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Abstract 39 

 40 

To understand how vowels are encoded by auditory nerve fibers, a number of representation 41 

schemes have been suggested that extract the vowel’s formant frequencies from auditory nerve-42 

fiber spiking patterns. The current study aims to apply and compare these schemes for auditory 43 

nerve-fiber responses to naturally-spoken vowels in a speech-shaped background noise. Responses 44 

to three vowels were evaluated; based on behavioral experiments in the same species, two of these 45 

were perceptually difficult to discriminate from each other (/e/ vs /i/) and one was perceptually easy 46 

to discriminate from the other two (/a:/).  47 

Single-unit auditory nerve fibers were recorded from ketamine/xylazine-anesthetized Mongolian 48 

gerbils of either sex (n = 8). First, single-unit discrimination between the three vowels was studied. 49 

Compared to the perceptually easy discriminations, the average spike timing-based discrimination 50 

values were significantly lower for the perceptually difficult vowel discrimination. This was not true 51 

for an average rate-based discrimination metric, the rate d-prime. Consistently, spike timing-based 52 

representation schemes, plotting the temporal responses of all recorded units as a function of their 53 

best frequency, i.e. dominant component schemes, average localized interval rate, and fluctuation 54 

profiles, revealed representation of the vowel’s formant frequencies, whereas no such 55 

representation was apparent in the rate-based excitation pattern. 56 

Making use of perceptual discrimination data, this study reveals that discrimination difficulties of 57 

naturally-spoken vowels in speech-shaped noise originate peripherally and can be studied in the 58 

spike timing patterns of single auditory nerve fibers.  59 

 60 

Keywords 61 

consonant-vowel-consonant logatomes; ICRA1 noise; Mongolian gerbil; OLLO speech material 62 

database; temporal coding 63 

  64 
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Significance statement  65 

Understanding speech in noisy environments is an everyday challenge. This study investigates how 66 

single auditory nerve fibers, recorded in the Mongolian gerbil, discriminate and represent naturally-67 

spoken vowels in a noisy background approximating real-life situations. Neural discrimination 68 

metrics were compared to the known behavioral performance by the same species, comparing easy 69 

to difficult vowel discriminations. A spike-timing-based discrimination metric agreed well with 70 

perceptual performance, while mean discharge rate was a poor predictor. Furthermore, only spike-71 

timing-based, but not the rate-based, representation schemes revealed peaks at the formant 72 

frequencies, which are paramount for perceptual vowel identification and discrimination. This study 73 

reveals that vowel discrimination difficulties in noise originate peripherally and can be studied in the 74 

spike-timing patterns of single auditory nerve fibers.  75 

  76 
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Abbreviation list 77 

 78 

ABR  auditory brainstem response 79 

ALIR  averaged localized interval rate 80 

ALSR  averaged localized synchronized rate 81 

AN  auditory nerve 82 

BF  best frequency 83 

CDF  cumulative distribution function 84 

CI  correlation index 85 

CIx  cross-correlation index 86 

CV  coefficient of variation 87 

CVC  consonant-vowel-consonant 88 

CI  delta CI 89 

d’  d-prime 90 

f0  fundamental frequency 91 

f1  first formant frequency 92 

f2  second formant frequency 93 

FFT  fast-Fourier transform 94 

ISIH  inter-spike interval histogram 95 

OLLO  Oldenburg Logatome 96 

PH  phase histogram 97 

PSTH  peri-stimulus time histogram 98 

RM-ANOVA repeated-measures analysis of variance 99 

SNR  signal-to-noise ratio 100 

SR  spontaneous rate 101 

  102 
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Introduction 103 

 104 

Vocal communication is indispensable for the survival and well-being of many species, including 105 

mammals. Speech is one of the more complex of such vocalizations that needs to be processed by 106 

the central auditory system. Nonetheless, humans, as well as behaviorally trained animals, are still 107 

well able to extract critical features of speech signals. Individuals can discriminate between different 108 

syllables or logatomes, short nonsensical pseudowords of one or two syllables, even when 109 

presented in challenging background sounds (Sinnott et al., 1997; Jürgens & Brand, 2009). This 110 

suggests that the mammalian auditory system is proficient at processing such temporally and 111 

spectrally complex signals.  112 

Speech can be decomposed into vowels and consonants, in which vowels are spectrally-, and 113 

consonants are temporally more complex. In this study, we focused on the vowels. A vowel’s 114 

spectrum comprises harmonics of the fundamental frequency (f0), which is the voice pitch, and two 115 

to five formant frequencies (f1 – f5), which are global regions of maximum energy in the vowel 116 

spectrum (Diehl, 2008). The formant frequencies differ between different vowels, whereas the 117 

fundamental frequency differs between speakers, but is similar between vowels spoken by the same 118 

speaker. For perceptual vowel discrimination, the formant frequencies are paramount; for example, 119 

whispered vowels, lacking f0, remain intelligible and discriminable. Hence for vowels to be 120 

discriminated, information on their formant frequencies needs to be encoded in the spike patterns 121 

of the auditory nerve (AN), the gateway between sensory hair cells of the inner-ear cochlea and the 122 

central auditory system.  123 

To understand how the formant frequencies are encoded by the AN, previous research has 124 

suggested a number of analysis methods, or representation schemes, that can extract formant 125 

frequencies from AN-spiking patterns. Vowel representation schemes for the AN include rate-based 126 

excitation patterns (Sachs & Young, 1979), dominant component schemes (Delgutte & Kiang, 1984a), 127 

averaged localized synchronized rate plots (ALSR; Young & Sachs, 1979), and fluctuation profiles 128 
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(Carney, 2018). Applying such representation schemes to the AN response to vowels presented in 129 

background noise, as well as to vowels presented at moderately high sound levels, results in 130 

degradation of neural formant representation - more in some schemes than in others (Young & 131 

Sachs, 1979; Sachs et al., 1983; Delgutte & Kiang, 1984b). Furthermore, in the search for such 132 

representation schemes, synthetic vowels were often used, in which formant frequencies can 133 

coincide exactly with an f0 harmonic and spectral changes over time do not occur. In synthesized 134 

vowels, a particular feature can be changed independently of others, to study its importance in 135 

vowel representation. For example, by applying a range of f2 frequencies, Conley & Keilson (1995) 136 

measured the minimal frequency difference that is represented in a rate-based excitation pattern. In 137 

addition, it has been shown that synthetic vowels presented in a consonant-vowel construct show 138 

improved rate representation in the transition between consonant to vowel (Sinex & Geisler, 1983). 139 

Naturally-spoken vowels, where the spectrum is rarely steady state over more than 0.1 s, however, 140 

pose an additional challenge to the representation schemes, especially when presented in 141 

background noise.  142 

Ultimately, vowel representation in the AN only needs to be as good as the ability to 143 

perceptually discriminate between two highly similar vowels. Indeed, some vowels are perceptually 144 

easier to discriminate from each other than others, which is related to the degree of similarity in the 145 

formant frequencies (Jürgens & Brand, 2009). Therefore, knowledge of the discrimination 146 

performance between vowels provides crucial guidance about important vowel features and 147 

representation schemes, especially in challenging listening conditions. 148 

Here, we probed the neural representation of naturally-spoken vowels from the OLLO 149 

database (‘Oldenburg Logatome’) of speech material (Meyer et al., 2010) presented in a speech-150 

shaped background noise, by applying previously developed representation schemes. Vowels were 151 

selected based on psychophysical behavioral experiments using the same species (gerbil) and the 152 

same speech material. In these experiments, animals were trained to perform an oddball target 153 

detection paradigm on vowels. A perceptual map was generated from the animal’s behavioral 154 
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response latencies using multidimensional scaling and shows difficult and easy discriminations as 155 

short and long distances, respectively. For the current study, we selected three vowels from this 156 

perceptual map. Thus, vowel discrimination could be compared between vowels that were easy and 157 

those that were difficult to perceptually distinguish by gerbils (Jüchter et al., 2021). Making use of 158 

perceptual discrimination data in challenging conditions, this study sheds light on the accuracy of 159 

different AN fiber representation schemes for revealing the encoding of naturally-spoken vowels in a 160 

speech-shaped background noise.  161 

 162 

 163 

Materials and Methods 164 

 165 

Animals 166 

Single-unit AN recordings from 8 young-adult (3 – 6 months) Mongolian gerbils (Meriones 167 

unguiculatus) were used in this study. Animals weighed between 63 and 94 g, were of either sex, 168 

and were free from middle-ear infections. Animals were born at the University of Oldenburg animal 169 

facility and were group housed (2 – 4 litter mates of the same sex per cage) in a controlled, quiet 170 

environment. Experiments were conducted in a custom-build sound-attenuating chamber. Animals 171 

were anesthetized with an intraperitoneal injection containing a mixture of ketamine (135 mg/kg; 172 

Ketamidor, WDT) and xylazine (6 mg/kg; Xylazin, Serumwerk) diluted in saline (0.9% NaCl). One-third 173 

of the initial ketamine/xylazine dose was provided hourly or upon a positive hind-paw reflex. Rectal 174 

body temperature was maintained at 38°C by a homeothermic blanket (Harvard Apparatus). Gerbils 175 

received oxygen flowing onto the snout (1.5 l/min). The head of the animal was fixed in a bite bar 176 

(Kopf Instruments) and the right pinna was removed. The ear bar, containing a small speaker (IE 800, 177 

Sennheiser) and microphone (ER7-C, Etymotic Research), was sealed to the bony ear canal using 178 

petroleum jelly. A small opening in the bulla prevented the build-up of negative pressure in the 179 

middle ear cavity. To determine hearing thresholds before and during single-unit recordings, 180 



 

 9 

auditory brainstem responses (ABRs) to chirps (0.3 – 19 kHz, 4.2 ms duration, 300-500 repetitions) at 181 

a range of levels were recorded and visually evaluated. Experiments were terminated upon an ABR 182 

threshold elevation of more than 20 dB, or upon heart failure. All experimental procedures were 183 

performed in accordance with the animal ethics authorities of Lower Saxony, Germany (permit 184 

number AZ 33.19-42502-04-15/1990).  185 

 186 

Single unit auditory nerve-fiber recordings 187 

The brainstem was exposed through a craniotomy of the right occipital bone, followed by a 188 

duratomy and partial aspiration of the cerebellum. The AN was visualized by placing small balls of 189 

paper tissue (< 0.5 mm diameter), drenched in saline, between the brainstem and the temporal 190 

bone. Glass micropipette electrodes (GB120F-10, Science Products, pulled with a P-2000, Sutter 191 

Instruments) were filled with a 3M KCl solution (21 – 44 M impedance). Electrodes were advanced 192 

slowly through the AN bundle (6000 ULN inchworm motor controller and 6005 ULN handset, 193 

Burleigh), while playing a broadband-noise search stimulus (50 – 70 dB SPL) through the speaker, 194 

until a single unit was isolated. Neural signals were amplified (WPI 767, World Precision 195 

Instruments), filtered for line-frequency noise (50/60 Hz; Hum Bug, Quest Scientific), made audible 196 

through a speaker (MS2, TDT), visualized on an oscilloscope (SDS 1102CNL, SIGLENT Technologies), 197 

and digitized (RX6, TDT; 48,828 Hz sampling rate) before storage on a personal computer using 198 

custom-written MATLAB software. 199 

Tone bursts near 10 dB above the most sensitive threshold (50 ms ON - 180 ms OFF time, 5 200 

ms cosine rise/fall times, 5 repetitions, 10 to 20 linear frequency steps spanning around 1.5 octave) 201 

were presented to determine the unit’s best frequency (BF). Subsequently, tone bursts at BF were 202 

presented at a range of levels (3 dB step size, 10 repetitions) to determine the unit’s threshold. 203 

When the unit was still stable after recording responses to the consonant-vowel-consonant (CVC) 204 

stimuli, 24 s of neural activity in the absence of acoustic stimuli were recorded to more accurately 205 

determine the unit’s spontaneous rate (SR). When this recording was not available (40.5% of units), 206 
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SR was estimated through the silent trials of the rate-level function recordings. All stimuli were 207 

calibrated using the miniature microphone (ER7-C, Etymotic Research) sealed near the speaker in 208 

the ear bar, a microphone amplifier (MA3, TDT), and custom-made MATLAB software. 209 

 210 

Consonant-vowel-consonant stimuli 211 

Vowels were presented in a CVC construct and derived from the OLLO speech-material database 212 

(Meyer et al., 2010). Figure 1A shows an example of the first 0.7 s of the stimulus waveform /bahb/ 213 

in quiet (upper panel) and in 5 dB SNR noise (lower panel). The spectrogram of the same stimulus, in 214 

quiet, is shown in Figure 1B. For each CVC, an analysis window was defined, which included the 215 

steady-state section of the vowel, indicated by the red square in Figure 1A and by the white bar in 216 

Figure 1B. CVCs were selected based on a behavioral study in gerbils from the same colony that had 217 

demonstrated common and uncommon confusions between all vowels available in the database 218 

(Jüchter et al., 2021). Three vowels were selected from that study: two that were difficult to 219 

discriminate from each other (/e/ vs /i/) and one that was easy to discriminate from the other two 220 

(/a:/) (Fig. 1C). The outer consonant was fixed at /b/, resulting in the following spoken logatomes: 221 

/behb/, /bieb/, and /bahb/. CVCs were spoken by a single female speaker who was a native German 222 

speaker (noted S01F in the OLLO database). The fundamental frequency (f0), as well as the length of 223 

the vowel, which was used as an analysis window, differed slightly between the three vowels (see 224 

Table 1). In a control experiment, the same logatomes were used but spoken by a native German 225 

male speaker (S06M in the OLLO database). All CVCs were calibrated according to the recorded 226 

transfer function of the acoustic set up using custom-made MATLAB software. Formant frequencies 227 

(f1 and f2) were derived from the vowel spectrum of the stimulus recorded with the microphone in 228 

the ear bar, i.e. the vowel spectrum of the stimulus delivered to the gerbil’s ear (Table 1 and Fig. 1D 229 

– 1F).  230 

 231 
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Table 1. Fundamental and formant frequencies and length of the analysis windows of the presented 232 

vowels. Stimuli spoken by the female speaker are marked with ‘F’, stimuli spoken by the male speaker are 233 

marked with ‘M’. 234 

 f0 (Hz) f1 (Hz) f2 (Hz) Analysis window (ms) 

F /e/ 256 400 2450 268 

F /i/ 260 300 2575 233 

F /a:/ 257 850 1275 269 

M /e/ 107 300 1990 121 

M /i/ 109 220 2040 110 

M /a:/ 104 650 1150 143 

 235 

The total recording time of one presentation of a logatome was fixed at 1.15 s. The logatome started 236 

after a delay of 125 ms, had an average length of 570 ms, and was presented at a fixed level of 65 dB 237 

SPL. Logatomes were presented against a speech-like background noise (ICRA1) derived from the 238 

ICRA database (Dreschler et al., 2001) (grey traces in Fig. 1D – 1F). Calibrated noise was presented at 239 

a 5-dB signal-to-noise ratio (SNR) and mixed with the logatome before being presented through the 240 

same in-ear speaker. Each logatome was sequentially presented 60 times. Noise was frozen between 241 

repetitions, as well as between different units. A total of two different frozen noises were presented 242 

for one complete set of stimuli. Noise onset and offset were ramped with a 10 ms cosine squared 243 

window at the start and end of the recording time.  244 

 245 

Data analysis 246 

Neural signals were bandpass filtered between 0.3 and 3 kHz. The threshold for spike detection was 247 

revisited offline for all recordings on a trial-by-trial basis, as spike amplitude could vary during 248 

recordings. Single-unit isolation was confirmed by checking inter-spike intervals, of which a large 249 

majority should be > 1 ms and all should be > 0.6 ms based on neural refractoriness (Heil et al., 250 
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2007). To confirm that the recorded unit was part of the AN bundle, and not of the cochlear nucleus, 251 

several additional checks were carried out. Spike waveforms were checked for the absence of a 252 

prepotential, the response pattern to tones at 20 – 30 dB above threshold were checked for having a 253 

primary-like shape, and the shape of the rate-level function was required to fall into one of the three 254 

known rate-level function shapes of the AN (straight, sloping saturating, or fast saturating; Winter et 255 

al., 1990). When responses to clicks were obtained, click latency was determined and matched to 256 

our own click latency vs. BF distribution of AN fibers. When any of these checks failed, the unit was 257 

excluded from further analysis.  258 

 259 

Vowel discrimination – Responses to vowels were included in the analysis when a minimum of 20 260 

successful trials were recorded and a minimum of 200 spikes were evoked during vowel 261 

presentation. Responses of vowels in noise were pooled across the two different frozen background 262 

noises, but not across different speakers. For the female speaker, a total of 39 units were included in 263 

the study and in n = 23 of these units, responses to all vowels could be recorded and included in 264 

analyses. For the male speaker, a total of 15 units were included and in n = 12 units responses to all 265 

vowels were obtained. There were no units in which responses to both the female and the male 266 

speaker were recorded. Table 2 gives an overview of the number of units for each vowel and vowel 267 

combination.  268 

 269 

Table 2. Numbers of units from which responses to vowels were recorded. Unit numbers are given for 270 

the responses to a single vowel (data in Figs. 6, 7, 9, and 10) and for responses to a combination of two 271 

vowels (data in Figs. 2 – 4). Unit numbers for responses to vowels spoken by the female and male speaker 272 

are presented separately.  273 

Single vowels /a:/ /e/ /i/ 

Number of units female speaker 39 33 24 

Number of units male speaker 13 15 15 
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Vowel discriminations  /a:/ vs /e/ /a:/ vs /i/ /e/ vs /i/ 

Number of units female speaker 33 24 23 

Number of units male speaker  12 12 14 

    

 274 

In total, three comparisons were made, two behaviorally easy comparisons (/a:/ vs /e/ and /a:/ vs 275 

/i/) and one behaviorally difficult comparison (/e/ vs /i/). Rate-based vowel discrimination by single-276 

unit AN fibers was determined by calculating d-prime (d’) over the mean (µ) and standard deviation 277 

() of the firing rates in response to two vowels, according to the following equation, 278 

𝑑′ =
𝜇1−𝜇2

√(𝜎1
2+𝜎2

2)/2

 . 279 

A |d’| = 1 means that the mean firing rates in response to the two vowels are one standard 280 

deviation apart, which is typically considered to be a just-noticeable difference between two 281 

responses and can be used as a discrimination threshold (Green & Swets, 1974; Conley & Keilson, 282 

1995).  283 

Spike timing-based discrimination of vowels was based on the shuffled- and crossed 284 

autocorrelograms of responses to one vowel and between two vowels, respectively (Joris, 2003; 285 

Louage et al., 2004). Autocorrelograms were constructed using a bin width of 20.48 µs and were 286 

normalized for firing rate, repetition number, bin width, and analysis window. The shortest analysis 287 

window length (for /i/, see Table 1) was applied to all vowels in this analysis. The maximum peak 288 

height of the shuffled- and crossed autocorrelogram is an indication of trial-by-trial temporal 289 

similarity and is defined as the correlation index (CI) and the cross-correlation index (CIx), 290 

respectively. Hence, the CIx indicates the similarity of the temporal responses to the two vowels that 291 

are discriminated, with low values meaning low similarity and thus suggesting good discrimination. 292 

However, if the CI, i.e. the temporal similarity of the response to one vowel, is already low, the CIx is 293 
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also expected to be low which, in this case, is meaningless re. discriminability. Therefore, the 294 

difference between CI and CIx will be taken as a temporal discrimination metric, as follows 295 

Δ𝐶𝐼 = 𝐶𝐼 − 𝐶𝐼𝑥 

A high CI value reflects temporal dissimilarity between responses to the two vowels in the 296 

comparison, whereas a low CI value reflects temporally similar responses to the two vowels, 297 

regardless of the overall temporal precision of spiking of a given AN fiber.  298 

 299 

Dominant component scheme – An all-order inter-spike interval histogram was constructed based on 300 

spike times during presentation of the vowel (Table 1). Only intervals shorter than 31.25 ms were 301 

included in the histogram, which consisted of 256 bins, resulting in a bin width of 0.12 ms. The 302 

histogram was converted to interval rate by multiplying the probability of obtaining an interval that 303 

falls into a certain bin with the average discharge rate (Sachs & Young, 1980). An FFT of the all-order 304 

inter-spike interval rate histogram (ISIH) revealed responses to the different frequencies. The 305 

dominant component scheme was constructed by plotting the frequency of the highest peak in the 306 

FFT of the ISIH against the unit’s BF.  307 

 308 

Averaged localized interval rate – To compute the averaged localized interval rate (ALIR), the 309 

average peak height of the ISIH FFT at each harmonic of f0 was calculated for all units tuned at or 310 

close to that harmonic (Sachs & Young, 1980). A range of +/- 0.5 octave around each harmonic was 311 

taken to determine for which units the ALIR was computed. This results in the following equation to 312 

compute the ALIR,  313 

𝐴𝐿𝐼𝑅(𝑘) =
1

𝑁𝑘
∑ 𝐻𝑘𝑙

𝑁𝑘

𝑙=1

 

in which Nk is the number of fibers tuned within +/- 0.5 octaves of the kth harmonic, l is the fiber 314 

number within that set of fibers, and Hkl is the ISIH FFT peak height of the lth fiber at the kth harmonic 315 
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of f0. Subsequently, the ALIR of each vowel response was plotted as a function of frequency of the f0 316 

harmonics.  317 

 318 

Fluctuation amplitude profile – Fluctuation amplitude profiles were constructed using the peri-319 

stimulus time histogram (PSTH) of the neural response to the vowel (Carney, 2018). To capture f0 320 

fluctuations in the PSTH, bin width was defined as 8 bins per f0 period (1 / 8*f0). The amplitude of 321 

the fluctuation was determined using the coefficient of variation, CV = n / n
 , in which n refers to 322 

the bin height of the PSTH in spikes/s. Subsequently, the fluctuation amplitude was also established 323 

by calculating the rate change of the PSTH, i.e. the mean absolute difference between each bin 324 

height divided by the mean bin height. CV and rate change values close to 0 indicate little to no 325 

fluctuation, i.e. putative formant frequency encoding. The fluctuation amplitude was plotted as a 326 

function of the fiber’s BF to obtain the fluctuation amplitude profile.  327 

 328 

Rate-based excitation pattern – The rate-based excitation pattern plots the vowel-evoked 329 

normalized rate as a function of the fiber’s BF (Sachs & Young, 1979). The average firing rate during 330 

the vowel was normalized for the fiber’s SR and saturation rate as follows:  331 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑟𝑎𝑡𝑒 =
𝑟𝑎𝑡𝑒 − 𝑆𝑅

𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 − 𝑆𝑅
 

The saturation rate was derived from the rate-level function as the firing rate at 50 dB above 332 

threshold, according to Sachs & Young (1979). 333 

 334 

Statistics 335 

Rate-based and spike-timing-based discrimination was compared between the different vowel 336 

combinations using a one-way repeated-measures analysis of variance (RM-ANOVA), followed by 337 

post-hoc paired t-tests. The Bonferroni-Holm correction was applied to multiple comparisons. 338 

Frequency distributions of the dominant components derived from the ISIH FFTs were compared 339 

between responses to the different vowels using a Kolmogorov-Smirnov test. Statistical analyses 340 
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were carried out in MATLAB using the Statistics and Machine Learning Toolbox. Data were 341 

presented separately for low- and high-SR fibers, with the cut-off between these populations at 18 342 

spikes/s (Schmiedt, 1989).  343 

 344 

 345 

Results 346 

 347 

Perceptual and neural discrimination of vowels agree when using a spike timing-based, but not when 348 

using a rate-based discrimination metric 349 

Discrimination between vowels in neural responses of single AN fibers was studied using rate-based 350 

and spike timing-based discrimination metrics. To determine whether mean firing rate differed 351 

significantly between responses to different vowels, d’ based on firing rate during the vowel 352 

presentation was calculated. Most d’ values were between -1 and 1 for all three comparisons (/a:/ vs 353 

/e/, /a:/ vs /i/, and /e/ vs /i/). This indicates that for most units, the firing rate did not differ 354 

significantly between responses to the different vowels (Fig. 2A – 2C). Furthermore, low- and high-355 

SR units both showed a similar (small) fraction of |d’| values > 1 for all three comparisons (Fig. 2A – 356 

2C). The BF of units with |d’| > 1 did not correspond to formant frequencies of either vowel in the 357 

comparison. Importantly, absolute d’, averaged over all units, did not significantly differ between the 358 

perceptually easy (/a:/ vs /e/ and /a:/ vs /i/) and the difficult (/e/ vs /i/) comparisons (RM-ANOVA: 359 

F(2,44) = 0.76, p = 0.47; Fig. 2D), indicating that the rate d’ of neural responses cannot predict 360 

perceptual vowel discrimination.  361 

The spike timing-based neural discrimination metric was calculated using auto- and cross-362 

correlation indices. For the resulting CI, low-SR fibers achieved much higher maximal values 363 

compared to high-SR fibers, which was evident for all three comparisons (Fig. 3A – 3C). Furthermore, 364 

CI values differed across BF, such that units with a BF < 3 kHz and > 8 kHz had higher CI values. 365 

Most importantly, average CI differed significantly between the vowel comparisons (RM-ANOVA: 366 
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F(2,90) = 16.07, p = 1.07*10-6; Fig. 3D). Specifically, the difficult comparison (/e/ vs /i/) revealed 367 

significantly lower CI values compared to both perceptually easy comparisons (/a:/ vs /e/, post-hoc 368 

paired t-tests: T(35) = 3.51, p = 0.0021; /a:/ vs /i/, T(45) = 4.98, p = 2.93*10-5, Bonferroni-Holm 369 

corrected).  370 

To examine whether this result was influenced by specific features of the background noise, 371 

we repeated the same analysis, comparing CI when vowels were presented against two different 372 

background noises. Compared to the two easy comparisons, CI was again lower in both conditions 373 

for the perceptually difficult comparison (/e/ vs /i/). This difference was significant for noise #1 (RM-374 

ANOVA: F(2,50) = 11.45, p = 8.03*10-5; Fig. 4A) and for noise #2 (RM-ANOVA: F(2,38) = 4.82, p = 375 

0.014; Fig. 4B). We were also interested to observe whether vowels spoken by a different speaker, 376 

with a different f0, would yield the same outcome. Therefore, we collected responses from 17 377 

additional units to CVCs spoken by a male speaker, all presented against background noise #1. For 378 

the male speaker, too, the perceptually difficult comparison showed lower CI values compared to 379 

the easy comparisons (RM-ANOVA: F(2, 46) = 11.71, p = 7.75*10-5; Fig. 4C). Additionally, the two 380 

easy comparisons were also significantly different from each other in noise #2 and for the male 381 

speaker.  382 

These results imply that spike-timing information in AN-fiber spiking patterns is important to 383 

discriminate between naturally-spoken vowels in background noise. The same is intuitively apparent 384 

by contrasting AN rate and timing responses to the naturally-spoken vowels in quiet and in the 385 

speech-shaped background noise (Fig. 5) - a comparison that drastically highlights the added 386 

difficulty of discrimination in the noisy condition and the concurrent importance of spike timing. The 387 

results presented in this paragraph together suggest that formant representation of these vowels by 388 

the AN-fiber population is likely to be based on spike timing. In the following paragraphs, we will test 389 

this hypothesis.  390 

 391 
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Spike timing-based representation schemes can differentiate formant frequencies of naturally-392 

spoken vowels in noise 393 

The dominant component scheme, first proposed by Delgutte and Kiang (1984a), is an overview of 394 

the dominant frequency component in the temporal spiking response to the vowel by a population 395 

of AN fibers across different BF. The dominant component is typically derived from a Fourier 396 

transform of the f0 phase histogram (Fig. 6A). However, with naturally-spoken vowels, f0 may 397 

change over time. Furthermore, formant frequencies can be located between two f0 harmonics, 398 

instead of precisely coinciding with an f0 harmonic. To account for this natural variability, the 399 

frequency of the largest peak in the Fourier transform of the all-order ISIH was used to construct the 400 

dominant component scheme (Fig. 6B).  401 

Figure 6C – 6E shows the dominant component scheme, based on the all-order ISIH Fourier 402 

transform, of the AN-fiber responses to the three naturally-spoken vowels in noise. Formant 403 

representation in the dominant component schemes differed between the different vowels. 404 

Responses to the vowel /a:/ were all dominated by temporal responses to the third and fourth f0 405 

harmonics, as such likely representing f1 and f2. Harmonic responses to f1 and f2 were represented 406 

by a subset of fibers for the responses to /e/ and /i/, leaving some fibers also responding to f0 or to 407 

frequencies between formants and f0 harmonics. There were no apparent differences between low- 408 

and high-SR units in the dominant component schemes. When comparing the frequency distribution 409 

of the dominant components, all three distributions were significantly different from each 410 

(Kolmogorov-Smirnov tests: /a:/ vs /e/, D = 0.85, p = 6.53*10-12; /a:/ vs /i/, D = 0.92, p = 8.07*10-12; 411 

/e/ vs /i/, D = 0.64, p = 8.93*10-6, Fig. 6F). This agrees with the fact that all three vowels can be 412 

perceptually distinguished from each other (Jüchter et al., 2021). Nevertheless, out of all three 413 

comparisons, the KS statistics and p-value was smallest for the /e/ vs /i/ comparison, following 414 

expectations based on perceptual discrimination measures.  415 

Since one component may be dominant in many fibers, it has been proposed taking the 416 

average peak height of the f0 PH FFT or of the ISIH FFT only of fibers that are tuned at or close to the 417 
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respective f0 harmonic (Sachs & Young, 1980; Voigt et al., 1982). The resulting ALSR or ALIR, 418 

respectively, is a measure derived from the peak amplitudes of the FFTs (see Fig. 6A and 6B). At 419 

specified frequency steps around each harmonic of f0, the average of this amplitude is taken for all 420 

units tuned to this f0 harmonic +/- 0.5 octaves. Plotting the ALSR or ALIR as a function of the 421 

respective f0 harmonic reveals a spectrum that has been shown to be robust against background 422 

noise, stimulus level, and inharmonic, whispered vowels (Young & Sachs, 1979; Voigt et al., 1982; 423 

Sachs et al., 1983). Figure 7 shows the ALIRs derived from combined neural responses of low- and 424 

high-SR fibers to the three naturally-spoken vowels in noise. The current data set did not cover BFs 425 

at all harmonics of f0, explaining the missing points in the ALIR. Responses to vowel /a:/ showed a 426 

dominant peak at the 4th f0 harmonic, representing formant frequencies f1 and f2 (Fig. 7A). The ALIR 427 

of responses to /e/ showed a trough at frequencies between f1 and f2, and a clear peak at the 10th 428 

f0 harmonic, representing f2 (Fig. 7B). Likely due to a lower number of data points (see Table 2), the 429 

ALIR of responses to the vowel /i/ does not represent the formant frequencies clearly. Low-SR fibers 430 

contributed only marginally to these schemes, since most low-SR fibers had a BF > 4 kHz, which is 431 

the upper frequency border of these ALIRs and also above of the phase-locking range for gerbil AN 432 

fibers (Versteegh et al., 2011).  433 

A more recently developed representation scheme of neural vowel encoding is the 434 

fluctuation amplitude profile (Carney, 2018; Scheidiger et al., 2018). This scheme proposes that slow 435 

rate fluctuations to frequencies around f0 are strongest for fibers with a BF below, between, or 436 

above the formant frequencies, whereas fibers tuned at the formants display a more constant rate 437 

response, i.e. a less fluctuating PSTH. The degree of fluctuation was derived from the PSTH of the 438 

vowel response. Figure 8 shows an example of a fiber with high and a fiber with low fluctuation 439 

amplitudes to the vowel /e/ (Fig. 8A and 8B, respectively). Fluctuation amplitude was expressed as 440 

RC (rate change) and CV (coefficient of variation). Indeed, the response with visually high fluctuation 441 

amplitudes had a RC and CV value that was about twice as high compared to the response with 442 

visually low fluctuation amplitudes. The high fluctuation amplitude response was recorded from a 443 
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fiber tuned far from the formant frequencies (BF = 8.3 kHz, Fig. 8A), whereas the low fluctuation 444 

response was recorded from a fiber tuned near f2 of the vowel /e/ (BF = 2.8 kHz, Fig. 8B). Both fibers 445 

had a high SR, to ensure a valid comparison, as low-SR fibers typically showed higher fluctuation 446 

amplitudes in general (see below). Fluctuation profiles were obtained by plotting the CV (Fig. 9A – 447 

9C) and the rate change of the fiber’s vowel response (Fig. 9D – 9F) as a function of the fiber’s BF. 448 

Since less fluctuation hypothetically corresponds to better formant representation, the ordinate is 449 

plotted in reverse direction. Both methods showed similar patterns. Low- and high-SR fiber 450 

responses suggested two separate populations, with low-SR fibers showing higher CVs and rate 451 

change compared to the general trend of the high-SR fibers. For responses to the vowel /a:/, there 452 

was no clear formant-related peak in the fluctuation profile of the high-SR fibers, indicated by the 453 

moving average over the high-SR fibers in the CV and rate change (solid lines in Fig. 9A and Fig. 9D, 454 

respectively). The low-SR fibers appeared to contribute more to the fluctuation profile, by showing 455 

large fluctuations at high frequencies, but the number of low-SR fibers was too small to draw 456 

conclusions. For responses to the vowels /e/ and /i/, the moving averages of the high-SR fibers 457 

suggested a peak at f2 in the fluctuation amplitude profiles (Fig. 9B, 9C, 9E, and 9F). No fibers with a 458 

BF at or around f1 of /e/ and /i/ were recorded. In the fluctuation profiles of /e/ and /i/, low-SR 459 

fibers similarly seemed to enhance the fluctuation profile of the high-SR fibers, but are too scarce to 460 

make conclusive statements.  461 

 462 

The rate-based excitation pattern does not represent formant frequencies of naturally-spoken vowels 463 

in noise 464 

To cross-check for representation of the three vowels in the average firing rate response, we also 465 

plotted the normalized rate-based excitation pattern (Sachs & Young, 1979). Vowel-evoked firing 466 

rates, normalized for each fiber’s spontaneous and saturation rate, was highly variable across the 467 

fibers and did not represent formant frequencies of the naturally-spoken vowels in noise (Fig. 10A – 468 



 

 21 

10C). Furthermore, there were no apparent differences in normalized rate between high- and low-469 

SR fibers for any of the vowel responses.  470 

 471 

 472 

Discussion 473 

 474 

The current study showed that discrimination between vowel-evoked responses of single AN fibers 475 

agreed with perceptual discrimination abilities when analyzed using a spike timing-based 476 

discrimination metric. In contrast, no differences between easy and difficult comparisons were 477 

observed when considering a rate-based discrimination metric. Consistently, spike-timing based 478 

representation schemes of the AN population response revealed representation of the vowel’s 479 

formant frequencies, whereas no such representation was apparent in a rate-based excitation 480 

pattern. Formant frequencies were differentially represented for the different vowels in the 481 

representation schemes and low-SR fibers comprised a separately responding group of fibers in their 482 

temporal responses. The findings were based on responses to vowels presented in challenging 483 

listening conditions, i.e. naturally spoken and presented in 5 dB SNR speech-shaped background 484 

noise. 485 

 486 

Temporal spiking information in AN fibers is suited to encode naturally-spoken vowels in background 487 

noise 488 

Early research on the neural encoding of vowels showed that a rate-based excitation pattern, using 489 

the normalized rate as in the current study, reveals peaks at fibers tuned to formant frequencies 490 

(Sachs & Young, 1979). However, rate-based excitation patterns are not robust against a few critical 491 

situations. When vowels are presented at levels higher than 40 – 65 dB SPL, depending on the vowel, 492 

formant peaks disappear (Sachs & Young, 1979). Furthermore, formant peaks in the rate-based 493 

excitation patterns also disappear when vowels are presented in background noise (Sachs et al., 494 



 

 22 

1983; Delgutte & Kiang, 1984b). The effects of moderate-to-high sound levels and of background 495 

noise on the rate response to vowels can be explained by two non-linearities in the rate responses of 496 

AN fibers, namely rate saturation and two-tone suppression (Sachs & Young, 1979, 1980). Especially 497 

two-tone suppression, i.e., suppression of the firing rate to tones at BF by lower-frequency tones, 498 

was suggested to be responsible for the flattening of the rate-based excitation pattern when vowels 499 

were presented at high sound levels and in noise (Sachs et al., 1983). Our data is consistent with 500 

these findings, showing no apparent formant-related peaks in the normalized rate-based excitation 501 

pattern of vowels presented in background noise (Fig. 10). Single-fiber discrimination abilities based 502 

on rate revealed significant changes in a few fibers for all three vowel comparisons. However, these 503 

high d’ values did not appear to relate to the formant frequencies, in contrast to that shown for 504 

formant frequency shifts in synthetic vowels presented in quiet (Conley & Keilson, 1995). 505 

Importantly, average d’ values over all units did not distinguish between perceptually difficult and 506 

perceptually easy vowel discriminations (Fig. 2D), based on a behavioral study using the same stimuli 507 

and the same animal species (Jüchter et al., 2021). This suggests that the average firing rate of AN 508 

fibers is not crucial for encoding naturally-spoken vowels in background noise.  509 

 In contrast, discrimination of vowel responses by a spike timing-based metric did agree with 510 

expectations from behavioral studies (Fig. 3D). Specifically, the perceptually difficult discrimination 511 

(/e/ vs /i/) also evoked the temporally most-similar spiking patterns in AN fibers, compared to the 512 

perceptually easy discriminations (/a:/ vs /e/ and /a:/ vs /i/). In agreement with the temporally 513 

based discrimination at the single-unit level, representation schemes that were based on spike-514 

timing patterns, i.e. the dominant component scheme, the ALIR, and the fluctuation profile, 515 

represented peaks at most formant frequencies of the naturally-spoken vowels in noise.  516 

It has been shown previously that the dominant component scheme, as well as the ALIR, is 517 

robust against higher sound levels (Young & Sachs, 1979; Delgutte & Kiang, 1984a), as well as against 518 

background noise (Sachs et al., 1983; Delgutte & Kiang, 1984b). Both these representation schemes 519 

are based on phase-locking strength, on the frequencies that are encoded by the temporal spiking 520 
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patterns, and on the BF of the fiber. Since the vowels for this study were naturally spoken, the 521 

classical representation, based on the f0 phase histogram and its Fourier transform (Sachs & Young, 522 

1979; Delgutte & Kiang, 1984a), was less sensitive for the higher f0 harmonics. Therefore, we used 523 

the inter-spike interval histogram to determine phase-locking frequencies of the single-fiber 524 

responses (Sachs & Young, 1980). This method has previously proven useful for voiceless, whispered 525 

vowels, which lack f0 and its harmonics (Voigt et al., 1982). By constructing an all-order ISIH, 526 

compared to a first-order ISIH as in most studies, the resolution of the FFT and its relevant peaks 527 

became sufficiently high. Experimental data showing fluctuation profiles of AN fiber responses to 528 

vowels have not been reported elsewhere. Models predict less fluctuation in the PSTH for fibers 529 

tuned at or close to the formant frequencies and more fluctuation for fibers tuned to frequencies in-530 

between or above the formant frequencies (Carney, 2018; Scheidiger et al., 2018). A broad peak at 531 

f2 was observed in the fluctuation profiles of responses to vowels /e/ and /i/. Therefore, we showed 532 

for the first time that fluctuation profiles can be used to reveal some formant frequencies of spoken 533 

vowels in background noise from AN responses. Rate change appeared to be a slightly stronger 534 

metric compared to the CV, but both revealed the same patterns for all vowel responses.  535 

All spike-timing-based representation schemes applied in this study revealed formant 536 

frequencies for one or more vowels. Hence, it was unimportant precisely which temporal metric was 537 

chosen, as the principal conclusion generalizes.  538 

 539 

Low-SR and high-SR fibers follow separate distributions for temporally-based encoding of vowels 540 

Spontaneous rates of AN fibers vary widely between fibers, ranging from 0 to 150 spikes/s, and have 541 

been shown to correlate to physiological and morphological properties of the fibers (Liberman, 542 

1978; Liberman, 1982; Schmiedt, 1989; Merchan-Perez & Liberman, 1996; Huet et al., 2016). In 543 

terms of rate encoding, high-SR fibers typically saturate over a narrower range of sound levels 544 

(around 20 dB) compared to low-SR fibers (Winter et al., 1990). Furthermore, low-SR fibers generally 545 

have higher thresholds than high-SR fibers (Liberman, 1978; Huet et al., 2016). These characteristics 546 
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are likely to be responsible for the fact that rate-based excitation patterns of low-SR (but not high-547 

SR) fibers are more robust, even at higher sound levels (Conley & Keilson, 1995). However, low-SR 548 

fibers do not preserve formant peaks in rate-based excitation patterns when vowels are presented 549 

in background noise (Sachs et al., 1983), which was consistent with results presented in the current 550 

study. Furthermore, low-SR fibers did not differ from high-SR fibers in terms of rate-based vowel 551 

discrimination for naturally-spoken vowels in noise.  552 

 In contrast, the temporal responses of low-SR fibers were consistently stronger than those 553 

of high-SR fibers in all vowel-evoked responses. This was apparent in the temporal discrimination 554 

values (Fig. 3) and in the fluctuation profiles (Fig. 9), with higher CI and more fluctuation for low-SR 555 

fibers. This finding agrees with stronger temporal coding in low-SR fibers, as measured by the 556 

correlation index to broadband noise stimuli (Louage et al., 2014). Furthermore, low-SR fibers have 557 

higher maximum phase-locking values to amplitude modulations than high-SR fibers (Joris & Yin, 558 

1992). Most low-SR fibers in this study had a BF above the maximum phase-locking frequency (i.e. > 559 

4 kHz, Versteegh et al., 2011), indicating that they were phase-locking to the lower stimulus 560 

frequencies instead of at their BF. It has been hypothesized that low-SR fibers signal mostly to the 561 

efferent feedback system, to control cochlear gain, whereas high-SR fibers encode the properties of 562 

the sound, for further processing towards perception (Carney, 2018). Our data are consistent with 563 

this theory, in which high-SR fibers follow perceptual discrimination closely and represent formant 564 

frequencies well for the spoken vowels in background noise. However, since low-SR fibers are scarce 565 

in the gerbil cochlea, especially among those with a low BF (Ohlemiller & Echteler, 1990; Huet et al., 566 

2016), and are more difficult to hold stable for prolonged recording times than high-SR fibers, the 567 

population of low-SR fibers in the current study is perhaps too small to draw conclusions about rate 568 

and temporal vowel representation in that population.  569 

 570 

Formant frequencies do not all need to be accurately represented in AN fiber spiking patterns to 571 

obtain appropriate vowel discrimination 572 



 

 25 

In the representation schemes that were based on temporal representations, not all formant 573 

frequencies of the spoken vowels were represented. Formants seemed to be best represented in the 574 

responses to /e/, especially in the ALIR and the dominant component scheme. In the fluctuation 575 

profile, the vowel /a:/ showed no peaks at any formant frequency, and in the ALIR of responses to 576 

/i/ formant frequencies were not represented. It is interesting that formant representation differs 577 

for the different vowels, even though they were spoken by the same speaker and presented in the 578 

same background noise. In rate-based excitation patterns, formant representation of the vowel /a/ 579 

also disappears at lower sound levels compared to those of /I/ and //, and f3 is less well 580 

represented for responses to /a/ (Sachs & Young, 1979). One explanation for this observation is that 581 

formant representation in the AN fiber population may depend on the amplitude of the formants 582 

relative to each other as well as relative to the background noise. As can be seen in Figure 1, the 583 

amplitude of f2 relative to the f1 amplitude in the vowel spectrum of /e/ is higher than in the vowel 584 

spectrum of /i/. Furthermore, the f2 amplitude of /e/ is well above the background noise whereas f2 585 

of /i/ is barely above the background noise (Fig. 1E and 1F). On the other hand, the frequency and 586 

amplitude of f1 and f2 in the vowel spectrum of /a:/ are much closer together than in /e/ and /i/, 587 

and both are well above background noise (Fig. 1D) which means that they should be encoded 588 

robustly by phase-locking of many fibers to the same two harmonics. Indeed, in humans, vowel 589 

perception is not only dependent on the exact formant frequencies, but also on the relative spectral 590 

amplitude of the formants (Kiefte et al., 2010). Hence, AN fiber encoding of formant amplitude and 591 

frequency would be required for the correct identification of a specific vowel. However, the specific 592 

task investigated here involved discrimination between two vowels, which does not necessitate the 593 

correct identification of both. Indeed, based on the AN data in the current study, this is possible 594 

without a completely accurate representation of all formants.  595 

 It is an interesting question in itself how the different representation schemes suggested 596 

and explored here for the AN population might be integrated and used by the central auditory 597 

system. Note, for example, that most representation schemes convert the spike trains of each fiber 598 
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into one or two dimensions, calculating one or two outcome measures from the (temporal) 599 

information in the spike train. It is convenient to reduce dimensionality when comparing between 600 

responses from fiber populations, vowel responses, or between different conditions, such as with 601 

hearing loss. However, each AN fiber branches and projects to many different cell types in the 602 

cochlear nucleus. Each cell type extracts different properties from the same spiking pattern, 603 

depending on the amount of convergence from different AN fibers, as well as on the physiological 604 

and morphological properties of the cell (Oertel, 1991). It is therefore possible that additional 605 

temporal information in the spike trains was available but was not extracted by the applied 606 

representation schemes.  607 

 In conclusion, this study showed that naturally-spoken vowels in noise were discriminable 608 

based on temporal features of AN fiber spike trains but not on the basis of mean discharge rates. 609 

This was true both at the single-unit level, contrasting spike trains of the same fiber in response to 610 

two different vowels, and at the level of the AN population, looking at representation schemes such 611 

as the ALIR, dominant component scheme, and fluctuation profiles. Using perceptual discrimination 612 

data of the same species to the same stimuli enabled us to disentangle important aspects of neural 613 

vowel encoding in the AN.   614 
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Legends 686 

Figure 1. Characteristics of the three vowels used in the current study. A) Pressure waveform of 687 

/bahb/ in quiet (upper panel) and in 5 dB SNR speech-shaped noise (lower panel). The vowel analysis 688 

window is highlighted in red. B) Spectrogram of /bahb/ with the vowel analysis window indicated 689 

with the white bar. C) The three vowels for which AN-fiber responses were recorded and their 690 

corresponding perceptual discriminability as shown by behavioral studies (Jüchter et al., 2021). 691 

Colors of the vowels and of each vowel comparison are similar to the colors used in the subsequent 692 

figures. D – F) Spectral representation of the naturally-spoken vowels /a:/, /e/, and /i/, respectively. 693 

Vowels were derived from the OLLO speech material database and spoken by a female speaker, with 694 

/b/ as a flanking consonant. Spectra were generated from the stimulus in the vowel’s corresponding 695 

analysis window (see panels A and B and Table 1). Fundamental (f0) and formant frequencies (f1 and 696 

f2) are indicated for each vowel. The spectral envelope of each vowel is indicated by a red line. Note 697 

that frequency of the vowel spectra is plotted on a linear scale to improve visualization of the f0 698 

harmonics. The spectrum of the frozen ICRA1 speech-shaped noise, presented at 5 dB SNR, is 699 

plotted separately indicated in grey for all vowel spectra.  700 

 701 

Figure 2. Single-unit AN-fiber vowel discrimination based on average firing rate. A – C) d’ values for 702 

each unit’s firing rate in response to the two vowels that are compared, plotted as a function of the 703 

unit’s BF. Low- and high-SR fibers are plotted with open and closed symbols, respectively. Dashed 704 

horizontal lines indicate a neural discrimination threshold of |d’| = 1. Number of units (of those, 705 

number of low-SR units) included in the vowel comparisons are n = 33 (8), n = 24 (4), and n = 23 (4) 706 

for panels A, B, and C, respectively. D) Absolute d’ values of all units presented in boxplots. The 707 

dashed horizontal line indicates |d’| = 1.  708 

 709 

Figure 3. Single-unit AN-fiber vowel discrimination based on spike timing. A – C) CI values for each 710 

unit in response to the two vowels that are compared, plotted as a function of the unit’s BF. Low- 711 
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and high-SR fibers are plotted with open and closed symbols, respectively. Number of units (of 712 

those, number of low-SR units) included in the vowel comparisons are n = 33 (8), n = 24 (4), and n = 713 

23 (4) for panels A, B, and C, respectively. Note that there are two values per unit in this analysis. D) 714 

CI of all units presented in boxplots. Asterisks indicate a significant difference, based on post-hoc 715 

paired t-tests (** p < 0.01, *** p < 0.001).  716 

 717 

Figure 4. Effects of background noise and speaker-specific characteristics on spike-timing based 718 

vowel discrimination. A) CI values for vowel comparisons presented against background noise #1 at 719 

5 dB SNR, spoken by a female speaker of the OLLO database (S01F). Number of units are n = 20 for 720 

/a:/ vs /e/, n = 13 for /a:/ vs /i/, and n = 13 for /e/ vs /i/. B) CI values for vowel comparisons 721 

presented against noise #2 (5 dB SNR, S01F speaker of the OLLO database). Number of units are n = 722 

13 for /a:/ vs /e/, n = 11 for /a:/ vs /i/, and n = 10 for /e/ vs /i/. C) CI values for vowel comparisons 723 

spoken by a male speaker of the OLLO database (S06M), presented against noise #1. Number of 724 

units are n = 12 for /a:/ vs /e/, n = 12 for /a:/ vs /i/, and n = 14 for /e/ vs /i/. Asterisks indicate a 725 

significant difference, based on post-hoc paired t-tests after the RM-ANOVA revealed a significant 726 

difference between the comparisons (* p < 0.05, ** p < 0.01, *** p < 0.001).  727 

 728 

Figure 5. Example of one fiber responding to the three logatomes in quiet and in noise. PSTH of the 729 

response to the complete stimulus in quiet (A-C) and in 5 dB SNR speech-shaped ICRA1 noise (D-F). 730 

The vowel analysis window is indicated with a horizontal bar. Bin width is 0.49 ms for the graphs in 731 

panels A-F. Phase histogram of F0 during the vowel analysis window in quiet (G-I) and in 5 dB SNR 732 

noise (J-L). Phase histograms were plotted with 64 bins per f0 cycle. This fiber had a BF of 2.2 kHz, a 733 

threshold at 28 dB SPL, and a spontaneous rate of 4.7 spikes/s. Note the remarkably little effect of 734 

noise on the shapes of the phase histograms after the addition of background noise (panels J-L).  735 

 736 
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Figure 6. Dominant component schemes. A) Response of an AN fiber to the vowel /a:/ plotted in a 737 

phase histogram (PH) for one period of f0. The FFT of the f0 PH is plotted next to it. The arrow 738 

indicates the highest peak in the FFT of the f0 PH at the 4th harmonic of f0 and its relative peak 739 

height plotted in number of spikes. This example fiber was a high-SR fiber (46 spikes/s) with a BF at 740 

1.3 kHz. B) All-order inter-spike interval histogram (ISIH) of the same data presented in panel A, 741 

accompanied by its FFT. The arrow indicates the highest peak in the FFT, at 1024 Hz, which 742 

corresponds to the frequency of the 4th harmonic of f0. C – E) Dominant component schemes 743 

plotting the frequency of the highest peak in the FFT of the all-order ISIH (panel B) as a function of 744 

the fiber’s BF for responses to the vowels /a:/ (panel C, n = 39 [n = 10 low-SR fibers]), /e/ (panel D, n 745 

= 33 [n = 8 low-SR fibers]), and /i/ (panel E, n = 24 [n = 4 low-SR fibers]). Formant frequencies are 746 

indicated on the right and the F = BF line is indicated as a solid black line. Horizontal dotted lines 747 

indicate frequencies of f0 harmonics. Symbol size reflects the height of the peak in the ISIH FFT, 748 

which is a measure of the strength of the temporal coding at the respective frequency component. 749 

F) Frequency distributions of dominant components for responses to /a:/, /e/, and /i/ in blue, red, 750 

and yellow, respectively. Data are plotted in a histogram (upper panel) as well as in the form of a 751 

cumulative distribution function (CDF; lower panel).  752 

 753 

Figure 7. Averaged localized interval rate schemes. A – C) Averaged localized interval rate (ALIR) 754 

schemes plotting the average ISIH FFT amplitude around each harmonic of f0 for fibers with a BF 755 

within +/- 0.5 octave of the respective f0 harmonic, for response to the vowels /a:/ (panel A), /e/ 756 

(panel B), and /i/ (panel C). Formant frequencies are indicated by dashed lines and f0 is indicated as 757 

a dotted line for each vowel ALIR scheme.  758 

 759 

Figure 8. Examples of the PSTH of two fibers during the presentation of the vowel /e/. A) This is an 760 

example of a highly fluctuating response. The fiber’s BF is far away from the formant frequencies of 761 

the vowel /e/ (at 8.3 kHz). B) This is an example of a flat response, showing little fluctuation. The 762 
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fiber’s BF is close to f2 (BF = 2.8 kHz, f2 = 2.5 kHz). Both responses derived from high-SR fibers. 763 

Fluctuation metrics CV (coefficient of variation) and RC (rate change) are close to twice as high for 764 

the fluctuating (panel A) compared to the flat response (panel B). The x-axis represents the time in 765 

seconds relative to the start of the complete stimulus. Only the vowel’s analysis window is shown. 766 

Bin width is 0.49 ms (1 / 8*f0). Bin height represents the average discharge rate.  767 

 768 

Figure 9. Fluctuation amplitude profiles. A – C) Coefficients of variation (CVs) of responses to the 769 

vowels /a:/ (panel A, n = 39 [n = 10 low-SR fibers]), /e/ (panel B, n = 33 [n = 8 low-SR fibers]), and /i/ 770 

(panel C, n = 24 [n = 4 low-SR fibers]) as a function of the fiber’s BF. D – F) Rate change, calculated as 771 

the mean absolute difference between each bin height divided by the mean bin height of the PSTH, 772 

of the three presented vowels. Vowels and unit numbers for panels D – F are the same as in panels A 773 

– C, respectively. Note that the ordinate is plotted in reverse direction, meaning that lower CVs and 774 

rate change values, referring to less fluctuation in the PSTH and thus putatively better formant 775 

representation, are higher in the graph. Moving averages of high-SR and low-SR fibers are plotted as 776 

solid and dashed lines, respectively. Formant frequencies are indicated by dashed vertical lines and 777 

f0 as a dotted line for each vowel.  778 

 779 

Figure 10. Rate-based excitation patterns. A – C) Rate-based excitation patterns of AN fiber 780 

responses to the vowels /a:/ (panel A, n = 39 [n = 10 low-SR fibers]), /e/ (panel B, n = 33 [n = 8 low-781 

SR fibers]), and /i/ (panel C, n = 24 [n = 4 low-SR fibers]) plotted as a function of the fiber’s BF. 782 

Moving averages of high-SR and low-SR fibers are plotted as solid and dashed lines, respectively. 783 

Formant frequencies are indicated by dashed vertical lines and f0 as a dotted line for each vowel.  784 

  785 
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