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ABSTRACT 

 Auditory neuropathy is a disorder characterized by normal outer hair cell function and 

dys-synchrony of the auditory nerve, resulting in difficulty understanding speech in noise. 

The frequency following response (FFR), a measure of phase locked subcortical brain 

activity, which offers an objective means of quantifying temporal coding deficits in this 

population. The current study aimed to compare the spectral amplitude of FFR in response to 

sinusoidal amplitude modulated (SAM) tones and the speech syllable /ba/ between 

individuals with AN & those with normal hearing (NL). 

 Thirty participants with the age range of 16 – 40years were recruited for the study. 

FFRs were recorded using horizontal electrode montage with gold foil tip trodes at 80dB nHL. 

The responses were elicited using 500 Hz SAM pure tone 100% modulated at 16 Hz, 32 Hz 

& 64 Hz and 170 ms synthetic /ba/ syllable. FFR amplitudes at the modulation frequencies 

(for SAM stimuli) and at the fundamental frequencies (for speech stimuli) were obtained 

from the envelope waveforms generated by adding the FFR responses to condensation and 

rarefaction stimuli. The envelope amplitudes (FFRENV) were extracted using the Fast Fourier 

Transform (FFT) in matrix laboratory (MATLAB) and were analysed using the generalized 

linear mixed model (GLMM) and Mann–Whitney U tests. 

 FFRENV amplitudes were significantly lower in the AN group at 32 Hz and 64 Hz 

modulation frequencies, while amplitudes at 16 Hz were comparable between the two groups. 

In both groups, FFRENV amplitude decreased with increasing modulation frequency. For the 

/ba/ syllable, the AN group demonstrated significantly lower FFRENV amplitudes than the NL 

group.  The findings confirm that individuals with AN exhibit significant deficits in 

subcortical temporal envelope encoding, particularly for faster modulation rates and speech 
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signals, consistent with disrupted auditory nerve synchrony. The relative preservation of 

responses at 16 Hz suggests residual cortical envelope processing in AN.  
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CHAPTER 1 

INTRODUCTION 

Auditory neuropathy (AN) disrupts the phase-locking of action potentials in the 

auditory nerve, resulting in dys-synchronous neural firing. Clinically, individuals with AN 

exhibit normal otoacoustic emissions (OAE) and/or cochlear microphonics, while acoustic 

reflexes and auditory brainstem responses (ABR) are absent or abnormal (Berlin et al., 2003; 

Starr et al., 1996). Speech perception in AN is typically disproportionately poor relative to 

the degree of hearing loss, and hearing aids provide limited or no benefit. Etiologies of AN 

can be syndromic as well as non-syndromic, environmental causes, or structural anomalies. It 

can be prenatal, including genetic cochlear malformation; fetal infection, such as measles, 

mumps, or cytomegalovirus; dysmaturity; or postnatal, such as prematurity, perinatal 

disorders such as severe icterus and kernicterus, hypoxia with mechanical ventilation, 

septicaemia, ototoxic drugs, or meningitis (De Siati et al., 2020; Riggs et al., 2017). The 

pathophysiology involves dysfunction at multiple sites, including presynaptic disorders 

affecting inner hair cells and ribbon synapses, postsynaptic disorders affecting unmyelinated 

auditory nerve dendrites, auditory ganglion cells with their myelinated axons, and central 

auditory brainstem pathways (Rance & Starr, 2015).  

Temporal coding refers to the precise timing of auditory nerve spikes representing 

both slow envelopes and the rapid fine structure of sounds. In normal hearing (NL), auditory 

nerve fibres phase-lock to these cues, supporting pitch and speech perception. In AN, this 

neural synchrony is disrupted; patients often show normal outer hair-cell function but 

abnormal neural responses (absent or distorted ABRs). Human studies confirm deficits in 

both envelope and fine-structure coding. For instance, AN listeners required greater 

modulation depths to detect amplitude modulation (AM) and frequency modulation (FM) 

(Narne, 2013), and observed absent frequency-following responses (FFRs) and severe 
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speech-in-noise difficulties (White-Schwoch et al., 2022). These findings demonstrate that 

impaired temporal coding in the auditory nerve underlies the speech perception problems in 

AN. 

In line with these findings, modulation detection studies further highlight temporal 

coding deficits in AN. Listeners with AN required significantly higher depths to detect both 

AM and FM, indicating poor encoding of temporal envelope and fine-structure cues (V. K. 

Narne, 2013). Similarly, individuals with AN had elevated AM detection threshold, 

particularly at higher modulation rates, reflecting impaired neural synchrony in processing 

rapid temporal changes (Yuvaraj & Jayaram, 2016). These results reinforce that abnormal 

modulation detection is a hallmark of AN and provides a behavioural correlate of disrupted 

temporal coding at the auditory nerve level. 

Need for the study 

AN is a complex auditory disorder characterized by disrupted neural synchrony 

despite normal cochlear outer hair cell function (Starr et al., 1996). Clinically, individuals 

with AN present with disproportionate difficulties in speech perception relative to their pure 

tone audiometry thresholds, particularly in noisy environments (Rance & Starr, 2015). 

It is hypothesized that abnormal phase-locking in the auditory pathway is responsible 

for the disproportionately poor speech understanding abilities observed in individuals with 

AN. The human FFR represents the phase-locked neural activity of the auditory system to 

both the envelope and the temporal fine structure of acoustic stimuli. Investigating the 

encoding of the envelope and temporal fine structure in individuals with AN may provide an 

objective index of the severity of the phase-locking abnormality in this population. 
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Aim of the study 

The aim of the present study is to compare the spectral amplitude of FFR in response 

to sinusoidal amplitude-modulated (SAM) tones and speech sounds between individuals with 

AN and those with NL. 

Objectives 

1. To compare the spectral amplitude of FFR in response to a 500 Hz pure tone SAM at 

16 Hz, 32 Hz, and 64 Hz between individuals with AN and those with NL. 

2. To compare the spectral amplitude of FFR across different modulation frequencies 

within each group (AN and NL)  

3. To compare the spectral amplitude of FFR in response to a /ba/ syllable between 

individuals with AN and those with NL. 

Null Hypotheses 

1. There is no significant difference between the spectral amplitude of FFR in response 

to a 500 Hz pure tone SAM at 16 Hz, 32 Hz and 64 Hz between individuals with AN 

and those with NL. 

2. There is no significant difference between the spectral amplitude of FFR across 

different modulation frequencies within each group (AN and NL). 

3. There is no significant difference between spectral amplitude of FFR in response to a 

/ba/ syllable between individuals with AN and those with NL. 
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CHAPTER 2 

REVIEW OF LITERATURE 

Sinusoidal amplitude-modulated (SAM) tones are commonly used to evoke the 

frequency-following response (FFR) because they enable researchers to manipulate the 

temporal envelope rate independently of the carrier frequency. In listeners with normal 

hearing (NL), strong FFRENV can be recorded across a wide range of modulation frequencies. 

It was shown that neurons within the inferior colliculus phase-lock effectively to the 

modulation envelope of amplitude-modulated tones (Batra et al., 1989). However, the 

response strength decreases as modulation frequency increases, which is believed to reflect 

the upper limits of neural phase-locking within the ascending auditory system. 

Similarly, FFRs were elicited by SAM tones in adults with NL (Purcell et al., 2004). 

Their findings revealed that spectral amplitudes at the modulation frequency were strongest at 

lower modulation rates (16–32 Hz) and gradually reduced at higher rates (64–128 Hz). This 

trend has been consistently reported in subsequent studies and is generally interpreted as 

evidence of the limited temporal processing capacity of subcortical auditory pathways rather 

than an effect of the stimulus itself. In addition, FFREnv responses in NL individuals are 

highly stable across recording sessions and are sensitive to subtle auditory changes, 

highlighting their potential clinical value (Picton et al., 2003) 

Apart from response amplitude, the phase characteristics of the FFREnv also provide 

important information about auditory processing. The phase relationship between the neural 

response and the modulation waveform, often referred to as the modulation-following 

response phase, changes systematically with modulation frequency. Studies showed that 

phase delays increase as modulation frequency rises, consistent with a relatively fixed neural 

conduction delay through the auditory brainstem (John & Picton, 2000). Together, amplitude 
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and phase measures offer a more comprehensive understanding of subcortical encoding of 

temporal envelope cues than amplitude measures alone. 

The synthetic /ba/ syllable developed at Northwestern University by Kraus and 

colleagues has become one of the most widely used stimuli for assessing speech-evoked 

FFRs. This 170 ms stimulus contains several acoustically important features, including an 

onset transient, a voiced stop burst, a formant transition, and a steady-state vowel segment. 

As a result, it provides a detailed representation of multiple speech cues within a single 

recording. The FFR evoked by /ba/ typically includes an onset response like auditory 

brainstem response (ABR) wave V, sustained envelope-following activity representing the 

fundamental frequency (f0) and low harmonics, and temporal fine-structure components 

corresponding to formant frequencies. 

In adults with NL, the /ba/ stimulus produces clear spectral peaks at the f0 (around 

100 Hz) and its harmonics, as well as a representation of the first formant frequency (f1) 

(approximately 720 Hz). Research demonstrated that accurate neural encoding of f0 in the 

FFR is associated with better speech-in-noise perception, musical pitch discrimination, and 

reading skills (Kraus & Nicol, 2005). These findings established the FFR as an important 

neural marker of auditory abilities relevant to everyday communication. In another study, 

found that f0 tracking remains relatively robust across different signal-to-noise ratios in 

listeners with NL, although response quality gradually deteriorates as background noise 

levels increase (Johnson et al., 2005). 

One of the major strengths of the FFR is its reliability. Studies have shown that NL 

individuals display highly consistent FFR waveforms across recording sessions and even 

across different laboratories when similar stimuli and recording protocols are used. This 

consistency has allowed researchers to establish normative databases that can serve as 
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references when evaluating clinical populations, including individuals with sensorineural 

hearing loss. Age-related differences in FFR characteristics have also been widely reported. 

For example, younger adults generally demonstrate larger response amplitudes, shorter 

latencies, and stronger pitch encoding than older adults; these changes likely reflect age-

related declines in subcortical auditory processing that occur independently of peripheral 

hearing sensitivity (Anderson et al., 2012). 
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CHAPTER 3 

METHODS 

Participants  

A total of 15 participants with a confirmed diagnosis of auditory neuropathy (AN) and 

15 participants with normal hearing (NL) were included in the study. The participant’s ages 

ranged between 16–40 years. Efforts were made to ensure an equal distribution of male and 

female participants, and selection was based on the following criteria 

Participant Selection Criteria for the NL Group 

NL sensitivity was confirmed in both ears across octave frequencies ranging from 250 

Hz to 8000 Hz for air conduction (AC) thresholds and from 250 Hz to 4000 Hz for bone 

conduction (BC) thresholds. A pure tone average (PTA) of less than 20 dB HL was 

considered indicative of NL. In addition, only individuals with speech identification scores 

greater than 95% were selected for participation along with the presence of transient evoked 

otoacoustic emissions (TEOAE). Normal middle ear function was verified by A/As-type 

tympanometry findings and the presence of ipsilateral and contralateral acoustic reflexes. 

Furthermore, participants showed no evidence of retrocochlear pathology, as confirmed by 

auditory brainstem response (ABR) testing at slow (11.1/sec) and fast (90.1/sec) repetition 

rates. 

Participant Selection Criteria for the AN Group 

 Individuals in the age range of 16–40 years who were diagnosed with AN with mild to 

moderate hearing loss were considered for the study. The diagnosis was established by a 

qualified audiologist according to the criteria by Starr et al. (1996). Accordingly, all 

participants exhibited absent ABRs to 90 dB nHL clicks presented at 11.1/s; TEOAEs were 

robustly present, and absent acoustic reflexes at maximum intensity levels. 
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Table 3.1 

The Demographic Details and Audiological Characteristics of the AN group  

Name Age Gender 

PTA  

R 

PTA 

L 

Tymp  

R 

Tymp  

L Reflex OAE ABR 

S1 27 F 42.5 42.5 As As Absent Present Absent 

S2 19 M 35 45 A A Absent Present Absent 

S3 23 M 42.5 55 A As Absent Present Absent 

S4 21 F 50 43.75 As A Absent Present Absent 

S5 21 F 22.5 22.5 As A Absent Present Absent 

S6 23 M 26.25 48.75 A A Absent Present Absent 

S7 17 F 48.75 49 A A Absent Present Absent 

S8 24 M 1.2 10 As As Absent Present Absent 

S9 39 M 25 30 A A Absent Present Absent 

S10 16 F 50 45 A A Absent Present Absent 

S11 19 F 40 40 A A Absent Present Absent 

S12 29 F 23.75 17.5 A As Absent Present Absent 

S13 31 F 47.5 50 A A Absent Present Absent 

S14 21 F 40 38.75 As As Absent Present Absent 

S15 33 M 49.5 50 A A Absent Present Absent 

 

Ethical Considerations 

 Before testing commenced, all participants were informed of the procedures and the 

study's purpose, and written informed consent was obtained from each participant. All the 

steps involved in that study adhered to the ethical guidelines for bio-behavioural research 

involving human subjects of AIISH, Mysuru (AIISH, 2026). The study was approved by the 

AIISH Institutional Review Board (SH/IRB/M.4/AUD.05/2025-26). Annexure I provide the 

ethical approval letter. 

Test Environment 

 All tests were carried out in an acoustically and electrically shielded double 

room with ambient noise within the permissible limits (Frank et al., 1993). 

Instrumentation  
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 A calibrated two-channel stand-alone audiometer, AC40 (Interacoustics, Middelfart, 

Denmark), was used to assess participants' hearing status. AC thresholds, BC thresholds, and 

speech audiometry were carried out for all participants. Tympanometry and acoustic reflex 

measurements were performed using a calibrated Titan with an IMP440 Impedance System 

(Interacoustics, Middelfart, Denmark). Tympanometry was recorded using a 226 Hz probe 

tone, and acoustic reflex thresholds were measured at 500 Hz, 1 kHz, 2 kHz & 4 kHz in both 

ipsilateral and contralateral modes for all participants. A calibrated otoacoustic emission 

analyser, ILO v6 (Otodynamics Ltd., Hatfield, UK), was used to record TEOAE. ABR & 

frequency following responses (FFR) were recorded using a calibrated four-channel evoked 

potential system, SmartEP 5.54.21 (Intelligent Hearing Systems, Florida, USA), along with 

the Opti Amp USB box and multi-channel Opti Amp transmitter 8008. Ultra-shielded ER-2 

insert earphones, 10-ohm (Intelligent Hearing Systems, Florida, USA), were used for stimulus 

presentation. Disposable gold tip trode electrodes (10 mm) and insert earphone foam tips 

(Etymotic Research, Inc., Illinois, USA) were used for stimulus presentation and recording of 

ABR and FFR. 

Basic Audiological Evaluation 

 A detailed case history was obtained from all participants to rule out any pathology 

affecting the auditory system. Otoscopic examination was carried out to exclude impacted 

wax and other external ear pathologies. Hearing thresholds were assessed for both AC (250 

Hz to 8000Hz) and BC (250 Hz to 4000 Hz) following the Modified Hughson-Westlake 

procedure. Speech identification scores were obtained using the phonetically balanced 

monosyllabic Word List I (Chandrashekhara, 1972). Tympanometry was performed using a 

226 Hz probe tone, and acoustic reflexes were measured at 500 Hz, 1 kHz, 2 kHz, and 4 kHz 

in both ipsilateral and contralateral modes. TEOAEs were recorded using 260 sweeps of 

linear click trains presented at 80 dB pe SPL. ABRs were recorded using click stimuli. 
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Frequency Following Responses 

Stimuli 

 FFRs were recorded for sinusoidal amplitude modulated (SAM) pure tones and the 

speech syllable /ba/. A 500 Hz pure tone, generated at a 20 kHz sampling frequency, with 

100% modulation depth at 16 Hz, 32 Hz, and 64 Hz served as stimuli. The tone was passed 

through a cosine-squared gating function. The stimuli were generated using the utilities’ 

function available in the IHS software. In addition, FFRs were elicited using a 170 ms 

synthetic /ba/ syllable. The waveform and spectrum of the /ba/ syllable are shown in Figures 

3.1 and 3.2, respectively. 

Figure 3.1 

 Waveform of 170 ms Synthetic /ba/ Stimulus 
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Figure 3.2  

Spectrum of 170 ms Synthetic /ba/ Stimulus 

 

Procedure 

 FFRs were recorded in a sound-treated room using the Advanced Auditory Research 

Module of SmartEP (IHS). Participants were made to sit in a reclining chair and were 

instructed as follows, “You will hear sounds in your ear. You do not need to respond to the 

sounds. Please keep your eyes closed and remain relaxed throughout the testing.” The 

electrode sites were cleaned before placing the disc electrodes (for ABR) or the tip trode (for 

FFR). The absolute impedance of each electrode was maintained below 5 kΩ, and the inter -

electrode impedance was kept below 2 kΩ. Recordings were obtained from the right ear of all 

participants. FFRs were recorded using a horizontal electrode montage. The non-inverting 

electrode (gold-foil tip trode) was placed in the right ear canal, the inverting electrode was 

positioned at the contralateral mastoid, and the ground electrode was placed on the lower 

forehead. Stimuli were presented to the right ear through shielded ER-2 insert earphones at a 

repetition rate of 4.1/s and an intensity of 80 dB nHL. Two recordings of 1024 sweeps each 
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were collected using alternating polarity. The averaged waveform from the two recordings 

was used for analysis. The responses were amplified 100,000 times with artifact rejection 

enabled and band-pass filtered between 50 and 3000 Hz for /ba/ and 1 and 3000 Hz for SAM 

stimuli.                                                                                                                                

Table 3.2                                                                                                                       

Acquisition and Stimulus Parameters for Recording FFR 

Transducer type Ultra shielded ER-2 Insert Earphones     

Electrodes  Inverting - Contralateral mastoid (Mi) 

using cup electrodes 

 Non   inverting - Disposable electrode 

and insert earphone foam tip: Gold tip 

trode electrode in the test (Right) ear 

canal 

 Ground - lower forehead using cup 

electrodes 

Filter setting 1-3000 Hz for SAM 

50 – 3000 Hz for /ba/ 

Analysis time  200 ms 

Gain 100,000 

Number of sweeps 1024 

Stimulus Rate 4.1/s 

Inter-electrode impedance < 5000 Ω 

Intra-electrode impedance < 2000 Ω 

Notch filter Off 
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Type of Stimulus Speech stimuli - /ba/  

SAM – Carrier frequency of 500 Hz and 

100% modulated at 16 Hz, 32 Hz and 64 Hz 

Stimulus Duration 170 ms – /ba/  

150 ms – SAM 

Stimulus Polarity Alternating  

Intensity 80dB nHL 

 

Analyses  

All FFR recordings, as mentioned above, were obtained using alternating stimulus 

polarity. The split-buffer averaging function within the IHS SmartEP software was used to 

store responses as condensation and rarefaction polarities separately. These were later used to 

obtain two components: Envelope (FFRENV) - by summing the two polarity FFR, and 

Temporal Fine Structure (FFRFS) - by subtracting one polarity FFR from the other (Aiken & 

Picton, 2008; Krishnan, 2002).  

Spectral analysis was performed using the Fast Fourier Transform (FFT) in a custom 

matrix laboratory (MATLAB) script. Offline filtering was performed in MATLAB before 

obtaining the FFT to analyse the spectral amplitudes. The FFRENV were analysed to extract 

the spectral amplitude at the modulation frequency for SAM tones and fundamental 

frequency for syllable /ba/. The FFRFS of /ba/ stimulus was analysed to extract spectral 

amplitudes at frequencies corresponding to the first and second formant frequencies (700 Hz 

and 1200 Hz respectively). The extracted data were tabulated using the statistical package for 

the social sciences (SPSS) version 26 and subjected to appropriate statistical analyses. 
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CHAPTER 4 

RESULTS 

The current study examined frequency-following responses (FFR) in individuals with 

normal hearing (NL) and auditory neuropathy (AN). Prior to the commencement of the 

experiments, the presence of true neural responses was ensured using two control procedures. 

First, the probe tube was clamped during recording. Clamping the tube prevents the stimulus 

from being heard; therefore, no responses should be obtained if the recorded activity is neural. 

Conversely, if responses persist despite clamping, they are likely attributable to stimulus 

artifact rather than neural activity. Second, recordings were obtained from a participant with 

profound hearing loss to ensure that no neural response was present under these conditions. 

Figure 4.1 illustrates the responses recorded for the /ba/ stimulus, and Figure 4.2 

illustrates the responses recorded for sinusoidal amplitude modulated (SAM) at 64 Hz 

stimulus from a NL participant (with and without probe tube clamping) and from a 

participant with profound hearing loss. As shown in Figure 4.1 and Figure 4.2, no responses 

were recorded when the tube was clamped or in the individual with profound hearing loss. 

Together, these procedures and the usage of electrically shielded earphones confirmed that 

the responses recorded in the main experiment were physiological and not contaminated by 

stimulus artifacts. After ruling out contamination by stimulus artifacts, the subsequent 

experiments were conducted. 
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Figure 4.1 

FFR Recordings for the /ba/ Stimulus under Unclamped and Clamped Probe Tube 

Conditions in a NL Participant and in a Participant with Profound Hearing Loss 

 

Figure 4.2 

FFR Recordings for the SAM 64 Hz Stimulus under Unclamped and Clamped Probe Tube 

Conditions in a NL Participant and in a Participant with Profound Hearing Loss 
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Envelope Following Responses (FFRENV) for Amplitude-Modulated Signals in 

Individuals with NL and AN 

Results in this section address the objectives 1 and 2. Figure 4.3, Figure 4.4 & Figure 

4.5 shows the grand - averaged FFRENV waveforms and spectrum across three modulation 

frequencies in the NL and AN group. Figure 4.6 shows the median, quartile deviations, and 

individual data points for FFRENV amplitude across three modulation frequencies in the NL 

and AN groups. As shown in Figure 4.3, Figure 4.4 & Figure 4.5, the amplitude of FFRENV 

was higher in individuals with NL than in those with AN. In addition, the amplitude of 

FFRENV decreased with increasing modulation frequency.  

Figure 4.3  

Waveform and Spectrum FFRENV in Response to the SAM 16 Hz Stimulus in the NL (black) 

and AN (red) 
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Figure 4.4 

Waveform and Spectrum FFRENV in Response to the SAM 32 Hz Stimulus in the NL (black) 

and AN (red) 

 

Figure 4.5 

Waveform and Spectrum FFRENV in Response to the SAM 64 Hz Stimulus in the NL (black) 

and AN (red) 
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Figure 4.6 

Median, Quartile Deviation, and Individual Data Points of FFRENV across the Two Groups at 

Three Different Modulation Frequencies

 

Generalized linear mixed model (GLMM) was fitted for FFRENV amplitudes. Group 

and modulation frequencies were included as fixed effects, and participant-specific intercepts 

were included as random effects. Models were estimated using the maximum likelihood 

method with a gamma distribution and a log link function. The Kolmogorov–Smirnov test 

indicated that the data followed a gamma distribution, and the Diagnostics for Hierarchical 

Regression models (DHARMa) dispersion test was not significant, indicating that the 

residuals were neither over dispersed nor under dispersed. Table 4.1 presents the Type II 

Wald chi-square tests, random effects (intercepts), and the results of the dispersion tests 

FFRENV amplitudes.  
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Table 4.1 

Statistical Analyses of FFRENV across Two Groups and Three Modulation Frequencies  

Groups χ2(1) = 21.1; p < .01 

Modulation frequency χ2(2) = 49.8; p < .01 

Groups x Modulation frequency χ2(2) = 7.9; p < .01 

Dispersion test D=0.06, p = 0.79 

Random effects Est = 1.5 

Z = 9.3 

p < .01 

 

Results indicated a significant main effect of group and modulation frequency on 

FFRENV amplitudes. The interaction between group and modulation frequency was also 

significant. Based on the GLMM results, post hoc comparisons were conducted using 

estimated marginal means with Bonferroni correction (Table 4.2). 

Post hoc pairwise comparisons revealed the following: 

 Within the AN group:  

o The amplitude of FFRENV was significantly higher at 16 Hz than at 32 Hz and 

64 Hz.  

o No significant difference was observed between 32 Hz and 64 Hz.  

 Within the NL group:  

o The amplitude at 16 Hz was significantly higher than at 64 Hz.  

o No significant differences were observed between 16 Hz and 32 Hz or 

between 32 Hz and 64 Hz.  

 Between-group comparisons:  
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o The amplitude of FFRENV in the NL group was significantly higher than in the 

AN group at 32 Hz and 64 Hz.  

o At 16 Hz, the amplitudes were comparable between the two groups. 

Table 4.2 

 Results of Post Hoc Comparisons of Estimated Marginal Means with Bonferroni Correction 

across Different Modulation Frequencies 

Group Modulation 

frequencies  

Z ratio p value  

Auditory Neuropathy 16 Hz – 32 Hz 4.7 < .001 

16 Hz – 64 Hz 6.9 < .001 

32 Hz – 64 Hz 2.1 .08 

Normal Hearing 16 Hz – 32 Hz 1.9 .16 

16 Hz – 64 Hz 2.5 .03 

32 Hz – 64 Hz 0.6 1.0 

 

Table 4.3  

Results of Post Hoc Comparisons of Estimated Marginal Means with Bonferroni Correction 

Between the Two Groups 

Modulation frequency Z ratio p value 

16 Hz 1.44 0.144 

32 Hz 3.69 0.0002 

64 Hz 4.6 0.0001 
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Envelope Following Responses (FFRENV) for Speech Stimulus /ba/ in Individuals with 

NL and AN 

 The Shapiro–Wilk test indicated that the FFR amplitudes were not normally 

distributed. Therefore, nonparametric tests were used for the comparisons. A Mann–Whitney 

U test was performed to compare the /ba/ FFRENV amplitudes between the NL and AN groups. 

The analysis revealed a statistically significant difference in  amplitudes between the two 

groups, with the AN group showing lower amplitudes than the NL group [U = 58, Z = 2.79, p 

< .001]. Figure 4.7 shows the grand averaged FFRENV waveform and spectrum of /ba/  in the 

AN and NL groups. Figure 4.8 shows the median, quartile deviation, and individual data 

points of FFRENV for the /ba/ stimulus. 

Figure 4.7 

Grand Average Waveform and Spectrum FFRENV in Response to the /ba/ Stimulus in the NL 

(black) and AN (red) 
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Figure 4.8 

Median, Quartile Deviation, and Individual Data Points of FFRENV across the Two Groups 

for the /ba/ Stimulus 

 

Fine structure 

The Figure 4.10 shows the median, quartile deviation, and individual data points of 

FFRFS amplitudes in the NL and AN groups for the first and second formant frequencies. 

Figure 4.9 shows the FFRFS waveforms and spectra of the grand-averaged FFRFS responses. 

The figure demonstrates that the NL group exhibited clear peaks at the first and second 

formant frequencies, whereas the AN group showed reduced amplitudes for these peaks.  

GLMM were fitted for FFRFS amplitudes. Group and formant frequencies were 

included as fixed effects, and participant-specific intercepts were included as random effects. 

Models were estimated using the maximum likelihood method with a gamma distribution and 

a log link function. The Kolmogorov–Smirnov test indicated that the data followed a gamma 

distribution, and the Diagnostics for Hierarchical Regression models (DHARMa) dispersion 
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test was not significant, indicating that the residuals were neither overdispersed nor 

underdispersed. Table 4.4 presents the Type II Wald chi-square tests, random effects 

(intercepts), and the results of the dispersion tests FFRFS amplitudes.  

Table 4.4 

Statistical Analyses of FFRFS across Two Groups and Two Formant Frequencies    

Groups  χ2(1) = 2.61; p > .001 

Formant frequency  χ2(1) = 56.09; p < .001 

Groups x formant frequency  χ2(1) = 0.49; p > .001 

Dispersion test D=0.11, p = 0.37 

Random effects Est= 4.4 

Z = 17.1 

p < .001 

  

Statistical analysis revealed no significant main effect of group on FFRFS amplitudes, 

whereas a significant main effect of formant frequency was observed. The interaction 

between the group and formant frequency was found to be non-significant as presented in the 

Table 4.4.  
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Figure 4.9  

Grand Average Waveform and Spectrum FFRFS in Response to the /ba/ Stimulus in the NL 

(black) and AN (red) 

 

 

Figure 4.10 

Median, quartile deviation, and individual data points of FFRFS across the two groups for the 

/ba/ stimulus. 
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Chapter 5 

Discussion 

 The current study investigated the frequency following response (FFR) in individuals 

with auditory neuropathy (AN) and those with normal hearing (NL). The results are discussed 

in light of current understanding of the disorder and its effects on subcortical auditory 

function. 

5.1 Envelope Following Response (FFRENV) to Sinusoidal Amplitude Modulated (SAM) 

Tones 

 The first objective of the present study was to compare the spectral amplitude of FFR 

in response to a 500 Hz SAM pure tone at 16 Hz, 32 Hz and 64 Hz between individuals with 

AN and those with NL. The results revealed a significant main effect of group and 

modulation frequency on FFRENV amplitudes. The interaction between group and modulation 

frequency was also significant. Post hoc analyses revealed that, in both groups, FFRENV  

amplitude reduced with increasing modulation frequency. The AN group showed 

significantly lower amplitudes than the NL group at higher modulation frequencies. However, 

at the low modulation frequency of 16 Hz, the FFRENV amplitudes were comparable between 

the two groups.  

These results are in line with expectations. Several behavioural studies have shown 

that the sensitivity of the auditory system to modulation frequencies reduces as the 

modulation frequency increases (JORIS et al., 2004; Wang et al., 2012; Whiteford & 

Oxenham, 2023). Furthermore, higher modulation frequencies are typically processed at 

lower auditory centres such as the brainstem, whereas lower modulation frequencies are 

processed at cortical regions (Farahani et al., 2021; Gransier et al., 2021; Overath et al., 2012). 

It is well known that the amplitudes of potentials generated by cortical regions are typically 
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higher than those generated by the brainstem (Kohl et al., 2022; Picton et al., 1974). These 

two factors, namely (a) reduced sensitivity of the auditory system with increasing modulation 

frequency and (b) the involvement of cortical regions in processing lower modulation 

frequencies, may be responsible for the reduction in FFRENV amplitude with increasing 

modulation frequency. 

 Between-group comparisons revealed that at 16 Hz, FFR amplitudes were comparable 

between the two groups, whereas at 32 Hz and 64 Hz, the AN group had significantly lower 

FFR amplitudes than the NL group. These findings are completely in line with the current 

understanding that a disturbance of neuronal synchronization in the auditory nerve and its 

afferent pathways is the main pathophysiological mechanism in AN (Rance & Starr, 2015; 

Starr et al., 1996). The integrity of temporal coding in these pathways is crucial for the FFR, 

which represents phase-locked neuronal activity from subcortical generators such as the 

inferior colliculus and cochlear nucleus. Phase-locked subcortical responses are expected to 

be diminished or non-existent when the synchronization of auditory nerve discharges is 

disrupted, which is the characteristic of AN. The current study's significantly lower FFRENV 

amplitudes, specifically at 32 Hz and 64 Hz modulation frequencies in the AN group is due to 

reduced neuronal synchronization. 

 The finding that the AN group's FFRENV amplitude was significantly lower at higher 

modulation frequencies (32 Hz and 64 Hz) but not at 16 Hz is in line with earlier modulation 

detection studies. Individuals with AN have poorer amplitude modulation (AM) detection 

thresholds, especially at higher modulation rates, which is indicative of decreased neuronal 

synchronization in processing abrupt temporal changes (Yuvaraj & Jayaram, 2016). Similarly, 

those with AN had a disproportionate weakness in processing quicker temporal envelope cues, 

requiring much deeper modulation depths to detect both amplitude and frequency modulation 

(Narne, 2013). The pattern observed in the current study, wherein 16 Hz responses were 
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relatively preserved while 32 Hz and 64 Hz responses were significantly reduced, suggests 

that individuals with AN may retain some residual capacity for encoding slower envelope 

fluctuations but are considerably impaired in tracking the faster temporal modulations that are 

critical for speech understanding. From a neural coding perspective, these findings are 

coherent with what is known about the generators of the FFRENV. Neurons in the inferior 

colliculus phase-lock effectively to the modulation envelopes of AM tones, and this phase-

locking capacity diminishes at higher modulation rates, reflecting the upper limit of neural 

synchrony within the ascending auditory pathway (Batra et al., 1989). In AN, the disruption 

of synchrony at the level of the inner hair cell-auditory nerve synapse or the auditory nerve 

itself would further reduce the effective upper limit of modulation encoding, explaining the 

steeper amplitude reduction seen in the AN group compared to the NL group at higher 

modulation frequencies. Furthermore, as mentioned earlier, lower modulation frequencies are 

processed in cortical centres, and there is evidence showing that cortical evoked responses are 

preserved in individuals with AN (V. K. Narne, 2013; V. kumar Narne & Vanaja, 2008). 

5.3 FFRENV in Response to the /ba/ Speech Stimulus 

The third objective was to compare the spectral amplitude of the FFRENV elicited by 

the /ba/ syllable between individuals with AN and those with NL. Results revealed a 

statistically significant difference, with the AN group demonstrating significantly lower 

FFRENV /ba/ amplitudes than the NL group. This finding is in line with the hypothesis that 

impaired temporal coding at the auditory nerve level in AN would manifest as reduced neural 

fidelity in encoding the envelope of complex speech signals. 

The synthetic /ba/ stimulus used in the current study is a 170 ms complex stimulus 

containing an onset transient, a formant transition, and a steady-state vowel segment. The 

FFRENV component of the speech-evoked FFR represents the neural encoding of the 

fundamental frequency (f0) and the temporal envelope of the vowel portion of the stimulus. 



30 

 

Kraus and Nicol, (2005) demonstrated that accurate neural encoding of f0, as indexed by the 

FFR, is associated with better speech-in-noise perception, and f0 tracking is relatively robust 

in NL group (Johnson et al., 2005). The significantly attenuated FFRENV /ba/ amplitudes in 

the AN group in the current study suggest that individuals with AN are unable to faithfully 

encode speech f0, which would directly impair their ability to utilise voicing cues in everyday 

communication, particularly in noisy environments. 

5.4 Fine Structure Following Responses (FFRFS) to the /ba/ Stimulus. 

 In addition to the FFRENV, the present study also examined the FFRFS evoked by the 

/ba/ stimulus, specifically at the first (F1) and second (F2) formant frequencies. Statistical 

analysis revealed no significant main effect of group on FFRFS amplitudes, suggesting that the 

fine structure responses at F1 and F2 were not significantly different between the NL and AN 

groups. However, a significant main effect of formant frequency was observed, with 

amplitude decreasing progressively with increasing formant frequency, i.e., the F2 response 

was smaller than the F1 response in both groups. 

 First, the statistical non-significance of group effect on FFRFS may be partly 

attributable to the limited sample size of 15 participants per group and the associated 

variability in FFRFS responses, which are inherently smaller in amplitude than envelope-

following responses. Second, individual variability in the site and extent of auditory nerve 

pathology in the AN group may have resulted in a heterogeneous pattern of fine structure 

responses across participants, obscuring a statistically significant group effect. In AN, the site 

of lesion can vary from presynaptic inner hair cell dysfunction to postsynaptic auditory nerve 

demyelination or ganglion cell loss (Rance & Starr, 2015), and it is possible that individuals 

with predominantly presynaptic lesions may retain relatively better fine structure encoding 

compared to those with more distal axonal pathology. 
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 The significant main effect of formant frequency, with higher formant frequencies 

eliciting smaller FFRFS amplitudes in both groups, is consistent with the physiology of phase-

locking in the auditory brainstem. Neural phase-locking capacity decreases substantially 

above 1 kHz, and since F2 of /ba/ is approximately at 1.2 kHz, lower FFRFS amplitudes at F2 

are anticipated (Bidelman & Powers, 2018). This pattern has been reported in prior FFR 

studies and reflects a fundamental property of subcortical auditory processing rather than 

pathology-specific change. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

Summary 

 The present study investigated frequency following responses (FFR) in individuals 

with auditory neuropathy (AN) and normal hearing (NL) to examine neural encoding of 

temporal envelope and fine-structure cues. A total of 30 participants (15 AN, 15 NL) aged 

between 16–40 years were included. FFRs were recorded in response to sinusoidal 

amplitude-modulated (SAM) tones at three modulation frequencies (16 Hz, 32 Hz, and 64 

Hz) and a synthetic /ba/ syllable. Spectral amplitudes of the envelope following response 

(FFRENV) and fine structure following response (FFRFS) were extracted and compared 

between the two groups using appropriate statistical methods. 

 Results showed that FFRENV amplitudes were significantly lower in the AN group 

compared to the NL group at 32 Hz and 64 Hz modulation frequencies, while amplitudes at 

16 Hz were comparable between the groups. Within both groups, FFRENV amplitude 

decreased progressively with increasing modulation frequency. For the /ba/ syllable, the AN 

group demonstrated significantly lower FFRENV amplitudes than the NL group, indicating 

impaired neural encoding of the fundamental frequency (f0) of speech. In contrast, FFRFS 

amplitudes for the /ba/ stimulus showed no significant difference between the groups, though 

a significant effect of formant frequency was observed, with F2 amplitudes being smaller 

than F1 in both groups. 
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Conclusions 

The findings of the present study lead to the following conclusions: 

 FFRENV to SAM tones is significantly reduced in AN at higher modulation 

frequencies (32 Hz and 64 Hz), reflecting impaired subcortical temporal envelope 

encoding due to disrupted auditory nerve synchrony. 

 At 16 Hz, FFRENV amplitudes are comparable between AN and NL groups, 

suggesting that slower envelope fluctuations which have a cortical contribution may 

be relatively preserved in individuals with AN. 

 FFRENV amplitude decreases with increasing modulation frequency in both 

groups, consistent with the known limits of neural phase-locking in the ascending 

auditory pathway. 

 FFRENV to the /ba/ syllable is significantly attenuated in the AN group, indicating 

impaired neural encoding of speech f0, which likely underlies the disproportionately 

poor speech perception abilities observed in this population. 

 FFRFS to the /ba/ syllable did not differ significantly between groups, possibly due 

to the limited sample size, heterogeneity of lesion sites in AN, and the physiological 

limitations of phase-locking at higher formant frequencies. 

 FFR holds as a promising objective clinical tool for quantifying the degree of 

temporal coding deficit in individuals with AN and may assist in guiding 

rehabilitation decisions.  

 

 

  



34 

 

REFERENCES 

AIISH. (2023). Ethical Guidelines for Bio-behavioural Research involving Human 

Subjects- 2.0. 

Aiken, S. J., & Picton, T. W. (2008). Envelope and spectral frequency-following 

responses to vowel sounds. Hearing Research, 245(1–2), 35–47. 

https://doi.org/10.1016/j.heares.2008.08.004 

Anderson, S., Parbery-Clark, A., White-Schwoch, T., & Kraus, N. (2012). Aging 

Affects Neural Precision of Speech Encoding. The Journal of Neuroscience, 

32(41), 14156–14164. https://doi.org/10.1523/JNEUROSCI.2176-12.2012 

Batra, R., Kuwada, S., & Stanford, T. R. (1989). Temporal coding of envelopes and their 

interaural delays in the inferior colliculus of the unanesthetized rabbit. Journal of 

Neurophysiology, 61(2), 257–268. https://doi.org/10.1152/jn.1989.61.2.257 

Berlin, C. I., Hood, L., Morlet, T., Rose, K., & Brashears, S. (2003). Auditory 

neuropathy/dys‐synchrony: Diagnosis and management. Mental Retardation and 

Developmental Disabilities Research Reviews, 9(4), 225–231. 

https://doi.org/10.1002/mrdd.10084 

Bidelman, G., & Powers, L. (2018). Response properties of the human frequency-

following response (FFR) to speech and non-speech sounds: level dependence, 

adaptation and phase-locking limits. International Journal of Audiology, 57(9), 

665–672. https://doi.org/10.1080/14992027.2018.1470338 

Chandrashekhara, S. K. (1972). The Development and Standardization of Speech Test 

Material in English for Indians. Dissertation submitted as a Part of Fulfillment 

for the Degree of Master of Science (Audiology), University of Mysore. 

https://doi.org/10.1016/j.heares.2008.08.004
https://doi.org/10.1523/JNEUROSCI.2176-12.2012
https://doi.org/10.1152/jn.1989.61.2.257
https://doi.org/10.1002/mrdd.10084
https://doi.org/10.1080/14992027.2018.1470338


35 

 

De Siati, R. D., Rosenzweig, F., Gersdorff, G., Gregoire, A., Rombaux, P., & Deggouj, 

N. (2020). Auditory Neuropathy Spectrum Disorders: From Diagnosis to 

Treatment: Literature Review and Case Reports. Journal of Clinical Medicine, 

9(4), 1074. https://doi.org/10.3390/jcm9041074 

Farahani, E. D., Wouters, J., & van Wieringen, A. (2021). Brain mapping of auditory 

steady‐state responses: A broad view of cortical and subcortical sources. Human 

Brain Mapping, 42(3), 780–796. https://doi.org/10.1002/hbm.25262 

Frank, T., Durrant, J. D., & Lovrinic, J. M. (1993). Maximum Permissible Ambient 

Noise Levels for Audiometric Test Rooms. American Journal of Audiology, 2(1), 

33–37. https://doi.org/10.1044/1059-0889.0201.33 

Gransier, R., Hofmann, M., van Wieringen, A., & Wouters, J. (2021). Stimulus-evoked 

phase-locked activity along the human auditory pathway strongly varies across 

individuals. Scientific Reports, 11(1), 143. https://doi.org/10.1038/s41598-020-

80229-w 

John, M. S., & Picton, T. W. (2000). Human auditory steady-state responses to 

amplitude-modulated tones: phase and latency measurements. Hearing Research, 

141(1–2), 57–79. https://doi.org/10.1016/S0378-5955(99)00209-9 

Johnson, K. L., Nicol, T. G., & Kraus, N. (2005). Brain Stem Response to Speech: A 

Biological Marker of Auditory Processing. Ear & Hearing, 26(5), 424–434. 

https://doi.org/10.1097/01.aud.0000179687.71662.6e 

Joris, P. X., Schreiner, C. E., & Rees, A. (2004). Neural Processing of Amplitude-

Modulated Sounds. Physiological Reviews, 84(2), 541–577. 

https://doi.org/10.1152/physrev.00029.2003 

https://doi.org/10.3390/jcm9041074
https://doi.org/10.1002/hbm.25262
https://doi.org/10.1044/1059-0889.0201.33
https://doi.org/10.1038/s41598-020-80229-w
https://doi.org/10.1038/s41598-020-80229-w
https://doi.org/10.1016/S0378-5955(99)00209-9
https://doi.org/10.1097/01.aud.0000179687.71662.6e
https://doi.org/10.1152/physrev.00029.2003


36 

 

Kohl, C., Parviainen, T., & Jones, S. R. (2022). Neural Mechanisms Underlying Human 

Auditory Evoked Responses Revealed By Human Neocortical Neurosolver. 

Brain Topography, 35(1), 19–35. https://doi.org/10.1007/s10548-021-00838-0 

Kraus, N., & Nicol, T. (2005). Brainstem origins for cortical ‘what’ and ‘where’ 

pathways in the auditory system. Trends in Neurosciences, 28(4), 176–181. 

https://doi.org/10.1016/j.tins.2005.02.003 

Krishnan, A. (2002). Human frequency-following responses: representation of steady-

state synthetic vowels. Hearing Research, 166(1–2), 192–201. 

https://doi.org/10.1016/S0378-5955(02)00327-1 

Narne, V. K. (2013). Temporal Processing and Speech Perception in Noise by Listeners 

with Auditory Neuropathy. PLoS ONE, 8(2), e55995. 

https://doi.org/10.1371/journal.pone.0055995 

Narne, V. kumar, & Vanaja, C. (2008). Speech identification and cortical potentials in 

individuals with auditory neuropathy. Behavioral and Brain Functions, 4(1), 15. 

https://doi.org/10.1186/1744-9081-4-15 

Overath, T., Zhang, Y., Sanes, D. H., & Poeppel, D. (2012). Sensitivity to temporal 

modulation rate and spectral bandwidth in the human auditory system: fMRI 

evidence. Journal of Neurophysiology, 107(8), 2042–2056. 

https://doi.org/10.1152/jn.00308.2011 

Picton, T. W., Hillyard, S. A., Krausz, H. I., & Galambos, R. (1974). Human auditory 

evoked potentials. I: Evaluation of components. Electroencephalography and 

Clinical Neurophysiology, 36, 179–190. https://doi.org/10.1016/0013-

4694(74)90155-2 

https://doi.org/10.1007/s10548-021-00838-0
https://doi.org/10.1016/j.tins.2005.02.003
https://doi.org/10.1016/S0378-5955(02)00327-1
https://doi.org/10.1371/journal.pone.0055995
https://doi.org/10.1186/1744-9081-4-15
https://doi.org/10.1152/jn.00308.2011
https://doi.org/10.1016/0013-4694(74)90155-2
https://doi.org/10.1016/0013-4694(74)90155-2


37 

 

Picton, T. W., John, M. S., Purcell, D. W., & Plourde, G. (2003). Human Auditory 

Steady-State Responses: The Effects of Recording Technique and State of 

Arousal. Anesthesia & Analgesia, 1396–1402. 

https://doi.org/10.1213/01.ANE.0000082994.22466.DD 

Purcell, D. W., John, S. M., Schneider, B. A., & Picton, T. W. (2004). Human temporal 

auditory acuity as assessed by envelope following responses. The Journal of the 

Acoustical Society of America, 116(6), 3581–3593. 

https://doi.org/10.1121/1.1798354 

Rance, G., & Starr, A. (2015). Pathophysiological mechanisms and functional hearing 

consequences of auditory neuropathy. Brain, 138(11), 3141–3158. 

https://doi.org/10.1093/brain/awv270 

Riggs, W. J., Roche, J. P., Giardina, C. K., Harris, M. S., Bastian, Z. J., Fontenot, T. E., 

Buchman, C. A., Brown, K. D., Adunka, O. F., & Fitzpatrick, D. C. (2017). 

Intraoperative Electrocochleographic Characteristics of Auditory Neuropathy 

Spectrum Disorder in Cochlear Implant Subjects. Frontiers in Neuroscience, 11. 

https://doi.org/10.3389/fnins.2017.00416 

Starr, A., Picton, T. W., Sininger, Y., Hood, L. J., & Berlin, C. I. (1996). Auditory 

neuropathy. Brain, 119(3), 741–753. https://doi.org/10.1093/brain/119.3.741 

Wang, Y., Ding, N., Ahmar, N., Xiang, J., Poeppel, D., & Simon, J. Z. (2012). 

Sensitivity to temporal modulation rate and spectral bandwidth in the human 

auditory system: MEG evidence. Journal of Neurophysiology, 107(8), 2033–

2041. https://doi.org/10.1152/jn.00310.2011 

Whiteford, K. L., & Oxenham, A. J. (2023). Sensitivity to Frequency Modulation is 

Limited Centrally. The Journal of Neuroscience, JN-RM-0995-22. 

https://doi.org/10.1213/01.ANE.0000082994.22466.DD
https://doi.org/10.1121/1.1798354
https://doi.org/10.1093/brain/awv270
https://doi.org/10.3389/fnins.2017.00416
https://doi.org/10.1093/brain/119.3.741
https://doi.org/10.1152/jn.00310.2011


38 

 

https://doi.org/10.1523/JNEUROSCI.0995-22.2023 

White-Schwoch, T., Anderson, S., Krizman, J., Bonacina, S., Nicol, T., Bradlow, A. R., 

& Kraus, N. (2022). Multiple Cases of Auditory Neuropathy Illuminate the 

Importance of Subcortical Neural Synchrony for Speech-in-noise Recognition 

and the Frequency-following Response. Ear & Hearing, 43(2), 605–619. 

https://doi.org/10.1097/AUD.0000000000001122 

Yuvaraj, P., & Jayaram, M. (2016). Audiological Profile of Adult Persons with Auditory 

Neuropathy Spectrum Disorders. Journal of Audiology and Otology, 20(3), 158–

167. https://doi.org/10.7874/jao.2016.20.3.158 

  

 

https://doi.org/10.1523/JNEUROSCI.0995-22.2023
https://doi.org/10.1097/AUD.0000000000001122
https://doi.org/10.7874/jao.2016.20.3.158


39 

 

Annexure I 

 


	5.3 FFRENV in Response to the /ba/ Speech Stimulus
	Summary
	Conclusions

