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Abstract: Consonants facilitate lexical processing across many languages, including French. This study investigates whether
acoustic degradation affects this phonological bias in an auditory lexical decision task. French words were processed using an
eight-band vocoder, degrading their frequency modulations (FM) while preserving original amplitude modulations (AM).
Adult French natives were presented with these French words, preceded by similarly processed pseudoword primes sharing
their vowels, consonants, or neither. Results reveal a consonant bias in the listeners’ accuracy and response times, despite the
reduced spectral and FM information. These degraded conditions resemble current cochlear-implant processors, and attest to
the robustness of this phonological bias. VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Current auditory rehabilitation technologies capitalize on psychoacoustic models that describe how the typical auditory
system extracts the acoustic components of speech. This processing is thought to result from the action of a series of filters
extracting spectral information from base to apex within the cochlea. At the output of each cochlear filter, sounds are then
modelled as a series of narrowband signals modulated in amplitude over time. Two time scales have been identified in
auditory processing: a relatively slow one, called amplitude modulation (AM or temporal envelope), and a faster one corre-
sponding to the variations in instantaneous frequency close to the center of the frequency band, called frequency modula-
tion [FM or temporal fine structure; see Moore (2004)].

Cochlear implants (CIs) are offered to individuals with profound sensorineural hearing loss to restore hearing to
a certain level via electrodes implanted within the cochlea. CI processors deliver the AM cues of the original signal via a
limited number of (relatively) broad spectral channels (Shannon, 2012). Acoustic simulation results compared to speech
perception performance of CI users indicate that the independent number of channels for information transmission varies
between four and eight channels (Friesen et al., 2001; Fu and Nogaki, 2005). Moreover, CI processors do not explicitly
transmit the FM cues of the original signal; these are instead replaced by a fixed train of electrical pulses whose amplitude
is modulated by the original AM cues. As a result, the output signal delivered by CIs is severely impoverished in both
spectral and fine temporal resolution compared to the original signal.

A wealth of studies aiming at simulating CI processing in listeners with normal hearing have used speech analysis
algorithms, called vocoders, to selectively extract the temporal modulations of original speech (AMþ FM) in a given number
of spectral bands. By reducing the number of spectral bands and/or selectively degrading the AM/FM components in each
band, one can assess the specific role of spectral and temporal information in speech perception for normally hearing partic-
ipants (Drullman et al., 1994; Shannon et al., 1995; Smith et al., 2002). This body of work shows that normal-hearing listen-
ers obtain near perfect word identification scores in quiet when FM cues are reduced and only AM cues are preserved in 4
broad spectral bands. Thus, listeners with normal hearing are able to rely only on slow temporal cues to correctly identify
speech in quiet, and succeed under conditions that simulate current CI processors (Shannon et al., 1995).

Interestingly, the effect of vocoder degradation (spectral cues, FM and AM cues) appears to affect differently the
performance of vowel and consonant identification. Consonant identification appears to be less affected by spectral degra-
dation than vowel identification, with relatively good performance observed when only 8 bands were preserved for
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consonants, in contrast to the 12 bands necessary to achieve similar performance with vowels (Xu et al., 2005). The oppo-
site pattern is observed for temporal degradation, as filtering out AM cues above 16Hz drastically affects consonant identi-
fication, while a comparable impact is first observed at a cut-off of 4Hz for vowels (Xu et al., 2005). These vocoder studies
with normal-hearing listeners usually consist of sentence recognition tasks (Shannon et al., 1995) or phoneme recognition
tasks that allow extracting confusion matrices of target phonemes (Xu et al., 2005; Xu and Zheng, 2007). Importantly,
these previous psychoacoustic studies have not yet examined the role of a phonological bias well attested in psycholinguis-
tic research: the facilitatory role of consonants as compared with vowels in lexical processing.

Consonants and vowels have been proposed to play distinct roles in language processing, with consonants being
more important than vowels in lexical processing and vowels being more important than consonants in prosodic-syntactic
processing (Nespor et al., 2003). The phonological bias known as consonant bias in lexical processing has been observed in
numerous languages (though possibly not all, see data on Mandarin and Cantonese) and across auditory, or phonologically
related tasks [see Nazzi and Cutler (2019) for a review]. Indeed, when learning new pairs of pseudo-words, adult listeners
confuse two pseudo-words more often when they share the same consonants than when they share the same vowels (Creel
et al., 2006; Escudero et al., 2016; Havy et al., 2014). When asked to change the phonemes of a pseudo-word to obtain a
real word, listeners are faster and change more often its vowels compared to its consonants (Van Ooijen, 1996). In seg-
mentation tasks of continuous speech using artificial languages, listeners are better at extracting words when transitional
probabilities link common consonants than common vowels (Bonatti et al., 2005). In lexical decision tasks, in which listen-
ers are asked to determine whether a word presented auditorily is a real word or not, the presence of an auditory pseudo-
word prime sharing consonants with the target word decreases response times compared to vowels (Delle Luche et al.,
2014). This facilitatory effect of consonants for lexical processing emerges very early in development [in the first 1 or
2 years of life, although the exact timing varies across languages (Nazzi and Cutler, 2019)], and has been proposed to boot-
strap lexical acquisition (Nishibayashi and Nazzi, 2016).

To date, the robustness of this consonant bias in lexical processing has not been tested under acoustically
degraded conditions for listeners with normal hearing. The current study thus examines whether this bias survives specific
acoustic degradations of fine spectro-temporal modulations that imitate the listening conditions of individuals with senso-
rineural hearing loss using CIs. Note that while AM-vocoders with reduced spectral resolution simulate CI processors
(Friesen et al., 2001; Zeng et al., 2005), performance of normally hearing listeners cannot be entirely generalized to hearing
impaired listeners using CIs, as further auditory processing may be affected along the auditory pathway in the case of sen-
sorineural hearing loss. Nonetheless, it is essential to determine whether this phonological bias is observed under acousti-
cally degraded speech conditions, given its well-established role in lexical acquisition and processing in normal-hearing
infants and adults.

In the present study, we test whether fine spectro-temporal degradation affects the consonant bias in a lexical
decision task using auditory priming. To do this, we replicated a lexical decision study by Delle Luche et al. (2014), in
which a consonant bias in French adult listeners is reported when presented with non-degraded, intact speech. They pre-
sented listeners with targets with two possible syllabic structures, CVCV or VCVC (where C: consonant, V: vowel), pre-
ceded by one of three possible types of primes: primes sharing only the consonants with their targets, primes sharing only
their vowels, or totally unrelated primes sharing neither. Delle Luche and colleagues found faster response times in targets
preceded by primes with shared consonants, i.e., a facilitatory effect of consonants or consonant bias, although, it was lim-
ited to targets with a VCVC structure. Meanwhile, a facilitatory effect of vowels (i.e., faster response times) caused by a
rhyme bias was found in CVCV targets. In addition, they found faster response times, i.e., an overall facilitatory effect, in
VCVC words.

We assessed the effect of fine spectro-temporal degradation on the robustness of the consonant bias in word rec-
ognition. Specifically, we degraded the original stimuli of Delle Luche et al. (2014) by extracting AM cues in eight broad
spectral bands and replacing FM cues with a pure tone in each band [tone-excited vocoders have been shown to distort
less AM cues than noise-excited vocoders (Kates, 2011)]. This manipulation is thought to roughly simulate current CI pro-
cessors. If, as found in sentence repetition and syllable identification tasks (Shannon et al., 1995; Xu et al., 2005), such deg-
radation of FM cues and spectral resolution affects identification of vowels to a greater extent than consonants, and given
the consonant bias found in Delle Luche et al. (2014) with intact speech, we expected to observe a consonant bias in this
experiment.

2. Methods

2.1 Participants

Forty-two native French speakers (24 females, 18 males; mean age: 23.55 years, range 20–30 years) took part in the experi-
ment, which was conducted at the Universit�e Paris Cit�e’s Integrative Neuroscience and Cognition Centre. All participants
reported no language or hearing impairment and received a 5 e compensation for their participation. Informed consent
forms were obtained from all participants.
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2.2 Stimuli and design

Stimuli consisted of the set originally created and used by Delle Luche et al. (2014), which comprised 192 disyllabic items.
Of these, 48 were French nouns selected from the database LEXIQUE 3.70 (New et al., 2001). Half had a CVCV structure
(C: consonant, V: vowel; e.g., d�epôt), the remaining half a VCVC structure (e.g., endive). These subsets were matched in
their frequency, phonological and orthographic Levenshtein distances and unique points [see Delle Luche et al. (2014),
Appendix 1]. Another 48 items consisted of distracter words also selected from LEXIQUE, which had the same proportion
of tokens beginning with consonants and vowels but differing phonological structures (e.g., facteur, objet). The remaining
96 items consisted of non-words generated by the trigram tool of the LEXIQUE Toolbox (New et al., 2001). These non-
words had the same proportion of C- and V-tokens and respected French phonotactics (e.g., banto, piskure, ebis, inpu).

During the study, the 192 targets were preceded by primes (see Fig. 1). A third of the primes shared only their
vowels with the target (i.e., vowel-related condition, henceforth V-related; e.g., prime: z�erai/ze�E/, target: d�elai/delE/).
Another third shared only their consonants with the target (i.e., consonant-related condition, henceforth C-related; e.g.,
prime: dipou /dipu/, target: d�epôt /depo/). The remaining third did not share any phonemes with their target (i.e., unre-
lated condition; e.g., prime: datu /daty/, target: bandit /b~adi/). None of the primes were real French words and the trans-
formation of the phonemes corresponded to one (82.3%) or two feature changes (17.7%). Distribution of the three prime
types was balanced across targets, distractors and non-words. All stimuli were recorded by a French native speaker (at a
sampling rate of 22.050 kHz, with 16 bit resolution). In summary, the study comprised 6 conditions (3 prime types� 2 syl-
labic structures), with 32 items per condition. However, following Delle Luche et al, (2014), we analyzed only the 48 target
real French words (8 targets per condition� 3 prime types� 2 syllabic structures).

In order to alter the spectro-temporal modulations of the stimuli, we processed them with a vocoder similar to
the one used in Cabrera et al. (2014), degrading their spectral resolution and FM cues. Spectral resolution was reduced by
passing each speech sound through a bank of 8, fourth-order gammatone filters, each 4-ERBN-wide with center frequency
uniformly spaced along an ERBN-number scale ranging from 80 to 8020Hz. The ERB scale (Glasberg and Moore, 1990;
Moore, 2003) allows simulation of the bandwidth of cochlear filters of the normal ear. ERBN corresponds to the average
equivalent rectangular bandwidth of the auditory filter, as determined using young normally hearing listeners tested at
moderate sound levels (Moore, 2007). The goal of the present study was not to replicate the frequency map of CI devices,
which may differ between brands and users, but rather to use an estimate of normal cochlear filters.

The Hilbert transform was applied in each bandpass filtered speech signal to extract the AM and FM compo-
nents. The AM was lowpass-filtered using a zero-phase Butterworth filter [36 dB/octave roll-off, see Ardoint and Lorenzi
(2010) and Cabrera et al. (2014)] and a cut-off frequency of ERBN/2. The ERBN corresponded to that of the normal
cochlear filter tuned to the geometric center of the 4-ERBN wide gammatone filter. The original FM carriers were replaced

Fig. 1. Spectrograms depicting the acoustic degradation of the stimuli. The figure depicts one of the 48 targets used in the study (moulin, /mulı̃/)
and its 3 corresponding pseudo-word primes: a C-related prime, in which consonants are preserved but vowels changed (molon, /mol~o/), a
V-related prime, in which vowels are preserved but consonants changed (bounin, /bunı̃/), and an unrelated prime in which both consonants and
vowels are changed (bonon, /bon~o/). The upper panel depicts their corresponding spectrograms in unprocessed, intact speech, as used by Delle
Luche et al. (2014), while the lower panel depicts their fine spectro-temporally degraded version used in the present experiment.
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by sine wave carriers with frequencies at the center frequency of the gammatone filters, and with random starting phase in
each analysis band. In each band, the new carrier was multiplied by the filtered AM function. The eight modulated speech
signals were then added up and the level of the resulting speech signal was equalized in root mean square value as the
input signal.

2.3 Procedure

Participants were tested individually in a quiet room and stimuli were presented using E-Prime 2.0 software (Psychology
Software Tools) through headphones calibrated at 65 dB SPL. The study consisted of 192 trials and followed the procedure
of Delle Luche et al. (2014). Thus, trials began with a fixation cross-presented at the center of the screen (500ms).
Participants then heard the prime, followed by the target (ISI: 10ms). The trial ended 1500ms after target offset or when
the participant provided a response. Participants’ task consisted of determining whether the second “word” they heard in
each trial was or not a real French word, by pressing one of two buttons. The study began with 12 practice trials during
which participants received feedback of their accuracy and response times. We used the three lists created by Delle Luche
et al. (2014), in which prime-target pairs rotated (pseudo Latin-square design) to ensure that a given target was primed by
only one prime condition in each list, but by all three conditions across the three lists. Items were pseudo-randomized
within lists, so that no more than three words or non-words appeared consecutively. Each participant was presented with
a single list. Therefore, each list was presented to 14 participants. Participants could take a pause after the first 96 trials,
and the experiment had an average total duration of 20min.

3. Results

3.1 Accuracy

Following Delle Luche et al. (2014), this and all subsequent analyses were limited to the 48 target real French words (for a
total of 2016 data points: 48 items� 42 participants). While at the group level all targets were tested in the 3 prime condi-
tions, each participant contributed only 8 targets per condition (6 conditions: 3 prime types� 2 syllabic structures), due to
the study’s pseudo Latin-square design (for a total of 336 data points per condition).1 All analyses were conducted in R

(version 4.1.1., R Core Team, 2019). We fitted generalized linear mixed effects models (lme4 package) with logit link. We
began by fitting the conceptually most complex model, which explained the binomial dependent variable Accuracy (correct
vs incorrect), with Prime type (consonant-related, vowel-related, unrelated), Syllabic Structure (CVCV vs VCVC) and their
interaction as fixed effects, Subject and Item as random factors, and allowed Prime type and Syllable Structure to vary ran-
domly by Subject, and Prime type to vary by Item. We then built decreasingly complex models, running analyses of var-
iances (ANOVAs) to compare pairs of models. The simplest model that fitted the data (i.e., the final model2) included the
fixed effects of Prime type and Syllabic Structure, and the random factors of Subject and Item. The goodness of fit of the
model was confirmed using the diagnostics available in the DHARMa library (Hartig, 2022). Using the function Anova
(car package), we observed significant effects of Prime type [v2(2)¼ 7.66, p¼ 0.022] and Syllabic Structure [v2(1)¼ 5.08,
p¼ 0.024], which we further analyzed using marginal means (emmeans package) and Holm correction for multiple com-
parisons whenever applicable.

Analysis of Prime type showed that participants’ accuracy was significantly above chance in all three conditions
(p� 0.001 for all three conditions), but revealed significantly greater accuracy in targets with C-related primes (69%) as
compared with unrelated primes (63.7%) (OR¼ 0.708, SE¼ 0.092, z-ratio¼ –2.653, p¼ 0.024). Comparison of targets with
C- and V-related (64.4%) primes was not significant (OR¼ 0.766, SE¼ 0.100, z-ratio¼ –2.052, p¼ 0.080), and neither was
the comparison of targets with V-related and unrelated primes (OR¼ 1.082, SE¼ 0.138, z-ratio¼ 0.617, p¼ 0.537). In
turn, analysis of Syllabic Structure showed that accuracy was significantly above chance in both structures (both
p� 0.001), but revealed significantly greater accuracy in VCVC targets (71.3%) as compared with CVCV targets (60.1%)
(OR¼ 0.559, SE¼ 0.150, z-ratio¼ –2.173, p¼ 0.030) (see Fig. 2).

3.2 Response times (RTs)

As in Delle Luche et al. (2014), incorrect responses (k¼ 691, 34.28%) and outliers (i.e., RTs greater than 62.5 SD from
the grand and individual means, k¼ 25, 1.24%) were discarded from analysis. The remaining 1300 data points (64.48%)
entered the analysis. We fitted linear mixed effects models (lme4 package). We first fitted the conceptually most complex
model (identical to the one reported in the accuracy analysis above), and then step-by-step fitted decreasingly complex
models. The model that best fitted the data (i.e., the final model3) included the interaction between Prime type and
Syllabic Structure, and the random factors Subject and Item (RMSE¼ 163ms). The function Anova revealed significant
effects of Prime type [v2(2)¼ 11.80, p¼ 0.003] and Syllabic Structure [v2(1)¼ 12.43, p< 0.001] and their interaction
[v2(2)¼ 7.89, p¼ 0.019]. We analyzed this interaction further using marginal means (emmeans package, R) and Holm cor-
rection for multiple comparisons, which revealed slower response times to targets with V-related primes (mean: 1081ms),
that is, primes with different consonants than their targets, as compared with C-related [mean: 1027ms, t(1226)¼ 3.970,
p< 0.001] and unrelated primes [mean: 1053ms, t(1220)¼2.800, p¼ 0.026], but only in targets with a VCVC structure.
All other comparisons were not significant (p� 0.319) (see Fig. 2).
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3.3 Summary of results

The results of the accuracy and response times analyses suggest, as predicted, the presence of a consonant bias in spite of
the fine spectro-temporal degradation of the stimuli. Participants: (1) were more accurate at identifying whether a target
was a real French word or not when it was preceded by a prime sharing the same consonants as compared with a prime
sharing no segments, (2) responded more slowly when targets were preceded with primes with different consonants as
compared with primes with different vowels and unrelated primes, although this was limited to targets with a VCVC
structure. In addition, we found a facilitatory effect of VCVC targets, as revealed by participants’ greater accuracy com-
pared to CVCV tokens.

4. Discussion

In an auditory priming lexical decision study, we investigated whether a consonant bias, found in a lexical decision task
using intact speech (Delle Luche et al., 2014), is also observed when replicating the same experiment in acoustically
degraded speech conditions. French native adults listened to speech with degraded spectral and temporal FM cues.
Previous literature on other areas of speech perception reports that spectral degradation particularly impacts vowel identifi-
cation, as compared with consonant identification (Xu et al., 2005). Therefore, we predicted a consonant bias. The results
fulfilled our predictions: although overall accuracy was lower than with the original stimuli [4.76% errors in Delle Luche
et al. (2014) vs 34.26% in the present study], we found greater accuracy—i.e., a facilitatory effect—for targets sharing their
consonants with the primes, and slower response times—i.e., a hindering effect—when targets and primes had different
consonants.

The consonant bias is argued to play an important role in lexical processing and acquisition in normal-hearing
individuals in numerous languages including French. Our results reveal—for the first time—that this bias is preserved for
normally hearing listeners under acoustically degraded speech conditions that simulate cochlear-implant processors of indi-
viduals with sensorineural hearing loss. Hence, the acoustic information provided to CI users might be enough for post-
lingually deafened adults to have the same consonant bias facilitating lexical processing as normally hearing adults,
although direct evidence should be gathered on this issue in the future. If confirmed, it would be interesting to determine
whether poor performers rely less on this phonological bias. Furthermore, investigating potential effects of electrode-
neuron interfaces (e.g., electrode-neuron distance, intracochlear resistance, neural health) on this bias would also be of
high interest, as variations in their quality have been shown to impact the identification of place of articulation as well as
of vowels (Arjmandi et al., 2022; DiNino et al., 2016). Such individual evaluations may lead to a better identification of
the phonetic features not well perceived by CI users, and their perceptual strategies for word recognition. These results
may in turn inform current speech and language therapies, as well as signal processing strategies.

The results of the present experiment overall establish that the consonant bias found by Delle Luche et al.
(2014) using intact speech extends to conditions of speech with degraded spectral and FM cues. Yet, the pattern of results
was not entirely identical in both experiments. First, the consonant bias in Delle Luche et al. (2014) was found in the lis-
teners’ response times, but not in the accuracy of their responses. This difference is presumably due to ceiling effects with
intact speech (mean accuracy: 95.2%). Fine spectro-temporal degradation of the stimuli in the present experiment lowered
mean accuracy to 65.7% (which was still significantly above chance), which in turn allowed the observation of the conso-
nant bias on that measure. Second, both Delle Luche et al. (2014) and the present experiment find a significant interaction
between Prime type and Syllabic Structure, with evidence of a consonant bias only in targets with a VCVC structure.

Fig. 2. Mean accuracy (left) and response times (right). Left panel: The box-and-whisker plots depict participants’ median accuracy per condi-
tion (depicted by the central line within each box-plot), out of 8 trials, as well as the group’s upper and lower quartiles. Right panel: The Box-
and-whisker plots depict participants’ median response times in trials with correct responses and the corresponding quartiles. Within plots,
accuracy/response times are presented for each of the 3 Prime type conditions (C-related, V-related, unrelated, in red, green and blue box-
plots, respectively) for both CVCV and VCVC tokens. The diamond shape within box-plots depicts the mean.
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Yet, Delle Luche et al. (2014) report faster response times in targets with C-related primes, while in the present experiment
we observe slower response times in targets with V-related primes, i.e., those in which consonants are not preserved.
Despite this difference, both patterns reveal an advantage of consonants in participants’ lexical processing. Third, Delle
Luche et al. (2014) additionally found evidence of a rhyme bias yielding a facilitatory effect of vowels (i.e., a vocalic bias) in
CVCV tokens. Rhymes consist of a word’s stressed vowel and subsequent phonemes. Although French does not have lexical
stress, word endings are marked by lengthening, such that in CVCV tokens, rhymes comprise only the final vowel, which is
shared with their V-related primes. Delle Luche et al. (2014) found that while a consonant bias is clearly found in the
VCVC targets, the rhyme bias is stronger that the consonant bias in the CVCV targets, showing a vowel advantage. The
absence of a vowel advantage in the present experiment provides supporting evidence to the proposal that fine spectro-
temporal degradations hinder vowel recognition more than consonant recognition (Shannon et al., 1995; Xu et al., 2005).

Accuracy analysis revealed a facilitatory effect of VCVC structures, as participants were more accurate when pre-
sented with VCVC as compared with CVCV targets. This advantage matches the findings of Delle Luche et al. (2014), who
report faster response times to VCVC words. The advantage for vowel-initial tokens does therefore not originate from the
degradation of the signal. Delle Luche et al. (2014) do not provide a potential explanation for this advantage. We put for-
ward a tentative explanation for it. Word onsets have a special status in spoken word recognition (Vitevitch, 2002), and
vowel recognition is more robust than consonant recognition both in intact speech as well as in degraded conditions, such
as in speech in noise (Cutler et al., 2004; Meyer et al., 2010). The combination of these two factors, added to the fact that
only 20% of words in French begin with a vowel [29 119 out of 142 694 entries in the database of French words LEXIQUE,
version 3.83 (New et al., 2001)], could explain the facilitatory effect found in VCVC as compared with CVCV tokens.

While spectral degradation primarily affects vowel identification, removing the faster AM cues from the speech
signal has been shown to particularly affect consonant recognition (Xu et al., 2005). In the supplementary material1 we
report the results of a study in which we assessed the cumulative effect of temporal degradation on the robustness of the
consonant bias in word recognition, by further degrading the AM cues of the stimuli used in the present experiment.
Specifically, we filtered out the fast AM components [>16Hz, cutoff frequency used by Shannon et al. (1995) and Xu
et al. (2005)]. As predicted, there was no evidence of a consonant bias in the participants’ accuracy or in their response
times. Note, however, that there was an acute drop in participants’ mean accuracy to chance levels (48.9%), which prevent
us from drawing any definitive conclusion. Future research will seek to determine the impact of temporal degradation and
the effect of number of bands on the consonant bias in word recognition.

5. Conclusion

Consonants facilitate adult listeners’ lexical processing to a greater extent than vowels in most languages, and this conso-
nant bias is argued to play an important role in lexical processing and acquisition. In an auditory priming lexical decision
experiment in French, a language with a clear consonant bias, we show that this consonant bias is also observed when
only AM cues are preserved in eight broad spectral bands (thus, reducing fine spectro-temporal modulations of speech), a
sound condition mimicking cochlear implant processors. This result suggests that current cochlear implants might allow
users to rely on similar strategies as non CI users, at least for this aspect of lexical processing.
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