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Objectives: Auditory processing disorder (APD) is due to the deficits in perceptual 
processing of acoustic information in the auditory system, characterized by poor speech 
perception of noise, regardless of normal hearing. The variability in speech function of 
APD children can be partly explained by changes in the encoding of spectro-temporal 
modulations (STMs) which have been overlooked, despite their significance. Given that 
enhancing STM sensitivity and its processing can be an appropriate way to improve the 
listener’s ability to retrieve and integrate speech segments covered by noise, we decided to 
evaluate the effects of STM-based auditory training on speech perception in noise and the 
reliability of this training in children with APD.

Methods: Thirty-five children with APD (8-12 years old) were randomly divided into the 
training (n=17) and control groups (n=18) to evaluate the effectiveness and reliability of 
STM training on speech in noise perception. The intervention group was trained to detect 
STM by 120 trials every day for ten days. The STM detection thresholds and speech 
perception in noise were evaluated before and immediately after the finalization of formal 
training sessions in both groups. To address the training reliability, the tests were repeated 
one month after practice in the training group. 

Results: Following the completion of STM auditory training, the trained APD children 
improved notably in STM detection tasks and speech in noise tests (P<0.05). The post-
training progress of STM detection thresholds and consonant-vowel in the noise test was 
preserved for one month after training (P>0.05), but the word in the noise test, especially in 
the right ear, was not retained (P<0.05).

Discussion: Auditory spectro-temporal modulation training can lead to better processing of 
STM modulation. Its effects can be generalized to higher-order processing, such as speech 
perception in noise. Auditory training based on STM processing enhancement can play an 
essential role in improving speech comprehension in the noise abilities of children with APD. 
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Highlights 

● The spectro-temporal modulation detection training can be used in children with an auditory processing disorder.

● The spectro-temporal modulation detection thresholds improve with modulation detection training.

● The effects of spectro-temporal modulation detection training can be generalized to speech perception in noise.

● The processing enhancement induced by modulation detection training retains for one month after the practice.

Plain Language Summary 

The deficit in auditory processing abilities is defined as auditory processing disorder (APD), whose hallmark feature 
is speech in noise perception difficulties. Speech signals have intensity fluctuations, and their frequency compartments 
(spectrum) change over time. These modulation cues are necessary for speech perception, especially in noise. It was 
found that children with APD have impaired detection of these spectral and temporal modulations. In the present study, 
we trained a group of children with APD to enhance their modulation detection ability, and the results were compared 
to another group that had not received training. The trained children showed improved performance after the training 
and had better speech in noise understanding.

1. Introduction

ne of the most salient features of the 
speech signal is energy fluctuations with 
dynamic peaks and valleys [1], occurring 
during the time and along the spectrum 
axis. The spectrogram of natural sounds 

and speech signals shows modulation energy concentra-
tion mostly at slower temporal modulations and lower 
frequencies [2]. These spectro-temporal fluctuations of 
speech reflect the nature and articulation rate of pho-
nemes and syllables. For instance, the slow onset of tem-
poral modulations conveys vowels. Stops consonants are 
transferred by rapid onset temporal modulations, while 
the fricative consonants are carried by temporal modula-
tions with an intermediate rate [3]. Reconstructing the 
degraded speech signal from spectro-temporal modula-
tions (STMs) spectrogram leads to better speech percep-
tion, so it can be inferred that speech perception highly 
depends on the accurate processing of STMs [1].

The ongoing and complicated patterns of STMs de-
fine different aspects of speech perception. The tem-
poral modulation patterns contain principal syllabic 
information, whereas spectral modulation patterns 
provide a critical clue about formants and pitch per-
ception. Formant transition is carried by the mixed 
and simultaneous patterns of STMs [4]. Fundamental 
data for speech categorization into phonemic groups 
are embedded in dynamic aspects of STMs. Phonemic 
recognition studies show that about 80% of phonolog-
ic errors occur in phonemes with similar vocal char-
acteristics and close STMs features [5]. The temporal 

modulation rates necessary for syllabic perception are 
2-5 Hz and for phonemic perception are 15-30 Hz [4]. 
Destruction of temporal modulations above 16 Hz 
can affect consonant identification [3]. The principal 
densities of spectral modulation for vowel recognition 
and speech comprehension are among 1 to 4 cycles per 
octave. Also, the needed spectral modulations for gen-
der identification are in the range of 3 to 7 cycles per 
octave [4]. So correct speech and melody perception, 
sound localization, complex environmental sound en-
coding, pitch perception, and timbre detection depend 
on accurate processing of different rates and various 
densities of STMs [6, 7]. 

Based on intracranial recordings, functional magnetic 
resonance imaging, and electrophysiological studies, the 
human auditory cortex has specialized neuronal groups 
at the superior temporal gyrus for optimal representa-
tion of speech sounds which have increased sensitivity 
to STMs [2]. These higher-order neurons of the auditory 
cortex have preferred tuning to STMs and construct a 
multi-dimensional representation of acoustic compo-
nents in which separate neuronal clusters respond selec-
tively to the STM features of a specific phoneme. Hence, 
they can decode the phoneme with high fidelity. As a 
result, the mean firing rates of neurons in response to 
different phonemes are classified according to their best 
frequency and STMs. For example, neurons tuned to the 
rapid temporal modulations respond better to the stops 
consonants, and neurons with slow temporal modula-
tions decode fricative consonants alternatively [5].

O
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These response specializations to the STMs and speech 
segments are mostly in Heshel’s gyrus and adjacent cor-
tical areas. Imaging and functional studies in humans 
show that the mentioned auditory cortical areas in the 
processing of STMs have a tonotopic organization [8]. 
The close relationship between structures involved in 
processing STMs and speech signals demonstrates that 
the complex spectro-temporal nature of speech sounds 
is represented by STMs sensitive filters through spectro-
temporal receptive fields. Given that the precise repre-
sentations of STMs information in the peripheral and 
central auditory system may be the underlying mecha-
nism of speech perception [4], various strategies in the 
extraction of these modulations from speech signals and 
also decreased ability of the peripheral or central audi-
tory systems in decoding and processing of the STMs 
can affect the speech comprehension abilities.

Previous studies have shown that children with audi-
tory processing disorder (APD) have reduced ability 
the processing temporal [9], spectral [10], and STMs 
[11]. Lotfi et al. reported that children with APD per-
form poorly in STMs detection tasks, which strongly 
correlates with speech in noise tests. They asserted that 
the incomplete development of auditory processing 
circuits increases STMs detection thresholds accom-
panied by decreased speech perception in noise results 
in children with APD [11]. 

Auditory processing refers to the efficiency and ca-
pability of the central nervous system in decoding and 
processing auditory inputs [12, 13]. Overlapping infor-
mation processing in different stages of the auditory sys-
tem leads to intrinsic redundancy. Thus, despite the mal-
function in one part of the auditory system, overlapped 
processing in other structures can compensate for the 
destructed information. Besides, speech has extrinsic re-
dundancy due to the context, grammar, and visual cues. 
Both intrinsic and extrinsic redundancy retrieve the de-
graded speech segments and can improve the perception. 
Suffering from APD and the competing signals or rever-
beration, the listeners could not use this redundant infor-
mation. The result is speech in noise problem, which is a 
common phenomenon in APD [14]. 

APD is a perceptual deficit in the auditory modality, 
not because of higher-order processing disorders, such 
as linguistic or cognitive domains [15, 16]. APD is con-
sidered a dysfunction in at least one of the following 
areas: temporal ordering, temporal integration, temporal 
and frequency resolution, sound localization, auditory 
pattern recognition, and auditory discrimination [17]. 

Individuals suspected of APD usually have problems in 
challenging situations like speech comprehension in back-
ground noise and rapid speech. The children with APD 
might have verbal education problems and, notwithstand-
ing normal peripheral hearing, manifest behaviors consis-
tent with hearing loss [12, 13]. It is of particular concern 
as it may negatively impact their academic performance, 
learning, and interpersonal interactions that reduce their 
quality of life. Auditory training is a helpful method for 
coping with the challenges children with APD face.

Auditory training is commonly composed of strate-
gies and practices that concentrate on auditory skills 
and speech comprehension improvement. The success 
rate of a training program is variable and depends on 
the training protocol, duration, and the stimulus type of 
the training [18]. The crucial aspect of proper auditory 
training is the learning transfer from trained stimuli to 
other untrained skills, especially practical abilities like 
speech understanding of noise. 

Considering variable speech in noise perception as one 
of the most significant problems in children with APD on 
the one hand and the multiple STM interactions in speech 
signals, on the other hand, we suggested that auditory 
STMs training might improve the children’s ability to use 
spectro-temporal cues for better speech perception. The 
current study hypothesizes that auditory STMs training 
can alter modulation processing and consequently boost 
speech perception in noise. Thus, the present research 
aimed to investigate the effects of auditory STMs train-
ing on speech in noise perception of children with APD.

2. Materials and Methods

Case selection

A total of 35 children with APD (8-12 years old stu-
dents) were recruited based on the inclusion criteria 
in this analytical interventional study (pretest-posttest 
with a control group). The parents were explained that 
all tests are non-invasive and that their children’s in-
formation will be kept private. Then, written consent 
was obtained from parents for evaluation and auditory 
training sessions. The inclusion criteria were identi-
cal for the training and control groups. The children 
who met the inclusion criteria were randomly divided 
into two groups based on random quadruple blocks: 
18 children in the control group (Mean±SD age: 
9.88±1.36 years; 11 females and 7 males) and 17 chil-
dren in the training group (Mean±SD age: 10.11±1.45; 
10 females and 7 males). There was no statistical dif-
ference between groups in terms of sex and age. 
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The inclusion criteria were as follows: bilateral normal 
pure tone audiometry (auditory thresholds less than 20 
dB HL in 500 to 4000 Hz frequency range); symmet-
ric hearing (auditory thresholds difference less than 10 
dB HL between two ears); An type tympanogram; 85 or 
higher Wechsler intelligence quotient score, monolin-
gual Persian children; no history of ADHD, seizures, be-
havioral or developmental disorders; no consumption of 
any medications affecting central nervous system; poor 
educational performance (based on the auditory process-
ing domain questionnaire in the Persian language replied 
by parents) [19]; abnormal results in all 3 subtests of 
multiple auditory processing assessment (MAPA) [11, 
20, 21]; abnormal results in STMs detection tasks and 
speech in noise tests (consonant-vowel [CV] in noise 
and word in noise test) [11].

Since this research followed our first study [11], the 
case selection was based on the obtained results from the 
first study. Accordingly, MAPA subtests, STM detection, 
and speech in noise evaluations (before training assess-
ments) were done in our first study. Finally, the APD 
children with desired features according to inclusion cri-
teria were enrolled in training (the current study). There-
fore, a summary of evaluations carried out in our first 
study is provided here, and the reader is referred to the 
main article for thorough and detailed information [11]. 

The MAPA test battery was used for APD assessment 
which has three subtests with high degrees of sensitivity 
and specificity, including the dichotic digits test (DDT) 
[22], pitch pattern sequence test (PPS) [23], respectively. 
In this survey, the effect of bilingualism as a potential 
confounding factor on auditory temporal processing 
abilities was investigated in early Azari-Persian bilin-
guals. In this cross-sectional non-interventional study, 
GIN and PPS tests were performed on 24 (12 men and 
12 women, and monaural selective auditory attention 
test (mSAAT) [24]. Table 1 presents MAPA subtest de-
tails. Children with abnormal results in all three subtests 
of MAPA were identified as children with APD.

Before training evaluations

Spectro-temporal modulation detection test

To meet other inclusion criteria, the STM detection 
tasks and speech in noise tests were used. The STM de-
tection tasks were done using MATLAB software and 
under headphones at 65 dB SPL monaurally. Six stimuli 
were created by mixing three temporal modulation rates 
(4, 12, and 32 Hz) and two spectral modulation densities 
(0.5 and 2 cycles per octave). 

We applied 3-alternative adaptive-3-interval forced-
choice methods with 2 down/1 up adaptive steps to ob-
tain the psychometric level of 70.7%. The evaluation 
was started from the highest modulation depth and adap-

Table 1. Summary of MAPA test battery with targeted process

Auditory
 Processing 

Test

Underlying 
Process Task Information Scoring

Mean±SD

Normal Values in Persian [21]

DDT
Binaural 
integra-

tion

Free recall of four numbers (1 to 
10 except 4 in Persian), which were 
presented in 2 pairs simultaneously 

to both ears.

Forty pairs of numbers were pre-
sented with a 2.5% score for each 

correct answer. The final score 
was 100%.

82.21±7.20

PPS Temporal 
ordering

Thirty patterns of sets of 3 pure 
tones with 2 different pitches (low/
high) were presented monaurally. 
In each pattern, 2 tones had the 
same pitch, and the other had a 

different pitch.

The non-verbal method (pointing 
to a picture analogous to the test) 

was used. Each ear was scored 
separately as a percentage.

91.47±4.05

mSAAT Auditory 
closure

Twenty-five monosyllabic words 
were presented in the background 
of a competing and attractive story 

at a signal-to-noise ratio of 0 dB. 
The test was done monaurally.

The child was instructed to ignore 
the story and repeat the target 
words or point to the picture of 
each word given to the child in 
a bouquet of 6 competing word 

pictures. Each correct answer had 
%4, a total of 100%.

Right ear Left 91.86±5.47

Left ear 90.19±5.89

DDT: dichotic digits test; PPS: pitch pattern sequence test; mSAAT: monaural selective auditory attention test. 

In our first study, the children with APD had scored less than two standard deviations from the norm in these three sub-tests, 
and their results were significantly different from normal peers [11].
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tively changed (decreased followed a correct answer or 
increased after an incorrect response) in 6-dB step for 
the first trial, then 4-dB steps for the second and third 
trials, and finally, the modulation depth was decreased 
by 2-dB steps for six remaining trials. For each ear and 
six stimuli, the task was performed twice. In each run (a 
total of 9 returns), the modulation depths (in dB) of the 
last six reversals were averaged, and the final threshold 
was the mean of averaged modulation depths of the two 
or three runs [11]. In STM detection tasks, more negative 
thresholds in dB mean better performance. Based on the 
3I-3AFC (3-interval-3-alternative forced choice) meth-
od, 3 stimuli were presented to the children in which one 
of them was different from the other two in a random 
fashion. The child was instructed to choose a different 
sound. Before the preliminary test, the children were 
given the necessary training [11]. 

Speech in noise tests

For speech in noise assessment, the Persian versions 
of the consonant-vowel (CV) in noise and word in noise 
tests were administered [11]. The CV in the noise test 
has the least cognitive demands and mainly depends 
on the acoustical processing of the speech signal in 
the upward auditory system. A total of 25 meaningless 
CV (especially the stop consonant in a combination of 
vowels) in white noise at different signal-to-noise ra-
tios (+12 to -12) were implemented monaurally. The 
child was asked to repeat the syllables, and the scoring 
was based on percentage. A higher percentage means 
better performance [11, 25].

Monosyllabic words for children in a babble compet-
ing noise were presented monaurally at different signal 
to noise levels from +24 to 0 dB in word in noise test. 
This test needs a lower working memory load, so it as-
sesses the bottom-up processing [26] and the words-in-
noise test is one of the easiest ones in terms of speech 
materials. This study aimed to develop and determine 
the validity and reliability of the Persian version of the 
words-in-noise (WIN. The children were guided to re-
peat each word, and the scores were calculated based 
on a signal-to-noise ratio in which 50% of the correct 
response was obtained (Spearman-Kärber equation) 
[11, 27]. The lower scores indicate better speech in 
noise perception.

The tests were randomly administered across the sub-
jects (inter-subjects), although in each case, the pre- and 
post-training assessments were in the same order.

After completion of the test battery, the children with 
APD who met the inclusion criteria were enrolled in the 
intervention phase. Seventeen children were randomly 
selected for ten sessions of formal auditory training. 

Auditory spectro-temporal modulation training

Based on a psychoacoustic viewpoint, there are two 
principal training programs: discrimination and iden-
tification. These fundamental auditory processes are 
crucial elements of auditory perception [18]. As there 
is no straightforward gold standard regarding optimal 
training, the training of the current study was based on 
“identification.”Identification tasks possess a decision of 
different stimuli from the rest.

As shorter training sessions may be practical and more 
influential [18], our modulation identification games 
were administered in 1-hour sessions twice a week for 
five weeks. Our formal training included completely 
purposeful and structured exercises performed for each 
subject in consecutive sessions and at specific times, re-
spectively. The difficulty level of the training sessions 
gradually increased upon the child’s performance. As 
motivation throughout training is a paramount factor in 
gaining successful outcomes, reinforcement was pro-
vided after each favorable fulfillment to keep the child 
motivated. The intervention was done in a quiet room 
with engaging and various methods. 

The training focused on the improvement of STM 
detection. The STM stimuli were created by apply-
ing spectral and temporal modulation to four thousand 
broadband frequency carrier tones in MATLAB soft-
ware. To boost the modulation identification ability of 
the auditory system in the range required for speech 
modulations processing, the training STM stimuli had 
a wider range of temporal modulation rates (4-8-12-16-
32-64 Hz) and spectral modulation densities (0.5-1-2-
4 c/o) compared to STM stimuli used for evaluations. 
So similar and different STM stimuli were trained. The 
modulation depth of the target signal was adjusted by 
altering the amplitude relative to the flat spectrum from 
0 (0% modulation) to 1 (100% modulation). For each 
combination of temporal and spectral modulations, by 
varying the modulation depths from −30 dB to 0 dB (in 
2-dB steps], 15 stimuli were created. The training was 
performed with headphones binaurally at 65±8 dB SPL. 
As intensity cues may ease the modulation detection, the 
stimulus intensity levels of the training were randomized 
to decrease the intensity cues [28]. 
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The 3I-3AFC paradigm was used due to less cogni-
tive demand for kids. In each training trial, three stimuli 
were presented to the child. Two of them were the refer-
ence signal (without modulation), and one was the target 
(modulated signal) (Figure 1). The target signal was pre-
sented randomly to make the prediction effects the least. 

For the best co-operation, the training’s importance and 
rationale were explained to the children. Also, the partici-
pants were trained to identify and choose the odd sound 
and point to its correspondent card (or training toy). If the 
children could distinguish the correct answer, they would 
be encouraged through visual and verbal feedback (Fig-
ure 2). Otherwise, the right answer would be taught.

Studies have shown that implementing an auditory re-
habilitation program for children with APD requires a 
person-centered approach [29]. Thus, the training stimu-
lus characteristics were set in line with the results of the 
STM detection tasks for each subject correspondingly. 
Generally, a larger difference between target stimulus and 
reference stimuli (modulation depth above the threshold) 

makes the target identification easier and leads to better 
performance. Also, lower densities of spectral modulation 
and slower rates of temporal modulation are the simplest 
stimuli. So, the starting trial included the highest modula-
tion depths and simplest modulation features (0.5 c/o and 
4 Hz) to make the task easier. For each training block, 30 
trials were applied, so in a single session, 120 trials were 
done. The difficulty level of each training block (30 trials) 
changed adaptively. After each appropriate response, the 
modulation depth was reduced to complicate the task. If 
the child could not detect the target signal, the modulation 
depth increased. The changes in modulation depths were in 
2-dB steps with a 1 down/ 1 up adaptive procedure. Studies 
have shown that adaptive training methods with variable 
hardship levels in accordance with the subjects’ abilities 
are more effective [30]. The training must be challeng-
ing enough for optimal performance and motivation, so 
to achieve this goal, the training difficulty was adaptively 
modified to keep training close to the subjects’ perfor-
mance level (30%-70%) [29]. As a result, the prerequisite 
for increasing the training difficulty was achieving 70% (at 
least) of one’s border of competency.

Figure 1. Schematic representation of the spectro-temporal modulations training stimulus, the red and blue colors demonstrate 
the amplitude changes in spectral and temporal domains

Green color shows no modulation.

Figure 2. Playing cards the child gave the response by pointing the appropriate card
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After the last training session, all children in both 
groups (training and control) went under evaluation of 
the STM detection and speech in noise. Also, the evalu-
ations were repeated 1-month post-training to assess the 
reliability of training effects. 

During the training sessions, three children were 
excluded from our study. One of them was no longer 
eager to participate due to personal problems, and the 
two others did not finish their sessions. So, we re-
placed them with new cases, and all the procedures 
mentioned above (sections 2.2 and 2.3) were repeated. 
The control group could have participated in the train-
ing sessions after the research.

3. Results

Data analysis

The data were statistically analyzed using SPSS v21 
(IBM, Armonk, NY, USA) software at the significance 
level of 0.05. The paired t test and Wilcoxon were ap-
plied to show the training effects (comparing pre- and 
post-training results within groups). The covariance 
and Mann-Whitney tests were used to assess between 
groups’ comparisons after training. Finally, the repeated 

measurement and Friedman tests were applied to ana-
lyze the reliability of training outcomes.

We assessed our assumption regarding the efficacy of 
auditory modulation training by performing the train-
ing just for the intervention group. The STM detection 
thresholds were obtained in both groups before and 
after the training. The paired t test showed significant 
differences in STM thresholds (in both ears and all six 
stimulus conditions) of the intervention group pre- and 
post-training (P<0.001). In contrast, the control group 
who had not received the training showed no difference 
before and after training in STM thresholds (P>0.05). 
The results indicated improvement in STM detection 
thresholds of the training group exclusively (Figure 3).

The Kolmogorov-Smirnov test of normality showed 
that speech tests (CV in noise and word in noise) had 
non-normal distribution in both intervened and control 
groups (P<0.05). So, the Wilcoxon test was used to com-
pare speech in noise test results before and after train-
ing in both groups. Table 2 displays that in the training 
group, the speech in noise scores follow similar trends 
as STM thresholds. In other words, the training had suc-
cessful effects on the improvement of speech in noise 
perception (Table 2).

Table 2. Speech in noise test scores in training and control groups’ pre- and post-rehabilitation

Test Ear Speech Test

Mean±SD

PTraining Group (n=17)
P

Control Group (n=18)

Before After Before After

Right ear

CV in noise (SNR+12) 82.58±6.47 94.58±9.68 0.002 81.11±7.61 85.11±6.96 0.085

CV in noise (SNR+6) 70.82±6.28 89.41±13.41 0.002 69.33±5.65 71.33±5.35 0.160

CV in noise (SNR 0) 58.58±7.99 76.00±14.28 0.001 60.44±7.98 62.66±8.11 0.210

CV in noise (SNR-6) 33.17±5.05 54.82±14.12 <0.001 36.44±6.41 38.22±6.61 0.095

CV in noise (SNR-12) 15.29±5.69 38.11±16.79 <0.001 18.66±9.20 22.00±8.59 0.068

Word in noise (SNR50%) 5.90±1.62 2.70±2.34 <0.001 6.08±1.62 5.42±1.49 0.091

Left ear

CV in noise (SNR+12) 82.35±7.21 95.29±8.39 0.001 81.55±8.58 84.44±7.50 0.101

CV in noise (SNR+6) 70.11±5.85 91.05±12.84 0.003 68.22±6.35 69.77±6.16 0.210

CV in noise (SNR 0) 58.82±9.97 78.58±13.41 0.001 59.11±9.85 61.11±9.28 0.073

CV in noise (SNR-6) 33.88±4.71 55.76±12.76 0.001 36.00±7.88 37.33±7.76 0.287

CV in noise (SNR-12) 15.05±7.14 39.29±15.57 0.001 18.22±6.47 21.11±8.97 0.061

Word in noise (SNR50%) 5.85±1.77 2.47±2.46 <0.001 6.17±1.65 5.68±1.67 0.088

CV: consonant-vowel; SNR: signal to noise ratio. The Wilcoxon test at the significance level of 0.05.
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Table 3. Spectro-Temporal Modulation (STM) detection thresholds post-training in both groups (Training group: n=17 and 
Control group n=18)

Test Ear Stimulus Condition
Mean±SD

R2 P
Training Control

Right ear

STM1=0.5 c/o & 4 Hz -18.84±-6.69 -6.87±-3.73 0.737 P<0.001

STM1=0.5 c/o & 12 Hz -19.25±-7.52 -10.48±-3.14 0.759 P<0.001

STM1=0.5 c/o & 32 Hz -20.52±-5.05 -9.91±-3.88 0.682 P<0.001

STM1=2 c/o & 4 Hz -18.98±-5.92 -7.49±-3.36 0.729 P<0.001

STM1=2 c/o & 4 Hz -20.49±-4.73 -9.35±-2.77 0.728 P<0.001

STM1=2 c/o & 4 Hz -19.34±-6.58 -8.16±-3.49 0.800 P<0.001

Left ear

STM1=0.5 c/o & 4 Hz -20.00±-5.77 -5.94±-3.46 0.763 P<0.001

STM1=0.5 c/o & 12 Hz -19.01±-6.58 -8.59±-3.31 0.407 P<0.001

STM1=0.5 c/o & 32 Hz -19.56±-6.12 -10.50±-3.58 0.723 P<0.001

STM1=2 c/o & 4 Hz -18.73±-6.18 -7.78±-3.37 0.753 P<0.001

STM1=2 c/o & 4 Hz -19.85±-5.18 -9.39±3.56 0.766 P<0.001

STM1=2 c/o & 4 Hz -20.47±5.79 -7.93±-3.24 0.741 P<0.001

Covariance test at the significance level of 0.05. 
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Figure 3. The STM detection thresholds in both groups. The mean thresholds have been displayed separately for each ear and 
six test conditions (STM1= spectral density of 0.5 c/o and temporal rate of 4 Hz, STM2= spectral density of 0.5 c/o and tempo-
ral rate of 12 Hz, STM3= spectral density of 0.5 c/o and temporal rate of 32 Hz, STM4= spectral density of 2 c/o and temporal 
rate of 4 Hz, STM5=spectral density of 2 c/o and temporal rate of 12 Hz, STM6= spectral density of 2 c/o and temporal rate 
of 32 Hz).
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Table 4. Speech in noise test scores in both groups after training (training group: n=17 and the control group: n=18

Test Ear Stimulus Condition
Mean±SD

P
Training Control

Right ear

CV in noise (SNR+12) 94.58±9.68 85.11±6.96 0.027

CV in noise (SNR+6) 89.41±13.41 71.33±5.35 0.038

CV in noise (SNR 0) 76.00±14.28 62.66±8.11 0.005

CV in noise (SNR-6) 54.82±14.12 38.22±6.61 P<0.001

CV in noise (SNR-12) 38.11±16.79 22.00±8.59 0.001

Word in noise (SNR 50%) 2.70±2.34 5.42±1.49 P<0.001

Left ear

CV in noise (SNR+12) 95.29±8.39 84.44±7.50 0.009

CV in noise (SNR+6) 91.05±12.84 69.77±6.16 0.011

CV in noise (SNR 0) 78.58±13.41 61.11±9.28 P<0.001

CV in noise (SNR-6) 55.76±12.76 37.33±7.76 0.002

CV in noise (SNR -12) 39.29±15.57 21.11±8.97 P<0.001

Word in noise (SNR 50%) 2.47±2.46 5.68±1.67 P<0.001

CV: consonant-vowel; SNR: signal to noise ratio. The Man-Whitney test at the significance level of 0.05.

Figure 4. The Spectro-Temporal Modulation (STM) detection thresholds in training group

The data were obtained before, after, and one month later post training. The mean thresholds have been displayed separately for 
each ear and six test conditions (STM1=spectral density of 0.5 c/o and temporal rate of 4 Hz, STM2=spectral density of 0.5 c/o and 
temporal rate of 12 Hz, STM3=spectral density of 0.5 c/o and temporal rate of 32 Hz, STM4=spectral density of 2 c/o and temporal 
rate of 4 Hz, STM5=spectral density of 2 c/o and temporal rate of 12 Hz, STM6=spectral density of 2 c/o and temporal rate of 32 Hz).
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The STM detection thresholds post-training were com-
pared between the intervention and control groups by 
the covariance test. Via this test, the interfering effects 
of pre-training thresholds as a confounder variable could 
be controlled. Significant differences between training 
and control groups in STM thresholds post-training were 
observed (Table 3). The Man-Whitney test was also used 
to compare post-training scores of speech in noise tests 
between groups. Similar to STM thresholds, the speech 
in noise scores showed significant differences after train-
ing between intervened and control groups (Table 4).

The enhancement of STM detection thresholds and 
speech in noise scores showed that the auditory modula-
tion training was effective. Now the question is how long 
the effects of training will remain even after the end of 
the intervention. Therefore, the reliability of the training 
effects was also examined. For this purpose, the STM 
detection thresholds and speech test scores were retested 
one month after the training finished (just in the training 
group). The STM detection thresholds were compared 
before, after, and one month later using repeated mea-
surement. At first, Mauchly’s test of Sphericity was done 
(P>0.05). By the Greenhouse-Geisser test, no statistical-
ly significant difference was found between post-train-
ing and one-month later STM thresholds (P<0.05). This 
lack of significant difference indicates the reliability of 
training effects that remained within one month after the 
end of intervention (Figure 4).

The non-parametric Friedman test was used to com-
pare speech comprehension scores between three as-
sessment stages (before, after, and one month after 
training finished). Table 5 indicates no significant dif-
ference in the CV in noise test scores between imme-
diately after training and one month later (P>0.05). It 

means that the CV in noise scores improvement due to 
training was reliable. However, the auditory modula-
tion training efficacy for the word in noise test was 
not well maintained, which was statistically significant 
only in the right ear (Table 5).

4. Discussion

Effects of auditory STM detection training

One of the most salient problems of children with 
APD is the variable performance in speech understand-
ing tasks. Given that speech contains spectro-temporal 
acoustic cues, it is likely that speech comprehension 
problems of these children can be explained by chang-
es in their coding and accurate processing of STM 
information. The present study determined whether 
auditory STM training would enhance the speech 
comprehension skills of children with APD. The lack 
of published data regarding our hypothesis demanded 
the current study. Because there are few studies about 
STM training and its relation to speech in noise, espe-
cially in children with APD, we discussed our findings 
with somewhat similar studies.

Based on our assumption about the role and impor-
tance of STM processing in speech understanding, no-
tably in adverse situations such as background noise or 
competing signals, we trained children with APD by an 
auditory STM identification practice. Subsequently, the 
STM detection thresholds’ modifications and changes in 
the speech in noise scores were tracked. Only the train-
ing group received the STM detection practice, but the 
evaluations (before and after training) were performed 
for both training and control groups.

Table 5. Speech in noise scores reliability in training group (n=17)

Test Ear Speech in Noise Scores
Mean±SD

CV in Noise 
Test SNR+12

CV in Noise 
Test SNR+6

CV in Noise 
Test SNR 0

CV in Noise 
Test SNR-6

CV in Noise 
Test SNR-12

Word in Noise Test 
SNR 50%

Right ear

Immediately after 
training 94.58±9.68 89.41±13.41 76.00±14.28 54.82±14.12 38.11±16.79 2.70±2.34

One month later, after 
training finished 95.58±9.67 89.64±14.00 78.35±13.42 53.64±13.78 36.00±14.00 3.14±2.45

P 0.0606 0.725 0.382 0.190 0.067 0.046

Left ear

Immediately after 
training 95.29±8.39 91.05±12.84 78.58±13.41 55.76±12.76 39.29±15.57 2.47±2.46

One month later, after 
training finished 95.05±8.31 90.58±12.87 80.00±14.00 53.41±12.87 38.58±13.99 2.75±2.48

P 0.564 0.480 0.771 0.073 0.256 0.058

CV: consonant-vowel; Friedman test at the significance level of 0.05.
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Improvements have been observed in STM detection 
thresholds in children with APD who were intervened. 
These children had better performance and lower 
thresholds in STM detection tasks post-training. Sabin 
et al. [28] studied the perceptual learning of seven ses-
sions of STM depth discrimination training in healthy 
young adults. This study demonstrated that in the audi-
tory system, there are modulation-sensitive filters that 
can be modified through specific training and have an 
impact on perception. Although they used contrasting 
training methods of discrimination rather than iden-
tification and had different samples, our findings are 
somewhat consistent. They also stated that the discrim-
ination training led to degradation of the modulation 
detection thresholds, which means that their discrimi-
nation training effects did not generalize to the iden-
tification task [28]. Fitzgerald and Wright [31] and if 
so whether this learning generalizes to untrained cases. 
To address these issues, normal-hearing adults (n=9 
assessed the improvement of sinusoidal amplitude 
modulation detection with training in 9 healthy adults 
and investigated whether the learning effects would be 
generalized to unpracticed stimuli. They used 720 tri-
als every day for 6 to 7 days and recorded the scores 
before and after training. Their evaluations consisted 
of amplitude modulation detection and discrimina-
tion tasks. They concluded that practice enhanced the 
amplitude modulation detection ability in the trained 
group. Although our study differs from the mentioned 
study based on samples and stimulus, the improved 
modulation detection ability in both studies is congru-
ent. Unlike the study by Sabin et al. [28], Fitzgerald and 
Wright [31] and if so whether this learning generalizes 
to untrained cases. To address these issues, normal-
hearing adults (n=9 noted some degrees of the learning 
generalization to untrained stimulus conditions. These 
studies indicate that the improvements caused by train-
ing are due to perceptual learning in various process-
ing stages of the auditory system. The changes in audi-
tory modulation perception can happen in a wide range 
from primary sensory representation to interpretation 
of this sensory information. Alterations in weighting 
to modulation cues in the central auditory system can 
explain the learning effects of the modulation practice. 
In a study by Faulkner, the effects of spectral ripple 
discrimination training were investigated in cochlear 
implantee adults [32]. They showed that 23 sessions 
of training led to better performance in subjects, which 
is consistent with ours. Although modulation training 
with spectral or temporal cues can improve the modu-
lation processing, we should bear in mind that spectro-
temporally interacted modulation cues (STM stimuli) 

are more complicated and have different neural path-
ways with specially tuned neurons. Barlow et al. [33] 
Frequency Discrimination, Spectral Rippled Noise 
[SRN], Iterated Rippled Noise, Temporal Modulation 
reported that 7 hours of temporal modulation detection 
training doesn’t significantly change the thresholds of 
the temporal modulation transfer functions in 10 adults 
with cochlear implants. The inconsistency observed 
between ours and this study’s outcome may be justi-
fied by different samples, methods, and the number of 
training sessions. 

Auditory training can change the auditory perception 
and its neurophysiological substrate. These induced 
plastic changes in neural connections and their activity 
of the auditory pathways lead to perceptual learning. 
STM training can alter the neural circuits tuned to STM 
and affects perception. Physiologic studies have revealed 
that the function of STM-tuned neurons in the inferior 
colliculus, mid-brain, and auditory cortex can be modi-
fied by identification and discrimination practices [34, 
35] providing multiple snapshots of the dynamic STRF 
during ongoing behavior. Attending to a specific target 
frequency during the detection task consistently induced 
localized facilitative changes in STRF shape, which were 
swift in onset. Such modulatory changes may enhance 
overall cortical responsiveness to the target tone and in-
crease the likelihood of ‘capturing’ the attended target 
during the detection task. Some receptive field changes 
persisted for hours after the task was over and hence 
may contribute to long-term sensory memory.”Previous 
research has demonstrated that auditory cortical neurons 
can modify their receptive fields when animals engage 
in auditory detection tasks.Wetested for this form of 
task-related plasticity in the inferior colliculus (IC. The 
behavioral data from our study (decreased STM detec-
tion thresholds post-training) also confirm the plasticity 
of the STM processing pathways in the auditory system. 

The optimal goal of successful auditory training is 
the learning generalization from trained stimuli to un-
trained conditions. Auditory training based on a specif-
ic auditory task can improve performance, not only in 
the trained task but also in the skills that are not explic-
itly taught. It can be inferred that the auditory training 
has some degree of generalization within or between 
tasks. This inference was our rationale for evaluating 
the generalization of the STM identification training 
effects on speech in noise performance. To investigate 
the learning transfer, the speech tests were done before 
and after training in intervened and control groups, and 
the results were compared.
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Our results demonstrate that the intervened group had 
significantly better speech in noise scores post-training 
than control peers. Post-training speech in noise out-
comes revealed that the STM detection training was 
beneficial, and generalization occurred through pro-
cedural learning. The enhanced speech scores are con-
sistent with other studies using computerized auditory 
training software in APD [18].

Wilson et al. [36] stated that improving modulation 
detection ability can generalize to speech comprehen-
sion in cochlear implant users. In a study by Barlow 
et al. [33] Frequency Discrimination, Spectral Rippled 
Noise [SRN], Iterated Rippled Noise, Temporal Mod-
ulation, adults with cochlear implants showed better 
speech in noise results after psychoacoustic training 
such as temporal modulation detection practice. How-
ever, in Faulkner et al. study, the word detection in 
noise ability and musical perception in two of eight 
adults with cochlear implants progressed after spectral 
ripple discrimination rehabilitation [32]. Approximate-
ly, auditory training studies in children have shown 
measurable improvements in trained tasks and simi-
larly general language skills of children post-training 
programs [37-39] The auditory brainstem response 
reflects neural encoding of the acoustic characteristic 
of a speech syllable with remarkable precision. Some 
children with learning impairments demonstrate abnor-
malities in this preconscious measure of neural encod-
ing especially in background noise. This study inves-
tigated whether auditory training targeted to remediate 
perceptually-based learning problems would alter the 
neural brainstem encoding of the acoustic sound struc-
ture of speech in such children. Nine subjects, clinical-
ly diagnosed with a language-based learning problem 
(e.g., dyslexia). Millward et al. [40] listening or lan-
guage difficulties. Because poor speech-in-noise per-
ception is commonly reported, previous research has 
focused on the use of complex (word/sentence stated 
that the learning transfer depends on which extent the 
trained and untrained stimuli are similar. If the training 
stimulus and the evaluations have similarities, learning 
generalization can be expected.

Accurate speech processing depends on the neural 
mechanisms integration in peripheral and central audito-
ry systems. The spectral and temporal processing of the 
acoustic signal starts at the periphery and then expands 
in the central auditory nervous system that responds 
selectively to these cues. Consequently, training will 
enhance the peripheral representation and promote the 
central processing of spectro-temporally acoustic infor-
mation. The generalization of the learning to speech in 

noise outcomes in this study reveals that training caused 
changes in neural pathways in which STM and speech 
are processed likewise or may demonstrate parallel plas-
ticity in STM pathways and speech processing networks. 
This result agrees with the STM processing model in 
which the sensitive STM filters improve the speech fea-
tures processing of the auditory system. In this study, the 
training generalization to speech perception was quan-
titatively assessed by speech in noise tests. In further-
ance of qualitative validation of the training effects on 
an individual’s ability in real life (listening efforts, social 
behavior, education, and academic achievement), we 
suggest subjective evaluations with questionnaires. 

Auditory STM detection training reliability

Of interest to evaluate our training reliability in the 
intervened group, the STM detection and speech in 
noise tests were repeated one month after the end of 
the training sessions. The STM detection thresholds 
did not change significantly during this one month. It 
shows the reliability of the training effects on STM de-
tection thresholds in children with APD. In Fitzgerald 
and Wright’s study [30], the ramification of modulation 
rate discrimination training remained till 15 months 
post-training. Faulkner [31] also noted the reliability of 
ripple discrimination training till 3 months after reha-
bilitation in adult cochlear implanted users. 

The better CV in noise test results in the training group 
of our study was retained for one month after training. 
Nevertheless, the same trend was not seen for the word 
in noise test, which may be arising from our short course 
of the training program. However, the word in noise test 
scores one month after training was still better than be-
fore training. Promoting training sessions may be effec-
tive in maintaining performance improvement. 

5. Conclusion

This study portrays an auditory training program that 
emphasizes the importance of STM features of acoustic 
cues. Our training efficacy encompassed not just pros-
perous consequences on STM detection thresholds but 
also generalized to upper processing levels like speech in 
noise. These results show that modulation training may 
help manage children with APD. However, due to the 
lack of similar studies, clinically applying this method 
needs further investigations. We suggest that future stud-
ies investigate the training effects in a larger population 
by adopting electrophysiologic evaluations. Furthermore, 
comparing spectral, temporal, and spectro-temporal mod-
ulation training separately may be proper in framing a 
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successful training protocol. Finally, long-run monitoring 
of the training outcomes is helpful to evaluate the success 
of the rehabilitation following an identification. 
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