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The importance of temporal‑fine 
structure to perceive 
time‑compressed speech 
with and without the restoration 
of the syllabic rhythm
Robin Gransier *, Sara Peeters  & Jan Wouters 

Intelligibility of time‑compressed (TC) speech decreases with increasing speech rate. However, 
intelligibility can be restored by ‘repackaging’ the TC speech by inserting silences between the 
syllables so that the original ‘rhythm’ is restored. Although restoration of the speech rhythm affects 
solely the temporal envelope, it is unclear to which extent repackaging also affects the perception 
of the temporal‑fine structure (TFS). Here we investigate to which extent TFS contributes to the 
perception of TC and repackaged TC speech in quiet. Intelligibility of TC sentences with a speech rate 
of 15.6 syllables per second (sps) and the repackaged sentences, by adding 100 ms of silence between 
the syllables of the TC speech (i.e., a speech rate of 6.1 sps), was assessed for three TFS conditions: the 
original TFS and the TFS conveyed by an 8‑ and 16‑channel noise vocoder. An overall positive effect 
on intelligibility of both the repackaging process and of the amount of TFS available to the listener 
was observed. Furthermore, the benefit associated with the repackaging TC speech depended on 
the amount of TFS available. The results show TFS contributes significantly to the perception of fast 
speech even when the overall rhythm/envelope of TC speech is restored.

Speech perception is facilitated by the integration of different speech segments over time. Running speech can 
be characterized by two acoustic temporal features, namely the temporal envelope (E; also referred to as the 
amplitude envelope) and the temporal fine structure (TFS)1. Whereas the former provides information about the 
timing and intensity of the articulated speech segments, the latter provides information about temporal changes 
of the place and manner of the articulated speech segments (i.e., the spectral changes over time)2. Although 
normal-hearing listeners can perceive speech in quiet based on either the E or the TFS, speech perception in quiet 
based on the E is highly  robust3–6. Furthermore, the E is used in cochlear implants to enable speech perception for 
the severely-hearing  impaired7. However, speech perception based purely on the E is insufficient when listening 
conditions become challenging, e.g., when speech is presented in noise or when a competing talker is present. 
In these cases, access to the TFS, in addition to the E features benefits speech  perception8–12.

Most studies that investigate the contribution of the E and TFS to speech perception leave the timing of the 
individual speech segments intact. However, the importance of the timing of the individual speech segments 
is clear from studies that manipulate E, for example by increasing the speech  rate13–15. Time compression, in 
which the speech rate is increased, but the TFS is kept  intact16, is often used when investigating the upper limit 
of temporal processing for speech  perception17–19. Although the upper limit of young normal-hearing listeners to 
perceive 50% of the time-compressed (TC) speech ranges from 11 to 16 syllables per second (sps)17–19, it is also 
characterized by a large inter-subject  variability17,20. Furthermore, a reduced ability to perceive TC speech—not 
related to any peripheral hearing deficits—is associated with advancing  age19,21,22 and central auditory process-
ing  deficits23.

It has been hypothesized that the ability to perceive fast speech is limited by the cortical processing 
 mechanisms14,24,25. Ghitza and  Greenberg14 postulated that the decline in intelligibility with increasing speech 
rate is the result of a disruption in the syllabic rhythm beyond the limits of what the cortical processing mecha-
nisms can handle. This hypothesis is in line with the spectro-temporal excitation pattern (STEP) model of 
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 Moore26, which assumes that the cortex maps incoming sounds with its internal representations. In case the 
incoming speech signal violates these internal representations, intelligibility is affected. Interestingly, Ghitza and 
 Greenberg14 found that the intelligibility of TC speech can be significantly improved when silences are inserted 
between the TC speech segments so that the syllabic rate is restored to normal. In the conceptual TEMPO 
 framework14,24,27,  Ghitza24 hypothesized that this ‘repackaging’ process enables an optimal match between the 
spectro-temporal modulations and a cascade of neural oscillators that parse and decode the different E and 
TFS of the speech signal. In the TEMPO framework, a theta oscillator (4–10 Hz) that synchronizes to the E, is 
assumed to drive a cascade of neural beta (16–40 Hz) and gamma (> 60 Hz) oscillators which in turn parse and 
decode the speech signal at a more fine-grained level (i.e., the TFS). Several studies have found that when the E 
modulations of TC speech exceed the operating range of the theta oscillator, speech perception  deteriorates17–19,25. 
These findings are in line with electrophysiological studies that found that the auditory cortex is more efficient 
in processing low-frequency temporal fluctuations compared to high-frequency temporal  fluctuations28–30. In 
addition, Ahissar et al.15 reported that the ability of the auditory cortex to phase lock to the E of speech was 
reduced or absent in people with dyslexia who were not able to perceive speech presented at fast rates. Less is, 
however, known about the importance of the TFS on the intelligibility of TC speech and how it contributes to 
the intelligibility of repackaged TC speech.

One could hypothesize, within the scope of the TEMPO framework, that if the theta oscillator is not perfectly 
in sync with the E, the beta and gamma oscillators, that operate -although not optimally synchronized- at a 
much higher sampling frequency are still able to decode parts of the TFS. As a result, intelligibility of TC speech 
would significantly be impacted when the access to the TFS is limited, as is the case for vocoded speech or speech 
transmitted by cochlear  implants18. Furthermore, this hypothesis suggests that when the theta oscillator is in sync 
with E, the cascade of oscillators is optimally synchronized to parse and decode the TFS, and hence intelligibility 
of (repackaged) TC speech depends both on the E and TFS content in the speech signal. Here we investigated 
this hypothesis by assessing to which extent TFS affects the ability to perceive TC and repackaged TC speech. 
More specifically, we assessed the effect of a reduced spectral resolution on the ability of young normal-hearing 
adults to perceive TC and repackaged TC speech.

Methods
Participants. Fourteen young adults (mean age = 22.3 years, SD = 1.5 years, range = 20–25 years, male = 4) 
participated in the study. All participants reported normal hearing and had hearing thresholds ≤ 20 dB HL for 
octave frequencies ranging from 250 to 8000 Hz. Except for one subject who’s left-ear’s hearing threshold at 
250 Hz was 35 dB HL. The Ethics Committee of the UZ Leuven (University Hospital Leuven) approved this 
study (approval number: B322201941114). The research was performed in accordance with the applicable guide-
lines/regulations for testing on human subjects and in accordance with the Declaration of Helsinki. An informed 
consent was obtained from every participant before participating in the study.

Overview, stimuli, and procedure. Noise vocoders were used to assess to which extent the availability of 
TFS in the speech signal affects the ability to perceive TC and repackaged TC speech. The intelligibility of the TC 
sentences and repackaged TC sentences was assessed for three different spectral conditions, namely the original 
spectral content and the reduction of the spectral content with either a 16-channel or an 8-channel noise voco-
der. The average speech rate to assess the effect of TFS on intelligibility was 15.6 syllables per second (sps) for the 
TC speech, whereas the repackaged TC speech had an average speech rate of 6.1 sps. In addition, in two control 
conditions we also assessed the intelligibility of the original speech rate (2.5 sps) and that of TC speech at a rate 
of 6.6 sps. These conditions were added as it is expected that all listeners were able to obtain a 100% intelligibil-
ity for these  conditions17. Furthermore, test–retest reliability was assessed for all conditions that contained TC 
speech (i.e., spectral content, time-compression, and repackaging).

The speech corpus of the Leuven Intelligibility Sentences Test (LIST)31 was used. The LIST corpus is specially 
designed to precisely assess speech perception in cochlear-implant users and therefore has an average syllabic 
rate of approximately 2.5 sps. It consists of 350 sentences across 35 lists of 10 sentences and each list has 32 or 
33 keywords that are used to score the keywords correctly understood. The LIST corpus was chosen since the 
sentences are comparable to those used in everyday encountered speech, it has an average number of 9 (SD = 2.2, 
range = 4–15) syllables per sentence, and the occurrence of the different phonemes in the corpus is comparable 
to that of Dutch  speech31. Furthermore, the LIST sentences are clear speech and thereby limit the effects of coar-
ticulation on speech  intelligibility32. An advantage of clear speech for this experiment is that it enables a better 
segmentation of the TC sentences into individual syllables. This in turn prevents potential artificial distortions 
that might have occurred during the segmentation and repackaging process. Some examples of the LIST corpus 
are (English translation between brackets): “Het vliegtuig stortte neer” (“The airplane crashed”), “Er is genoeg 
plaats op de bank” (“There is enough space on the couch”), and “Aardbeien zijn zomervruchten” (“Strawberries 
are summer fruits”).

Sentences were TC at two compression ratios, namely 0.4 and 0.166. The former compression ratio was cho-
sen, since we previously found that this is—by approximation—the highest compression rate where listeners 
are still able to obtain 100% intelligibility in  quiet17. Furthermore, the corresponding syllabic rate (i.e., 6.6 sps) 
is similar to the syllabic rate that has been reported to result in the largest intelligibility benefit when (fast) TC 
sentences were repackaged, by adding silences, to this  rate24,25. This compression rate was therefore used as a 
control condition in the experiments, as it was expected that all listeners would obtain a 100% intelligibility. The 
latter compression ratio was used in the main experiment and resulted in an average syllabic rate of 15.6 sps. This 
compression ratio was chosen as it corresponds to the average speech reception threshold (i.e., the compression 
ratio that results in a 50% correctly perceived keywords) when exactly the same speech corpus was assessed in a 



3

Vol.:(0123456789)

Scientific Reports |         (2023) 13:2874  | https://doi.org/10.1038/s41598-023-29755-x

www.nature.com/scientificreports/

group of nineteen young adults with normal  hearing17. We hypothesized that a compression ratio that resulted 
in an average intelligibility score of 50% would be optimal to assess whether the addition of silences would 
improve speech perception, while at the same time prevent a floor effect from happening in case of a potential 
degrading effect of spectral content on intelligibility. This compression ratio was therefore assumed to reduce 
the chance of any floor or ceiling effects from occurring in any of the conditions. Furthermore, the average syl-
labic rate after repackaging the syllables by inserting 100 ms silences resulted in an average syllabic rate of 6.1 
sps. This rate is similar to the syllabic rate of the control condition and to that of the repackaged syllabic rate 
reported in the literature that used the same experimental  paradigm14,25,33. For more details about the effect of 
the time-compression on the duration and the rate of the different speech segments, we refer to Gransier et al.17; 
i.e., the study where the TC version of the LIST corpus was first introduced and where the characteristics of the 
different speech segments as a function of compression ratio are described in detail.

TC speech was generated with the Pitch Synchronous Overlap and Add  algorithm34, as implemented in 
PRAAT 35. The Pitch Synchronous Overlap and Add algorithm was used as it shifts the modulation spectrum with 
increasing compression ratio to higher modulation frequencies, in contrast to non-uniform time-compression 
algorithms, but at the same time preserves the shape of modulation spectrum and the spectral features of the 
speech  signal16.

The repackaging of the TC speech with the added silences was done in PRAAT 35. First, each TC sentence was 
manually segmented in individual syllables. Segmentation was done at zero-endpoints to prevent the introduc-
tion of artificial transients in the repackaged speech. Thereafter, 100 ms of silence was added after each syllable 
and all silence-included syllables were concatenated in the same order as the original speech. Figure 1A shows 
the waveforms of the control, the fast, and the repackaged fast sentence.

Sentences were vocoded using the same procedure as in Van Hirtum et al.36,37 and was done in MATLAB 
 R2016B38. Each sentence was first filtered in either eight (8-channel vocoder) or sixteen TFS channels (16-chan-
nel vocoder) using an analytical filter bank based on fourth-order Butterworth filters. The cutoff frequencies for 
the 8-channel vocoder were: 187.5, 437.5, 687.5, 1062.5, 1562.5, 2312.5, 3437.5, 5187.5, and 7937.5 Hz, whereas 
those for the 16-channel vocoder were: 187.5, 312.5, 437.5, 562.5, 812.5, 1062.5, 1312.5, 1562.5, 1812.5, 2187.5, 
2687.5, 3187.5, 3812.5, 4562.5, 5437.5, 6562.5, and 7937.5 Hz. Second, the TFS channels were half-wave rectified 
and filtered with a fourth-order Butterworth filter, with a cutoff frequency of 200 Hz, to extract the envelope of 
each channel. Third, individual noise channels were created by filtering a broadband noise carrier with the same 
filter characteristics as used to obtain the TFS channels of the speech signal. Individual noise channels were then 
modulated with the envelope of the corresponding TFS channel. Finally, the envelope-modulated noise chan-
nels were matched in level to their original in-band input and summed to create the vocoded speech signal (see 
Fig. 1B for the spectrograms of the different conditions).

In order to have enough speech material and at the same time to reduce the time needed to manually seg-
ment each of the TC sentences, which was needed to add the 100 ms silences to assess the restoration effect, we 
first randomly selected six lists from the LIST corpus (i.e., 6 × 10 sentences, selected lists: 10, 13, 18, 23, 30, and 
33). These sentences were TC at the fastest rate, then manually segmented, and the 100 ms silences were added 
between the segments. Second, nine lists, different to the six already selected lists, were then randomly selected 
from the LIST corpus (i.e., 9 × 10 sentences, selected lists: 6, 8, 9, 16, 21, 22, 25, 28, and 35). These nine lists were 
used to assess the intelligibility in the conditions in which no silence was added. Third, we used the one list of 
the LIST corpus that was not selected during the first two steps as a back-up list. This list was used in case any of 
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Figure 1.  (A) The time waveforms of the sentence “in de praktijk werkt het anders” (“in practice it works 
differently”) when TC with a compression rate (CR) of 0.4 (i.e., control condition) and 0.166 (i.e., fast 
condition), and the repackaged fast condition by adding 100 ms of silence between the syllables. (B) The 
spectrograms, of the same sentence as in (A), of the different TFS content for both the fast (left) and repackaged 
fast (right) sentences.
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the conditions needed to be reassessed due to e.g., technical issues. This only happened once in the whole study. 
This selected speech corpus was large enough to assess each condition with an unique list in each participant.

Prior to each experiment (i.e., per participant) we randomly assigned each list from the preselected corpus, 
as described above, to each condition. For example, for one participant, the list used to obtain the intelligibility 
scores for each of the six conditions that assessed the effect of spectral content on the improvement in intelligi-
bility, when the 100 ms silent gaps were added between the syllables of the TC sentences, were 13, 33, 10, 18, 30, 
and 23, for respectively the condition 0.166 CR 8-Channel Vocoded Test, 0.166 CR 16-Channel Vocoded Test, 
0.166 CR Original Test, 0.166 CR 8-Channel Vocoded Retest, 0.166 CR 16-Channel Vocoded retest, and 0.166 
CR Original retest. Whereas for another participant the list 18, 30, 23, 10, 13, and 6, was used to assess these 
conditions, respectively. As a result, each condition was assessed with an unique list, and the list used to assess 
the different conditions differed across subjects. This approach was chosen so that the results were not biased by 
a specific combination of list (i.e., specific sentences) and condition (e.g., number of channels * speech rate) on 
the overall results. The expected bias, however, is assumed to be negligible given that the sentences were drawn 
from a normalized corpus of sentences equal in spectral and temporal  content31.

Table 1 shows the different conditions that were assessed in a single 1.5- to 2-h session. The original-speech 
rate and original-spectral content condition was included since normal-hearing listeners easily achieve 100% 
intelligibility when listening to these sentences in quiet 31. Therefore, any subject that would not be able to achieve 
a 100% intelligibility was assumed to have suprathreshold hearing deficits and would therefore be excluded in 
the analyses. However, this was not the case in the present study. Conditions (i.e., a single condition was assessed 
with one list) were assessed in two separate blocks and in between blocks there was a small break. In the first 
block, all conditions were presented in pseudo-random order. We refer in the following to the data collected in 
the first block as the test data. In the second block, all the TC conditions were assessed for a second time but in a 
different pseudo-random order, we refer to this data in the following as the retest data. By assessing speech intel-
ligibility for the TC conditions twice (i.e., test and retest) we were able to assess whether short-term familiarity 
with the speech material affected the intelligibility of the TC and repackaged TC sentences. For both the test and 
retest, the pseudo-randomization of the conditions differed across participants so that no effect of presentation 
order could affect the results.

All conditions were presented in half of the study group to the left ear, whereas in the other half of the study 
group all conditions were presented to the right ear. Which ear was tested per participant was pseudo-randomly 
determined. This was done to exclude any potential bias of ear of stimulation.

After hearing each sentence the participants were asked to repeat aloud what they had heard. The intelligibility 
score per list was based on the number keywords correctly recalled.

The Apex experimental  platform39, interfacing with a RME Fireface UC, and connected to Sennheiser 
HDA200 headphones was used to present the speech material to the participant. The speech sentences, in all 
conditions, were presented at an A-weighted sound pressure level of 65 dB re 20 µPa. The sound emitting system 
was calibrated with a sound level meter [Brüel and Kjær (B&K)-type 2250] connected to a ½ in. microphone 
(B&K—type 4192) which was placed in an artificial ear (B&K—type 4153).

Statistical analysis. All statistical tests were carried out in R (version 4.1.1)40. In the following we report 
speech intelligibility as the percentage keywords correctly recalled. For the statistical analysis of normality and 
the post-hoc tests the percentage keywords correctly recalled were transformed to rationalized arcsine units 
(RAU) 41. Normality of the data was confirmed by Q–Q plots and Shapiro–Wilk tests, and the homogeneity by 
means of residual plots.

A t-test was used to assess the effect of speech rate on the intelligibility between the control condition (syllabic 
rate = 6.6 sps) and the speech rate used in the main experiment (syllable rate = 15.6 sps).

A repeated-measures ANOVA with the percentage keywords correct as dependent variable, subject as between 
variable, and adding silences, spectral content, and measurement (test/retest) as within variables was used to 
assess the effect of amount of TFS available to the listener and the repackaging effect on the intelligibility of TC 
speech. Greenhouse–Geisser correction was used in case the Mauchly’s test indicated that the assumption of 
sphericity had been violated. Pairwise-T tests based on the RAU scores were used in the post-hoc comparisons. 
The post-hoc analysis assessing the interaction between the effect of adding silences and spectral content was 

Table 1.  The different conditions assessed during the experiment. Each condition was assessed with a single 
list consisting of ten sentences. a Condition was assessed both in the test and retest assessment.

Speech rate Spectral content Silence added

Original Original No

0.4  CRa Original No

0.166  CRa 8-channel vocoder No

0.166  CRa 16-channel vocoder No

0.166  CRa Original No

0.166  CRa 8-channel vocoder Yes

0.166  CRa 16-channel vocoder Yes

0.166  CRa Original Yes
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based on the benefit that listeners experience in the repackaged TC speech conditions compared the TC speech 
conditions.

A significance level of 5% was used in all analyses and a Bonferroni correction was applied for the post-hoc 
comparisons.

Results
All participants obtained 100% intelligibility for the sentences with the original spectral content and the original 
speech rate.

In the control condition, which consisted of TC speech with an average syllabic rate of 6.6 sps, participants 
obtained an average intelligibility across the test and retest condition of 99.8% (SD = 0.8%, range = 96.9–100%). 
However, the average intelligibility across listeners was significantly reduced [t(28.794) = −21.647, p < 0.00001] to 
41.9% (SD = 18.0%, range = 12.5–84.4%) when the time-compression ratio increased to an average rate of 15.6 sps.

Figure 2A shows the results of the main experiment in which we assessed the effect of adding silences, spectral 
content, and measurement (test / retest) on the intelligibility of the TC sentences with a syllabic rate of 15.6 sps. 
The repeated-measures ANOVA showed a significant main effect of the added silences (i.e., the restoration of 
the speech rate to 6.1 sps) [F(1, 13) = 52.53, p < 0.00001, η2

G
 = 0.743] and spectral content [F(1.43, 18.57) = 152.53, 

p < 0.00001, η2
G

 = 0.284, Greenhouse–Geisser corrected] on the intelligibility of the TC sentences. There was, 
however, no main effect of measurement (i.e., comparison of the test and retest data) [F(1, 13) = 3.0, p = 0.107]. 
Furthermore, there was a significant interaction effect between the adding silences and the spectral content 
[F(1.71, 22.26) = 12.88, p = 0.0003, η2

G
 = 0.093, Greenhouse–Geisser corrected]. Post-hoc analyses showed that 

there was a significant increase in intelligibility when the speech rate was restored to 6.1 sps by adding silences 
and that for all of the spectral content conditions (p ≤ 0.005). In addition, a richer spectral content resulted in an 
increase in intelligibility in both the conditions with and without the added silence (p < 0.005).

Figure 2B, shows the benefit of adding silences on intelligibility as a function of spectral content. The 
benefit of adding silences on intelligibility, when combining both the test and retest measures was 4.97% 
(SD = 9.45%, range = −12.4 to 34.38%), 16.46% (SD = 14.57%, range = −9.47 to 45.45%), and 23.40% (SD = 18.14%, 
range = −15.63 to 50.76%) for respectively the 8-channel vocoded, 16-channel vocoded speech, and the speech 
with the original spectral content. Paired t-tests (based on the RAU scores and combining the test and retest 
measurements) showed that the benefit in intelligibility was significantly higher in the 16-channel compared to 
the 8-channel vocoded condition (tpaired(27) = −2.48, p = 0.019), and that the original spectral content resulted in 
a significant higher benefit than the 8-channel (tpaired(27) = −3.41, p = 0.002) but not compared to the 16-channel 
vocoded condition (tpaired(27) = −0.37, p = 0.71).

Discussion
There is ample evidence in the literature that only a limited number of TFS channels are needed to achieve close 
to perfect intelligibility in quiet purely based on the E modulations in  speech3,5,6,8. However, these studies all 
use normal speech rates and hence the modulation spectrum is similar to that encountered in normal-listening 
 situations42,43. Furthermore, the rate at which normal-hearing listeners are able to perceive at least 50% of non-
vocoded TC speech ranges between 11 to 16  sps17–19. The results of the present study show that it is near impos-
sible to perceive TC speech, presented at a rate of 15.6 sps, if only a limited number of TFS channels are available. 
In addition, we found that the ability to perceive TC speech is associated with the amount of TFS available to the 
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listener. Moreover, we found that the access to TFS results in a larger benefit when the syllabic rate is restored 
from 15.6 to 6.1 sps by repackaging the syllables with 100 ms of silence (see Fig. 2B). This indicates that there 
is an interplay between both the E and TFS information available to the listener when listening to TC speech. 
Therefore, restoring the syllabic rate does not only provide the listener with a better envelope representation but 
it also enables a better recognition of the speech segments based on its TFS features.

Although the importance of TFS for listening to speech in modulated noise and multi-talker babble is 
well  known9,11,12,44, the results of the present study show that TFS is also important for listening to speech in 
quiet when the E is degraded. In line with our results are those of Meng et al.18 who assessed the ability of Man-
darin-speaking normal-hearing listeners to perceive vocoded TC speech and cochlear-implant users to perceive 
non-vocoded TC speech. Their results show a similar reduction in the intelligibility of TC speech when the TFS 
of the speech signal was degraded. Furthermore, they found that cochlear-implant users, who predominately 
perceive speech based on E, are less able to perceive TC speech compared to their normal-hearing peers. Similar 
findings have been reported by Fu et al.45.

Ghitza and  colleagues14,25,33 showed that repackaging TC speech, by inserting silence parts between speech 
segments, restores intelligibility. The result of the present study shows that this improvement is associated with 
the amount of TFS available to the listeners. More specifically, the repackaging process does not only restore the 
E of the speech signal to what is normally encountered in everyday speech, but it also enables a better process-
ing and/or representation of the TFS features of the different speech segments. Several models have postulated 
that the brain processes speech based on a hierarchical oscillatory  mechanism14,46–49. The TEMPO  model14,24, for 
example, postulates that speech is processed at the cortical level by a cascade of oscillators that operate at different 
timescales. The theta oscillator (4–10 Hz) synchronizes to the E which drives the beta (6–40 Hz) and gamma 
(> 60 Hz) oscillator to decode the speech signal at different timescales. Whereas time-compression itself results 
in a less optimal synchronization of the theta oscillator and consequently the whole cascade of  oscillators14,25, the 
results of the present study suggest, within the scope of the TEMPO model, that a reduced TFS affects the decod-
ing process in the beta and gamma oscillator. Nevertheless, the improvement of intelligibility when TC speech is 
repackaged and how intelligibility of TC and repackaged TC speech depends on the amount of TFS can also be 
explained with psychoacoustic based auditory processing models.  Moore26, for example, introduced the spectral-
temporal excitation pattern (STEP) model in which the brain is assumed to have internal representations based 
on the spectral-temporal characteristics of specific sounds. For speech specifically, it is assumed that these STEPs 
are stored in the long-term memory and that the brain utilizes a ‘warping’ process to map the incoming STEPs 
to the internal representations, e.g., to account for different speech rates across listeners. One can hypothesize 
that when the speech rate increases and when in addition the TFS information is limited, matching the incom-
ing STEPs with the internal representations becomes challenging and as a result speech intelligibility decreases.

Although these models provide insight in potential cortical mechanisms that account for the observed results, 
there is only limited empirical evidence that indicates that this is how the brain processes speech. Recently, 
Oganian and  Chang50 found, by means of ECoG, that the superior temporal gyrus (STG) applies a landmark-
based temporal analysis. This landmark-based temporal analysis of a continuous speech stream at the level of 
the STG is based on amplitude-edge detection and results in a discretized representation of the speech stream, 
consisting of a series of amplitude based events. In case speech is TC, it is possible that the STG cannot encode 
these edges properly and thereby reduces the discretization of amplitude-based events in speech, i.e., the infor-
mation which the cortex potentially utilizes to process speech. By introducing silences between the syllables of 
TC speech this discretization can potentially be restored. In addition, psychophysical research has shown that 
the ability to perceive short-duration vowels depends on the duration of the silence between sequentially pre-
sented short-in-duration  vowels51.  Massaro51 found that when the duration of the silences between sequentially 
presented vowels was shorter than 80–160 ms, vowel discrimination deteriorated. These findings suggest that 
not only the duration of the speech segment is important for speech perception, but also the processing time 
available to process each speech segment. In case of TC speech, both the duration of the speech segment and 
the processing time is altered. One possible explanation is that by inserting the 100 ms silences between syl-
lables, as is the case in the repackaged TC speech, the brain has a longer processing time and hence the interval 
between speech segments is better matched with the integration times utilized by the auditory  system52,53. This 
in turn results in a better intelligibility. Of interest is that the processing time (i.e., the amount of silence needed 
between sequentially presented sounds) of normal-hearing listeners is shorter for familiar sounds compared 
to unfamiliar  sounds51. By changing the amount of spectral channels in vocoding speech, as was done in the 
present study, not only the amount of TFS is reduced but also the familiarity of the perceived speech segments. 
This potentially makes it more difficult for the brain to recognize the different segments of the incoming speech 
stream, which is especially the case for TC speech. The 100 ms silence used in the repackaging TC speech condi-
tions is potentially insufficient to successfully process unfamiliar sounds, such as vocoded speech, compared to 
familiar sound (e.g., undistorted speech). Alternatively, both the E and the TFS are distorted in such a way, that 
these effects combined, make that the TC vocoded speech becomes unintelligible. This was especially the case 
for the eight-channel vocoded TC speech condition.

Although it is not directly clear which processes affect the ability to perceive spectrally degraded TC- and 
repackaged TC speech, the results of the present study show the E and the TFS are both important for perceiving 
speech in quiet when presented at fast rates. Furthermore, the findings of the present study provide additional 
insight in why cochlear-implant users and/or people with a sensorineural hearing impairment struggle to perceive 
fast speech. They only have limited access to the  TFS18,45 and therefore predominately rely on the E informa-
tion to perceive speech and to form their internal representations of the different speech segments throughout 
development. The latter is especially the case for pre-lingually deaf cochlear-implant users who develop their 
speech perception based on less than sixteen independent TFS  channels54,55.
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To summarize, we found that the ability to perceive TC speech is affected by the amount of TFS available to 
the listener. In addition, the benefit listeners experience when TC speech is repackaged, so that the E is restored, 
is also affected by the amount of TFS in the speech signal. These results show the importance of both the E and 
TFS when listening in quiet becomes challenging.

Data availability
Data is available from the corresponding author upon reasonable request.
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