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perception and hearing loss may deteriorate timbre and instrument recognition. Deficits
in timbre recognition may originate from poor temporal or spectral coding of musical
notes subsequent to hearing loss However, it is not well understood which of these features
are more dominant in instrument recognition with normal hearing and hearing loss. This
study aimed to evaluate the relative importance of temporal and spectral cues instrument
recognition in people with and without nearing loss.
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Methods: Two groups of adults with normal-hearing and hearing loss were tested with
the timbre subtest of the Clinical Assessment of Music Perception (CAMP). Originally,
a series of notes is played with eight musical instruments and participants were asked to
identify the played instrument among them. In two other conditions, either the rise time
or spectral cues of the same notes were masked using a special masking technique. Among
eight instruments.

Results: Instrument recognition scores were not significantly different between the original
and spectral-manipulated conditions but were lower at the temporal-manipulated condition.
The difference between the two groups was significant (p<0.05), where the normal-hearing
group recognized the musical instruments significantly better than participants with hearing
loss group (p<0.05).

Conclusion: Temporal cues may have greater importance on timbre recognition regardless
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Introduction

usic has an important role in
human life, contributing to
good feeling and overall well-

being, which can even be used

as a therapy. Like other sounds,
musical notes have various physical features such as
frequency, intensity, and duration. These physical
features are related to the perception of one-dimensional
aspects of pitch and loudness. However, musical notes
have also a multi-dimensional aspect called timbre or
tone color, determined simultaneously by duration,
intensity, and frequency. Timbre enables listeners to
differentiate between two notes with the same pitch and
loudness [1], allowing for the recognition of different
musical instruments. Unlike pitch and loudness, timbre
lacks a reliable individual scale for measurement and
is often described using words such as pleasant, harsh,
sharp, and muffied [2], which none of them provides a
complete and quantitative description. Previous studies
have indicated that temporal (duration), spectral
(frequency), and intensity cues of musical notes may
play roles in timbre perception [3, 4]. Temporal cues
encompass the rise and fall times of notes and temporal
changes in amplitude during the steady-state region
of notes (i.e. plateau). Changes in temporal cues
can result in alterations in the temporal envelope of
notes. Although many notes naturally exhibit some
degree of amplitude fluctuations in their plateau,
these fluctuations are less variable and perceptually
distinctive compared to amplitude changes in the
rise and fall times. In a study, it was shown that the
most effective temporal cue in musical instrument
recognition was the rise time [5]. On the other hand,
the fall time can be influenced by the reverberation
of the note being played and may become unreliable
across different environments. In addition to temporal
cues, musical instruments exhibit varying spectral cues
in different harmonics even with the same fundamental
frequency (F0). This implies that, depending on the
family of musical instruments, harmonics can have
different spectral power distributions, which may
contribute to timbre and instrument recognition.
The distribution of spectral power across different
harmonics and the number of resolved harmonics can
be quantified by spectral centroid, which is an indicator
of the center of gravity among different harmonics.

Hearing loss may impair the timing or spectral
coding of musical instruments, making instrument
recognition challenging. Hearing loss can disrupt the
precise timing of neural discharge and impair the coding
of the rise time which depends on highly synchronized
neural responses [6]. Furthermore, hearing loss can
widen auditory filters, resulting in decreased spectral
resolution and resolvability, as two or more harmonics
may fall within a widened auditory filter. Consequently,
timbre recognition seems to be more challenging for the
auditory brain in adults with Sensorineural Hearing Loss
(SNHL) [6].

While the importance of temporal and spectral cues
for musical instrument recognition is acknowledged, the
relative importance of these cues needs to be investigated,
because there may be situations where one or both cues
are inaccessible. For example, in noisy places such as
concert halls, one of these cues may be more important
than the other one, potentially impairing instrument and
timbre recognition. Both noise and hearing loss can
impair timbre recognition, reduce music perception and
appreciation. Therefore, it is pertinent to explore which
of these cues is more reliable for individuals with normal
hearing when only one of them is available. Additionally,
it is important to ascertain whether there are differences
in the use of these cues for instrument recognition
between individuals with normal hearing and those with
SNHL. Thus, this study aimed to investigate the relative
importance of temporal and spectral cues for musical
instrument recognition in people with normal hearing
and those with SNHL.

Methods

Participants were adults aged 18-65 years with
normal hearing (n=29) and with moderate to severe
SNHL (n=28). The two groups were matched for
age and gender. Since the task in this experiment was
musical instrument recognition, only people who could
successfully complete the training were included in the
study. Participants in the SNHL group had symmetrical
descending hearing loss. None of the groups had pure
tone average more than 70 dB HL. As another inclusion
criterion, the participants should receive scores above
90% in the dichotic digits test (which was used for central
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auditory processing assessment). The participants had
no history of using hearing aids and tumors involving
the auditory nerve, and no middle ear problems such as
infection, bone adhesion or TM perforation. They were
Persian speakers.

The timbre subtest of the Clinical Assessment
of Music Perception (CAMP) test was utilized for
instrument recognition in this study. The CAMP is a valid
and reliable musical test [7]. In the timbre subtest, a five-
note sequence from middle frequency range (C4-A4-F4-
G4-C5) was played with eight musical instruments from
four instrument families. These notes were presented at
the most comfortable level for each participant using
a loudspeaker placed at a distance of 1 meter from the
person’s ear level.

There were three experimental conditions. In the first
condition, the musical notes of the CAMP played with
different instruments were presented to the participants
(original condition). In the second condition, the same
musical notes were presented to the participants while
the rise-time and fall-time cues of the notes were
masked and inaccessible (temporal-masked condition).
In the third condition, all harmonics in the plateau part
were masked, and the rise-time cue was available to the
participants (spectrum-manipulated condition). Before
the start of the main test, a trial was conducted to ensure
that the participants understand and have consistent
performance. For all participants, the experiment started
with the first condition followed by either second or
third condition. The second and third conditions were
randomly used.

To test whether binaural hearing can help with
timbre recognition, temporal-manipulated notes were
presented to one ear and spectral-manipulated notes were
presented to the other ear through headphones (TDH-
39, Telephonics, USA). The participants were asked to
identify the instrument being played. This condition was
considered as the integrated condition. The score of the
integrated condition was compared with those of the
three above mentioned conditions to investigate whether
the integration of the two manipulated conditions can
change the instrument recognition performance.
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The rise and fall times and plateau of each note were
calculated using Praat software v.6.4. The frequency
range in the spectrogram of this software was 0-5000
Hz, over a 70 dB dynamic range, which included
all fundamental frequencies and harmonics. To add
masking, the notes were set in one mono-channel of
Audacity Software Version 3.3 and noise segments were
set in the other mono-channel. The noise segments were
aligned in the second channel precisely to mask only the
rise and fall times of the notes in the first channel, and
the plateau remained unmasked. Then, the two mono-
channels were mixed and presented to the participants.
The same procedure was followed for the third condition,
except that the noises were aligned in the second mono-
channel to mask plateau and fall time regions of the
notes in the first mono-channel. The intensity level of
masking was the same for all notes and instruments,
determined to mask temporal and spectral cues with the
highest intensity.

The percentage of correct instrument recognition
was calculated for both groups quantitatively for
statistical analysis. A mixed ANOVA was used to
measure between-group and within-group differences.
Data analysis was done in SPSS v.17 software. The
significance level was set at p<0.05.

Results

Descriptive statistics for both groups in the three
conditions are presented in Table 1. The normal-hearing
group had 29 participants (15 females, 14 males) and the
SNHL group had 28 participants (14 females, 14 males).
The scores represent the correct percentage of instrument
recognition. The participants had age 34.4+12.2 years
in the normal-hearing group and 39.1411.2 years in the
SNHL group.

As shown in Figure 1, the scores in the original and
spectral-manipulated conditions were similar and not
significantly different (p>0.05). However, the score in
the temporal-manipulated condition was significantly
lower than in other conditions (p<0.05).

The ANOVA results for three conditions showed
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Table 1. Mean and standard deviation of timbre recognition scores in different conditions for two groups with normal hearing and

sensorineural hearing loss (values are in percentage)

Mean(SD)
Normal SNHL
Original signal 56.1(17.8) 23.5(14.2)
Spectral manipulated signal 57.9(17.7) 21.1(11.9)
Temporal manipulated signal 42.9(18.2) 14.4(11.8)
SNHL; sensorineural hearing loss
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Figure 1. Mean timbre recognition score in different conditions for normal and sensorineural hearing loss participants. NH; normal hearing,

SNHL; sensorineural hearing loss

that both effects of condition and group was significant.
The interaction effect of group and condition was also
significant. A post-hoc test (Bonferroni test) was used
to investigate this effect further. Figure 2 illustrates
that the scores of the normal-hearing group were
significantly higher than those of the SNHL group.
The temporal manipulation significantly reduced the
percentage of correct instrument recognition, while
spectral manipulation had no significant effect on timbre
(instrument) recognition. The difference in the recorded
scores for different conditions can reveal the relative
importance of temporal and spectral cues in both groups.

Twenty normal-hearing and SNHL people completed
the integrated condition. The mean score in the normal-
hearing group were 55.3+13.3. In the SNHL group, the
mean score was 15.24+5.4. Figure 3 demonstrates that
the difference between the two groups was significant,

where the normal-hearing group recognized the musical
instruments significantly better than the SNHL group
(p<0.05).

The comparison of the integrated condition with
the three conditions (original, temporal-manipulated,
and spectral-manipulated) showed that the normal-
hearing group had significantly higher scores in the
integrated condition than in the temporal-manipulated
condition. There were no significant differences
between the integrated condition and the two original
and spectral-manipulated conditions. The SNHL group
had significantly higher scores in the original condition
compared to the integrated condition. In the spectral-
manipulated condition, they had significantly higher
scores compared to the integrated condition, but there
was no significant difference between the temporal-

manipulated and integrated conditions.
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Figure 2. The percentage of timbre recognition in two normal and sensorineural hearing loss groups in different conditions. NH; normal

hearing, SNHL; sensorineural hearing loss
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Figure 3. The mean and confidence interval of the timbre recognition score in integration condition for two normal and sensorineural
hearing loss groups. NH; normal hearing, SNHL; sensorineural hearing loss

Discussion

In this study, the relative importance of spectral and
temporal cues in the instrument (timbre) recognition
among people with normal hearing and with SNHL was
investigated. It has long been known that, among the
temporal cues of musical notes (rise time, fall time and
plateau), the most important cue is the rise time [5]. In

addition, it is known that the strength of the resolved
harmonics also has an important role in the recognition
of timbre. However, the degree of contribution and
relative importance of spectral and temporal cues in
comparison with each other have not been investigated
even in people with normal hearing, to the best of our
knowledge. Therefore, the participants in this study
experienced three conditions

(original, temporal-
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manipulated and spectral-manipulated) to reveal which
cues were more reliable in instrument recognition.
The study revealed that participants without access to
temporal cues had poorer musical instrument recognition
compared to when spectral cues were unavailable.

Timbre recognition plays a crucial role in helping
to differentiate between familiar and unfamiliar voices,
locate a person’s voice in a crowded place, and identify
different musical instruments [5]. Despite its importance,
this multi-dimensional and complex conception is poorly
understood. In the plateau phase, the reliance on temporal
cues for timbre recognition may shift to spectral cues [8,
9]. The reliability of the fall time can be affected by the
reverberation of the note, leading to inconsistency across
different environments [2]. Therefore, the most reliable
temporal cue in various listening conditions is the rise
time. Our study revealed that, when participants had no
access to temporal cues, their ability to recognize musical
instruments was poorer compared to when spectral cues
were unavailable. In one study, the notes were played in
reverse temporal order, resulting in a severe reduction
in discrimination ability of people with normal hearing,
although the notes had the same spectral content [10]. A
study suggested that it is easier to understand the timbre of
musical instruments with a fast rise time such as piano and
guitar, highlighting the importance of temporal cues [11].
A study demonstrated the significance of temporal cues
by combining temporal information from one instrument
with spectral information from another instrument
(referred to as chimeras). The participants, including
both normal-hearing people and cochlear implant users,
relied on temporal information to recognize the musical
instrument [12].

The perception of timbre is also influenced by the
spectral-intensity component, particularly during the
plateau phase. This component allows for a detailed
analysis of the frequency components of a note,
determining the presence of various harmonics. The
distributed energy among different harmonics is a key
factor for distinction between musical instruments. For
instance, the piano primarily maintains stable energy at
the fundamental frequency, while the violin and accordion
distribute energy across multiple harmonics. The flute
exhibits the most energy in the first five harmonics,
while the saxophone notes mainly contain energy in the
first and second harmonics. Some instruments, such as
the clarinet and flute, lack energy in higher harmonics,

while others such as the trumpet, violin, and saxophone,
have energy in higher harmonics [13]. To quantify the
importance of different harmonics, a measure known as
the spectral centroid is used, representing the frequency
at which there is a balanced energy on both sides of the
spectrum. However, it requires averaging several stable
cycles of harmonics, which is practically challenging
during the transient periods such as the rise and fall
times. Previous studies have indicated that individuals
with normal hearing rely more on temporal cues and
spectral centroid than on the Temporal Fine Structure
(TFS) of notes [6, 14]. As long as they can extract
necessary information from these two factors, they
do not rely much on the TFS. The rise time of notes
can affect their temporal envelope, while the spectral
centroid and TFS are linked to the spectral characteristics
of notes. Considering the spectral manipulation in the
current study, in line with previous studies, it highlights
the significance of temporal cues in timbre recognition.
These findings have broader implications for cochlear
implant or hearing aid users.

Since hearing loss not only affects speech perception
but also the perception and enjoyment of music. Despite
the similarities between speech and music, they have
important differences. Thus, there was a need for their
further investigation in individuals with normal hearing
and those with SNHL. The current study revealed that
temporal cues were important for music instrument in
both normal-hearing and SNHL people. When temporal
cues were masked, the mean timbre recognition
decreased from 56.1% to 42.9% in the normal-hearing
group and decreased from 23.5% to 14.4% in the SNHL
group. Another finding of the current study was the
similar effect of SNHL on temporal and spectral cues.
There was no significant interaction effect of group and
condition, indicating that SNHL affected the conditions
with a similar pattern. The scores of individuals with
SNHL decreased under original, spectral-manipulated
and temporal-manipulated conditions with a similar
pattern. While spectral cues in different forms of TFS
and spectral centroid may be available to the individuals,
temporal cues are available from temporal envelope
cues. According to the results, hearing loss significantly
reduced the perception of timbre. However, it should be
noted that people in this study had moderate to severe
hearing loss. With an increase in the degree of hearing
loss, it is expected that the width of the frequency tuning
of neurons in the auditory cortex also increase.

Aud Vestib Res. Autumn 2024;33(4):322-329
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In this study, the scores at the original condition
and two manipulated conditions equally decreased.
Since the normal-hearing group had the lowest score
at the temporal manipulated condition, the same trend
can be seen in people with SNHL. However, the rate of
timbre recognition dropped dramatically possibly due
to two destructive factors of temporal manipulation and
hearing loss. The rate of correct timbre recognition was
56.1% in the normal-hearing people and 23.5% in the
SNHL people. In one study, the rate of correct timbre
recognition in the SNHL people was in a range of 50.3—
73.9%, while this rate was 95.2% in the normal-hearing
people [11]. In another study, the timbre recognition
was assessed using the Korean version of the CAMP
test, and the score in the SNHL people was 33.07% [6],
which is close to the rate reported in our study. It seems
that the participants in our study were less familiar with
the instruments since all instrument were for the western
music culture.

In this study, at the integrated condition, normal-
hearing group obtained a score of 55.3%, which was
not significantly different from the score at the original
condition (56.1%). In the SNHL people, no significant
difference was reported between these two conditions.
Two possible reasons can be suggested to explain this
finding. First, the brain does not combine information,
but uses a cue that has a higher efficiency for instrument
recognition, which was the temporal cue in this study.
This weighting of the cues has already been mentioned in
other cases [11]. Another possible reason is that the brain
engages in intelligent integration of temporal information
from one ear with useful spectral information from the
other ear. Since the score at the integrated condition
was not better that that at the spectral-manipulated and
original conditions, it is not possible to support or reject
these possible reasons. Furthermore, non-significant
difference between the scores of the integrated and
original conditions in the SNHL group is an intriguing
finding that need further exploration.

Due to the absence of a standardized test for
measuring the timbre recognition performance in
the Iranian population, the lower scores of timbre
recognition at the original condition in individuals
may be attributed to their lack of cultural familiarity
with Western instruments. As a result, a huge effort
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was made to train individuals to mitigate this potential
impact on the results. It is recommended to conduct
similar studies on hearing aid users and evaluate the
development of targeted interventions with a focus on
enhancing temporal processing of auditory signals to
improve timbre recognition in individuals with hearing
impairment. The results of our study can be useful for
music and sound processing technologies to better
fit them to the individuals with hearing loss. It is also
crucial to have access to valid and reliable music tests
using the Iranian culture-based instruments. The results
can also help in improving the design and effectiveness
of hearing aids for Iranian people with hearing loss.

Conclusion

When people do not have access to temporal cues,
they had poorer musical instrument recognition than
when spectral cues are not available to them. This
indicates that temporal cues have greater importance for
musical instrument recognition in both normal-hearing
and SNHL people. Moreover, hearing loss has similar
effect on temporal and spectral cues.
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