rate of 2.5 Hz with 1000-Hz and 6000-Hz carrier 

frequencies, (although the overall performance of the group with dyslexia was indeed 

poorer and more variable).  Halliday and Bishop (2005) found that students with 
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developmental dyslexia did not perform significantly worse than students with normal 

reading skills on a detection task of FM stimuli (with added AM to disrupt the cues 

provided by changes in excitation) (Moore & Skrodzka, 2002); again, however, 

performance was generally worse.  Results of the study also indicated poorer correlations 

between FM detection performance and evaluations of reading ability than presented by 

some other studies.  The authors additionally tested a group of students with 

sensorineural hearing loss, who did demonstrate significantly poorer performance on FM 

detection, but did not exhibit a corresponding deficit in reading ability.  This led the 

authors to the conclusion that poor FM detection alone did not lead to deficits in reading; 

presumably, some other underlying physiological mechanisms were involved. 

In summary, the ability to process FM appears important for certain aspects of 

speech perception; for example, to aid a listener in comprehending speech signals in 

background noise.  The proposed link between FM processing and reading ability is not 

fully incontrovertible; however, there is compelling evidence that suggests that the 

underlying temporal mechanisms of FM processing play at least a partial role in supra-

threshold auditory processing abilities important for communication.  The general 

consensus among studies regarding preservation of AM processing in hearing-impaired 

listeners does not appear to apply to FM; very often, this ability is compromised in cases 

of peripheral hearing impairment (Grant, 1987; Lacher-Fougère & Demany, 1998; 

Lorenzi et al., 2006; Moore, 2008; Moore & Skrodzka, 2002; Zurek & Formby, 1981).  

This dichotomy is intriguing and may indicate a fundamental difference between the 

physiological location of AM versus FM processing.  The effects of impaired FM 

sensitivity appear to manifest differently in listeners with sensorineural hearing 

impairment and listeners with normal peripheral hearing sensitivity who present with 

reading difficulties (Halliday and Bishop, 2005).  It may be the case that FM processing 
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is driven by different physiological mechanisms at different points in the peripheral or 

central auditory system, thereby meriting further investigation of FM processing at 

various levels.   

  

  

Although there remain some uncertainties regarding the exact mechanisms 

involved and affected, it can be inferred from the literature reviewed above that both AM 

and FM processing provide important indicators of auditory abilities with implications 

for speech perception, as well as phonological perception necessary for literacy abilities.  

The experimental paradigms implemented in the evaluation of AM and FM processing in 

the research discussed above have been exclusively psychophysical; data were acquired 

via behavioral responses obtained from participants.  What follows in the subsequent 

section is a review of the methods utilized in the evaluation of modulation processing in 

the auditory system via physiological methods, specifically of auditory evoked potentials 

such as the auditory steady-state response (ASSR). 
  



 29 

2.3.  Auditory evoked potentials (AEPs) 

  

An evoked potential is electrical activity generated as a physiological response to 

sensory input of a certain nature.  Evoked potentials can be generated, for example, by 

visual (Adrian & Matthews, 1934), somatosensory (Dawson, 1951), or auditory stimuli 

(Jewett and Williston, 1971; Lev and Sohmer, 1972; Wever and Bray, 1930).  The 

remaining focus of this section will be on those potentials evoked by auditory stimuli, or 

auditory evoked potentials (AEPs). 

AEPs are generated by structures within the peripheral and central auditory 

nervous system.  In humans, AEPs are measured through surface electrodes typically 

placed on the scalp, mastoids, or earlobes.  The responses are then amplified and filtered, 

prior to being displayed in a digital version on a computer.  AEPs have traditionally been 

generated by the presentation of transient, or brief, stimuli, such as broadband clicks or 

tone bursts.  Responses are often classified according to their latency, or the amount of 

time lapsed between stimulus presentation and onset of response, typically measured in 

milliseconds. AEPs evoked by transient stimuli generally fall into categories of early-, 

middle-, and late-latency responses.  Responses that occur earlier in latency are reflective 

of neural generators closer to the auditory nerve and auditory brainstem.  The exact 

generators of AEPs at longer latencies are less clearly defined, but are hypothesized to 

reflect activity from more rostral (higher) structures, such as the thalamus or auditory 

cortex (Hall, 2007).  Transient-evoked AEPs have provided useful applications in both 

clinical studies and research, including in the estimation of hearing sensitivity, evaluation 

of lesions and pathology in the auditory system, and evaluation of higher-level cognitive 

functions such as attention (e.g., Davis, 1965; Legatt, Pedley, Emreson, Stein & 
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Abramson, 1988; Picton & Hillyard, 1974).  Of note is the recent widespread use of the 

early-latency AEP, commonly referred to as the auditory brainstem response (ABR), in 

the identification of hearing loss in newborns as well as in other children/adults who 

cannot provide reliable responses in behavioral audiological evaluations (e.g., Jerger & 

Mauldin, 1978; Gorga, Worthington, Reiland, Beauchaine, & Goldgar, 1985; van der 

Drift et al., 1987). 

The frequency specificity of traditional AEPs is somewhat limited due to the very 

short duration of transient stimuli such as clicks and tone bursts, as well as the maximum 

intensity presentation level.  Researchers and clinicians thus have recently been turning 

their attention to another type of AEP, now commonly referred to as the auditory steady-

state response. 

 

2.3.1  AUDITORY STEADY STATE RESPONSE (ASSR) 

  

The auditory steady-state response (ASSR) is an AEP that occurs in response to a 

periodic and continuous (long-duration) stimulus.  Early studies depicting the ASSR 

involved the presentation of trains of transient stimuli (e.g., Galambos et al., 1981; 

Stapells, Linde, Sutfield, Hamel, & Picton, 1984), specifically corresponding to the rate 

of 40 Hz, the rate at which the auditory middle-latency response (AMLR) is known to 

occur.  The ASSR was shown to be time-locked to stimulus presentations and thus 

carried the same periodicity as the evoking stimulus; early theories attributed the ASSR 

to a continuous and synchronous superimposition of the AMLR waves Na-Pa and Nb- Pb 

(Galambos et al., 1981).   More recently, there has been evidence demonstrating that the 
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40-Hz ASSR may involve activity from local oscillatory networks of neurons in the 

thalamocortical pathways (Dimitrijevic & Ross, 2008).   

ASSRs have been recorded in response to continuous sinusoidal stimuli 

modulated in amplitude, frequency, or a combination of the two (e.g., Campbell, 

Atkinson, Francis, & Green, 1977; Rickards & Clark, 1984; John, Dimitrijevic, & Picton, 

2003).  The responses occur with the periodicity of the rate of repetition or modulation, 

which allows measurement of AEPs to continuous sinusoidal tones.  Multiple repetitions 

of the response are obtained and then averaged to increase the signal-to-noise ratio in a 

similar manner to the method used in recording transient AEPs.   The response can be 

viewed in the time domain as a periodic waveform, but is most often viewed in the 

frequency domain.  This is achieved by applying a fast Fourier transform (FFT) (Rickards 

& Clark, 1984), a mathematical algorithm that transforms a function into its 

instantaneous amplitude or phase components as a function of frequency.  The amplitude 

or phase of the evoked response is then viewed at the rate of modulation. 

The nature of the evoking stimuli has made the ASSR an appealing candidate for 

the physiological investigation of amplitude and frequency modulation. 

 

2.3.2  ASSR STIMULUS PARAMETERS 

  

Modulation type 

 

The stimuli used in evoking the ASSR can be classified in the same manner as 

those described in the psychoacoustics sections of this chapter: modulation type, 

modulation rate, carrier frequency, and modulation depth.  As previously discussed, 
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ASSRs can be recorded from stimuli containing either amplitude (AM) or frequency 

(FM) modulation, mixed modulation (MM), or with so-called independent amplitude and 

frequency modulation (IAFM), (when tonal carriers of the same frequency are modulated 

in amplitude and frequency at slightly different modulation rates) (Dimitrijevic et al., 

2001; Dimitrijevic et al., 2004; Picton et al., 2003).  ASSRs of these differing modulation 

types show interaction with modulation rate, carrier frequency, and depth, which will be 

briefly delineated below. 

 

 Modulation rate 

 

ASSRs have been recorded across a range of stimulus modulation rates, with clear 

effects on corresponding amplitude (e.g., Aoyagi et al., 1999; Campbell et al., 1977; 

Cohen, Galambos et al., 1981; Lins et al., 1995; Picton et al., 1987; Rees, Green, & Kay, 

1986; Rickards, & Clark, 1991; Stapells et al., 1984).  Generally speaking, the studies 

examining these relationships largely have been conducted with AM stimuli, but are 

thought to apply to both types of modulation.  In summary, the absolute amplitude of the 

ASSR generally decreases as modulation frequency is increased.  There are two 

distinctive peaks of amplitude occurring at amplitude-modulation rates near 40 Hz and 80 

Hz (reviewed in Rance, 2008).  Results from these studies also broadly demonstrated that 

internal electrical “noise” concurrently decreased with increasing modulation rate.   

Source analysis investigations of the ASSR have suggested that the responses 

occurring near 40 Hz are mostly generated in auditory thalamocortical pathways, whereas 

responses occurring closer to 80 Hz and above are dominated by subcortical sources such 

as the auditory brainstem (Herdman et al., 2002; Johnson, Weinberg, Ribary, Cheyne, & 
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Ancill, 1988; Mäkelä and Hari, 1987).  The 40-Hz ASSR is thus generally analogized as 

a steady-state manifestation of the transient AMLR, whereas the 80-Hz response is 

thought to be comparable to the ABR.  In support of this distinction, the ASSR responds 

to the effects of sleep and anesthesia in accordance with its presumed neural generators at 

different modulation rates – the 40-Hz response is reduced in amplitude by sleep and 

anesthesia, whereas the 80-Hz response largely is unaffected (Cohen et al., 1991; Jerger, 

Chmiel, Frost, & Coker, 1986; Linden, Campbell, Hamel, & Picton, 1985; Plourde & 

Picton, 1990; Suzuki, Kobayashi, &  Umegaki, 1994). 

However, some studies have cautioned against a simple interpretation of the 

relationship between the ASSR and its transient counterpart waveforms.  The amplitude 

of the ASSR does not always linearly correspond to the superimposition of transient 

waveforms presented at the same rate (e.g., Azzena et al., 1995; Santarelli et al, 

1995).  The “intrinsic oscillations in neural networks” hypothesis (Llinas & Ribary, 2001) 

predicts that the ASSR is derived from the activity of networks of regulatory neurons in 

the thalamus and cortex that modulate at an optimal rate (specifically at 40 Hz), and are 

driven by the input of modulating sensory stimuli. Consequently, there may not be a 

linear relationship between transient AEPs and the ASSR, but it appears to generally be 

the case that neural sources are overlapping, if not completely equivalent.   

  

Carrier frequency 

 

The amplitude of the ASSR changes as a function of carrier frequency, although 

these relationships appear to be different at modulation rates of 40 and 80 Hz.  Response 

amplitude appears to decrease with increasing carrier frequency from 500 – 4000 Hz for 
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40-Hz amplitude modulations (Galambos et al., 1981; Picton et al., 1987; Rodriguez, 

Picton, Linden, Hamel, & Laframboise, 1986).  More complex interactions are seen for 

80-Hz responses; results presented in several studies depict an increase in amplitude from 

500 to 2000 Hz with a subsequent decrease at 4000 Hz for AM- and MM-evoked 

responses (Herdman & Stapells, 2001; John et al., 2001; John, Purcell, Dimitrijevic, & 

Picton, 2002), although some studies indicate a decrease in amplitude at carriers higher 

than 1000 Hz (Dimitrijevic et al., 2002; John et al., 2002; Picton, Van Roon, & John, 

2009).  Data from Dimitrijevic et al. (2004) showed a decrease in FM-evoked 80-Hz 

ASSR amplitude with increasing carrier frequency in participants with and without 

hearing impairment.   

  

Modulation depth 

 

Recall that modulation depth refers to the amount of modulation present within 

the stimulus.  For AM, this is defined as the ratio of the difference between the maximum 

and minimum amplitudes to the sum of the maximum and minimum amplitudes of the 

stimulus.  Studies investigating modulation depth of the ASSR have largely depicted 

modulation as a percentage rather than as a change on the logarithmic scale favored in 

psychoacoustics papers.  FM depth also has been presented differently between 

psychoacoustics and electrophysiology; in psychoacoustics, it has been defined as the 

ratio of the difference between the maximum instantaneous frequency and the carrier 

frequency to the modulation rate, or ∆ fc / fm.  Physiological studies have characterized 

FM depth with respect to carrier frequency instead of modulation rate, in other words, 2∆ 

fc / fc or ∆ fc / fc.   
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ASSR amplitude generally increases linearly with corresponding increases in 

modulation depth for both types of modulation.  Responses show a maximum amplitude 

at 100% AM when the overall RMS intensities are equalized for each modulation depth, 

and a maximum at about 50% when the peak amplitudes are equivalent (John et al., 2001; 

Picton et al., 1987; Rance, 2008; Rees et al., 1986;).  FM-evoked ASSRs increase in 

amplitude with increasing modulation depth up through 100% modulation (calculated as 

2∆ fc / fc.  The phase of the response does not appear to be affected by differences in 

modulation depth. 

  

Stimulus intensity 

 

In a similar manner to transient-evoked AEPs, increase in stimulus intensity 

results in a linear increase in response amplitude and a decrease in phase/latency 

(Galambos et al., 1981; Lins et al., 1995; John et al., 2002; Picton et al., 1987; Picton et 

al., 2009), although Lins et al. (1995) reported smaller changes in amplitude for 80-Hz 

responses than for 40-Hz responses as a function of intensity.  Rodriguez et al. (1986) 

also reported that amplitude increases with intensity increases were less marked for 

higher carrier frequencies.   

  

Multiple and single presentation  

 

One of the claimed advantages of the ASSR in comparison to traditional transient-

evoked AEPs is that stimuli of multiple carrier frequencies can be presented 

simultaneously at different modulation rates, thus allowing for separate analysis of each 
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ASSR within the FFT  (Lins & Picton, 1995; Regan & Regan, 1988).  The time needed to 

collect multiple ASSRs is significantly decreased with this method of multiple 

presentations.  Other researchers have used carrier frequencies with the aim of creating a 

multi-carrier stimulus that reflects the broad frequency discrimination of speech (John, 

Lins, Boucher, & Picton, 1998). However, many studies have shown significant effects of 

multiple presentation on response amplitude, particularly at high intensities, at lower 

modulation rates, and when the responses are close in carrier frequency (Dolphin, 1996, 

1997; Hatton & Stapells, 2013; John et al., 1998; John et al., 2001; Picton et al., 1998; 

Picton et al., 2009).  Specifically, in many cases, amplitudes of ASSRs were smaller 

when obtained through simultaneous multiple presentation than through single 

presentation.  In order to avoid interaction effects in the current study, stimuli were 

presented singly.   

  

2.3.3  MEASUREMENT OF THE ASSR 

  

The measurement or analysis of a traditional transient-evoked AEP viewed in the 

time domain typically involves the assessment of the latency (the amount of time lapsed 

between stimulus presentation and the onset of the response) and/or amplitude of the 

determined response.  Because the ASSR is continuous, it is typically viewed in the 

frequency domain via FFT (Rickards & Clark, 1984).  It is then presumed that the 

response occurs with a certain amplitude at the frequency coinciding with the modulation 

rate, and with a certain onset phase as a result of being time-locked to the stimulus.  

Electrical activity picked up by the electrodes at other frequencies and at different phases 

is thus considered to be noise from which the response, or signal, must be differentiated.  
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Signal averaging is incorporated, and computerized algorithms implementing statistical 

techniques are employed to assess the signal-to-noise ratio for either parameter to 

determine whether the averaged signal is substantially greater or more robust than the 

noise. 

The ASSR can be measured with respect to phase, amplitude, or both; all three 

types of measurement exist in the literature.  The most commonly used method in 

assessing a response by phase involves the calculation of a measure of the phase 

variance, referred to as the phase coherence, and then performing a number of statistical 

tests to estimate the likelihood that it was derived from a response rather than due to 

random chance  (Rayleigh, 1880; Fisher, 1993; Stapells, Makeig, & Galambos, 1987).  

Hotelling’s T2 test and the measurement of the magnitude squared coherence are two 

similar tests utilized in calculating the combined variance of the amplitude and phase of 

the averaged response and determining whether it is significantly greater than 0 (Dobie & 

Wilson, 1989; Hotelling, 1992).   

Many recent studies have implemented statistical methods comparing the overall 

power of the response at the modulation rate to the power of the activity at adjacent 

frequency bins in the FFT, which are presumed to consist exclusively of noise.  An F 

statistic and subsequent significance is calculated, with the degrees of freedom dependent 

upon the number of adjacent frequency bins included in the calculation.  Most of the 

currently used commercial ASSR systems include this calculation in their criteria for 

determining the presence of a response, although options for phase calculations can be 

selected as well.  In the current study, responses were measured with respect to 

amplitude, in consideration of the fact that ASSR phase is not affected by modulation 

depth. 
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2.3.4  PERCEPTUAL CORRELATES OF THE ASSR 

  

The majority of the practical development of the ASSR has been focused on its 

use of it as a tool in the objective evaluation of hearing sensitivity.  Several of the specific 

stimulus parameters discussed above provide immense appeal for clinical testing; the use 

of continuous pure tones instead of transient tone-bursts elicits more frequency-specific 

responses, and the available maximum intensity level is higher.  The automated 

mathematical extraction of the response from the FFT discussed above also may be 

considered a more precise and systematic method of determining the presence or absence 

of a physiological response in comparison to the ABR, which relies largely upon a more 

subjective interpretation performed by the diagnosing audiologist.  Thresholds of 80-Hz 

responses have been shown to correlate fairly well with thresholds obtained by behavioral 

audiometry (Aoyagi et al., 1994; Dimitrijevic et al., 2002; Han, Mo, Liu, Chen, & Huang, 

2006; Picton, Perez-Abalo, & Van Roon, 2005; Stueve & O’Rourke, 2003). 

 In addition to the evaluation of hearing sensitivity, the resemblance of the stimuli 

used to evoke the ASSR to speech (with respect to the frequency content and the 

presence of amplitude and frequency modulations) has prompted a series of studies 

investigating the correlation between physiological responses evoked by modulated 

stimuli and more complex auditory-processing capabilities.  A significant correlation 

between the ASSR and behavioral measurements would carry implications for evaluating 

these supra-threshold capabilities in populations who cannot provide behavioral 

feedback.  A brief review of some of the major cornerstone studies is provided below.  In 

spite of differences in methodology, the experimental paradigms detailed below follow a 

general trend.  A large majority of these studies directly investigated the relationship 

between the ASSR and speech perception.  Generally, listeners completed a series of 
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speech recognition tasks across different conditions with respect to some independently 

manipulated stimulus variable (for example, at different intensity levels).  ASSRs were 

recorded under the same conditions, with the expectation that the same experimental 

manipulations would result in systematic changes that would correlate to those observed 

in the speech recognition tasks.  The two experimental parameters most commonly 

manipulated were stimulus intensity level and signal-to-noise ratio (SNR) with the 

inclusion of masking noise.  

Other studies, fewer in number, compared the ASSR to AM or FM detection, with 

particular interest in listener populations with presumed impaired temporal processing 

capabilities.  Although stimulus parameters and behavioral correlates differed slightly 

among these various studies, the overall findings support the notion that behavioral 

auditory perception dependent upon AM/FM processing is reflected in these neurally-

evoked steady-state responses.   

Dimitrijevic et al. (2001) investigated ASSRs in normally hearing listeners that 

were elicited by stimuli that were independently amplitude and frequency modulated 

(IAFM).  Specifically, the stimuli consisted of total of eight simultaneous tones, (two 

each at 500, 1000, 2000, and 4000 Hz).  The carriers of each frequency were each 

modulated in either amplitude or frequency at comparable but distinct modulation rates in 

the region from 80 to 100 Hz (to allow for separate analysis); AM depth was 50% and 

FM depth was 20% (defined as [fmax- fmin]/fc).  A physiological response was determined 

to be present if its amplitude was significantly larger than the averaged amplitude of the 

electrical activity at 3.7 Hz above or below the response frequency.  ASSRs were 

collected at several different intensity levels, and the number of responses evoked of the 

total possible, converted to a percentage, was correlated to the listeners’ performance on 

word-discrimination tasks administered at the same intensity levels.  The number of 
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detected responses and word-discrimination scores both increased with increasing 

intensity level, showing a mean correlation (denoted as Pearson’s r) of 0.83 for the 14 

ears tested and an overall correlation of 0.74.  The correlation between ASSR amplitude 

and word-recognition score was 0.68.  The authors concluded that the benefit to speech 

recognition that provided by increased audibility was also reflected in the measures of the 

steady-state response. 

The two follow-up studies conducted by this laboratory extended the relevant 

relationships to a population of listeners with sensorineural hearing loss.  Picton et al. 

(2002) followed by collecting steady-state responses evoked by the same IAFM stimuli 

as used by Dimitrijevic et al. (2001), presented through speakers to normally-hearing 

listeners and hearing-aid users.  Hearing aids were self-adjusted by the users to reflect 

their most comfortable listening levels (MCL), and ASSRs and word-recognition scores 

were subsequently collected at MCL, 10 dB below MCL, and 20 dB below MCL for both 

listener groups (the average MCL was about 6 dB higher for the hearing-aid users).  The 

correlation coefficient calculated between the number of present responses (with the 

same criteria as Dimitrijevic et al., 2001) and word recognition scores was 0.55 over all 

listeners tested, which was reportedly a lower correlation than found by Dimitrijevic et al. 

(2001), although still significant.   

Dimitrijevic et al. (2004) examined the relationship between the number of 

reliable IAFM-evoked ASSRs and word-recognition scores in young listeners with 

normal hearing and elderly listeners with normal hearing and hearing impairment, in 

various conditions involving background noise.  Modulation rates in the vicinity of both 

40 and 80 Hz were investigated, and the stimuli were modulated at depths thought to be 

comparable to the modulation depths present in everyday speech (between 35% and 55% 

for AM, and between 20% and 35% for FM).  ASSRs and word-recognition testing were 
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completed at 70 dB SPL in quiet and at 70 dB SPL in the presence of spectrally-shaped 

speech noise presented at 67 dB SPL for all four participant groups.  Stimuli were 

presented through speakers, and normally-hearing listeners were tested randomly either 

in the right or left ear.  Hearing-impaired listeners were tested through the aided ear; test 

ear was randomly chosen for those listeners with binaural hearing aids.  The non-test ear 

was occluded for all recordings.  The listeners with hearing impairment completed 

another series of tests at 70 dB SPL in quiet using their hearing aids, and the young and 

elderly listeners with normal hearing completed a condition at 70 dB SPL in the presence 

of 70 dB of masking noise.  The masking noise was shown to significantly reduce both 

word recognition score (WRS) and the number of viable steady-state responses at both 

modulation rates.  The correlation coefficients between word-recognition performance 

and number of ASSRs (collapsed across 40 and 80 Hz) were quite high across all listener 

groups: 0.78 for all listeners, 0.76 for young normally-hearing listeners, 0.85 for elderly 

normally-hearing listeners, and 0.75 for elderly hearing-impaired listeners.  Responses 

evoked at 80 Hz were slightly larger in the aided condition, although this effect failed to 

reach significance.  From these three studies, the authors concluded that the ASSR was a 

viable measure to evaluate supra-threshold auditory abilities in addition to testing of 

absolute sensitivity.   

The correlation between ASSR and speech perception was extended to normally-

hearing infants and adults in a study reported by Cone and Garinis (2009).  The authors 

deliberately used a similar stimulus to those from the three studies reported above, but 

investigated a different speech task, as will be detailed below. The stimuli used in this 

study were complex modulated tone bursts rather than continuous sinusoidal tones. The 

stimulus consisted of eight tones total -- two carriers each at frequencies 500, 1500, 2500, 

and 4000 Hz, modulated in amplitude at rates between 80 to 100 Hz.  Again, these carrier 
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frequencies were chosen so that the overall stimulus contained the same general spectral 

characteristics as speech.  The tones were presented simultaneously through an insert 

earphone.  Four of the eight carriers (one each at 500, 1500, 2500, and 4000) were 

modulated in both amplitude and frequency, resulting in a combination of four AM and 

four MM stimuli total.  Modulation depths were similar to those reported by Dimitrijevic 

et al. (2004).  ASSRs were collected at levels from 20 to 80 dB SPL in 10-dB increments, 

and the percentage of significant responses was calculated at each level.  Infants and 

adults completed a speech-feature discrimination (SFD) task with visual reinforcement 

involving the ability to differentiate between the syllables /ba/ and /da/ at many of the 

same levels used in collecting the ASSRs.  Correlations between the group percentages of 

present steady-state responses and the mean SFD scores yielded coefficients of 0.99 for 

all ASSRs collapsed across carrier frequencies, and 0.64 for the 1500 Hz MM component 

only (which the authors selected due to its noted robust presence in ASSR recordings 

overall).  The results were consistent with the other studies: with increased audibility, 

speech perception improved, and this was predicted reliably by the number of measured   

ASSRs.  

The authors of the studies reviewed above concluded that speech perception was 

significantly correlated to the ASSR at modulation rates close to 40 Hz as well as rates at 

80 Hz and above.  The reader will also take note that audibility from stimulus intensity 

was as an underlying and potentially confounding factor in three of the four studies 

referenced.  Alaerts et al. (2009) investigated the hypothesis that rates of modulation 

lower than 40 Hz may be more relevant for speech understanding, and attempted to 

remove the factor of stimulus intensity from their analyses (Rosen, 1992; Plomp, 1983).  

The authors chose stimuli consisting of speech-weighted noise modulated at 4, 10, 20, 

and 38 Hz at 100% AM (choosing to focus solely on AM). ASSRs were collected in 
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normally-hearing and hearing-impaired listeners in the presence of stationary speech-

weighted noise presented at SNRs of -10, -5, 0, and +5 dB.  ASSRs obtained at 4, 10, and 

20 Hz were combined (which will henceforth be referred to as the “low modulation 

rates”) and compared to the responses obtained at 38 Hz for analysis.  Sentence-

recognition thresholds were obtained in all listeners in the presence of either the same 

stationary speech-weighted noise or a fluctuating noise.  CVC intelligibility was 

measured in the listeners in the presence of the stationary noise at SNRs between -20 and 

+10 dB, obtained in 5-dB increments, and a threshold was obtained through a best fit of 

the data.  ASSR amplitudes (referred to as “response-SNRs”) increased for both rate 

conditions as a function of increasing SNR for both groups.  The growth of ASSR 

amplitudes across SNRs for the combined low-modulation rates was significantly larger 

for normally-hearing listeners than for the hearing-impaired listeners; however, no 

significant difference in amplitude growth was found between normally-hearing and 

hearing-impaired listeners at the 38 Hz rate.  Hearing-impaired listeners performed more 

poorly than normally-hearing listeners in both speech tasks. Spearman correlation 

coefficients calculated between ASSR amplitudes and phoneme identification scores 

from the corresponding SNR were 0.82 overall and 0.68 for the 38-Hz ASSRs, both 

significant.  However, when the analyses were separately completed at each SNR (thus 

removing the overall effect of intensity), only a few of the low-rate correlations were 

significant, and none of the 38-Hz correlations were significant.  In addition, the slope of 

ASSR amplitude growth was correlated to the rate of increase of phoneme identification-

score for each condition, and yielded significant coefficients only for the low-rate 

ASSRs.  Finally, the amplitude of the ASSRs obtained at +5 dB SNR was correlated to 

the thresholds calculated for phoneme- and sentence- identification in noise, and only 

yielded statistically significant results in the conditions with the low modulation rates.  
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The authors deduced from their analyses that, once the effect of stimulus intensity level 

was factored out, the ASSR elicited at modulation rates lower than 40 Hz were more 

closely related to the processes involved in speech discrimination with respect to 

modulation perception, in opposition to the results reported by previous studies.  

However, the reader will take note that the ASSRs in this study that were evoked at the 

modulation rates of 4, 10, and 20 Hz, were not analyzed separately, but were combined 

by adding the responses.  Correlations between ASSRs and speech-recognition measures 

thus were not fully disclosed for each individual modulation rate below 40 Hz, and may 

have indicated a slightly different conclusion if a different statistical method had been 

implemented.   

Leigh-Paffenroth and Murnane (2011) also assessed the effects of noise on 

ASSRs for normally-hearing and hearing-impaired listeners evoked at differing 

modulation rates, but in the presence of multitalker babble instead of steady-state noise.  

ASSR stimuli consisted of simultaneously presented carriers at frequencies 500, 1500, 

2500, and 4000 Hz, modulated in amplitude and frequency at rates close to either 40 Hz 

or 90 Hz (several of the studies reviewed above utilized a range of modulation rates 

between 80-100 Hz).  ASSRs were recorded in quiet and in noise ranging from 0 to 16 

dB SNR.  Participants also completed a speech recognition task that involved word 

recognition in the presence of multitalker babble at different SNRs.  Similar to the results 

reported by Cone and Garinis (2009), the largest number of ASSRs present was at 1500 

Hz overall for all listeners (collapsed across presentation levels).  A greater number of 

ASSRs were present in quiet than in babble for normally-hearing listeners, and there were 

more responses at 90 Hz than at 40 Hz.  Curiously, in contrast to earlier studies for the 

hearing-impaired listeners, there was no significant difference in number of responses 

between the quiet condition and the babble conditions; in fact, some responses showed an 



 45 

enhancement in the presence of noise.  This effect, however, was not reported in any of 

the other studies reviewed.  Responses were greater in amplitude at 40 Hz than at 90 Hz.  

Correlations between the mean ASSR amplitude (averaged across carrier frequencies) 

and speech-recognition scores in quiet were significant across both listener groups at 

some of the presentation levels for both 40 and 90 Hz.  None of the correlations, 

however, were significant for normally-hearing listeners alone, although it is unclear 

whether it was an issue of sample size.  Correlations between number of detected 

responses and word-recognition scores in noise were significant at 40 Hz for both groups.  

ASSR mean amplitudes also were related to word recognition in noise at both modulation 

rates.  The reader may conclude, from these studies, that the auditory processes necessary 

for speech recognition at differing intensity levels and in different levels of background 

noise appear to be reflected in parallel by the amplitude or the number of ASSRs.   

Although the majority of the literature involving perceptual correlates of the 

ASSR is largely focused on speech-recognition tasks of some sort, there also exist a few 

notable studies that directly investigated the relationship between parameters of the 

ASSR and modulation processing/perception. Picton et al. (1987) found that behavioral 

40-Hz AM and FM detection thresholds were not significantly different from 

corresponding thresholds for ASSR (with respect to modulation depth).  John et al. 

(2001) reported behavioral AM and FM detection thresholds that were about 10 dB 

below the modulation depth needed to obtain reliable AM and FM-evoked ASSRs at 

modulation rates near 80 Hz.   

Several studies involving the comparison of the ASSR and AM/FM processing 

have focused most notably on AM processing with respect to presence or absence of 

developmental dyslexia.  The reader will recall, from the earlier-reviewed psychophysical 

literature, that this population appears to experience a deficit in AM and FM perception 
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relative to the general population.  Therefore, it would not be unreasonable to suspect a 

concomitant difference in their physiologically-evoked responses.  In fact, preliminary 

results presented by McAnally and Stein (1997) indicated that AM-evoked ASSRs 

modulated at rates between 20 and 80 Hz were significantly lower in amplitude in adults 

with dyslexia than in adults without dyslexia, despite presenting with similar ABR 

amplitudes.  Menell et al. (1999) extended the experimental conditions from this study to 

include psychophysical measures of AM detection as well in their comparison of ASSR 

amplitude between adult listeners with and without dyslexia.  TMTFs were plotted for 

participants using AM bursts of white noise at modulation rates from 10 to 320 Hz.  

ASSRs were measured using 100% white noise amplitude-modulated at 10, 20, 40, 80, 

and 160 Hz.  The group with dyslexia, consistent with results from other studies, had 

substantially higher TMTF thresholds than the control group across all modulation rates.  

Correlations drawn between reading scores and the principle component describing 

TMTF thresholds (calculated through principle-components analysis) showed a 

significant relationship between AM detection and reading ability.  The group with 

dyslexia also exhibited smaller ASSR responses than the control group across all 

modulation rates.  Thus, it would seem that regardless of whether modulation perception 

is evaluated directly or indirectly (through speech perception), there appears to be an 

observable connection between its behavioral and physiological manifestations. 

Results presented by Poelmans et al. (2012) contained some slight discrepancies 

with the previous study.  ASSRs consisting of 100% AM white noise were measured in 

dyslexic and control adult listeners at 4, 20, and 80 Hz to explore the difference seen in 

what they referred to as processing for “syllabic rate” (represented by the 4-Hz response) 

and “phonemic rate” (represented by the 20-Hz response) (Shannon et al., 1995).  

Interhemispheric phase coherence was investigated as well as response amplitude, and 
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laterality was taken into consideration (ipsilateral versus contralateral responses).    It is 

noted now that this was the first study where laterality was accounted for; the responses 

from all previous physiological studies reviewed earlier were recorded from a single 

channel.  The studies conducted by Dimitrijevic et al. (2001, 2004) and Picton et al. 

(2002) referenced from the midline; the majority of the other studies reviewed referenced 

from the ipsilateral mastoid (except for Menell et al. (1999), who referenced the 

contralateral mastoid).  The results displayed in this study indicated that for both listener 

groups, at all three rates, right-hemisphere responses (ipsilateral) were stronger than left-

hemisphere responses (contralateral).  

Participants did not perform psychophysical tasks directly measuring modulation 

processing, but completed sentence-in-noise intelligibility tasks and phonological-

awareness tasks.  In contrast to the results obtained by Menell et al. (1999) and McAnally 

and Stein (1997), the two groups did not demonstrate a difference in overall ASSR 

strength at any of the three rates, but the group with dyslexia did exhibit smaller 

responses than the control group measured from the left (contralateral) hemisphere for the 

20-Hz response only.  Differences in ASSRs between the groups in coherence measures 

were significant only for the 20-Hz response.  Correlations between the ASSR coherence 

and perceptual tasks proved to be significant at different rates for different perceptual 

tasks, an interaction not seen in previous studies.  Poelmans et al. (2012) hypothesized 

that the 20-Hz ASSR was significantly related to better phonological awareness skills and 

phoneme-level intelligibility of speech in noise, whereas the 4-Hz ASSR was related to 

better intelligibility of sentences in noise.  No significant relationships were found at 80 

Hz.  The authors concluded that various aspects of modulation processing were 

differentially related to ASSRs recorded at different modulation rates, and thus from 
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different neural stations in the auditory system.  This conclusion will prove to be 

particularly interesting with respect to the results obtained in the current study. 

The studies examining relationships between the ASSR and corresponding 

behavioral measurement in listeners with dyslexia have mostly focused on AM rather 

than FM.  A smaller number of studies examined exclusively physiological FM 

processing in listener populations with impaired central auditory perception.  Stefanatos, 

Green, and Ratcliff (1989) investigated ASSRs in children with normal language skills as 

well as those with receptive language impairment secondary to a neurological disorder 

called Laundau-Kleffner Syndrome, (Deonna, 1991).  The children with language 

impairment presented with “markedly diminished” or absent ASSRs in response to 1000-

Hz FM tones modulated at 4 Hz.  Although corresponding perceptual measurements were 

not evaluated in this study, the authors inferred that the pathology of FM processing 

mechanisms was related to subsequent difficulties with speech/language perception. 

These results were different from those obtained by Tomblin, Abbas, Records, 

and Brenneman (1995), who replicated the study in children with specific language 

impairment that was unrelated to a physiological neurological disorder.  Responses were 

similar between both groups, and the researchers attributed their difference in results to 

the differing etiologies of specific language impairment between the two studies – 

specifically, the absence/diminution of responses from Stefanatos et al. (1989) was likely 

secondary to the neurological disorder rather than the language impairment itself.  It 

should be noted at this point that in both studies, although the point of interest was 

frequency modulation, the stimuli also were modulated in amplitude, and the carriers 

were thus mixed in modulation.  A similar stimulus paradigm was adopted for the current 

study.  
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2.3.5   OTHER PHYSIOLOGICAL REPRESENTATIONS OF MODULATION 
PROCESSING/SPEECH PERCEPTION 

  

In humans, physiological responses to auditory modulation have classically been 

recorded via the electroencephalogram (EEG) (Rees et al., 1986), from which the ASSR 

was developed.  In addition to the ASSR, other types of physiological measures in both 

human and animal populations have demonstrated that auditory amplitude and frequency 

modulation are preserved and reflected at various levels in the central nervous system.  

Single and multi-cell neural recordings have been obtained to map out the TMTF in the 

auditory cortex of animals such as the cat, chinchilla, gerbil, and monkey (e.g., Brown & 

Harrison, 2009; Dolphin & Mountain, 1992; Eggermont, 1994; Heil & Irvine, 1998; 

Mendelson, Schreiner, Sutter, & Grasse, 1993; Tian & Rauschecker, 1994, 2004, 2007).  

Others have modeled AM encoding in a single unit of the inferior colliculus and 

compared simulated responses to human behavioral AM detection (Lorenzi et al., 1995). 

Liègeois-Chauvel et al. (2004) mapped cortical responses to 100% AM white 

noise at rates from 4 to 128 Hz via stereo-electro-encephalography, a method in which 

recording electrodes are directly implanted in cortical structures in epilepsy patients 

during pre-cortectomy surgery.  The response recorded by the electrodes in the auditory 

cortex showed maximum amplitudes near the modulation rate of the incoming stimulus 

for rates 4, 8, and 16 Hz, demonstrating a physiological synchronization consistent with 

the modulation rate of the stimulus.  The magnitude of the response measured in the 

primary auditory cortex reached a local maximum between 4 and 8 Hz and decreased 

beyond 16 Hz, indicating that fast temporal modulations were not well preserved in the 

auditory cortex.  A hemispheric advantage was found on the left side for responses 
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recorded from secondary auditory cortical areas, and different modulation rates exhibited 

largest responses in different cortical areas.   

The encoding of modulation also has been shown in humans through studies using 

magnetoencephalography (MEG) techniques (Ahissar et al., 2001; Luo et al., 2006; Patel 

& Balaban, 2000, 2004).  In an attempt to model the characteristics of neural encoding of 

AM and FM, Luo et al. (2006) recorded MEG responses evoked by a stimulus with fixed 

AM at a rate of 37 Hz and slowing varying FM from 0.3 to 8 Hz.  Their resultant model 

suggested that FM was encoded via phase tracking separately from AM at modulation 

rates below 5 Hz, but as modulation rate was increased, transitioned to a mechanism that 

was similar to the encoding of AM. 

Ahissar et al. (2001) recorded MEG responses in participants as they 

simultaneously were completing sentence-recognition tasks at varying rates of time 

compression, referred to as “compression ratio.”  A higher compression ratio indicated a 

faster rate of speech envelope fluctuation, and thus a more difficult task.  MEG responses 

were similar in frequency to the rate of the envelope of the compressed speech; as the 

speech was further compressed, the frequencies of the responses became progressively 

more different from the envelope rate of the stimuli, again demonstrating the sensitivity 

of the auditory cortex to lower fluctuations.  Sentence-comprehension scores were 

significantly correlated to the synchrony between the stimulus and the response, both 

with respect to phase and in frequency. 

Spatial representation of AM and FM in the brain also has been mapped through 

functional magnetic resonance imaging (fMRI).  Giraud et al. (2000) demonstrated that 

AM stimuli were represented in structures ranging from the superior olivary complex up 

through the auditory cortex.  Regions of the central auditory nervous system responded 

preferentially to specific ranges of modulation rates; specifically, areas closer to the 
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cortex were tuned to lower modulation rates.  Results of fMRI studies completed by 

Brechmann, Baumgart, and Scheich (2002) implicated the role of the right auditory 

cortex in certain aspects of FM processing. 
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2.4.  Rationale of current study 

  

The literature reviewed above provides support for the claim that the ASSR is 

reflective of the mechanisms utilized by the auditory system for the perception of AM 

and FM, which are essential for important aspects of auditory perception and speech 

perception.  However, there remain several questions regarding the exact nature of the 

relationship between the perceptual and physiological processing of modulation.  The 

preponderance of the investigations reviewed above involved relating the ASSR directly 

to speech-recognition tasks, certainly not unreasonable in light of the importance of 

AM/FM processing for speech perception.  Despite the fact that speech contains both 

amplitude and frequency modulation, however, it still is much more complex than a 

modulated pure tone.  It is important to unequivocally establish first that a change of the 

ASSR in response to a change in modulation is in fact related to simple AM/FM 

processing before one can infer its relationship to speech processing. Finding a 

relationship between perception and physiology using modulated pure tones would first 

demonstrate that modulation processing is governed by the same physiological 

mechanism, regardless of how it is measured.  This would lend support to the argument 

that speech processes dependent upon sensitivity to modulation are reflected by 

physiological responses to modulated stimuli, as indicated in other studies. 

For the current study, psychophysical AM and FM perception tasks were chosen 

as the behavioral correlate to the ASSR instead of a speech-recognition task.  A 

discrimination task was chosen rather than a simple modulation-detection task in order to 

scrutinize supra-threshold modulation processing at many different modulation depths, an 

experimental paradigm markedly less explored in the literature.  Studies have indicated 
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that differences in modulation-detection thresholds may not be reliably indicative of 

modulation-processing patterns at supra-threshold depths of modulation (Grant et al., 

1998).  Some studies investigating FM detection and literacy problems have not found 

strong relationships, possibly due to the limited information provided by a simple 

detection cue (Halliday & Bishop, 2006).  An attempt to link FM detection to 

fundamental-frequency perception also was unsuccessful (Grant, 1987).  Previously 

collected pilot data (Hsieh, Champlin, & Jin, 2010) revealed large individual differences 

in ASSR amplitude growth patterns as a function of modulation depth.  These differences 

were not well captured by calculating a single modulation-detection threshold.  It was of 

interest to investigate psychophysical behavior at supra-threshold levels of AM/FM to see 

if similar patterns would appear.  Because the phase of the ASSR is unaffected by 

differences in modulation depth, the response amplitude was chosen as the dependent 

variable for the physiological measurements. 

Questions also remained regarding the optimum modulation rates of the 

stimuli.  Several of the aforementioned studies presented high correlations between 

speech-recognition scores and the ASSR measured at 40 Hz and 80 Hz, corresponding to 

the neural generators of the thalamo-cortical pathways and auditory brainstem, 

respectively (Dimitrijevic et al., 2004; Dimitrijevic et al., 2001).  However, there are 

some uncertainties regarding the relevance of these modulation rates for speech 

processing, because the slow speech envelope is thought to fluctuate at much lower rates 

(Drullman et al., 1993; Plomp, 1983; Rosen, 1992).  Other studies also indicated that AM 

and FM in speech processing are correlated to physiological measurements at very low 

modulation rates only, corresponding to cortical generators (Alaerts et al., 

2009).  However, responses evoked at 40 Hz are thought to involve the auditory 

cortex.  There also exists evidence suggesting that speech-evoked auditory potentials 
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measured at the level of the brainstem (which would be roughly equivalent to a response 

evoked by a stimulus modulated at 80 Hz) are subject to cortical input and control (e.g., 

Skoe & Kraus, 2010). 

Also, it is not currently fully understood whether AM and FM are processed 

completely independently or whether there are overlapping contributors, both 

physiologically and perceptually.  Data from studies investigating the behavioral and 

physiological perception of AM and FM suggest that listeners do not appear to process 

the different types of modulation completely independently, although there is 

disagreement regarding the modulation rate at which there is a transition in the 

mechanism of FM perception.  Certain physiological studies report that neural AM- and 

FM-evoked responses maintain independence at higher rates between 80 and 100 Hz 

(John et al., 2001, Dimitrijevic et al., 2001).  Chen and Zeng (2004) also proposed (based 

on behavioral performance of listeners with and without cochlear implants) that temporal 

cues present in FM detection (which other authors attributed only to FM rates below 10 

Hz) may extend up to 80 Hz.  Results from the majority of the psychophysical studies 

discussed have only investigated FM at either very low (between 2 and 10 Hz) or high 

(240 Hz) modulation rates, of which the latter involves clearly dominant excitation cues 

due to the resolution of sidebands in the stimuli.  In the current study, intermediate rates 

of modulation (40 Hz and 80 Hz) were assessed psychophysically and physiologically, in 

order to assess the extent of the representation of modulation processing in presumably 

different areas of the auditory system using stimulus parameters that are well documented 

in the literature.  Of interest was also the assessment of whether AM and FM responses 

would change differentially from each other at different modulation rates – differences in 

reported results may suggest dependence or independence of the underlying 

mechanisms.   
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The goals of the present study were to: 

 

1.) Evaluate the relationship between psychophysical AM- and FM- 

discrimination tasks and supra-threshold ASSRs elicited with varying depths 

of modulation, and 

2)   Assess the similarities of the relationships of AM and FM at different 

      modulation rates (40 and 80 Hz) to draw conclusions about the 

      independence of mechanisms between AM and FM at different areas of 

      the auditory system. 

  

The decision was made to focus initially on the population of normally-hearing 

listeners.  The specific questions driving the current experiment addressed the general 

hypothesis that a quantifiable relationship can be determined between two separate but 

allegedly parallel measurements of the auditory system (sensitivity to modulation depth) 

in general.  At this point in time, the extent of, and method of, quantifying this 

relationship have not been explored to completion even in normally-hearing 

listeners.  Preliminary data in this domain may aid in the development of a more 

streamlined measurement tool for the evaluation of modulation processing that can then 

be utilized when investigating populations with physiological compromise in the auditory 

system.  The clear delineation of such relationships will provide important future clinical 

implications for the use of the ASSR in identifying the impairment of different aspects of 

auditory perception in clinical populations who cannot provide such information 

behaviorally. 
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III.  METHODS 

  

  

3.1.  Participants 

  

20 adult participants (10 male, 10 female) with normal hearing between the ages 

of 18-35 years (mean 24.4 years, SD 4.91) were recruited to participate in the 

study.  Listeners were recruited at the University of Texas through flyers and 

email.  Participants initially passed a pure-tone screening administered at 20 dB HL at the 

octave frequencies between 250 and 8000 Hz to ensure normal hearing sensitivity, and 

reported no history of neurodegenerative pathology.  Compensation was provided for 

participation. 
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3.2.  Stimuli 

 

MODULATION RATES AND CARRIER FREQUENCY 

 

Stimuli for both physiological and psychophysical tasks consisted of a sinusoidal 

carrier at 2000 Hz, which then was modulated either in amplitude (AM) or a combination 

of frequency and amplitude (MM) at rates of 40 Hz and 80 Hz. This carrier was chosen to 

represent a frequency important for providing acoustic cues for speech recognition; 2000 

Hz corresponds to the upper boundary of useful spectral information for speech 

perception, as well as the boundary for some formant transitions (Turner & Cummings, 

1999).  All FM stimuli contained additional AM at a fixed depth of 33.3% in order to 

reduce AM-induced cues for both physiological and psychoacoustical measures (Moore 

& Glasberg, 1989; Moore & Skrodzka, 2002).  Because the AM was not varied for these 

stimuli, FM was the parameter of interest for these conditions.  These stimuli were 

referred to as “mixed-modulated” (MM) stimuli. 

   

MODULATION DEPTHS 

 

Amplitude-modulation depth (also known as modulation index, or m) was defined 

as the ratio of the difference between the minimum amplitude and the maximum 

amplitude to the sum of the minimum and maximum amplitude (Dimitrijevic et al., 

2001).  Frequency-modulation depth of the MM stimuli was defined, for purposes of the 
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current study, as the ratio of the difference between the maximum and carrier frequencies 

to the carrier frequency.   

 

ASSR 

For the physiological measurements, both AM and MM stimuli were presented at 

28%, 46%, 64%, 82% and 100% (in order to optimize the range at which ASSRs could 

be reliably collected for all conditions).  The additional two modulation depth conditions 

for the physiological data were completed for the purpose of creating neuro-isometric 

functions for the analysis, which will be discussed in detail later. 

 

AM/MM discrimination  

Modulation-discrimination tasks were completed for baseline modulation depths 

(mbaseline) of 28%, 46%, and 64% only.   

  

 

DURATION AND INTENSITY 

The stimuli were calibrated using a Larson Davis Type I sound level meter with a 

1” microphone and standard 2-cc coupler. 

 

ASSR 

Stimuli were delivered monaurally to the right ear at 70 dB SPL via an ER-3A 

insert earphone (Etymotic Research, Inc).  The duration of each stimulus presentation 
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was 1.024 s with a 2-ms cos2 gating ramp for the ASSR recordings.  Stimuli were 

presented with a 100-ms inter-stimulus interval.   

 

AM/MM discrimination  

Stimuli were delivered monaurally to the right ear at 70 dB SPL via an ER-3A 

insert earphone (Etymotic Research, Inc).  Stimuli used in the psychophysical tasks were 

300 ms in duration with an 8-ms gating ramp.   
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3.3.  Auditory steady-state response (ASSR) 

  

PROCEDURE 

 

ASSRs were recorded in a sound-treated room over several experimental sessions 

using the Intelligent Hearing SystemsTM SmartEP-ASSR program.  Participants first were 

scrubbed with a mild abrasive gel in preparation for electrode placement.  Gold-plated 

active electrodes were placed on the vertex (Cz), measured as the midway point between 

the measured distances between the nasion and the inion, and the left and right 

tragus.  Disposable adhesive electrodes were placed on the left mastoid (A1), right 

mastoid (A2), and forehead (Fpz) for the inverting and ground placements, respectively 

(Jasper, 1958).  The electrode lead from Cz was split with a jumper cable in order to 

obtain both ipsilateral and contralateral recordings simultaneously.  Inter-electrode 

impedance did not exceed 3 kΩ for any of the recordings. The electrode leads were 

plugged into the Opti-Amp USB, a multi-channel optical bio-amplifier system.  Stimuli 

were digitized with a 16-bit digital-to-analog buffer at a sampling rate of 20 kHz.  

Responses were differentially amplified by 100,000 and band-pass filtered from 30-300 

Hz.  Waveforms then were digitized with a 32-bit analog-to-digital converter with a 

sampling rate of 1 kHz.  Artifact rejection was applied to responses exceeding 31 μV.  A 

fast Fourier transform was applied in order to view the waveform as an amplitude 

spectrum according to the algorithm of the IHS SmartEP-ASSR program. 

Participants were seated quietly in a recliner and asked to relax and remain still.  

To maintain alertness, they watched silent videos of their choice with closed captioning 

during the physiological recordings.  Although sleep is known to decrease the amount of 
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myogenic electrical background noise, it has been shown to affect the amplitude of the 

response itself at lower modulation frequencies (Picton et al., 2003); thus, in order to 

remove this confounding variable, participants stayed awake for all electrophysiological 

measurements.  AM and MM responses were recorded separately to avoid the difference 

in amplitude caused by their interaction at high intensity levels, (Picton et al., 2009).  The 

order of experimental conditions was randomized across participants.  Stimuli were 

presented to the right ear only.  Responses were acquired at modulation depths of 28%, 

46%, 64%, 82%, and 100% at each modulation rate for both AM and MM stimuli.   

  

ANALYSIS 

 

Recording epochs, or sweeps, were 1.024 seconds each.  Per the automatic 

analysis algorithm of the software, responses were averaged every 20 sweeps, after which 

they were displayed in the frequency domain.  The presence of a reliable response was 

automatically determined according to the criteria set by the SmartEP-ASSR 

program.  Specifically: (1) the SNR of the response at the reported modulation rate must 

be ≥ 6.13 dB, (2) the SNR of the response and the adjacent frequency bins +/- 5 Hz must 

be ≥ 6.13 dB (with a significant F statistic at p ≤ .05), (3) the amplitude of the response at 

the modulation rate must be at least 0.0125 µV, and (4) the amplitude of the noise at the 

side-bin frequencies ≤ .05 µV. Response acquisition was terminated at 280 averaged 

sweeps if a reliable response was present in both the ipsilateral and contralateral channels 

(an optimum number determined based on the results of pilot data), and continued up to a 

maximum of 400 sweeps if needed.  Each response required about 6-10 minutes to 

collect.  Repetitions of responses were collected as needed, up to a maximum of four 
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responses per condition.  During the first measurement session for each participant, an 

ASSR was collected for an AM tone modulated at 100%.  If the amplitude of the 

response was markedly small or if recordings were difficult to obtain because of internal 

noise, the participant was excluded from further measurements.    
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3.4.  AM and FM discrimination 

  

Participants performed AM- and FM-discrimination tasks in separate 

experimental sessions with a subset of the same stimulus conditions as for the ASSR 

recordings.  Stimuli were generated through the Tucker Davis Technologies System 3 

RP2 processor and routed to an HB7 headphone driver (see previous section for 

description of the stimuli).  The starting phase of the stimuli was randomized across each 

trial. 

The psychophysical task was conducted with a computer and keyboard interface 

through the computer program SykofizX.  All FM stimuli for psychophysical tasks 

contained additional AM at a fixed depth of 33.3%, just as they did for ASSR 

measurement, resulting in stimuli of mixed modulation.  However, only the FM depth 

was varied.  Modulation discrimination thresholds were measured as the smallest amount 

of modulation difference needed for listeners to discriminate an AM or MM stimulus 

modulated at a base modulation depth of 28%, 46%, or 64%.  A two-down, one-up, two-

interval forced-choice paradigm with cueing intended to track the 70.7% correct 

performance level on the psychometric function was implemented (Levitt, 

1971).  Modulation depth (defined as m for AM stimuli; defined as ∆ fc / fc for the FM 

within the MM stimuli) was adapted multiplicatively by an initial factor of 2, and then by 

a factor of 1.25 after five reversals were completed. The additional sinusoidal amplitude 

modulation was present in both the base and experimental stimuli.  A geometric mean of 

the last 6 reversals was calculated for each block, then averaged across blocks. 

Each participant was seated in a sound-treated booth and listened to stimuli 

presented through an ER-3A insert earphone.  All participants completed six blocks of 
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trials consisting of 11 total reversals for each condition, from which the first five were 

discarded (2 modulation rates x 1 carrier frequency x 2 modulation types x 3 modulation 

depths = 12 conditions per listener).  Each trial consisted of three 500-ms intervals 

presented 500 ms apart:  a reminder interval containing the stimulus modulated at the 

baseline depth, followed by two intervals, one containing the same stimulus and one 

containing a stimulus modulated at a greater depth.  The listeners were then prompted to 

select the interval that sounded different from the first interval using a computerized 

response-box controlled by a keyboard and mouse.  The order of the second two intervals 

was randomized.  Each block was delivered in a random order.  A verbal explanation of 

the task was delivered to the participants.  They subsequently completed a short series of 

practice trials prior to data collection.  

Reliability on the psychophysics measures was obtained by comparing 

performance levels across blocks for each condition.  Blocks that were more than two 

standard deviations above or below the mean for each of that participant’s condition 

either were discarded or retested.   
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IV.  RESULTS 

  

4.1.  ASSR results 

  

The amplitudes of the ASSRs are plotted as a function of increasing modulation 

depth for all conditions below.  The reported Ns reflect the number of participants for 

with viable responses at all five modulation depths per condition; however, data from 

participants without full input-output functions also have been included. 

  

AM responses 

 

 

 

Figure 4.  AM-ASSR amplitude plotted as a function of modulation depth for all 
participants. Mean amplitudes are indicated by the dashed line.  

a
. 
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The amplitude of the responses elicited by AM-only stimuli generally increased 

with increasing modulation depth in a linear or monotonic fashion for all participants, 

consistent with what has been reported previously in the literature (e.g., John et al., 2001; 

Picton et al., 1987; Rance, 2008; Rees et al., 1986).  Absolute amplitude of responses to 

100% modulation were roughly equivalent to those reported in other studies (see Rance, 

2008, for review).  Responses recorded ipsilaterally were consistently larger in amplitude 

than contralaterally, and 40-Hz responses were larger than 80-Hz responses for all 

participants.  Many participants presented with very small and inconsistently recorded 

80-Hz AM responses, particularly from the side of the auditory nervous system 

contralateral to stimulation.  Therefore, the number of participants with usable 80-Hz AM 

responses was rather small.  Their 40-Hz ASSRs were more robust in comparison. 
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MM responses 

 

 

 

Figure 5. MM-ASSR amplitude plotted as a function of modulation depth for all 
participants.  Mean amplitudes are indicated by the dashed lines. 

  

Amplitude responses elicited by a combination of amplitude and frequency 

modulation also increased with increasing modulation depth; however, in contrast with 

what has been reported in previous literature, amplitude appeared to plateau or even 

slightly decrease at 100% or 82% modulation for many participants, for both modulation 

rates recorded from both sides of the head.  Responses recorded to MM stimuli were 

larger in amplitude overall in comparison to AM responses.  Ipsilateral responses, again, 

were larger than contralateral responses for almost all participants (specific statistics 
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provided below).  A summary figure is depicted below to visualize the differences in 

amplitude between ipsilateral and contralateral responses for both AM and MM.   

 

 

 

Figure 6.  Mean ASSR amplitudes, ipsilateral and contralateral, for both AM and MM.   

 

 A linear mixed-model analysis was run in SPSS to assess significant effects of 

modulation depth, modulation rate, laterality, and their respective interactions on 

response amplitude.  These were run separately for AM and MM.  For AM, significant 

main effects were found for the factors of modulation depth (p<0.001), modulation rate 

(p<0.001), and laterality (p<0.001).  A significant interaction was found between 

modulation rate and modulation depth (p<0.001).  The interaction between modulation 

rate and laterality was considered non-significant but approaching significance (p = 
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0.083).  The interaction between laterality and modulation depth was not significant (p = 

0.124), and the three-way interaction between modulation rate, laterality, and modulation 

depth was not significant (p = 0.509).   

For the MM conditions, significant main effects were found for the factors of 

modulation depth (p<0.001), modulation rate (p<0.001), and laterality (p<0.001).  

Significant interactions were found between modulation rate and laterality (p = 0.012) 

and modulation rate with modulation depth (p<0.001).  The interaction between laterality 

and modulation depth was not significant (p = 0.249), and neither was the three-way 

interaction between modulation rate, laterality, and modulation depth (p = 0.274). 

Because of the unexpected non-monotonicity observed in MM responses for both 

ipsilateral and contralateral recordings, the statistical analysis described below was 

restricted, in these conditions, to the range of modulation depths over which the data 

appeared to increase linearly, therefore the number of included data points varied by 

condition.   
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4.2.  Modulation discrimination results 

  

Six blocks of trials were run for each condition (baseline m = 0.28, 0.46, 0.64) for 

both AM rates (40 Hz and 80 Hz).  The mean AM discrimination 70.7% thresholds are 

plotted below as isometric functions.  There was no missing data from any of the 

participants. 

 

AM discrimination thresholds  

 

 

 

Figure 7.  Mean isometric functions for AM-discrimination task.  Results plotted at 40 Hz 
and 80 Hz.    

  

Isometric thresholds were chosen in order to easily compare psychophysical data 

to the ASSR at differing modulation depths.  Although the overall mean trend of the 
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isometric functions themselves was of secondary importance for this experiment, it is 

worthwhile to comment on the general pattern of data here.  Previous pilot data (Hsieh, 

2012) revealed that the 40-Hz AM-discrimination threshold appeared to increase with 

increasing baseline modulation depth (for modulation depths of m = 0.1 through m = 0.5, 

increased in increments of 0.1).  40-Hz AM-discrimination thresholds for the conditions 

evaluated for the current experiment appeared to increase with increasing modulation 

depth as well.   

A linear mixed-model analysis was run in SPSS to assess the significance of 

modulation depth, modulation rate, and their respective interactions on the modulation 

discrimination thresholds.  These were run separately for AM and MM.  For AM, 

significant main effects were found for modulation rate (F(1, 95), p = 0.047), modulation 

rate (F(1, 95), p<0.001), and their interaction (F(2,95), p = 0.003).  An additional mixed 

model was run to assess the main effect of modulation depth for each modulation rate.  

For 40-Hz AM, there was a significant main effect of modulation depth; that is, 

discrimination thresholds overall were significantly affected by baseline modulation 

depth (F(2, 38) = 28.53, p<0.001).  Pairwise comparisons showed that all discrimination 

thresholds were significantly different from each other.  Specifically, thresholds at m = 

0.28 were significantly different from those at m = 0.46 (F(95), p<0.001) and at m = 0.64 

(F(95), p<0.001.  Discrimination thresholds at m = 0.46 and m = 0.64 were significantly 

different (F(95), p<0.001).   

For 80-Hz AM, discrimination thresholds were significantly affected by baseline 

modulation depth (F(2,38) = 10.386, p<0.001).  However, was more variability across 

participants; threshold increased for some listeners but appeared to plateau for others.  

Pairwise comparisons showed that thresholds at m = 0.28 were significantly different 

from those at m = 0.46 (F(95), p = 0.001) and at m = 0.64 (F(95), p = 0.001).  However, 
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thresholds at m = 0.46 were not significantly different from thresholds at m = 0.46 

(F(95), p = 0.860).  In other words, the thresholds appeared to overall plateau from 0.46 

to 0.64.   

 

  
MM discrimination thresholds 
 
 

Isometric functions for mixed modulation discrimination (with varying FM) are 

plotted below for modulation rates of 40 Hz and 80 Hz. 

 

 

  

Figure 8.  Mean isometric functions for MM discrimination task.  Results plotted at rates 
of 40 and 80 Hz.   

 A linear mixed-model analysis was run in SPSS to assess the significance of 

modulation depth, modulation rate, and their respective interactions on the modulation 

discrimination thresholds.  For the MM conditions, significant main effects were found 
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for modulation rate (F(1, 95), p<0.001) and modulation depth (F(2, 95).  However, the 

interaction between modulation rate and modulation depth was not significant (F(2, 95), 

p = 0.346).   

An additional mixed model was run to assess the main effect of modulation depth 

for each modulation rate.  For 40-Hz MM, there was a significant main effect of 

modulation depth; that is, discrimination thresholds overall were significantly affected by 

baseline modulation depth (F(2,38) = 11.462, p<0.001).  Pairwise comparisons showed 

that discrimination thresholds at m = 0.28 were not significantly different from those at m 

= 0.46 (F(95), p = 0.721), but they were significantly different from those at m = 0.64 

(F(95), p = 0.001).  Discrimination thresholds at m = 0.46 and m = 0.64 were 

significantly different (F(95), p = 0.01).   

For 80-Hz MM, discrimination thresholds were significantly affected by baseline 

modulation depth (F(2,38) = 12.562, p<0.001).  All pairwise comparisons yielded 

significant differences, indicating that thresholds increased with increasing baseline 

modulation depth.  Specifically, thresholds at m = 0.28 differed from those at m = 0.46 

(F(95), p = 0.025) and from those at m = 0.64 (F(95), p<0.001).  Thresholds at m = 0.46 

differed significantly from thresholds at m = 0.64 (F(95), p = 0.01). 

Overall, it appeared that the only two conditions that experienced a consistent 

significant change in modulation discrimination threshold with corresponding changes at 

all three baseline modulation depths were 40-Hz AM and 80-Hz MM.  However, the 

reader is reminded that only three modulation depths were assessed and that the overall 

pattern of the isometric function may deviate outside of this range. 
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4.3.  Neuro-isometric analysis 

  

The primary goal in the current experiment was to determine whether or not there 

was any measurable, consistent relationship between the physiological and behavioral 

responses of the auditory system to changes in amplitude- or frequency- modulation 

depth.  Of particular interest was the notion that although modulation detection appeared 

to plateau at very low depths of modulation in previous pilot data, the auditory neural 

system continues to increase its response in amplitude as either amplitude or frequency 

modulation is increased to very high depths.  This would seem to indicate stronger 

synchrony with the recruitment of more auditory neurons firing to the rate of modulation, 

but with no apparent effect on the ability to detect the presence of modulation 

psychophysically.  However, there has yet to appear in the literature an investigation of 

whether or not the pattern of the physiological response is reflected in supra-threshold 

perception of amplitude/frequency modulation.  Thus, the decision was made to focus on 

modulation discrimination as the supra-threshold paradigm for modulation 

perception.  Discrimination thresholds for varying amounts of modulation were measured 

via an adaptive method that allowed the experimenter to estimate the participants’ 70.7% 

correct value along their respective psychometric functions.  An original method was 

developed to evaluate the changes in ASSR amplitude with the psychophysical data as 

homogenously as possible, to be demonstrated schematically here. 

Recall that ipsilateral and contralateral ASSRs were collected for both types of 

modulation (AM and MM), at two modulation rates (40 Hz and 80 Hz), and at five 

different modulation depths (m = 0.28, 0.46, 0.64, 0.82, 1).  The a priori expectation 

based on previous literature and pilot data was that the response amplitude would 
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increase linearly/monotonically with increasing modulation depth, as depicted in Figure 

9. 

 

 

 

Figure 9.  Hypothetical ASSR amplitude of one participant demonstrated as a function of 
stimulus modulation depth, for one condition (modulation type/rate 
combination, either ipsilateral or contralateral). 

  

The elected dependent variable of psychophysical sensitivity to changes in 

modulation depth was a modulation discrimination threshold, which indicated the amount 

of modulation change needed (relative to some baseline amount of modulation) that 

would result in some estimated performance correct along the psychometric function for 

each participant.  The colored and dotted lines in the figure above display that within the 

original ASSR input/output function, it is possible to evaluate the change in amplitude as 

a function of the change in modulation depth with respect to some baseline level of 

modulation. From the input/output ASSR functions, “neurometric functions” were 
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fashioned, which allowed for the derivation of a comparable estimate of the amount of 

change in modulation needed to yield some specified change in response amplitude.  A 

hypothetical example is shown in Figure 10. 

 

 

 

Figure 10.  Hypothetical schematic of derived “neurometric functions” from ASSR 
input/output function for one participant, at one condition (modulation 
type/rate combination, either ipsilateral or contralateral). 

  

From the original input/output function (which consisted of responses at five 

modulation depths), three neurometric functions have been plotted for baseline 

modulation depths of m = 0.28, m = 0.46, and m = 0.64.  Each function depicts the 

change in ASSR amplitude (with the assumption that the amplitude change would 
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generally increase with positive change in modulation depth) with respect to its original 

baseline modulation depth.  These functions were then normalized; that is, each change in 

amplitude (∆µV) was divided by the amplitude of the response at its original baseline 

depth.  Thus, each point along the neurometric function was calculated according to 

the  following formula: 

  

(µVx - µVbaseline)/ µVbaseline 

  

 The slopes and intercepts were obtained by running a linear-regression analysis 

on the data from which the normalized neurometric functions were comprised.  The 

changes in modulation depth needed (exemplified in figure 10 as x1, x2, and x3) to result 

in some chosen change in normalized amplitude were then calculated from the regression 

functions.  Normalized neurometric functions were created only for baseline modulation 

depths of m = 0.28, .046, and 0.64.  Each of these functions contained five, four, and 

three data points from which the regressions were run, respectively.  The decision was 

made to use a minimum of three data points to fit these linear functions; thus, the 

amplitudes at 82% and 100% were only used to complete the functions for responses 

collected at the other three modulation depths. 

These physiological measures of change in modulation depth could then be paired 

directly with each participant’s corresponding modulation discrimination thresholds, 

obtained for modulation baseline depths of 0.28, 0.46, and 0.64 for both modulates rates 

and both types of modulation. 
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Figure 11.  A pictorial of a participant’s theoretical behavioral modulation-discrimination 
thresholds for three baseline modulation depths, estimated along his/her 
corresponding psychometric function. 

In the figure above, the corresponding psychophysical thresholds (the change in 

modulation needed to achieve a certain percentage correct) are depicted as y1, y2, and 

y3.  These thresholds could be directly compared to the corresponding thresholds x1, x2, 

and x3 to evaluate whether changes across the physiological domain for a participant 

were consistently reflected in the psychophysical domain.   
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4.3.1   AMPLITUDE MODULATION NEURO-ISOMETRIC ANALYSIS 

  

The normalized neurometric data from which regression equations were fitted for 

each AM condition can be found in the appendix in full.  Data from the 40-Hz AM 

condition are displayed below for one participant, P12, as an example. 

 

Figure 12.  Normalized neurometric raw data and estimated linear regression functions 
for participant P12 for 40-Hz AM, ipsilateral ASSR recordings.  
Corresponding thresholds for estimated normalized amplitude increase of 
0.5 are shown for m = 0.28, 0.46, and 0.64. 
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Because the data appeared to follow a linear trend; that is, the normalized change 

in amplitude appeared to increase linearly as a function of change in modulation (∆m), a 

linear-regression model was implemented for each participant’s functions for mbaseline = 

0.28, 0.46, and 0.64.  The change in modulation (∆mASSR) needed for an estimated 

normalized change in ASSR amplitude of f(x) = 0.5 (an increase in ASSR amplitude by a 

factor of 0.5) was then calculated for each participant according to his or her individual 

function.   

Each participant’s calculated ∆mASSR for all three baseline-modulation depths was 

paired with his or her corresponding AM discrimination threshold (∆mAMD).  In order to 

control for repeated measures within participants across conditions, mixed models were 

run for all four AM conditions (40 and 80-Hz modulation rate, ipsilateral and 

contralateral recordings).  For the mixed model, the ∆mASSR was set as a fixed factor, and 

∆mAMD was set as a random factor. Outliers were removed from the data based on a 

Cook’s distance critical value of 1 (Howell, 2007).  Statistics run for fixed and random 

effects are displayed in Table 1.  
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Table 1.  Mixed model results for AM neuro-isometric analysis 

  

Mod 
rate Laterality 

Random Effects Fixed Effect 

t 
statistic 

p 
value 

ID Residual ASSR (Δm) 

variance stdev variance standard 
dev Estimate standard 

err 

40 Ipsi <0.001 0.026 0.001 0.036 0.077 0.036 2.105 0.036* 

40 Contra <0.001 0.021 <0.001 0.029 0.058 0.034 1.717 0.083‡ 

80 Ipsi <0.001 0.026 <0.001 0.024 0.002 0.004 0.582 0.571 

80 Contra <0.001 <0.001 <0.001 0.030 -0.016 0.026 -0.625 0.508 
 

* Significant at p<0.05 
‡ Approaching significance at p<0.05 

 

 The fixed effect statistic was indicative of how much of an increase in behavioral 

modulation discrimination threshold was estimated per 1 unit increase (Δm = 100%) in 

estimated ASSR iso-neurometric threshold. Mixed-model results indicated a statistically 

significant effect of ∆mASSR on the AM discrimination threshold ∆mAMD for 40 Hz AM 

ipsilateral (the contralateral condition is considered to be approaching 

significance).  Specifically, it appeared that for an ipsilateral response to an AM stimulus 

modulated at a rate of 40 Hz, for participants with a larger ∆mASSR needed to achieve a 0.5 

factor increase in ASSR amplitude, there was a tendency to have a corresponding higher 

AM-discrimination threshold.   
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4.3.2   MIXED MODULATION NEURO-ISOMETRIC ANALYSIS 

  

The normalized neurometric data from which regression equations were fitted for 

each MM condition are displayed for all participants in Appendix A.  In contrast to the 

relatively linear trend seen in the AM-evoked responses, an increase in frequency-

modulation depth did not appear to result in continuously increasing amplitude, different 

from results reported in previous studies.  Paired t-tests were completed to compare the 

relative amplitude at mFM = 0.82 and mFM = 1.00.  For all conditions except 80-Hz MM 

contralateral, the amplitudes at mFM = 0.82 were significantly larger than those at mFM = 

1.00.  Therefore, the neuro-isometric mixed model analysis for MM data was restricted to 

the portion of the neurometric function that appeared to increase monotonically; ASSR 

data acquired at m = 1.00 were not included in the calculation of the normalized 

neurometric functions.  The reader must note that necessarily, the linear functions were 

estimated from four, three, and two points after the aforementioned data was excluded.  

This was not ideal, but this decision was made to keep the analyses comparable across all 

conditions.  Outliers were removed from the data based on a Cook’s distance critical 

value of 1 (Howell, 2007).  Results from these analyses thus must be interpreted with 

caution, as results cannot be generalized to the entire range of modulation depths tested.  

Results from the mixed model analyses for the MM neuro-isometric data, run for fixed 

and random effects, are displayed in Table 2. 
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 Table 2.  Mixed model results for neuro-isometric MM-evoked ASSR vs. MM 
discrimination.   

 

Mod 
rate Laterality 

Random Effects Fixed Effect (Δm) 

t 
statistic 

p 
value 

ID Residual ASSR  

variance stdev variance stdev estimate standard 
err 

40 Ipsi <0.001 0.006 <0.001 0.007 0.006 0.004 1.496 0.137 

40 Contra <0.001 0.005 <0.001 0.007 0.003 0.002 1.264 0.210 

80 Ipsi <0.001 0.009 <0.001 0.005 0.012 0.005 2.220 0.037* 

80 Contra <0.001 0.010 <0.001 0.006 0.003 0.003 0.975 0.321 

* Significant at p<0.05 

  

Mixed-model results indicated a statistically significant effect of ∆mASSR on the 

MM-discrimination threshold ∆mAMD for 80-Hz MM ipsilateral.  Specifically, it appears 

that for an ipsilateral response to a MM stimulus modulated at a rate of 80 Hz, 

participants with a larger ∆mASSR needed to achieve a 0.5 factor increase in ASSR 

amplitude tended to have corresponding higher MM discrimination threshold.  The reader 

is reminded here that in order to implement the selected model consistently across both 

types of modulation, the range of modulation depths were restricted for the MM 

analysis.  Therefore, results only can be interpreted for baseline modulation depths 

through 0.82.   
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4.4.  Neurometric/psychometric analysis 

  

A psychometric function delineates a participant’s psychophysical performance as 

a function of some independent variable. Therefore, there are generally two parameters of 

interest associated with a psychometric function.  The first of these is a pre-determined 

threshold of performance; for example, 70.7% correct.  Also of interest would be the 

slope of the dynamic portion of the function; that is, the range of the independent variable 

across which performance rapidly increases from its floor (at chance performance) before 

it plateaus at its ceiling.   

For the current experiment, full psychometric functions were not plotted; rather, 

an adaptive method was used to more quickly estimate a threshold at 70.7% correct.  For 

the neuro-isometric mixed model analyses completed above, the adaptively estimated 

psychophysical thresholds were used, but information about each participant’s theoretical 

psychometric slope was not included for consideration.  In the following section, we 

estimated each slope of the psychometric function associated with its corresponding 

70.7% threshold calculated from the adaptive psychophysical data.  This was achieved by 

examining the results of individual trials of all blocks for each condition, calculating the 

percentage correct of trials at different levels of modulation depth difference (∆mAMD), 

and subsequently estimating the underlying psychometric function.  Only values of 

∆mAMD with more than 8 trials were included for analysis.  Because the testing paradigm 

was two-interval forced-choice, the psychometric function was constrained between p = 

0.5 (chance performance), and p = 1 (perfect performance).  For all twelve 

conditions  (amplitude/mixed modulation, 40 and 80 Hz modulation rate, and modulation 
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depth baselines of m = 0.28, m = 0.46, and m = 0.64), the following logistic function was 

fitted to each participant’s data: 

  

 

f(x) = 0.5 / (1 + e-((X-Xo)/b)) + 0.5 

  

 

The derivative of each logistic function d/dx was calculated at xi for f(x) = .707; 

that is, the slope of the line tangent to the function at (xi, .707).  A visual example is 

depicted below. 
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Figure 13.  Example of estimated psychometric function from adaptive psychophysical 
data.  The derivative d/dxi at f(x) = .707 represented the slope of the line 
tangent to the function at the estimated psychophysical threshold. 

  

The preferred method for estimating a psychometric function would have been to 

obtain modulation discrimination performance via the method of constant stimuli or by 

estimating a line between two thresholds obtained adaptively.  However, it has been 

shown that it is possible to reliably estimate the dynamic portion of a psychometric 

function from adaptive psychophysical procedures if there are about 200 trials included in 

the data (Dai, 1995; Leek, Hanna, & Marshall, 1992).  The experimenters chose a large 
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number of trials to ensure that there were enough data points to accurately capture the 

transitions surrounding the dynamic portion of the psychometric function, and to ensure a 

sufficient number of trials per data point. 

The estimated psychometric function slopes were paired with each participant’s 

corresponding ASSR neurometric function slope.  In order to control for the repeated 

measures observed within participants for each condition, mixed model analyses were 

completed for each condition, shown in the tables below.  Data points for which the 

estimated ASSR slopes were negative were excluded from the analysis.  Data points with 

a calculated Cook’s distance of greater than 1 were removed.  The results of the mixed 

model analyses are included in Tables 3 and 4 for AM and MM, respectively.  For these 

analyses, the fixed effect indicates the estimated change in psychometric slope for a one-

unit increase in the estimated ASSR slope (in other words, the slope of the regression 

line). 
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Table 3.  Mixed model results for estimated AM-discrimination psychometric function 
slopes vs. ASSR neurometric function slopes. 

 

Mod 
rate Laterality 

Random Effects Fixed Effect 

t 
statistic 

p 
value 

ID Residual ASSR Slope 

variance standard 
dev variance standard 

dev estimate standard 
err 

40 Ipsi 0.749 0.866 25.910 5.090 0.211 0.513 0.412 0.689 

40 Contra <.001 <.001 26.424 5.140 0.963 0.545 1.767 0.076‡ 

80 Ipsi <.001 <.001 7.230 2.689  -0.107 0.267 -0.402 0.681 

80 Contra <.001 <.001 8.108 2.847 0.208 0.516 0.403 0.672 

‡ Approaching significance at p<0.05 

 

Table 4.  Mixed model results for estimated MM-discrimination psychometric function 
slopes vs. ASSR neurometric function slopes. 

    

Mod 
rate Laterality 

Random Effects Fixed Effect 

t 
statistic 

p 
value 

ID Residual ASSR Slope 

variance standard 
dev variance standard 

dev estimate standard 
err 

40 Ipsi 11.830 3.440 79.380 8.909 -0.336 1.326 -0.247 0.800 

40 Contra 11.240 3.352 79.670 8.926 0.507 1.280 0.396 0.675 

80 Ipsi 6.128 2.476 46.912 6.850 1.215 0.708 1.715 0.096‡ 

80 Contra 46.311 6.805 31.268 5.592 0.264 0.335 0.788 0.471 

‡ Approaching significance at p<0.05 

 



 89 

For all eight conditions included in the analysis for AM and MM (both 

modulation rates and with inclusion of ASSR slopes estimated from responses collected 

from both sides of the head), increases in the slope of the ASSR (set as the fixed effect) 

did not appear to predict changes in the slope of the corresponding estimated 

psychometric function with the standard significance criterion of p<0.05.  However, two 

conditions appeared to approach significance (p<0.10) – 40-Hz AM contralateral, and 80-

Hz MM ipsilateral.     Plots of the mixed model data revealed what appeared to be two 

“visual” outliers in each of these conditions, as indicated in Figure 14 below, despite 

having small Cook’s distance values.  Leverage vs. residual square plots confirmed that 

each of these two conditions indicated two problematic data points – one with an 

extremely high residual-squared value compared to the others, and one with a high 

leverage.  Removal of the data points corresponding to high residual-squared values from 

these two conditions yielded results that indicated a significant relationship between the 

estimated neurometric ASSR slope and psychometric function slope at p<0.01.  However, 

additional removal of the points with visually high leverage values rendered the 

relationship not significant for the 80-Hz MM ipsilateral condition.  The resulting mixed 

model analyses are described in Tables 5 and 6. 
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Figure 14.  Mixed model plots for neurometric/psychometric function slope 
analyses.  Apparent “visual” outliers from 40-Hz AM contra and 80-Hz MM 
ipsi.  Points indicated in red corresponded to data with relatively high 
residual-squared values; points indicated in blue corresponded to data with 
relatively high leverage (upon visual inspection of the leverage/residual-
squared plots).  
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Table 5.  Mixed-model results re-run for 40 Hz AM contra and 80 Hz MM ipsi, with 
points removed only for visually high residual-squared values. 

 

Mod 
rate 

Mod 
type 

Random Effects Fixed Effect 

t 
statistic 

p 
value 

ID Residual ASSR Slope 

variance standard 
dev variance standard 

dev estimate standard 
err 

40 (con) AM <.001 <.001 9.2191 3.063 0.8598 0.3218 2.6716 0.008* 

80 (ip) MM 3.547 1.883 17.751 4.213 1.303 0.443 2.942 0.005* 

*Significant at p<0.05 

 

Table 6.  Mixed model results re-run for 40-Hz AM contra and 80-Hz MM ipsi, with 
points removed for both visually high residual-squared values and visually 
high leverage values. 

 

Mod rate Mod 
type 

Random Effects Fixed Effect 

t 
statistic 

p 
value 

ID Residual ASSR Slope 

variance standard 
dev variance standard 

dev estimate standard 
err 

  40 (con) AM <.001 <.001 9.099 3.017 1.095 0.367 2.985 0.003* 

80 (ip) MM <.001 <.001 20.205 4.495 0.686 0.550 1.249 0.206 

*Significant at p<0.05 

 

Because outliers were only removed for all other analyses based on Cook’s 

distance values, all results have been presented for full disclosure to the reader.  

Ultimately, we have proceeded with a conservative interpretation of the data for these 

initial analyses.  Admittedly, because the nature of the experiment was somewhat 

exploratory, corrections were not made on the a priori criterion values of the mixed 
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model analyses.  A bootstrapping/resampling technique was used to evaluate the 

sampling distribution of the obtained statistics, which will be detailed in the next section. 
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4.5.  Bootstrapping analyses 

 

In order to assess the likelihood of obtaining repeatable outcomes from the current 

study, a resampling/bootstrapping analysis was completed for both sets of mixed models: 

those assessing the relationship between estimated modulation discrimination and ASSR 

neuro-isometric thresholds, and those assessing the relationship between estimated 

psychometric and neurometric function slopes.  For each condition, n random samples of 

the raw data were drawn with replacement (n representing the number of participants 

with viable data for each condition, which varied) and the mixed model was re-run with 

the ASSR measure as a fixed factor and modulation discrimination as a random factor.  

This resampling process was repeated 10,000 times, resulting in an estimate of the 

sampling distribution for the analysis of each condition.  Programming was completed in 

R.   

Results of the resampling analysis are displayed in Tables 7, 8, 9, and 10.  The 

distribution of the estimated fixed effect statistic is displayed, as well as the mean t-

statistic and resulting median p-values.  The proportions of significant results (p<0.05) 

from each set of bootstrapped iterations are displayed in the final columns on the right. 

Results for the resampling analysis for the AM and MM threshold conditions are 

displayed in Tables 7 and 8.   
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Table 7.  Bootstrapping/resampling analyses of mixed models for AM neuro-isometric 
conditions. 

 

Modulation 
rate Laterality 

Fixed Effect 
t statistic 
(mean) 

p value 
(median) p(p<0.05) ASSR (Δm) 

estimate standard 
err 

40 Ipsi 0.078 <0.001 2.287 0.029* 0.624 
40 Contra 0.055 <0.001 1.589 0.122 0.319 
80 Ipsi 0.002 <0.001 0.824 0.297 0.176 
80 Contra -0.015 <0.001 -0.536 0.422 0.123 

*Significant at p<0.05 

 

Table 8.  Bootstrapping/resampling analyses of mixed models for MM neuro-isometric 
conditions. 

Modulation 
rate Laterality 

Fixed Effect 
t statistic 
(mean) 

p value 
(median) p(p<0.05) ASSR (Δm) 

estimate standard 
err 

40 Ipsi -0.195 0.010 -0.101 0.499 0.051 
40 Contra 0.360 0.012 0.316 0.543 0.039 
80 Ipsi 1.445 0.006 2.748 0.019 0.627 
80 Contra 0.351 0.004 1.104 0.286 0.286 

 *Significant at p<0.05 

 

Of the four AM and four MM conditions for the threshold mixed model analyses, 

only the 40-Hz AM ipsilateral and 80-Hz MM ipsilateral conditions maintained a 

significant median p-value at p<0.05.  A proportion of higher than 60% of the random 

iterations yielded significant effects for each of these two conditions. 
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Results for the resampling analysis for the AM and MM slope conditions are 

displayed in Tables 9 and 10.  

 

Table 9.  Bootstrapping/resampling analyses of mixed models for AM 
neurometric/psychometric slope conditions. 

 

Modulation 
rate Laterality 

Fixed Effect 
t statistic 
(mean) 

p value 
(median) p(p<0.05) ASSR Slope 

estimate standard 
err 

40 Ipsi 0.360 0.004 0.910 0.506 0.136 
40 Contra 0.935 0.005 1.695 0.105 0.287 
80 Ipsi -0.184 0.002 -0.592 0.494 0.046 
80 Contra 0.206 0.008 0.484 0.487 0.011 

 

Table 10.  Bootstrapping/resampling analyses of mixed models for MM 
neurometric/psychometric slope conditions. 

 

Modulation 
rate Laterality 

Fixed Effect 
t statistic 
(mean) 

p value 
(median) p(p<0.05) ASSR Slope 

estimate standard 
err 

40 Ipsi -0.195 0.010 -0.101 0.499 0.051 
40 Contra 0.360 0.012 0.316 0.543 0.039 
80 Ipsi 1.445 0.006 2.748  0.019* 0.627 
80 Contra 0.351 0.004 1.104 0.286 0.286 

*Significant at p<0.05 
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Recall that for the initial mixed model analyses, two of the conditions approached 

significance (p<0.10) – 40-Hz AM contra and 80-Hz MM ipsi.  For the 40-Hz AM contra 

condition, the bootstrapped median p-value did not reach or approach statistical 

significance, and only a small percentage (28.7%) of the iterations produced significant 

results.  Therefore, it appears less likely that the effect seen in the initial mixed model 

was a true effect in the population.  However, the questionable outliers mentioned above 

were left in the data set for the bootstrapping analyses, deliberately.    

 Results of the bootstrapping analysis for the 80-Hz MM condition yielded more 

compelling results.  The median p-value observed following 10,000 iterations was 

statistically significant (p = 0.019), with over 60% of the iterations yielding a significant 

effect of estimated ASSR neurometric slope on estimated psychometric slope.    
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V.  DISCUSSION 

  

  

5.1.  Auditory Steady-State Responses 

  

Broadly consistent with previous literature, ASSRs evoked by both amplitude and 

frequency modulation tended to increase in amplitude with increasing modulation 

depth.  Some previous studies (Lins et al., 1995; Picton et al., 1987; Rees et al., 1986) had 

reported a saturation of AM responses past about 50% modulation for rates around 40 

and 80 Hz, but it has been hypothesized that when displaying modulation depth 

logarithmically, ASSR amplitude increases linearly up to 100% (Purcell & Dajani, 

2008).  For the current experiment, modulation depth was not displayed logarithmically; 

however, amplitude of AM responses increased monotonically with modulation depth for 

almost all participants in all conditions.    

Responses elicited by MM stimuli in the current experiment showed a somewhat 

different pattern from what has been reported previously.  In the current experiment, FM 

depth was varied between 28% and 100%, presented in conjunction with an AM stimulus 

with a constant AM depth of 33.3%.  For both modulation rates tested, ASSR amplitude 

generally increased with increases of FM depth up to 64% or 82%.  However, increases 

past 82% (and sometimes 64% for some participants) resulted in either a plateau or 

decrease, or “rollover,” in amplitude.  This pattern has not yet been reported in the ASSR 

literature.  Researchers from previous studies have reported a continuous increase in 

amplitude across all FM modulation depths tested for low and high modulation rates 

(Picton et al., 1987; John et al., 2001), although FM depth sometimes was not tested at 
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depths above 50%, and the highest reported FM depth has been 90%.   It is unclear 

whether the current rollover effect would have occurred if the stimuli had contained FM-

only, rather than a combination of FM and AM.  Because the AM depth was held 

constant, the change in FM presumably was responsible for the changes in amplitude; 

however, there may have been an interaction between the two types of modulation that 

resulted in the rollover.  It may be hypothesized from the results that the neural 

generators responsible for the creation of these particular steady-state response were 

experiencing some manner of adaptation at very high modulation depths.  There may 

have been a decrease in synchronous firing of these neurons, thereby decreasing overall 

amplitude, or a sub-population of neurons may not have fired at these depths at 

all.  Because this effect was seen at both 40 and 80 Hz, it may be assumed that the 

adaptation is not confined to higher cortical centers, but also occurs at neural centers 

closer to the brainstem.  The decrease in amplitude also may have been attributed to the 

inhibitory sidebands of the auditory neurons, which have been observed in the auditory 

cortex of the rat (Gaese & Ostwald, 1995).   

In the current study, ipsilateral and contralateral responses were simultaneously 

recorded (with reference electrodes located on the mastoids either ipsilateral or 

contralateral to the ear of stimulation).  Ross, Herdman, & Pantev (2005b) had previously 

reported via MEG analysis that for the 40-Hz auditory steady-state response, a small 

laterality effect was seen; specifically, responses were slightly larger in the hemisphere 

contralateral to the ear stimulated.  However, regardless of which ear was stimulated, 

there was a strong right hemispheric dominance.  Conversely, Rees et al. (1986) reported 

approximately equal amplitudes in EEG responses recorded ipsilaterally or 

contralaterally, with monaural stimulation.  Lins et al. (1995) reported that there were no 

differences seen between responses collected with a reference electrode on either the 
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ipsilateral or contralateral mastoid to a monaural stimulus.  However, the responses from 

Lins et al. were evoked by stimuli modulated at higher rates than used here, between 80 

and 110 Hz.   Results from the current experiment showed, almost completely without 

exception, larger amplitudes in responses recorded from the right (ipsilateral) hemisphere 

in comparison to the left (contralateral) hemisphere.  This was the case for both AM and 

MM responses, as well as for both 40- and 80-Hz modulation rates, although the smallest 

difference was observed for the 80-Hz AM condition.  These results are consistent with 

the right hemisphere dominance proposed by Ross, Herdman, and Pantev (2005a); 

however, they differ somewhat from the results reported from Lins et al. 

(1995).  Stimulation was provided to the right ear only for the current experiment, so the 

laterality of responses contralateral to the ear of stimulation could not be evaluated for the 

left ear.  Picton et al. (2009) reported that handedness of the listeners did not show an 

effect on ASSR amplitude; therefore, the laterality seen in the current experiment is likely 

attributable to an inherent laterality in the processing of auditory stimuli unrelated to 

listener handedness.   
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5.2.  AM and MM Discrimination – Psychophysics 

  

There are relatively few studies in the literature examining AM and FM 

discrimination, but results from the current experiment appeared to follow the same 

general patterns noted previously.   Previous reports of AM discrimination indicated that 

for bands of AM noise, thresholds increased with increasing baseline modulation depth 

(Wakefield & Viemeister, 1990; Grantham & Bacon, 1988), but Weber’s law did not 

appear to apply to the pattern.  However, Ewert and Dau (2004) noticed that for a 

sinusoidal carrier (as opposed to wideband noise), the change in discrimination threshold 

appeared to approach a constant Weber fraction at high modulation depths.     

In the current experiment, AM discrimination was evaluated at two modulation 

rates, 40 and 80 Hz, at modulation depths of 28%, 46%, and 64%.  For the 40-Hz 

condition, discrimination thresholds increased significantly as the baseline modulation 

was increased (p<0.005), consistent with previous results.  The corresponding Weber 

fractions (pictured in Table 7 below) decreased slightly from 28% to 46%, but there was 

very little change between 46% and 64%, well within the variability of the data 

themselves.  A repeated-measures ANOVA confirmed that the thresholds, when 

converted to Weber fractions, were not significantly different from each other 

(p>0.05).  This appears to be generally consistent with the pattern reported by Ewert and 

Dau (2004), although the modulation rates and carrier frequencies are different between 

the two studies. 

For the modulation rate of 80 Hz, AM-discrimination thresholds also appeared to 

increase as a function of increasing baseline depth, with corresponding decreasing Weber 

fractions, different from the pattern observed for the 40-Hz condition (see Table 
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11).  However, repeated-measures ANOVA analyses revealed that discrimination 

thresholds did not significantly change between baseline modulation depths of 46% and 

64% (p = .8419), although the increase was significant between 28% and 46% (p<.001) 

and between 28% and 64% (p<.01).  Corresponding Weber fractions showed a significant 

decrease between 28% and 64% (p<.005), as well as 46% and 64% (p<.005), but not 

between 28% and 46% (p = .165). 

The underlying cause of the difference between these two conditions is unclear, 

particularly because previous studies had indicated that there were no major differences 

in patterns seen across modulation rates.  The reader should consider interpreting the 

current results with caution since only three modulation depths were tested per 

modulation rate.   

  

Table 11.  Amplitude modulation discrimination thresholds displayed for both 
modulation rates.  Results are displayed as thresholds ∆m, and as 
corresponding Weber fractions, ∆m/mbaseline. 

   
  AM discrimination threshold (∆m) Weber fraction 
  0.28 0.46 0.64 0.28 0.46 0.64 
40 Hz             
mean 0.049 0.077 0.105 0.175 0.166 0.164 
st dev 0.033 0.040 0.037 0.118 0.086 0.057 
              
80 Hz             
mean 0.053 0.076 0.077 0.188 0.165 0.121 
st dev 0.030 0.036 0.033 0.106 0.078 0.051 

  

FM discrimination only has been studied at relatively low modulation depths (up 

to 20% modulation), and never with the presence of additional AM to remove excitation-
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induced cues.  Ozimek and Sek (1990) reported that regardless of carrier frequency or 

modulation rate, FM-discrimination thresholds (referred to as “difference limens”) 

increased as a function of increasing baseline modulation; however, the corresponding 

Weber fractions decreased.  This effect was seen over a range of modulation depths from 

0.6% to 5%.  Plack and Carlyon (1994) confirmed the pattern of decreasing Weber 

fractions with a slightly different set of carrier frequencies and at one modulation rate 

only, up to a modulation baseline depth of 20%.  They did not, however, report whether 

the discrimination thresholds themselves increased or decreased. 

The mean isometric functions of the current experiment, shown above in Table 

11, are somewhat consistent with results from the aforementioned studies. For both 

modulation rates, mean MM-discrimination thresholds apparently increased with 

increasing baseline modulation depth, but their corresponding Weber fractions 

decreased.  For mixed-modulation discrimination at 40 Hz, thresholds significantly 

increased from 46% to 64% (p<.005) and from 28% to 64% (p<0.005), but not from 28% 

to 46% (p = .5798).  Corresponding Weber fractions decreased between 28% and 46% 

(p<.0001) and 28% to 64% (p<.0001)å, but the decrease from 46% to 64% was not 

considered statistically significant (p = .7683).  For the conditions completed at 80 Hz, 

thresholds showed a significant increase across all three modulation depths (p = 

0.0007).  Corresponding Weber fractions decreased significantly from 28% to 46% (p = 

0.0008) and from 28% to 64% (p = 0.0003), although the difference between 46% and 

64% was not statistically significant (p = .1505).  Data are displayed in Table 12.  It 

appeared, therefore, that the addition of AM did not have a substantial interaction on the 

overall pattern of FM processing for the experiment.   
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Table 12.  Mixed-modulation-discrimination thresholds displayed for both modulation 
rates.  Results are displayed as thresholds ∆m, and as corresponding Weber 
fractions, ∆m/mbaseline. 

  
  MM-discrimination threshold (Δm) Weber fraction 
  0.28 0.46 0.64 0.28 0.46 0.64 
40 Hz             
mean 0.020 0.021 0.028 0.071 0.045 0.044 
st dev 0.007 0.008 0.011 0.025 0.018 0.017 
              
80 Hz             
mean 0.025 0.031 0.038 0.089 0.067 0.059 
st dev 0.011 0.016 0.014 0.040 0.035 0.022 
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5.3.  Mixed model analyses 

  

The primary objective in the current experiment was to examine the mathematical 

relationship between the amplitude growth of the ASSR and the behavioral ability to 

discriminate between sounds with differing amounts of modulation depth.  The 

underlying premise of this hypothesis was formed by the observation that modulation 

depth appears to be perceived in a meaningful manner by the human listener; we are in 

fact sensitive to quite small changes in this particular acoustic parameter (e.g., 

Viemeister, 1979).  Correspondingly, the electrophysiological response of the auditory 

system changes with differing amounts of modulation depth, again seeming to suggest 

that this characteristic of sound is processed by the auditory system in a meaningful 

way.  The aim, then, was to determine whether these two manifestations of modulation 

processing appeared to be mathematically independent of one another, or if the pattern of 

modulation processing changes as a function of differing modulation depth would be 

reflected in both behavioral and physiological domains.  Specifically, then, a measurable 

relationship may indicate the extent to which the neural synchrony resultant from 

acoustic modulation plays a role in the mechanism of behavioral modulation 

discrimination, either with amplitude or frequency. 

Perceptual acuity can be thought of along two dimensions, threshold and 

slope.  Therefore, the relationship between the ASSR and modulation discrimination was 

examined in two major analyses, both implemented in the form of mixed models to 

account for repeated measurements within participants. The first of these involved 

comparing isometric and so-called “iso-neurometric” thresholds; in other words, some 

estimated change in modulation depth required for a pre-determined criterion (either a 
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70.7% percent correct psychophysical performance or a projected increase in ASSR 

amplitude by a factor of 0.5).  For these analyses, the ASSR neuro-isometric threshold 

appeared to be significantly related to modulation-discrimination thresholds in two 

stimulus conditions: 40 Hz ipsilateral AM, and 80 Hz ipsilateral MM.  The condition 40 

Hz contralateral AM approached significance, although it was not considered significant 

with a criterion of p<0.05.  Repetitions of this analysis via bootstrapping methods 

confirmed that the effects seen from 40-Hz AM and 80-Hz MM were significant in over 

60% of 10,000 randomly-resampled iterations.  In other words, the significant effects did 

not appear to be occurring by chance.  

The second analysis involved the estimated slopes of the physiological so-called 

“neurometric” functions and the corresponding estimated slopes of each participant’s 

psychometric function, derived from adaptive psychophysical data.  Like the estimated 

threshold mentioned above, the steepness of a listener’s slope provides insight into 

sensitivity of modulation depth, but at supra-threshold levels.  For example, two listeners 

may have identical psychophysical thresholds, but one listener may experience a steeper 

dynamic increase in performance, resulting in better discrimination abilities than the 

other listener at high modulation depths.  Although none of the mixed-model analyses 

was significant at a p<0.05 criteria, two stimulus conditions approached significance – 40 

Hz contralateral AM and 80 Hz ipsilateral MM.  Further analyses showed that when 

certain outliers were removed, the relationship between neurometric and psychometric 

slopes became statistically significant for these two conditions.  

The distribution estimated by bootstrapping analyses provided less compelling 

evidence for a significant relationship between psychometric and neurometric slopes for 

the 40-Hz AM contralateral condition.  Specifically, the median p-value was greater than 

0.10, and fewer than 30% of the total iterations yielded significant effects.  However, 
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results for the 80-MM ipsilateral condition suggested a stronger effect than those 

observed in the initial mixed model analysis.  The median p-value observed for the mean 

statistic was highly statistically significant, with a large percentage (0.627) of the 

iterations yielding significant effects at p<0.05.  However, the reader will recall that there 

were some visually-detected outliers in these two sets of data, upon whose removal rather 

drastically altered the results.  Because there was uncertainty of whether or not these 

participants truly represented valid data in the population, they were left in the data set on 

which the bootstrapping analyses were performed.  Their removal could potentially affect 

the outcomes of both conditions if the resampling were to be repeated.   

Based on the results of the current experiment, there appears to be a tentative 

relationship between psychophysical processing of modulation depth and corresponding 

synchronous auditory neural responses, as indicated by amplitude of the auditory steady-

state response.  This relationship exists both for amplitude and frequency modulation, 

although there is an apparent interaction between type of modulation and modulation 

rate.  Specifically, the relationship between AM discrimination and the ASSR was the 

strongest with a stimulus modulated at 40 Hz, whereas for MM discrimination (thus, for 

frequency-modulation discrimination), the strongest relationship was observed at 80 Hz.  

This was the pattern observed for the threshold mixed model analysis, and to a lesser 

extent, the neurometric/psychometric slope mixed analysis.  All of the statistically 

significant relationships were observed with ipsilateral physiological recordings, with the 

exception of the 40-Hz AM slope analysis, in which the relationship approached 

statistical significance only for the contralateral condition.   

This is the first documented attempt to elucidate the neural encoding of supra-

threshold modulation-depth perception, specifically represented by modulation 

discrimination.  Previous studies have modeled AM detection with the neural encoding of 
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AM either via single-cell physiological responses (Lorenzi et al., 1995) or through gross 

evoked steady-state potentials (Lins et al, 1995; Picton et al., 1987; Rees et al., 

1986).  More complex perceptual tasks, such as word recognition or speech perception in 

quiet and noise (Dimitrijevic et al., 2004; Picton et al., 2002) have been found to correlate 

rather strongly with the strength of these evoked potentials, both with AM and FM.  The 

stimuli used in several of these studies (Dimitrijevic et al., 2004; Dimitrijevic et al., 2001) 

contained combinations of AM and FM in an attempt to more closely represent natural 

speech stimuli; therefore, individual contributions from the two types of modulation may 

have been difficult to extricate.  Additionally, direct manipulation of modulation depth 

was not included in the previous studies mentioned; processing of this particular 

parameter was implied in usage of modulated stimuli but not directly examined.   

Results from the current experiment generally were consistent with those reported 

in the literature; that is, measurable and significant relationships were observed between 

comparable measures of the ASSR and corresponding behavioral auditory measures.  

However, unlike the results of several of the studies referenced earlier (e.g., Dimitrijevic 

et al. 2001, 2004), these significant relationships were not observed at all conditions 

tested; an interaction was seen between the type of modulation and modulation rate.  

However, the effects of differing types of modulation (AM vs. FM) often were not 

evaluated separately in previous studies; therefore, distinctive effects of AM or FM may 

not have been clearly shown.  Furthermore, correlations often were assessed with respect 

to a relevant but potentially confounding variable, such as intensity level or masking 

level.  It may have been difficult to extract effects exclusively attributable to modulation 

processing, since modulation depth was held constant for these previous experiments.  

Undeniably, speech stimuli also are much more complex than the stimuli chosen for the 

current experiment; perception of these stimuli undoubtedly involves a great deal more 
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than modulation processing only.  One may also call into question the overall importance 

of the modulation rates of 40 and 80 Hz for efficient speech processing.  While certain 

speech cues are found at these rates (Rosen, 1992), many other rates of envelope or 

frequency modulation, such as 3-4 Hz (Plomp, 1983), are equally or arguably more 

important for accurate speech recognition.  Therefore, it is recommended that the reader 

proceed cautiously in the interpretation of the current results with implications of speech 

perception cues.   

The interaction seen between modulation type and modulation rate provides 

supporting evidence that the underlying mechanisms of AM and FM processing are not 

completely overlapping, but encoded somewhat separately (John et al., 2001; Zeng et al., 

2005).  Neurophysiological recordings in animals have shown neurons that fire 

selectively to either FM tones or FM sweeps, both at the level of the inferior colliculus 

(Rees & Langner, 2005) and auditory cortex (Pickles, 1988; Whitfield & Evans, 1965), 

independently from other cells found to fire selectively to AM (Mendelson & Cynader, 

1985), although other results have suggested that the same population of cells in the 

auditory cortex fire equivalently to AM and FM (Gaese & Ostwald, 1995).  However, 

results from psychoacoustics studies (e.g., Moore & Glasberg, 1989; Moore & Sek, 1995; 

Sek & Moore, 1995; Ozimek & Sek, 1987; Zwicker, 1956) and other physiological 

studies (Luo et al., 2006) indicated that there was a large influence of excitation-induced 

(AM) cues utilized in the perception of FM, although many of these studies indicated that 

a second and independent mechanism was accessed at very low modulation rates or high 

modulation depths (Edwards & Viemeister, 1994). According to the majority of these 

studies referenced, the chosen modulation rates of 40 Hz and 80 Hz were well above the 

range where AM and FM were thought to be processed independently.  However, the 

presence of a significant relationship at 80 Hz for MM but not for AM, as well as the 
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notably different patterns in amplitude growth, supports the hypothesis that AM and FM 

are encoded separately at least up to rates as high as 80 Hz (Chen & Zeng, 2004; John et 

al., 2001).   

Another question to consider is the differential placement of major neural 

contributors to the encoding of AM versus FM.  Well established in previous literature is 

the hypothesis that successively higher neural stations in the auditory system respond best 

to successively lower modulation rates in the manner of a low-pass temporal modulation 

transfer function.  ASSRs recorded to stimuli at 40 Hz are thought to reflect more 

rostrally located (higher) neural generators, specifically from the cortex and 

thalamocortical networks (Dimitrijevic & Ross, 2008).  ASSRs recorded at 80 Hz are 

thought to reflect dominant activity at lower areas, such as high in the auditory brainstem.  

One initially may speculate, then, based on the results, that AM discrimination is more 

dominantly encoded by more rostral neural generators, whereas FM discrimination is 

encoded largely by more subcortical structures.  Or, more precisely, that the perceptual 

processes directly related to the mechanisms involving neural synchronization are better 

observed at the subcortical level for FM and at more rostral areas for AM. 

The dominant methods for encoding AM have been shown to vary depending on 

the location within the neural auditory system.  Data from many different animal studies 

have indicated that although the peripheral fibers of the auditory nerve and cochlear 

nucleus are able to fire in a phase-locked, or synchronized, pattern to amplitude 

modulation, there is a transition to involvement of rate coding at the level of the inferior 

colliculus; that is, envelope characteristics of a sound are represented by the average 

firing rate of neural cells in addition to a synchronous firing at the rate of envelope 

fluctuation (gerbil, Joris, Schreiner, & Rees, 2004; Krishna & Semple, 2000; cat, Langner 

& Schreiner,  1988).  Additionally, synchronized firing to modulated stimuli was found 
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to vary depending on other stimulus properties, such as level and the corresponding rate-

level function (rat, Rees & Møller, 1986; Rees & Møller, 1987).  Some neurons in the 

inferior colliculus exhibited a decrease in synchronization with increasing intensity level 

in the rat, which may be of interest due to the rather high intensity level used in the 

current study.   

However, within the thalamocortical pathways, experimenters have observed an 

increase in synchronous firing, particularly at 40 Hz, thought to originate from local 

intrinsic oscillatory networks whose activity is induced by auditory stimuli (Dimitrijevic 

& Ross, 2008).  This activity is apparently dissociated from the transient-evoked response 

referred to as the MLR; the response is initiated only by stimuli with longer durations.  

Ross, Picton, and Pantev (2002) and Ross et al. (2005a, 2005b), for example, extricated a 

separate and increased response pattern to a steady-state AM stimulus after a latency of 

250 ms.  The activity from these intrinsic oscillations may play a role in the synchronous 

encoding of AM.  Conversely, some cells in the auditory cortex appear to maintain a 

constant average firing rate, even when modulation depth is increased (Joris et al., 2004), 

suggesting that AM depth is more highly encoded by synchronization rather than by rate 

in that area.  It may seem, at first, puzzling to consider that a more synchrony-based code 

would be observed at more peripheral levels (such as the auditory nerve), less strongly at 

the level of the brainstem, and then strongly again closer to the cortex.  It seems unlikely 

that a population of neurons would revert back and forth between different methods of 

periodicity encoding.  Perhaps at the level of the cortex, there is an enhancement of the 

activity of cells from lower stations (such as the auditory brainstem) that are responding 

synchronously to the periodicity of the stimulus.  It may be the case, additionally, that 

there are cells that fire synchronously to the periodicity of the stimulus that bypass the 
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brainstem entirely and proceed straight to higher stations in the central auditory nervous 

system. 

The auditory steady-state response is presumably a summed measure of auditory 

synchrony; larger response amplitude is suggestive of a larger population of neurons 

firing synchronously to the rate of modulation.  However, it is quite probable that the 

ASSR does not provide representation of modulation encoding that occurs by other 

means, such as firing rate.  Thus, one might expect that a stronger relationship with 

behavioral AM-discrimination patterns would occur in a region of the auditory system 

where modulation was dominantly encoded by synchronization rather than other 

methods; at more caudal regions, the physiological encoding of AM would only be 

partially represented by the ASSR, at best.  The stimuli used for the modulation 

discrimination tasks were 300 ms in duration, well beyond the duration needed to evoke 

the activity of the 40-Hz oscillatory networks in response to AM stimuli (Ross et al., 

2002).  Conversely, if AM encoding relies more heavily upon a combination of 

synchronization and firing rate at the level of the brainstem (specifically, the inferior 

colliculus), then a measure of only neural synchronization at 80 Hz may not be as 

predictably related to behavioral modulation processing.  Although some studies have 

shown that there exists some additional intrinsic oscillation at the modulation frequency 

in the inferior colliculus through the “chopper” neural cells (Langner & Schreiner, 1988; 

Rees & Sarbaz, 1997), the number of neurons exhibiting these tendencies was varied 

across different species and not equally expressed across neurons.  The intrinsic 

oscillations have been documented the most strongly, in humans, at a rate of 40 Hz (Ross 

& Dimitrijevic, 2008). 

The pattern observed with the MM conditions is a little less clear.  A significant 

relationship (and one approaching significance) between MM discrimination and the 
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ASSR was observed only at a modulation rate of 80 Hz. At the level of the cortex, Gaese 

and Ostwald (1995) found that there appeared to be a large overlap in the population of 

neural units tuned to either AM or FM, responding with maximal synchrony to the same 

modulation frequencies.  Should this be the case in humans, one may have expected a 

similar pattern in the current results for the MM conditions; however, this was not the 

case, as the 40-Hz ASSR did not show a significant relationship with MM-discrimination 

patterns.  On the other hand, the results reported by Gaese and Ostwald are in conflict 

with many other physiological and psychophysical studies demonstrating independence 

of AM and FM processing at the cortical level.     

The increased reliance on rate coding at the auditory brainstem seen for AM 

processing apparently does not exist for FM coding; rate coding has not been shown to 

play a prevalent role in modulation processing at either subcortical or cortical auditory 

stations, at least in certain animal studies (Felsheim & Ostwald, 1996; Gaese & Ostwald, 

1995).  Thus, the same argument mentioned above for AM encoding does not apply here. 

Neural sensitivity to dynamic frequency changes in different animal species has 

been evaluated extensively using both sinusoidally frequency-modulated stimuli (similar 

to the stimuli used in the current experiment) as well as with FM sweeps (Felsheim & 

Ostwald, 1996; Hage & Ehret, 2003, Møller, 1969).  In particular, in some studies 

neurons in the inferior colliculus have been found to respond only to the former, with 

selectivity to modulation depth (Casseday et al., 1997).  Suga et al. (1983) found that 

wide ranges of modulations (i.e., large modulation depths) resulted in inhibition in the 

auditory cortex of the mustached bat.  If in fact the same mechanism is implemented in 

the human auditory system; in other words, if modulation depth is more highly encoded 

at the level of the brainstem, this may account for the differences observed in the results 

of the current experiment.  However, this interpretation must be treated with caution, as 
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various studies provide rather differing results on the exact nature of FM coding.  The 

results revealed here in the current experiment, however, do seem to suggest that 

temporal coding of FM is observed at rates as high as 80 Hz, as suggested by John et al. 

(2001) and Chen and Zeng (2004).  Specifically, then, it is inferred that the perceptual 

processes responsible for the processing of FM at varying modulation depths is well 

preserved by synchronous temporal processes in the auditory brainstem.  This is 

particularly interesting in light of arguments that FM perception is considered mostly 

spectral at higher modulation rates. 

In the current experiment, analyses were completed to relate the ASSR to 

modulation discrimination with respect to both threshold and slope.  The results at least 

modestly implicated the same two general modulation rate/type conditions, but less 

strongly for the measurement of slope.  Necessarily, this calls into question the 

significance and implication of slope, whether neurometric or psychometric, in a person’s 

acuity for modulation depth.  Slope, by definition, represents the rate of change of some 

measurable dependent variable, in this case, discrimination performance or physiological 

response amplitude, over a specified range of modulation depth change.  However, in this 

particular experiment, slope is also associated with performance/response magnitude at 

supra-threshold levels – a person with a higher psychometric slope will present with 

higher performance at supra-threshold levels than a person with a lower psychometric 

slope, even if their measured discrimination thresholds are equivalent.  It may be 

possible, then, that the relationships approaching significance for the slope analysis may 

be indirectly implicating performance/response magnitude at higher depths of modulation 

than evaluated, rather than the actual slopes themselves.  This may provide explanation 

for the decreased strength in the relationships observed between physiological and 

psychophysical slope in relative to those for threshold.  It is also possible that there were 
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not enough psychophysical trials to provide a completely accurate estimate of 

psychometric slope, given that the paradigm of the behavioral measurements was 

adaptive.  Admittedly, the amount of training for psychophysical tasks was minimal for 

participants, so it is in fact possible that performance did not reach an asymptotic level.  

Training was limited largely for purposes of efficiency, since overall time for data 

collection was already rather extensive for each participant.  Pilot data collected by Hsieh 

(2012) did not show a marked learning effect.  Additionally, because the order of 

conditions was randomized for every participant, learning effects presumably were 

distributed normally.  However, we cannot discount the possibility that relationships may 

be strengthened in future studies from additional psychophysical training.  

Preliminary results are promising here, but the reader is reminded of several 

caveats that must be kept in mind.  Due to the exploratory nature of the current 

experiment, statistical corrections were not made for the number of significance tests 

conducted; all significant results were based on a standard criterion of p<0.05, although 

more conservative estimates of the sampling distributions were provided via bootstrap 

resampling techniques.  Arguably, a large range of conditions had to be investigated in 

order to expose the interaction between modulation rate and modulation type seen here, 

but future researchers may choose to limit the number of conditions tested.  Nonetheless, 

the strength of any conclusions accordingly must be reduced.   

The reader is reminded, moreover, that the range of modulation depths was 

restricted for the physiological mixed-modulation conditions in the current experiment, in 

order to implement comparable statistical analyses across AM and MM and evaluate the 

association between physiological and perceptual processes of modulation coding 

comparably.  Necessarily, interpretation of results therefore must be restricted to the 

range of modulation depths evaluated for mixed modulation.  Future studies focusing 



 115 

only on frequency modulation may be better served by applying a different mathematical 

model to the ASSR, should the decision be made to evaluate physiological responses to 

FM over a very broad range of modulation depths.  The models used for MM also could 

not account for the entire group of participants; participants whose estimated iso-

neurometric thresholds were out of the range of conceptual feasibility were excluded 

from analyses.  Nevertheless, the current experiment yielded potentially interesting 

results that warrant further investigation.   
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5.4.  Conclusions 

 

Changes in the depth of amplitude and frequency modulation of an acoustic signal 

result in systematic changes in the auditory system, observable through both behavioral 

modulation-discrimination tasks and through the gross evoked potential referred to as the 

auditory steady-state response (ASSR).  The pattern of amplitude growth observed in the 

ASSR was found to be significantly or nearly significantly related to modulation 

discrimination thresholds and psychometric slopes – at a 40-Hz modulation rate for 

amplitude modulation, and at 80 Hz for mixed modulation.    Perceptual processing of 

varying AM and FM depths thus appear to be at least partially driven by, or at least 

partially related to, synchronous neural firing in response to the modulation of these 

sounds.  The statistically significant relationships within a single group of normally-

hearing listeners suggest that individual differences across one domain are reflected in the 

other.  This association is seen more strongly at a lower modulation rate for amplitude 

modulation, and more strongly at a higher modulation rate for mixed (or frequency) 

modulation.  The implications of the results from the current experiment are suggestive of 

a disparity between the major neural contributors of AM and FM processing, at least with 

respect to what is observed behaviorally.    
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APPENDICES 

 

APPENDIX A 
 

Normalized neurometric data for all participants for all conditions, prior to linear 

regression fit, for both types of modulation and both modulation rates.  Shown at all three 

modulation baseline depths for which normalized neurometric functions were estimated. 
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40 Hz AM 

 

 

Figure A1.  40-Hz AM ASSR normalized neurometric functions for all participants.  
Normalized metric ((µVx - µVbaseline)/ µVbaseline displayed as a function of mx-
mbaseline. 
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80 Hz AM 

 

 

Figure A2.  80-Hz AM ASSR normalized neurometric functions for all participants.  
Normalized metric ((µVx - µVbaseline)/ µVbaseline displayed as a function of mx-
mbaseline. 
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40 Hz MM 

 

 

Figure A3. 40-Hz MM ASSR normalized neurometric functions for all participants.  
Normalized metric ((µVx - µVbaseline)/ µVbaseline displayed as a function of mx-
mbaseline.  The vertical dashed lines indicate the change in modulation depths 
after which data were excluded from the linear regression analyses due to 
the observed rollover/plateau. 
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80 Hz MM 

 

 

 

Figure A4. 80-Hz MM ASSR normalized neurometric functions for all participants.  
Normalized metric ((µVx - µVbaseline)/ µVbaseline displayed as a function of mx-
mbaseline.  Note that the scales are not always consistent between ipsi and 
contra, in order to account for participant variability. 
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APPENDIX B 
 

Table B1. Number of participants whose data were included in the calculation of the 
mixed model analyses, both traditional and with resampling. 

 

 Modulation 
rate Laterality Modulation 

type N 
 
 Threshold     

 
40 Ipsi AM 59 

 

 
40 Contra AM 52 

 

 
80 Ipsi AM 47 

 

 
80 Contra AM 17 

 

 
40 Ipsi MM 59 

 

 
40 Contra MM 59 

 

 
80 Ipsi MM 39 

 

 
80 Contra MM 43 

Slope 
    

 
40 Ipsi AM 59 

 

 
40 Contra AM 52 

 

 
80 Ipsi AM 41 

 

 
80 Contra AM 15 

 

 
40 Ipsi MM 59 

 

 
40 Contra MM 59 

 

 
80 Ipsi MM 48 

  
 

80 Contra MM 46 
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