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ABSTRACT

Background and Aim: Speech-in-Noise (SIN) perception is one of the most important issues
processed by human listeners. The purpose of speech tests is to determine the perceptual
abilities of people in real life conditions; therefore, can speech tests in quiet be a valuable
measure of this ability? Is the central representation of speech-in-quiet and SIN perception the
same? This review study aimed to investigate the central representation of SIN perception in
healthy individuals aged 14 to 60 years.

Recent Findings: Central representation of SIN perception is influenced by various peripheral
factors and includes several neural processes. All auditory nerve fibers are stimulated by speech
and noise. Low-frequency sounds play a much more important role than high-frequencies. The
auditory nerve fibers that are stimulated by speech, respond only to fundamental frequencies
(F0). The degree of neural synchronization that increases by noise and causes the simultaneous
activity of these fibers, develops auditory processing. Large areas of the auditory cortex and
its external parts (parietal, premotor, and mirror neurons) are stimulated. Larger groups of
cortical nerve fibers are used for speech signals of the same family with significant ecological
importance.

Conclusion: Central representation of SIN perception is not the same as in quiet. Speech
perception tests in quiet cannot assess real-life perceptual abilities of people. SIN tests should
be used routinely as a practical confirmatory test in audiology clinics. It is very necessary
that the list of words and sentences required for SIN perception tests be prepared for different
languages.
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Introduction

peech is a complex function; Speech-in-

Noise (SIN) perception requires the lis-

tener to process the speaker’s message so

that he/she can quickly code it and adapt

to the changes in speaker’s expression
and the conditions that affect the meaning of the mes-
sage [1]. SIN perception is the result of the activity of
the auditory cortex which has a role in speech perception
and production [2-4], and facilitates the perception of
meaning for the listener, and creates certain methods ac-
cording to which the listener has a better understanding
of the message, e.g. reading aloud or saying something
out loud for better perception [3]. Speech perception
and production are in direct interaction with each other;
we first understand the meaning of the sound. Then, to
produce that sound, our speech organs are activated and
make sounds, and again we convert what was produced
and expressed by the speech organs into meaningful
codes for the perception of the produced sound. This
two-way circle reduces the neural activities for vocal-
ization and pronunciation in the central nervous system
[2, 3]. For example, small children say the vowel parts
of the word or express the sound of a word, which is
the same as pitch changes or the expression of speech
vowels, and they cannot pronounce consonants properly
[3-5]. As another example, in melodic languages, adults
need changes in the pitch or tone of speech to under-
stand speech, because each of these changes can alter the
meaning of the words [4, 6, 7].

SIN perception disorders are usually caused by a de-
crease in temporal resolution or frequency resolution,
or an inability to separate signals that are received bi-
laterally, depending on the individual and their specific
hearing needs [5, 8]. One of the most critical aspects of
everyday speech communication in the real world is that
people interact with different groups in different areas
and noisy situations [6]. Alviandi et al. reported that
speech perception test and speech discrimination test in
quiet [9] and in noise reflect different areas of auditory
function [10, 11]. Wilson and Watts stated that SIN tests
provide valuable information about the patient’s hear-
ing problems [10]. Kujawa and Liberman proposed the
hidden hearing loss, probably caused by the occurrence
of several abnormal functions, and suggested that SIN
perception tests are very important for its diagnosis [11].
In clinical practice, the patient’s speech discrimination is
evaluated in quiet [9], and SIN perception tests are rarely
used [12]. The findings of studies on SIN perception are
related to the methods and materials used for assessment
[13-16]. Many studies have indicated the importance of
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SIN perception tests for evaluating the ability of under-
standing speech in noise, language skills, communica-
tion and learning [10-12, 17]. This review study aimed to
investigate the central representation of SIN perception
in healthy individuals aged 14 to 60 years.

Methods

In this review study, to find the related studies pub-
lished in English from 1985 to 2022, a search was con-
ducted in Medline, Springer, Google Scholar, Web of
Science, Scopus, PubMed, and Oxford and Lippincott
databases. The search yielded 106 articles, of which 64
were selected based on the inclusion criteria. The inclu-
sion criteria were a study on participants aged 14—60
years with a normal hearing, published after 1985, re-
garding the peripheral factors affecting SIN perception.
The studies that did not investigate the SIN perception
were excluded.

Results

The SIN perception is affected by several peripheral
factors [1, 6, 13-18]. Some of them, which were ex-
tracted from the reviewed studies, are provided in this
section.

The ability to recognize the word increases in unpleas-
ant emotional listening states, maybe the reason is the
increase of selective attention. The emotional way of
speaking affects the accuracy of word recognition, espe-
cially in noisy competitive situations where the intensity
of the speaker’s voice is low [18]. In other words, the
emotional content of speech is related to the level of per-
ception. Since it is more difficult to understand speech
in the presence of noise than in quiet [6, 9, 10, 12], it is
important to consider the emotional load of the speech
when creating word lists for the speech comprehension
test in noise, which certainly increases the difficulty of
the listener’s hearing tasks [13, 18].

The presence of speakers with different characteristics
[16, 17], such as gender [9, 13], pronunciation [6, 12],
age[1, 8, 12], speech rate [3, 4], use of indigenous words
[4, 6], and understanding vowel sounds [2, 3], is one of
the main problems in speech perception. Monotonous
speech reduces the accuracy of lip reading [19-21], pho-
neme identification, word comprehension, and memory
[20, 22]. The rate of speech or the number of words spo-
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ken within a time by the speaker varies between different
people [20, 23]. A typical speech rate is between 160 and
200 words per minute (wpm) [24]. The acceptable level
of noise is influenced by the speech rate of the speaker
[25]. When the speech rate is high (e.g. 288 wpm), back-
ground noise is less acceptable than when the speech is
at a normal (e.g. 186 wpm) or slow rate (e.g. 130 wpm)
[23, 24]. There is a significant difference in the ability to
understand SIN between the listeners, which can pose
significant challenges for the listeners with lower abili-
ties [26]. People who have the ability to discover more,
even in the conditions where the influencing factors of
the speakers are highly diverse, obtain more phonetic
and audio lexical information in competitive conditions
and the presence of noise [27]. A greater difference be-
tween the speaker’s fundamental frequency of voice and
the background noise frequency improves the percep-
tion of speech in noise. Greater similarity between the
two reduces the listener’s ability to understand speech
[28]. Diversity of speakers has more negative effects on
people with hearing loss or cochlear implants [29], non-
native listeners [30] and the elderly [21, 31].

The right ear matures at the age of 10 and acts just like
adults’ ear, while the left ear matures at the age of 13-
14 years. SIN perception ability decreases significantly
with ageing [31], which is associated with thinning and
reduction of brain activity in the right superior temporal
cortex and an increase in the level of stimulation and re-
sponse to noise in the left anterior temporal lobe [8, 12].

The type and level of background noise can interfere
with the physical and spectral characteristics of the
target (speaker) signal or voice [32]. The spectrum of
the speaker’s speech, and the challenges created by the
speaker’s individual characteristics, the fluency of the
sentences or the text that speaker reads, and high simi-
larity between the speaker’s voice and the voices of the
people who are speaking with at the same time, causes
a weaker speech perception [33]. White noise or a noise
with a wide frequency spectrum increases the speed of
correct understanding of new words and improves the
ability to understand speech in noise [34-36]. In fact, the
modification and control of the dopaminergic neuronal
pathway by white noise (at all frequencies) may increase
the memory and the ability to retain the characteristics
of sounds with different frequencies, which helps to un-
derstand speech in noise [35].
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The ability for syllables without linguistic meaning
or the ability to discover the tonality of the language is
more in bilinguals than in monolinguals, while in mean-
ingful speech and language communication, the ability
of bilinguals is weaker [13, 16]. Bilingual listeners need
stronger signals or sounds to understand speech in noise.
Bilingual listeners with normal hearing have the abil-
ity to understand speech in a mild Signal-to-Noise Ratio
(SNR; difference in the intensity of the speaker’s voice
and the background noise) similar to people with hear-
ing loss. The problems of bilinguals are related to their
knowledge of second, third, or fourth languages [14]; it
depends on the age of learning the second or multiple
languages. In fact, there is a direct relationship between
the perception of speech in noise and the age of learning
a second or multiple languages [24]. However, if second
language learning occurs at an early age, they will per-
form better in speech perception [27, 29].

Musical training significantly develops the ability of
SIN perception [37-40], and improves intellectual abil-
ity [2, 3]. Playing a musical instrument improves the
cognitive and mental abilities of people, especially in
old age, but this correlation does not exist in musicians
who do not actively play a musical instrument; i.e. lis-
tening cannot develop the mental skill of playing mu-
sic [38]. In the human brain, with the onset of sound, a
three-dimensional map or image is created, whose clar-
ity can be improved by education or therapy. Brainstem
responses to onset points or the onset moment of a sound
stimulus do not seem to be improved with training un-
less the individual be at very young age. In other words,
in children, the brainstem responses to the onset point
of a sound stimulus are improved by practice and train-
ing [2, 3, 38, 40]. If the musical practices and training
are not available, the involvement of the cerebral cortex
and brainstem will not stop and will improve with the
increase of age, but its speed and accuracy will be low
[3,29, 37].

The central nervous system displays the acoustic struc-
ture of speech; each sound has a multifaceted image
in mind. The bottom-up process (peripheral auditory
system to the cingulate cortex) requires the listener to
analyze the phonological and acoustic information of
the speech sounds and combine them to understand the
speech clearly [37], but, when bottom-up signals cannot
be detected because of the noise that masks them, lis-
teners usually use top-down processing (cingulate cor-
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tex to peripheral auditory system) to benefit from other
components of communication, including the analysis of
information to discover meaning and concepts. There-
fore, listeners use their lexical information and linguistic
knowledge to correct the content they did not understand
and fill in the blanks or misunderstood parts [3, 39, 40].

Discussion

The purpose of the present study was to review the cen-
tral representation of speech in noise in healthy individu-
als aged 14 to 60 years. Because in real environments,
listeners live in a world of competing signals and noise
[41-45], common speech tests in quiet, such as speech
discrimination score, lack the required validity [9, 11,
41]. The central representation of SIN perception in-
cludes several neural processes:

All auditory nerve fibers are stimulated by speech and
noise: when speech materials are presented in noise, it
is usually observed that the noise elicits the responses
of whole neurons [2, 39], even those neurons that are
stimulated by speech. Its consequence is the reduction of
spatial information about the positive and negative peaks
of sounds [2, 3, 40]. Reduced temporal fine structure
(changes in the amplitude and frequency of a sound per-
ceived over time) does not allow listeners to obtain in-
formation about the pitch or resonance of sounds, which
are crucial in distinguishing sounds and noises [3, 45]. In
a quiet environment, the envelope of signals (boundary
within which the signal is contained) manage temporal
fine structure [3, 4]. If the temporal fine structure infor-
mation is not provided in the desired way, it will be very
difficult to recognize the low frequencies of speech [42-
44], and if the low frequencies are unrecognizable, it will
not be possible to imagine the words spatially or create
a multifaceted form or auditory image from a sound. For
example, the imagination of the word “water” or its audi-
tory image in the mind of each person is different from
another; when hearing the word water, different auditory
images may be created for people including the image
of water in a glass, running water in a sea, river water,
spring water, or a marshland water [2, 3, 40].

Low frequencies play a much more important role than
high frequencies: vowels play the main role in word rec-
ognition and SIN perception [2, 3, 43, 44]. In noisy en-
vironments, the identity of vowels is generally preserved
and facilitate the role of consonants in understanding the
meaning and concepts of speech [41]. Paying attention
to this phonetic feature of vowels is very important when
preparing materials or word lists for speech comprehen-
sion tests in the presence of noise and can affect the va-
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lidity of the results [42]. Since the sound energy level
and the frequency range of speech vowels are different
[43], it seems that choosing the same vowels for each
independent list of phonetically similar monosyllabic
words can cause the least bias in the test results [42].
Vowels transfer phonetic information and the informa-
tion related to speech pitch, such as tone and stress [2,
3, 43] and play an important role in distinguishing the
signal from the surrounding noise, the formation of audi-
tory images, and the separation of different sounds [2,
3,45, 46].

Auditory nerve fibers stimulated by speech respond
only to FO: during listening in quiet, auditory nerve fi-
bers respond to both fundamental (FO) and non-funda-
mental frequency sounds [28, 41, 42], while in situations
where it is necessary to distinguish signal from noise,
the auditory nerve fibers respond only to FO [2, 3, 39]
and send limited information to the brain for processing
the meaning [2, 3, 39]. Since FO does not convey the au-
ditory information necessary to understand the message
content [28, 39], the auditory cortex does not respond to
this part of the signal [2]. Thus, an important feature of
FO perception is that native listeners are able to recog-
nize a certain vocal message as single concept regard-
less of the speaker’s FO, which differs between men (100
Hz), women (200 Hz), and infants (up to 400 Hz) [2, 3].

Neural synchronization improves and develops audi-
tory processing: The phase-locking degree or the syn-
chronization speed of auditory neurons is related to
low-frequency sounds [45-47]. Brainstem neurons are
temporally precise; their synchronization improves with
low-frequency sounds [48]. In fact, the temporal design
of the responses of the fibers in the auditory nerve and
cochlear nucleus to the geniculate nucleus is periodic
and their oscillation frequency is synchronized with FO.
[3, 4]. Neural synchronization has an important role in
the transmission of sensory messages from the thalamus
to the cerebral cortex [49]. It is possible that improved
neural synchronization of auditory brain and brainstem
equally speed up the transmission of information to the
next stations of the auditory system for auditory pro-
cessing [40]. The brainstem seems to respond to pitch
discrimination and synchronization stimuli with fast
repetition rates (>~100 Hz) [50]. Pitch is the perceptual
equivalent of FO [4]. Pitch perception is essential for un-
derstanding music and speech, as well as for SIN percep-
tion [51]. Pitch conveys phonetic features and rhythmic
aspects of speech, such as accent, emphasis (in European
languages), and speech tone information (in tonal lan-
guages such as Chinese, Vietnamese, and Thai) [3, 51].
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The auditory cortex and its peripheral regions are
stimulated during SIN perception: speech perception is
bilaterally and symmetrically organized in the superior
temporal gyrus [52]. The superior temporal sulcus is
also an important site for representing and/or process-
ing phonological information [12, 53]. Responses to
natural sound stimuli are significantly larger and more
widespread throughout the superior temporal sulcus,
particularly in the right hemisphere [54, 55]. Unrelated
or unexpected emotional stimuli attract one’s attention
and improve speech perception through stimulation
of left medial temporal gyrus, which can contribute to
false word recognition [53]. The inferior temporal lobe
seems involved in the retrieval of meaning and linguistic
knowledge from auditory signals [54, 56]. The anterior
temporal lobe seems to create a coherent and integrated
form of semantic information based on the information
it receives from other senses [55]. The posterior tempo-
ral sulcus seems to be a sound-selective cortex and acts
as an important gateway that conveys speech informa-
tion to other brain networks that have a role in seman-
tic processes and recalling events [56, 57]. The insula
in the left hemisphere is precisely stimulated when FO
sounds convey phonetic information of speech to a na-
tive speaker, while the insula of the right hemisphere is
stimulated when FO sounds convey phonetic information
of non-speech sounds [58, 59]. The cingulo-opercular
network is involved in top-down mechanism of atten-
tion and control [59]. Responses in the ventral premotor
cortex during a vowel-identification task are improved
when the SNR decreases; such responses may enhance
SIN perception [60]. In the field of speech perception, it
is not clear whether mirror neurons or the medial frontal
cortex have a precise and essential role in SIN perception
[58, 61]. Mirror-neuron brain areas play a causal role in
copying the topography of body movement, and are in-
volved in low-level processing of activities (e.g. recog-
nizing the types of grip) but have no role in interpretation
of high-level activities (e.g. inferring actors’ intention)
[62, 63]. The inferior frontal gyrus improves people’s
precision in repeating unfamiliar foreign speech sounds,
and matches perceived speech to produced speech [56].
The posterior portion of the left planum temporale is ac-
tivated during picture naming and exhibits length effects,
frequency effects, and has a time-course of activation,
that is consistent with the phonological encoding stage of
naming [63]. The planum temporale, while often thought
to be an auditory area, also activates in response to sen-
sory input from other modalities. For example, silent lip-
reading has been shown to activate auditory cortex in the
vicinity of the planum temporale [52]. Since it is more
difficult to understand speech in noise than in quiet [50],
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less intelligible stimuli activate temporo-parietal regions
related to SIN perception [53], while emotionally nega-
tive stimuli activate areas associated with emotional pro-
cessing and selective attention [18].

A larger population of cortical neurons is recruited: In
the auditory cortex, dissimilar structures of speech signals
can be used by different types of neural processing and/or
groups [50, 52]. Therefore, in noisy competitive situations,
a greater or different set of cortical neurons is activated for
familiar speech sounds with significant ecological impor-
tance [5]. Similarly, in the human auditory cortex, there is
a tonotopic map and a phonemotopic map. The tonotopic
map is a linear sum of responses to the component formant
stimuli, formed in the vocal tract [3]. The phonemotopic
map or a spatial cortical representation of phonemes [2, 5],
reflects the additional acoustic components, including the
harmonic and formant structures of speech; the harmonics
are produced by vocal cords [56].

Conclusion

Since everyday conversations and communication are cre-
ated in the presence of background noises, and considering
that the central representation of speech-in-noise perception
is not the same as in quiet, speech perception tests in quiet
do not assess real life perceptual abilities of people; howev-
er, unfortunately, these tests in many audiology clinics are
still used in quiet. For example, the speech discrimination
score is one of the routine tests, while speech in noise tests
are not used as a routine and confirmatory test. Therefore,
considering that Iran is one of the countries with diverse
cultures and languages, it is very necessary that the list of
words and sentences required for the speech perception
tests in noise be prepared for different languages, and these
tests be used as reliable tools in the prevention, diagnosis
and treatment of hearing problems.
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