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Resumen 

 

El presente proyecto de fin de grado tiene como objetivo analizar el efecto de la estimulación 
transcranial con corriente directa (en inglés tDCS, Transcranial Direct Current Stimulation) en la 
corteza auditiva. Para ello se partió de la base de que con dicho método, se es capaz de 
estimular la parte central del sistema nervioso, y que por lo tanto se podría influenciar la 
corteza auditiva, según algunos estudios. También podría cambiar algunos valores 
psicométricos objetivos como los niveles de emisión otoacústica, el umbral de audición o la 
integibilidad del habla. 

tDCS es un método no invasivo que modifica la excitabilidad craneal. Se ha investigado su uso 
en diferentes enfermedades tales como la depresión, dolor de cabeza, epilepsia, afasia…etc . 
Este este proyecto se ha utilizado mediante el dispositivo ‘BrainStim Transcranial Stimulator’. 

Para probar la eficacia de este método en la corteza auditiva, se ha estimulado en concreto el 
área de Wernicke que es la relacionada con la compresión de las palabras. Se realizaron tres 
pruebas en 10 voluntarios polacos nativos sin problemas auditivos para comprobar si su uso 
también influye en medidas psicoacústicas. Las pruebas se realizaron en tres situaciones: 
antes de la estimulación, inmediatamente después, y una hora después de la estimulación; 
están descritas a continuación: 

 Umbral de audición (audiometría): realizado en una cabina insonorizada y con el 
audímetro AC40. 

 Emisiones otoacústicas: se utilizaron las emisiones otoacústica con producto de 
distorsión (DPOAE) y se realizado con el audiómetro Titan.  

 Test integibilidad: realizado en una cabina insonorizada con el software 
correspondiente (Matlab). Este test era íntegramente en polaco. 

Tras haber realizado las pruebas, se concluyó que el método tDCS influye en la corteza 
auditiva en algunas medidas psicométricas. Se utilizó el método estadístico ANOVA para 
analizar los resultados, además de la prueba post hoc con el método de Tukey. 

En los resultados globales de las emisiones otoacústicas no se pudo apreciar una diferencia 
significativa tras la estimulación, pero en los resultados individuales en la mayoría de los 
voluntarios se observó una diferencia notable. En cambio en el umbral de audición y en el test 
de integibilidad no se observó cambios significativos tanto en los resultados globales como en 
los individuales. Por lo tanto se puede concluir que tDCS afecta directamente a la parte auditiva 
del cerebro, dado que los resultados son positivos en las emisiones otoacústicas, pero es 
necesario investigar más en otras áreas.   

 

  



 
 

Abstract 

 

The aim of this final degree project is to analyse the effect of Transcranial Direct Current 
Stimulation (tDCS) in the auditory cortex. It was based in the concept that tDCS is capable of 
stimulate the central nervous system, and therefore could influence in the auditory cortex 
according to some studies. It could also change some psychometric values objectives as 
otoacoustic emission levels, the hearing threshold or speech intelligibility. 

tDCS is a non-invasive method of modifying cerebral excitability. It has been investigated for 
use in various diseases such as depression, headache, epilepsy, aphasia .. etc. In this project 
the device 'BrainStim Transcranial Stimulator' has been used 

To test the effectiveness of this method in the auditory cortex, the Wernicke area (which is 
involved in word comprehension) has been stimulated. Three tests were carried out in 10 
otologically normal Polish native volunteers, to probe if it use in psychoacoustic measures also 
influences. The tests were conducted in three situations: namely before, directly after the 
stimulation, and one hour after that. They are described below: 

• Absolute frequency threshold (audiometry): measured in an insulated booth and with 
the AC40 audiometer. 

• Otoacoustic emissions: Distortion Product Otoacoustic Emission (DPOAE) were used 
and measured with the Titan audiometer. 

• Speech intelligibility: polish sentence speech intelligibility test was carried out with the 
proper software (Matlab) and in a insulate booths. 

After the test, it was concluded that the method tDCS affects the auditory cortex in some 
psychometric measures. ANOVA statistical method was used to analyse the results, in addition 
to have more accurate results post hoc with Tukey’s procedure was used.  

In the overall results of otoacoustic emissions could not see a significant difference after 
stimulation, but individual results, in some subjects, differences can be found. However, in 
audiometry and speech intelligibility measurements, no significant changes were observed in 
both overall and individual results. Therefore it can be concluded that tDCS directly affects the 
auditory cortex, since the results are positive in otoacoustics emissions, but more research in 
this area should be carried out.  
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1. Introduction 

Transcranial Direct Current Stimulation (tDCS) is a method of modifying cerebral excitability. It 
is a non-invasive, low cost and easy to use. It has been intensively investigated in clinical and 
cognitive neuroscience during last few years.  

It can be found in the scientific literature that tDCS can be used to reduce the pain of some 
diseases, like depression, headache, epilepsy, Parkinson, aphasia… etc. Moreover, it was 
shown in several studies that this method give some measurable effect and is safe. 

The concept on this project is based on the assumption that since the tDCS can stimulate some 
part of central neural system, it should be possible to influence the auditory cortex and measure 
some objective parameters which values may be changed by stimulation. It can also change the 
objective psychometric values  of some parameters, such as otoacoustic emission level, 
hearing threshold or speech intelligibility in noise by stimulation of those parts of brain 
responsible for perception of sounds. 

Thus, in this project the device ‘BrainSTIM Transcranial Stimulator’ was tested  in the area of 
the brain related to hearing (Wernicke’s area), to investigate  whether the stimulation can 
influence the results of psychoacoustic measures, not only the psychological, subjective 
aspects as suggested by other authors. If the values are changed by the stimulation it may 
suggest that the tDCS is proved to influence the physical aspects of the brain performance. 

For preliminary test of this device, 10 volunteers took part in the experiments. The test, was 
carry out in three situations, namely before, directly after the stimulation, and one hour after 
that.  

Three psychophysical tests which were carried out are described below: 

1. Absolute frequency threshold: in an acoustically insulated booth the audiometry was 
carried out. 

2. Otoacoustic emission: with a special device (Interacoustics Titan Screener) distortion 
product otoacoustic emission (DPOAE) was measured.  

3. Speech intelligibility: in a special acoustically insulated booths with the proper software, 
Polish sentence speech intelligibility test was carried out and speech reception 
threshold was determined.
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2. Transcranial direct current stimulation (tDCS) 
method 

2.1. Definition 

Transcranial direct current stimulation (tDCS) is a non-invasive neuromodulatory technique that 
uses weak, direct electric current delivered through the scalp to the neural tissue to induce 
changes in cortical excitability according to the parameters of stimulation, it is a safe alternative 
method, like Transcranial Magnetic Stimulation (TMS), to change cortical excitability. 

The effects in one session of tDCS can last for several minutes, and its effects depend on 
polarity of stimulation, such as that cathodal stimulation induces a decrease in cortical 
excitability (hyperpolarises neurones), and anodal stimulation induces an increase in cortical 
excitability (depolarized neurones) that may last beyond the duration of stimulation. 

The most common way to stimulate by tDCS is delivered by a battery driven constant current 
stimulator (in our case BrainSTIM), using a pair of rubber electrodes in a 5cm x 7cm water (or 
electrolyte) soaked synthetic sponge placed on the scalp. The current normally is applied 
between 20-30 minutes and with an intensity between 1mA-2mA. 

It can be used in patients to selectively disrupt patterns of neural activity that are associated 
with symptoms of mental illness, like memory dysfunctions, depression, Alzheimer, Parkinson, 
epilepsy, migraine, aphasia… etc. 

2.2. Effects in the visual cortex and motor cortex 

One of the aim of tDCS is induce prolonged neuronal excitability and activity alterations in the 
human brain via alterations of the neuronal membrane potential, and results in prolonged 
synaptic efficacy changes.  

In those alterations, the occipital stimulation, shown in Figure 1, produced by light sensations, 
called phosphenes, whose position, colour and shape varied according to the position of the 
electrodes (anodal versus cathodal).  

 

FIGURE 1. MOTORS AND SENSORY CORTEXES AND THE ASSOCIATION AREAS FOR EACH. 
(HTTP://WWW.FAIRVIEW.ORG/FV/GROUPS/PUBLIC/DOCUMENTS/IMAGES/345922.JPG) 

The first knowledge about the origin and mechanism of cortical DC stimulation has been gained 
from animal experiment (in cats and rats). It was shown that applying an anodal DC stimulus to 
the surface of both, the motor and visual cortex increased cortical excitability and activity 
depolarizing neuronal membranes at subthreshold level. But in the last few years, it has been 
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shown that transcranially applied DC can modulate excitability and activity in the motor cortex in 
healthy subjects, both during and after stimulation. As it was said before, those after effect can 
last from minutes to hours, depending on the current and the duration of the stimulation. (Antal 
et al, 2005) 

Some experiments has been carried out in the area of visual cortex, which the part of the 
cerebral cortex, responsible for processing visual information, located in the occipital lobe 
(Figure 1). It was shown that tDCS module the amplitude of the visual evoked potentials 
(VEPs), modify the perception of phosphenes, contrast sensitivity, and the motion detection 
thresholds in a polarity specific way. (Russowsky Brunoni et al, 2001) (Nitsche et al, 2000) 
(Palm et al, 2008) 

VEPs characterize occipital activation in response to visual stimulation, using several 
stimulating electrode combinations (in the occipital lobe), and also depends on the flow 
direction.  Cathodal tDCS over the primary visual cortex decreased whilst anodal tDCS 
increased the amplitude of one component of the VEP (Antal et al, 2005).  When the contrast 
visual stimuli is low, it can be observed significant effect, rather than when the stimuli is high. 
However, the longer the stimulation, the longer the after-effects. Some studies suggest that the 
effect of the cathodal stimulation is stronger that the effect of anodal stimulation if identical 
parameters are used (Antal et al, 2005). 

In relation with the function effect of tDCS, cathodal stimulation significantly improved motion 
perception in a paradigm in which the task was to identify the direction of coherent motion in a 
random noise background and again, anodal stimulation had no effect. However, when the task 
was to identify the direction of coherently moving dots presented without distractors, the number 
of correctly identified directions was decreased significantly by cathodal stimulation, whilst it was 
enhanced by anodal tDCS. (Antal et al, 2005) 

It is very likely that tDCS acts similarly in the visual cortex and in the motor cortex, because the 
functional effects are comparable, the finding of the motor studies, cannot simply be translated 
to the visual areas due to anatomical neurochemical and physiological differences. (Antal et al, 
2005) 

In conclusion, tDCS allows the manipulation of cortical network activity in humans, 
psychophysical evaluation of correlated perceptual changes. Moreover, since it can influence 
the visual cortex performance, it may be stated that it is reasonable to investigate the effects of 
tDCS on auditory cortex, specifically the Wernicke’s area. 

 

2.3. Adverse effects associated  
Although the general impression is that this method is safe, it can mild and transient some 
adverse effects (AE), which are temporary and not grave in healthy volunteers. The most 
common are itching, tingling, headache, burning sensation and discomfort Russowsky Brunoni 
et al, 2001). 

Those AE depends on the number of subjects in real tDCS and sham groups, number of 
session, size and position of electrodes, intensity and duration of stimulation. 

Itching and tingling are the most AEs commonly observed. For itching, some studies suggest 
that with larger sample sizes and older publications (from 1999-2003) (Palm et al, 2008), 
reported more itching that recent ones. On the other hand, the smaller the electrodes, the 
higher the tingling. (Russowsky Brunoni et al, 2001) 

Table 1 shows the results of a study (Russowsky Brunoni et al, 2001) of the frequency of AE in 
117 (active group) and (sham group) experiments.  
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TABLE 1. FREQUENCY OF ADVERSE EFFECTS 

 

Despite that, this methods is safe, the average is that it can be used 1-2 session per person per 
day for healthy volunteers.  

The most severe AE found in healthy subject was skin lesion on the site the electrode was 
placed using a 2mA current (Palm et al, 2008), which was probably the allergic reaction to the 
electrolyte. But apart from that, one study performed in 58 rats delivering different diseases of 
electric current showed that brain damage only occurred at doses that were 100 times higher 
than used in humans (Palm et al, 2008). It means that the current values used in humans are 
safe.   

Although the difference in age is not a statistically significant factor, in most of the cases, the 
older people, were reporting more AEs than the younger people (Palm et al, 2008). Additionally, 
AEs were reported more often in studies that used higher current densities.  

In conclusion, it may be stated that, AE associated with tDCS indicates a selective reporting 
bias in tDCS trials as almost half of the studies did not report presence of AE, while inly few 
studies actively show them. Thus, apart from this slight and temporal AE, it can be stated that 
this method is safe. 

3. Areas of the brain related to hearing and speech 

3.1. Auditory cortex 
The auditory cortex can be divided in two, primary and secondary. The primary auditory cortex 
(A1) is located on the superior part of the temporal lobe. The A1 has a topographical map 
(which work as a frequency map) of the cochlea, as shown in Figure 2 (A), just as the primary 
visual cortex (V1), and the primary somatic sensory cortex (S1) have topographical maps of 
their respective sensory frequencies. The cochlea decompose the acoustical stimulus, which is 
arranged along the length of the basilar membrane. Neurons in the auditory cortex are 
organized according to the frequency of sound to which they respond best. Neurons at one end 
of the auditory cortex respond best to low frequencies; neurons at the other respond best to 
high frequencies, as shown in Figure 2 (B). 
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FIGURE 2. THE HUMAN AUDITORY CORTEX. (A) DIAGRAM SHOWING THE BRAIN IN LEFT LATERAL VIEW, WHERE 

PART OF THE AUDITORY CORTEX IS SHOW. THE PRIMARY AUDITORY CORTEX (A1) IS SHOWN IN BLUE; THE 
SURROUNDING BELT AREAS OF THE AUDITORY CORTEX ARE IN RED. (B) THE PRIMARY AUDITORY CORTEX HAS A 

TONOTOPIC ORGANIZATION. (PUVES D ET AL, 2001) 

On the other hand, in the secondary auditory cortex (shown in Figure 2 (A)), the Wernicke’s 
area is located.  

3.2. Wernicke’s area 
The Wernicke’s area, is the region of the brain that contains motor neurons involved in the 
comprehension of speech. It is located in the posterior third of the upper temporal convolution of 
the left hemisphere of the brain, as shown in the Figure 3. Thus, it lies close to the auditory 
cortex. In most of the people, this area is located in the left hemisphere of the brain. 

This area appears to be uniquely important for the comprehension of speech sounds and is 
considered to be the receptive language, or language centre. It should be pointed out that this 
area is also connected to Broca’s area by a bundle of nerve fibres called the arcuate fascitulus. 
Damage to the arcuate fascitulus causes a disorder called conduction aphasia. People with 
conduction aphasia can understand language, but their speech does not make sense and they 
cannot repeat words. 

 

FIGURE 3. WERNICKE'S AREA (ENCYCLOPAEDIA BRITANNICA, INC) 

This area of the brain is related to the internal model of speech production after activation 
related to vocalization, auditory feedback, and movement in the articulators had been 
controlled. There were four conditions: silent articulation of speech, non-speech mouth 
movements, finger tapping and visual fixation.  

Scientist suspected these areas might be particular to speaking, because they are located 
spatially near areas that are connected to moving the vocal chords, and to the auditory cortex, 
which is used to hear sounds. 
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In despite of the stimulation of Broca’s area and Wernicke’s area, the language problems 
associated with them are quite different. 

 Wernicke’s area:  

o Loss the ability to understand language 

o The person can speak clearly, but the words that are put together doesn’t make 
any sense. 

 Broca’s area:  

o Prevents a person from speech 

o Person can understand the language  

4. Objectives 

The objective of this project is based in the concept of using tDCS in the auditory cortex man 
measure some basic psychoacoustical measures, before and after stimulation. Thus, the 
research hypothesis was assumed.  

The Transcranial direct current stimulation (tDCS) influences the basic psychoacoustical 
parameters like absolute threshold audiometry, distortion product otoacoustic emission and 
speech reception threshold and changes their values.   

Three tests have been conducted to test its effectiveness before stimulation, immediately after 
and one hour later. Moreover, since the tDCS electrodes are relatively large (approx. 5cmx5cm) 
it was assumed that whole auditory cortex including Wernicke’s area was stimulated.  

5. Methods 

In this chapter, three basic measurement used in this project to test the tDCS efficiency are 
described. All of them measure the performance of the auditory system giving the objective 
values which can be compared. This leads to the statement that those parameters can be 
measured before, directly after and sometime after the tDCS and their comparison can be 
made. If the differences of those values are statistically significant, it will suggest that the 
stimulation influence the auditory cortex activity.  

For the purpose of this study three different measurements were chosen, namely: distortion 
product otoacoustic emission (DPOAE), absolute threshold audiometry and speech audiometry 
(using speech intelligibility tests in noise). All of them are described below.   

 

5.1. Otoacoustics emission 
To understand otoacoustics emission (OAE), it is necessary to know some basic parts of the 
ear, represented in Figure 4. 
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FIGURE 4. PARTS OF THE EAR 
(HTTP://WWW.FAIRVIEW.ORG/FV/GROUPS/PUBLIC/DOCUMENTS/IMAGES/345922.JPG ) 

The outer ear purpose is to direct the sound to the ear canal. The eardrum is a cone-shaped 
membrane that separates the external ear from the middle ear. Its function is convert pressure 
variations into mechanical movement. The most important part is the cochlea, which is a long 
tube that is divided down in the middle by the basilar membrane that converts mechanical 
energy (vibrations) into nerve impulses sent to the brain. It is also known as the organ of 
hearing.   

The sound energy enters to the basilar membrane, causing vibrations. The basilar membrane is 
not uniform along its length, and different parts of it move the most in response to different 
frequencies of sound. The part that is near to the oval window is narrower and stiff, it moves 
with high frequencies. At the other end the basilar membrane is wider and more flexible, and it 
moves low frequencies.  

The primary sensory cells in the cochlea are the hair cells, shown in Figure 5. They lie along 
the basilar membrane, and it moves parallel to it (up and down).  

 

FIGURE 5. HAIR CELLS (HTTPS://COURSES.WASHINGTON.EDU/CONJ/SENSORY/HAIRCELLS2.JPG  ) 

5.1.1. The cochlear amplifier and wave reflection 

OAEs are only a by-product of outer hair cell function and of the way that hair cells interact with 
basilar membrane motion.  

To understand how the cochlear amplifier works, the Figure 6 (left panel) shows that the 
contribution of each individual hair cell to basilar membrane motion is bidirectional, but that in 
the apical direction their contributions are automatically added, resulting in amplification, 
whereas is the basal direction their contributions cancel each other. On the other hand, in the 
Figure 6 (right panel), illustrates how an irregularity, caused here by one displaced cell, breaks 
the natural cancelation of the basal contribution and results in a small reverse wave. When the 
reverse reaches the middle ear, it cause an eardrum motion and an OAE. Each individual cell 
can be thought of as point of scattering of the wave, but from a distance and if the scattered 
waves summate, which constitutes a reflection.  
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Nevertheless, if many irregularities of this form scattered back the traveling wave from many 
different places, then the individual contributions might interfere with each other and cancel 
each other. Some studies (Wilson, 1980), suggest that localized damage to the hair cell 
population might be the cause of single-point reemission, although the high level of OAEs in 
new-borns is evidence against this.  

 

 

FIGURE 6. A SCHEMATIC ILLUSTRATION OF TRAVELLING WAVE AMPLIFICATION IN COCHLEA.  (ROBINETTE ET AL, 
2007)  

Otoacoustics Emissions (OAEs) are air pressure fluctuations causes by vibration of the eardrum 
drive by the cochlea. The sound pressure is not produce in any measurable quantity until the 
eardrum acts on the adjacent air in the ear canal. Even when it does, if the eardrum displaces 
just slide in and out of the ear canal, very little sound pressure will result except at the highest 
frequencies.  

Sealing the ear canal is therefore an essential part of the OAE recording. It provides a small 
confined volume of air for the eardrum vibrations to work against so as to create the maximum 
possible sound pressure tight down to low frequencies. Sealing is achieved by inserting the 
measure probe, which contains the microphone. Besides, the benefit of sealing the ear is that it 
attenuates room noise.  

The physical construction of the ear favours ear canal acoustic measurement of cochlear 
activity. Furthermore, it can be explained like a horn, that can be used either to enhance hearing 
or in reverse as a trumpet to strengthen the voice so the middle ear works either way, matching 
ear canal to cochlea and cochlea to ear canal.  

The physical intensity of an OAE measured in decibels in the closed ear canal depends on the 
movement of the eardrum induced by the cochlea, on the enclosed volume of the ear canal, and 
on the quality of the probe seal.  

There are different methods of measure OAE, in this experiment the Distortion Product OAEs 
(DPOAEs) were used. DPOAEs are due to the emission of distortion of the applied sound 
stimuli which are generated as the outer hair cells are stimulated by both the stimuli, and as the 
cells subsequently mode under they own power. They are most effectively when two pure tones 
are applied around half an octave apart. DPAOE is described in details below. 

5.1.2. The Distortion Product Emission Process (DPAOE) 

For understanding DPAOE, the concept of distortion has to be explained. The distortion is 
always generated when there is a mechanical no-linearity, and healthy outer hair cells are 
mechanically nonlinear. Also means the changing of a waveform in a way that introduces new 
frequency components. It is a physical process that occurs whenever a system fails to respond. 
The introduction of harmonics to a pure tone of frequency is the most well-known form of 
distortion, that is 2f, 3f, 4f, etc. but when two or more pure tones are applied simultaneously to a 
nolinearylity, intermodulation occurs and a new set of distortions called intermodulation 
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distortions, arise. The cochlea has the ability to release the distortion and to determine the 
intensity structure of each across frequency.  

From the above it may be stated that the DPOAEs are the result of an intermodulation distortion 
produced by nonlinear aspects of cochlear processing in response to two simultaneous, pure-
tone stimuli, or primary tones that are nearby frequency. Such response is considered distorted, 
because it originates from the cochlea as a tonal signal that is not present in the eliciting two 
stimulus complex. DPOAEs likely result mainly from the nonlinear interaction between the f1 and 
f2 primary tones at their overlap region in the basilar membrane (distortion emissions). 

The most frequently measured DPOAE is at the 2f1-f2 frequency (this component is the most 
prominent one in the spectrum). The lower-frequency pure tone is referred to as the f1 primary, 
and its level as L1, whereas the higher-frequency primary is called f2, and in the same way that 
f1, it’s associated with lever L2. The primaries are related in frequency separation of f2 from f1, 
commonly termed the f2/ f1 ratio, is typically around f1 x 1,2.  

Although 2f1-f2 –DPOAEs can be detected essentially in almost all otoacoustically normal 
humans, they are typically extremely small at approximately 5 to 15 dB sound pressure level 
(SPL). 

5.1.1.2. DPAOE Properties in clinically normal hearing 

The most objective approach to this aim is to compare the value of some property of the patient 
DPOAEs to its distribution in normal hearing. In this manner, cochlear impairment is indicated 
when responses in the test are below the expected range of responses in the normal 
population.  

For measuring this, the database of DPAOE levels in normal human’s ears is necessary. The 
average distortion product is obtained at 0.1 octave intervals, with primary tones of L1=65 and 
L2=55dB (f2/f1), shows the mean DPOAE levels, across a population of 32 best hearing ears, 
from 32 adults with clinically normal hearing and middle ear function, shown in Figure 7. 
(Robinette et al, 2007)  

The average of the primary tones is approximately 5dB SPL, with a margin of error of ±1dB of 
the mean at all frequencies. From the general configuration of the DP-gram, a slight dip in 
emission level around 2 to 3 kHz, is apparent along with a falloff at the high frequencies for 
DPOAEs > 5.5 kHz. 

 

FIGURE 7. MEAN DPAOE LEVELS (FILLED CIRCLES) MEASURED AS A FUNCTION OF FREQUENCY IN 0.1 OCTAVE 
BANDS IN RESPONSE TO PRIMARIES WITH A LEVEL DIFFERENCE FOR 32 NORMAL EARS.  



 

10 
 

Besides, from the approximately 15dB signal to noise ratio (SNR) of the average DPOAE level 
to that of the mean noise frequencies around 8kHz, it is clear that 2f1-f2 emissions can be 
measured in human ears at much higher frequencies.  

5.1.2.3. Response forms 

In the Figure 8 the response from of a DPAOE test with the software Titan is shown. The 
DPOAE level depends systematically on the parameters of the stimulus tones, including the 
absolute frequencies (f1, f2) and levels (L1,L2) of the primaries tones, and their relative values. 

 

FIGURE 8. DPOAE TEST WITH TITAN. EXCITED WITH 0,5‐10KHZ FOR LEFT AND RIGHT EAR. 

5.2. Speech intelligibility – speech reception threshold 
In this section some basic theory about the speech intelligibility test is described. Many methods 
have been proposed for measuring speech intelligibility, in quiet and against noise. There are 
many basic types of tests, which measure different aspects of speech perception. Most 
common are: sentence test, word test, logatome tests, syllable test, number test. In this 
experiment the sentence test was used. It is described in details below. 

Testing material is important for investigating speech intelligibility. The sentence intelligibility 
test has been proved to be more accurate than word speech intelligibility measures (Ozimek et 
al, 2009). It is because steeper psychometric functions are usually produced for sentence test 
which makes the standard deviation smaller and thus this kind of test is more robust. 
Furthermore, word intelligibility test are less suited for the use with a fluctuating noise masker 
due to listening in dips, or signal processing algorithms with long time constants. 

Many sentence tests have been developed so far (Ozimek et al, 2009). Many of them determine 
the speech reception threshold (SRT) in noise that is defined as the signal to noise ratio (SNR), 
which is expressed in dB that yields 50% speech intelligibility. Some papers have shown that 
the speech intelligibility score is mainly determined by the SNR (Kalikow et al, 1977; Plomp & 
Mimpen, 1979; Nilsson et al, 1994; Kollmeier & Wesselkamp, 1997; Versfeld et al, 2000).] , but 
also according to others depends both on the SNR and the level of the speaker. (Hagerman, 
1982; Studebaker et al, 1999) (Versfeld et al, 2000) 

One must keep on mind that the differences between recognition of the whole sentence and 
identification of single, isolated words is usually related to the context. So on one the hand, the 
test are designed to reflect the natural communication process that context is a part of. On the 
other hand, the cognitive abilities might not be constant across subject, it could introduce 
additional variability of data.  

It must be emphasized that for sentence test there are two method to score the intelligibility, the 
first one is the ‘sentence scoring’, and is the one that has been used in the test. In this method, 
the subject’s response is considered correct when all the words constituting the presented 
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sentence and their order are repeated correctly. In this case the score was 100%. Otherwise, 
the score was set to 0%. 

The other method is called ‘word scoring’, and is based in the correct repetition of individual 
words in a sentence. The intelligibility score in this case is estimated as a ratio of the number of 
correctly repeated words to the overall number of presented words, multiplied by 100%. 
Besides, missed words are treated as incorrectly repeated words.  

As it was mentioned above, in the present study the sentence scoring is used. The reason for 
that is because the standard deviation in the sentence scoring is smaller than for word scoring, 
even if the SRT is lower in the word scoring. In table 2 there some results are presented, and it 
can be compared that in word scoring the standard deviation is 2.3, facing 1.9 in sentence 
scoring. The standard deviation is also reflected in S50 values (slopes values in SRT point) 
which are significantly higher for sentence scoring. It means that the psychometric function is 
steeper thus the test is more sensitive for any change (see Figure 9). 

TABLE 2. BASIC STATISTICS OF THE SRTS AND S50S FOR SENTENCE AND WORD SCORING METHODS. (OZIMEK ET AL, 

2009) 

 

As shown in Figure 9, the intelligibility scores based on sentence and word scoring are very 
similar at relatively high SNRs, while for low SNRs the intelligibility for word scoring is better 
than that for sentence scoring. This simply results from the scoring method itself: for low SNRs 
subjects are unable to repeat the whole sentence correctly. 

 

FIGURE 9. INTELLIGIBILITY DATA (CIRCLES FOR SENTENCE SCORING AND SQUARES FOR WORD SCORING) AND FITTED 

PSYCHOMETRIC FUNCTIONS (SOLID LINE FOR SENTENCE SCORING AND DASHED LINE FOR WORD SCORING) AS AN 

EXAMPLE OF TWO SENTENCES (LEFT PANEL: RZADKO CHODZA˛ DO TEATRU: THEY RARELY GO TO A THEATRE; 

RIGHT PANEL: WIELE DZIECI TAM SIE˛ BAWI: MANY CHILDREN ARE PLAYING THERE). 

5.3. Absolute Threshold – tonal audiometry 
For measuring the absolute threshold of the hearing for different frequencies, the specifications 
of the American Speech-Language-Hearing Association have been used (American Speech-
Language-Hearing Association, 2005).  

Diagnostic standard pure-tone threshold audiometry, used most often in clinical settings, 
includes manual air-conduction measurements at 125, 250, 500, 1000, 2000, 3000, 4000, 6000, 
and 8000 Hz. Also, when required, appropriate masking is used (this case it is not used in the 
present study). For special purposes, extended high-frequency audiometry may be used for 
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frequencies of 9000 to 16000 Hz (this case I not used in the present study). Pure-tone threshold 
audiometry is used for both diagnostic and monitoring purposes 

The pure tone thresholds audiometry is the measurement of an individual hearing sensitivity for 
calibrated pure tones. In this study, the manual procedure has been used.  

Because pure-tone audiometric results have significant influence on the medical, legal, 
educational, occupational, social, and psychological outcomes, it is critical that procedures be 
standardized and consistent among test providers. 

The pure-tone guidelines are presented in four sections: (a) equipment and test environment, 
(b) determination of manual thresholds, (c) standard procedures for air-conduction measures, 
and (d) record keeping. 

5.3.1. Equipment and test environment 

The first essential things, is that the audiometric equipment should be calibrated, be functioning 
properly, and be used in an acceptable test environment to assure accurate test results. 

 Audiometer and calibration. Air conduction audiometry shall be accomplished with an 
audiometer and transducers that meet the applicable specifications of ANSI S3.6-2004 
(American National Standards Institute, 2004b) and are appropriate to the test 
technique being used.  

 Transducers: 

- Headphones – electroacoustic transducer (air condition) 

Test environment. The most common rooms that are used, are sound-isolated. This 
rooms must have proper control of temperature, air exchange and humidity. Also they 
have to be provided with either or both visual and auditory warning systems (such as 
fire or civil defence). Furthermore, it is also advisable to equip the sound-isolated areas 
with an emergency telephone or a panic button to signal for emergency assistance. 
Finally, to avoid any type of disruption in the test, mobile phones, pagers, radios and 
other communication devices should be silenced or turned off during the audiometric 
evaluation.  

 Infection control. The instrumentation that has physical contact with the patient, must be 
cleaned and disinfected after each use. The use of disposable acoustically transparent 
earphone covers or disposable insert earphone tips is recommended. Hand washing 
should be routine between patients. 

5.2.3. Determination of Manual Thresholds 

 Volunteer seating. The volunteer should be seated in a manner to promote safety and 
comfort as well as valid testing. Such seating considerations may include the following: 

o Avoid giving inadvertent visual cues to the volunteer. 

o Enable easy observation of volunteer responses to stimuli. 

o Allow for the monitoring and reinforcement of responses. 

o Permit observation of volunteer comfort, safety, and health. 

Also, some of the factors that influence the manual assessment of pure-tone thresholds are 
described below: 

 Instructions. The test instructions should be presented in a language or manner 
appropriate for the volunteer. Interpreters (oral or manual) should be used when 
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necessary. If supplemental instructions are needed, may be provided to enhance 
understanding. Test instructions shall accomplish the following: 

o Indicate the purpose of the test, that is, to find the faintest tone that can be 
heard. 

o Emphasize that it is necessary to sit quietly, without talking, during the test. 

o Indicate that the volunteer is to respond whenever the tone is heard, no matter 
how faint it may be. Also indicate the need to respond as soon as the tone 
comes and when it goes off. 

o Indicate that each ear is to be tested separately with tones of different pitches. 

o Describe inappropriate behaviours such as drinking, eating, smoking, chewing, 
or any additional behaviour that may interfere with the test. 

o Provide an opportunity for any questions the listener may have. 

 Response task. Over responses are required from the volunteer to indicate when he or 
she hears the tone going on and off. In our case, is pressing and releasing a signal 
switch. 

 Interpretation of response behaviour. The primary parameters in determining the 
threshold are the presence of “on” and “off” responses, latency of responses, and 
number of false responses: 

o Each suprathreshold presentation should elicit two responses: an “on” response 
at the start of the test tone and an “off” response at the end of the tone. 
Volunteers who are unable to correctly signal the termination of the tone, after 
proper instruction and reinstruction, may be demonstrating auditory problems 
and may need more detailed testing. 

o The latency of the “on” responses varies usually with the level of presentation. If 
the first response to a tone in an ascending series is slow, present a 5-dB-
higher tone until the response is without hesitation. 

o False responses may be of two types: (a) false positive, a response when no 
tone is present, or (b) false negative, no response to a tone that could be 
audible to the volunteer. Either type complicates the measurement procedure 

5.3.3. Threshold Measurement Procedure 

The procedure of the threshold measurement is the same regardless of frequency, output 
transducer, or ear under test. 

 Familiarization: the purpose of this is that the volunteer had to be familiarized with the 
method for be prepared in the test. The following two methods of familiarization are 
commonly used, depends on the volunteer to follow one or other: 

1. Beginning with a 1000-Hz tone, continuously on but completely attenuated, 
gradually increase the sound-pressure level of the tone until a response occurs. 

2. Present a 1000-Hz tone at a 30 dB hearing level (HL). If a clear response 
occurs, begin threshold measurement. If no response occurs, present the tone 
at 50 dB HL and at successive additional increments of 10 dB until a response 
is obtained. 
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The decision as to which method to use, is depend of how the patient will react in both 
of them and also because the clinical history.  

 Threshold determination. The method described, an ascending technique beginning 
with an inaudible signal, is recommended as a standard procedure for manual pure-
tone threshold audiometry. 

1. Tone duration. Pure-tone stimuli of 1 to 2 seconds' duration. 

2. Interval between tones. The interval between successive tone presentations 
shall be varied but not shorter than the test tone. 

3. Level of first presentation. The level of the first presentation of the test tone 
shall be well below the expected threshold. 

4. Levels of succeeding presentations. The level of each succeeding presentation 
is determined by the preceding response. After each failure to respond to a 
signal, the level is increased in 5-dB steps until the first response occurs. After 
the response, the intensity is decreased 10 dB, and another ascending series is 
begun. 

5. Threshold of hearing. Threshold is defined as the lowest decibel hearing level 
at which responses occur in at least one half of a series of ascending trials. The 
minimum number of responses needed to determine the threshold of hearing is 
two responses out of three presentations at a single level. 

5.3.4. Standard Procedures for Air-Conduction Measures 

Supra-aural headphones shall be held in place by a headband with the earphone grid directly 
over the entrance to the ear canal. 

 Earphone placement. The volunteer has to remove hats, headbands, eyeglasses, 
earrings, or anything that may interfere with proper positioning of the earphone 
cushions on the ears. After that, the earphones has to be place in the volunteer and 
adjust them to fit her or his head properly. 

 Stimuli. Continuous or pulsed pure-tone signals should be used. Pulsed tones have 
been shown to increase a test volunteer's awareness of the stimuli. 

 Frequency. The frequencies used in the study are: 125, 250, 500, 1000, 2000, 4000, 
6000, 8000 Hz. The inclusion of the frequency 6000 Hz, may provide a more complete 
profile of the volunteer hearing station for prevention and diagnostic purposes. When a 
difference of 20 dB or more exists between the threshold values at any two adjacent 
octave frequencies from 500 to 2000 Hz, interactive measurements should be made 

 Order. When appropriate information is available, the better ear should be tested first. 
The initial test frequency should be 1000 Hz. Following the initial test frequency, in 
order, 2000, 3000, 4000, 6000, and 8000 Hz, followed by a retest of 1000 Hz before 
testing 500, 250, and 125 Hz. A retest at 1000 Hz is not necessary when testing the 
second ear. 

5.3.5. Record Keeping.  

 Audiogram form. When the graphic form is used, the test frequencies shall be recorded 
on the abscissa, indicating frequency on a logarithmic scale, and hearing levels shall be 
recorded on the ordinate, using a linear scale to include the units of decibels. The 
aspect ratio of the audiogram is important for standardization. The correct aspect ratio 
is realized when a square is formed between any given octave pair on the abscissa and 
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any 20 dB increment on the ordinate. For conventional audiometry, the vertical scale is 
to be designated hearing level in decibels; the horizontal scale is to be 
labelled frequency in hertz. By convention, frequency is recorded in ascending order 
from left to right, and hearing level is recorded in ascending order from top to bottom, 
ranging from a minimum value of −10 dB to the maximum output limits of the 
audiometer (usually 110 or 120 dB HL). It is advisable when reporting extended high-
frequency audiometric results to use a separate graph that incorporates the appropriate 
decibel scale (HL vs. SPL) and frequency range measured. 

 Audiogram symbols. When the graphic form is used, the symbols presented in 
the Guidelines for Audiometric Symbols (American Speech-Language-Hearing 
Association, 1990a) should be used. 

All the measurements were carried out taking into account the above mentioned guidelines. 
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6.  Equipment and procedures. 

6.1. Otoacoustic emissions. DPAOE 
In this section the device Titan is described. The Figure 10 shows the illustration of the device 
used in the experiment (Titan Manual). 

 

 

FIGURE 10. AUDIOMETER TITAN 

Product description 

 Titan handheld unit with basic probe 
 Cradle 
 Power supply 
 Clinical probe extension BET55 Ear tips 
 Titan PC Suite with DPAOAE440 
 Ear tips with different sizes (3-5mm, 4-7mm, 5-8mm) 

6.1.1 Intended use 

The titan with IMP44 Impedance System, is an electroacoustic test instrument that produces 
controlled levels of test tones and signals intended for used in conduction diagnostic 
evaluations and assisting in the diagnosis of possible otologic disorders. It features 
tympanometry and acoustic reflexes. It also measures various acoustic properties of the ear, 
like transmittance, complex acoustic impedance and admittance… etc.  These measures allow 
the evaluation of the functional condition of the middle and outer ear. 

In this project, the Titan with DPOAE440 is intended for use in the audiologic evaluation and 
documentation of ear and nerve disorders using Distortion Product Otoacoustic Emissions 
(DPAOEs).  

6.1.2. Calibration 

The device has to be calibrated at least once a year. The allowed tolerance in the volume 
measurement is +- 0.1ml for cavities up to 2ml, and +- 5% for larger cavities. There’s tolerances 
are applicable for all probe tone frequencies.  
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6.1.3. Probe status 

In the table 3 the different status of the probe is shown. It’s important to know that always when 
the light is red it means the right ear, and blue light means left ear, shown in Figure 11.  

 

FIGURE 11. DIFFERENT COLOURS OF THE PROBE 

TABLE 3. PROBE STATUS 

Colour Status 
Red Right ear is selected. Probe is out of the ear. 
Blue Left ear is selected. Probe is out of the ear. 
Green Probe is in the ear and a seal is maintained. 
Yellow Probe is in the ear and is blocked, leaking or too noisy. 

 
White The probe has just been attached. Probe status is unknown. If the 

probe light stays white in any other situation the Titan may need to be 
switched off and back on again to regain proper probe status. 
 

Green 
changing 
to red/blue 

The current test has been completed. 
 

No light Titan is no longer monitoring the probe status 
 

6.1.4. Software 

Although the measurements can be handled with the hardware, in this project the software was 
used. 

First of all, the basic information of the volunteer has to be filled, as shown in Figure 12 after 
that, in the box ‘Select instrument’ the device Titan Suite has to be selected. 
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FIGURE 12. PATIENT SCREEN 

After that, the main screen of the software is opened. In the right part of the window, the option 
DPAOE has to be selected, as shown in the Figure 13. In this windows it can be selected the 
ear to test, the protocol used etc. 

 

FIGURE 13. MAIN DPOAE SCREEN OF TITAN SUITE SOFTWARE 

The response graph show the response recorded by the probe microphone (in dB SPL) as a 
function of the frequency (in Hz) of the second tone (DP-gram). Only the frequency range that is 
relevant for the currently measured of currently selected point is plotted. 
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1. The two test stimuli are easily recognized as the two peaks in the response 
graph. 

2. The stimulus tolerance range is indicated by two shaded areas above and 
below the peak of the stimulus. 

3. The red or blue lines indicates the DPOAE frequency at which the main 
distortion product is expected.  

The DP found checkmark symbol, a black checkmark in a green circle, indicates that this 
individual measurement met its specified criterion and no further testing at this frequency will 
occur.  

When the stimulus level goes outside the tolerance set in the protocol setup, the stimulus levels  
outside tolerance popup dialogue will appear on screen, as shown in Figure 14.  

 Press Stop to stop testing. 

 Press Continue after checking and/or fixing the probe placement. 

 

FIGURE 14. WARNING WHEN THE STIMULI LEVEL IS OUTSIDE THE TOLERANCE 

6.1.5. Standards and technical specifications 

For the Titan Device, some technical specifications are described below:  

 Safety: IEC 60601-1, Internally powered, Type B and BF applied parts 

 EMC: IEC 60601-1-2 

 Impedance: IEC 60645-5/ANSI S3.39, Type 1 

 Test Signal: IEC 60645-1/ANSI S3.6 , IEC 60645-3 

 OAE: IEC 60645-6 2009, Type 2 Otoacoustic emissions 

 ABR: IEC 60645-7 2009, Type 2 

 

6.1.6. Settings used in the experiment 

The protocol used in the test has been DPOAE in the frequencies 0,5 -10kHz. The acceptable 
noise level was between -30dB and +30dB SPL.  

 

6.2. Speech intelligibility – speech reception threshold 

6.2.1. Material and Procedure of SRT determination 

The Polish Sentence Test (PST) (Ozimek et al. 2009), which reflects the basic features of the 
Polish language, consists of 25 different lists, each containing 20 sentences. The test is 
characterized by a large number of fricatives and limited number of vowels (characteristic for 
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Polish language). Due to this, a relatively high level of energy in the frequency range above 5 
kHz can be noticed, and a high variability in amplitude envelope occurs in comparison with 
other languages. When presented in a background of the so-called babble noise masker, the 
lists of sentences produce relatively steep intelligibility functions, i.e. functions that link the 
probability of correct response to SNR. A large slope of intelligibility function at the SRT point 
implies low inter- and intra-variability across the lists and, consequently, a high precision in SRT 
determination can be obtained. Using such a test it is possible to detect subtle differences in 
speech intelligibility for different measurement conditions, which might be difficult to obtain for 
test materials producing less steep intelligibility functions, for example logatome or a single 
consonant-vowel-consonant  test (Bosman and Smoorenburg, 1995). 

All the PST lists contained grammatically correct and semantically neutral utterances and were 
statistically and phonemically balanced. During the measurements, the speech was presented 
in the background of the babble noise. The power spectrum of the babble noise  optimally 
matched the power spectra of the sentences presented (for more details on PST and masking 
noise see (Ozimek, et al., 2009). It should be stressed that precise spectral matching of masked 
speech and masker signal has been shown to be very important in getting a large slope for the 
intelligibility function, i.e. for the accurate SRT measurement. The reference (normative) SRT 
and slope of intelligibility function for PST, obtained for a group of otologically normal subjects, 
are –6.1 dB and 25.6 %/dB, respectively. Thus, any statistically significant decrease in the SRT 
may be regarded as a reduction of masking effectiveness and release from masking. 
Conversely, any increase in SRT with respect to the normative value could be a consequence 
of an increase in masking magnitude for a given measurement scenario. The adaptive method 
was used in the present study to measure SRT (Cox, et al., 1991, Kollmeier and Wesselkamp, 
1997).  

During the listening sessions the recorded signals were played back binaurally (Sennheeiser 
HD 580 headphones) by means of the Tucker-Davis Technologies (TDT) System 3 (the real-
time 24-bit signal processor RP2, the headphone buffer HB7). The measurements were 
controlled by a PC using software implemented in Matlab 2013.  

An adaptive staircase procedure with a 1-up/1down decision rule was used to determine SRT 
values (Brand and Kollmeier, 2002, Versfeld, et al., 2000). Unlike the constant stimuli paradigm, 
in this method SNR was varied adaptively with respect to the most recent subject’s response. 
The SNR was increased or decreased by some value (step) when the most recent response 
was incorrect (1-up) or correct (1-down), respectively. This method converges the SNR value to 
the 50%-equilibrium point on the intelligibility function, i.e. the SRT. A 2 dB-step was used until 
the first incorrect answer was recorded then it was changed to 1dB to improve the resolution of 
the adaptive procedure.  

SRT was calculated as the mean of the last 12 nominal SNRs, including the 21st SNR 
determined according to the response related to the 20th sentence. Thus SRT was also 
expressed in terms of the nominal SNR in the dB-scale. For a given subject one PST list of 20 
sentences was used to estimate one SRT value.  

During the listening sessions the subjects were seated in the double-walled, acoustically–
insulated booth. 

6.3. Absolute threshold – tonal audiometry. 
A standard procedure (described in chapter 5.3) for absolute threshold was used.  Only air-
conduction was measured. In the experiment the AC40 audiometer with TDG-39P Telephonics 
headphones were used. The threshold was determined for the left end the right ear, separately, 
for the following frequencies: 125, 250, 500, 1000, 2000, 4000, 6000 and 8000Hz.  Figure 15 
shows the acoustically insulated booth together with the audiometer used in the experiment. 
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FIGURE 15. INSULATED BOOTH USED IN AUDIOMETRY TEST 

6.4. tDCS Equipment – BrainSTIM 

In Figure 16 the illustration of the device BrainSTIM with the explanation of the basic buttons 
that it have is shown.  

 

FIGURE 16. ILLUSTRATION OF THE DEVICE BRAINSTIM 

To use BrainsTIM, other items are involved. Below is the list of some of them: 

∙ Two connection cables to connect the stimulator to the electrodes, one red and one 
black, with 2mm safety banana plugs on one side and 2 mm banana plugs on the other 
(length 150 cm) 

∙ Two medium size pairs of conductive rubber electrodes (50mm x 50mm) 
∙ Two pairs of electrode sleeves 
∙ Two fixing bands 
∙ Two fixing band buttons 

The BrainSTIM it was designed to facilitate research purposes, in the present study it is has 
been used in the audio area of the brain (auditory cortex).  
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The main purpose of the BrainSTIM is to treat different neurological and psychiatric disorders. 
In particular it has been validated for the following conditions: Depression, Alzheimer, Aphasia, 
Chronic pain, Dystonia, Parkinson, Epilepsy, Migraine, Hypertension, Stroke, Ischemia, dictions, 
Memory disorders, Tinnitus. 
 
The stimulator can be programmed with different types of waveform, like continuous or pulsed. 
In this experiment a standard continuous waveform is has been used. The continuous program 
consist of a rising ramp, a constant high level and a falling ramp. The rising ramp enables the 
stimulation current to be progressively increased up to the programmed value within the 
required time; the level has a programmable duration during which the stimulation current is 
constant and is followed by a falling ramp which enables the stimulation current to be reduced 
gradually, within the required time, from the value reached in the course of the level, down to 
zero. 
 

6.4.1. Operation modes of BrainSTIM 

There are three modes of operation of the device. 

1. When the simulation is set, that means that with the software all the parameters haven 
been set and after that by bluetooth they have been set in the device.  
In this mode, the stimulation protocol defined in advance on the health care worker’s 
personal computer is transferred to the stimulator. During the data transfer the 
stimulator’s internal clock is synchronized with that of the personal computer to which is 
connected.  

2. Delivering the stimulation: after programming, the stimulator is ready to deliver the 
stimulation in accordance with the treatment protocol set by the healthcare worker 

3. Transferring data regarding the description of the treatment effectively performed by the 
patient to the personal computer. 

6.4.2. Software 

Below some features of the BrainSTIM software are described: 

 Enter and manage the patient’s personal and clinical details. 
 Create and manage personalized stimulation protocols. 
 Define a therapeutic cycle 
 Program the stimulator 
 Transfer and save data 
 Export data 

6.4.3. Safety 

The stimulator complies with:  

 The Medical Device Directive 93/42/EEC of June 14, 1993 
 Directive 47/2007/EEC of September 5, 2007 
 Electromagnetic Compatibility Directive 336/89/EEC of 1989 
 Directive 1999/5/EC 
 General Standard for Medical Electrical Equipment Safety IEC EN 60 601 – 1:2007 
 Collateral Standard for Medical Electrical Equipment Safety IEC EN 60 601 – 1 – 

1:2003 (Medical Electrical Systems) 
 Collateral Standard for Medical Electrical Equipment Safety EN 60 601 – 1 – 2:2007 

(Electromagnetic Compatibility) 
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 Collateral Standard for Medical Electrical Equipment Safety IEC 60 601 – 1 – 4:2000 
(Programmable Medical Electrical Devices) 

 EN 60601-1-6:2007 Medical Electrical Equipment -- Part 1-6: General requirements for 
basic safety and essential performance - Collateral Standard: Usability 

 IEC EN 62304:2006 - Medical device software - Software life cycle processes 
 EN ISO 14971:2009 Medical devices - Application of risk management to medical 

devices / 
 EN 980:2008 Symbols for use in the labelling of medical devices/ 
 ISO 15223:2007 Medical devices - symbols to be used with medical device  labels, 

labelling and information to be supplied/ 
 EN 1041:2008 Information supplied by the manufacturer of medical devices/ 
 ISO 780:1997 Packaging -- Pictorial marking for handling of goods. 

Besides, BrainSTIM can provoke some damages, described below: 

1. Damage to the skin beneath the stimulation electrodes 
2. Damage to the brain tissue through which the current passes 

The damage to the skin beneath the stimulation electrodes, can be caused by  different factors, 
like the intensity of the stimulation (current), the duration of the stimulation, the surface of the 
electrodes, the material of which they are made and he characteristics of the medium 
(conductive gel, saline solution) placed between the skin and the electrode.  

In addition, other warnings should be consider: 

 Limitation of the density of the current to the minimum necessary to achieve the 
desired therapeutic effect. The current density is obtained by dividing the mean value 
of the stimulation current by the stimulation electrode contact surface area. 
Can be the case that the patient during the stimulation can feel a burning feeling if the 
current density is around 80µA/cm2. Also other patients may have relatively low skin 
sensitivity, and it can’t guarantee that they will not have chemical type burns.  
The best way to avoid the possibility of damage in the patient’s skin, is to clean the skin 
under the electrodes carefully at the end of the treatment, using a neutral detergent and 
rising well with a tap water.  
The feelings after using the device (itching, burning sensation...) should fade 
spontaneously in no more than two hours. 

 Limiting the mean charge density transferred to the tissues to the minimum required to 
achieve the desired therapeutic effect.  

 Limiting the length of stimulation to the minimum required to achieve the desired 
therapeutic effect.  

 Using electrodes with surface areas that will ensure a current density low enough not to 
cause skin damage.  

 Taking care about using the proper conduce gel. When using unsuitable gel, increases 
the probability to damage the skin under the electrode.  

 At the end of the stimulation session, the electrodes should be cleaned carefully and 
stored properly so that cannot be damaged. Conductive gel must be washed with a tap 
water and a neutral soar, carefully rinsed and dried delicately. Sponge electrodes 
should be rinsed in tap water and absolutely not squeezed out; they should be left to dry 
before being stored in their box. To hasten the drying process, it is possible to place the 
sponge on a sheet of white absorbent paper and delicately press all over the surface of 
the sponge to remove the excess water. 

 If the surface of the electrode is damaged, the electrode must be replaced immediately 
with a new one.  The use of damaged electrodes can cause skin lesions under the 
electrode.  
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6.4.4. Damage to the brain tissue the current passes through 

Only a part of the current passing into the skin from the electrodes passes through the brain 
tissue, whereas a large part of the current flows between anode and cathode through the 
epidermis and the dermis without penetrating into the skull. 

The maximum current the BrainSTIM stimulator is capable to applying is approximately 5 mA, 
which, even if it were applied to the subject through electrodes of an area of only one square 
centimetre, would provide a current density of a third of the amount that is potentially harmful for 
heating the brain tissue, of which, however, only a fraction would be applied to the brain tissue 
itself. Thus there is not practical danger of any brain damage.  

6.4.5. Software 

The software, combined with the hardware, provides all the features that BrainSTIM can do. 
Without the hardware key, the program doesn’t work. 

It is possible to manage the patients, the sessions and the parameters of the test (time, current, 
etc.). After setting all the parameters, this information goes to the device.  

After opening the session, new patients can be set, as shown in the Figure 17. It is important to 
check all the basic parameters (name, last name, date of birth, and place of birth) because after 
saving a patient, it cannot be changed. Another field that can be filled, is the clinical data, it is 
not mandatory but helpful. 

   

FIGURE 17. PATIENTS DISPLAY (PERSONAL DATA AND CLINICAL DATA) 

There are also some buttons that are active, like: 

 New Cycle – allows to start a new treatment cycle, 
 Therapeutic Cycles – allows to view the treatment cycles which have already ended, 
 Save – allows to save the changes, 
 Delete – allows to delete a patient, only if there are no active cycles or treatment cycles 

associated to that patient, 
 Archive – allows to move a patient who is no longer being treated into the archive, 
 Patient list – allows to return to the list of active patients. 
 Description – the treatment cycle’s name or code 
 Therapy duration – expressed in days 
 Stimulation Schedule – specifys on which days the treatment is to be carried out, 

noting the days on the calendar. The treatment duration counter is updated 
automatically. 

 Protocols – to choose the protocol, one must open the drop-down menu by clicking on 
the down key, and then choose a protocol from those on the list. Once one has selected 
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a protocol a window will open to the side (white box), representing the waveform one 
has chosen in diagram format. Next, one must press the “Add” button and the protocol 
is entered and shown in the central window. Moreover, clicking on the “Protocols” 
button activates the function for searching for and creating new protocols. 

 Stimulator shared between several patients – yes/no, to distinguish between 
Outpatient Department and home use. In this experiments, the patients have shared the 
stimulator. 

 Time slots – enter any mandatory time slots for the stimulation. 
 Trigger – indicate whether you wish to use a trigger and if so, which one. 

For the stimulations, in the present experiment, the protocols has to be configured. For doing 
that ‘Stimulation protocols’ is used. Because the continue waveform is was used, some 
parameters had to be set. 

 Code: numbers or letters which identify the new protocol. 

 Hidden (yes/no): enables if the protocol has to be hidden or not. If it is, once 
programmed it will not be possible to view the stimulation parameters transmitted to the 
stimulator, on the stimulator’s screen, 

 Editable (yes/no):  the choice of editable or non-editable enables you to create 
protocols which cannot subsequently be modified, 

 Name:  numbers or letters which describe the type of protocol defined, 

 Waveform: in our case, continuous.  

 

By definition, continue waveform, consists of a rising ramp, a level and a falling ramp. The rising 
ramp enables the stimulation current to be progressively increased up to the programmed value 
within the required time; the level has a programmable duration during which the stimulation 
current is constant and is followed by a falling ramp which enables the stimulation current to be 
reduced gradually, within the required time, from the value reached in the course of the level, 
down to zero. Figure 18, showns an example.  

 

FIGURE 18. EXAMPLE OF A CONTINUOUS WAVEFORM 

6.4.6. Stimulation 
Once the device is on, the stimulation has to be set. The device can memorize up to 10 
protocols in the same memory slot.  

The following steps have to be followed to proceed to the stimulation: 

1) In the main screen, the up arrow is has to be press.  
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2) After that, the configuration setting are displayed.  

 

3) To select the configuration, the START/STOP button it has to be pressed, and after three 
seconds, the stimulator will show the SLOT selection screen: 

 

4) Using the arrows, the protocols can be selected, and after that the Bluetooth button has to be 
pressed.  

 

5) At the end of the loading process, the new selection was shown 

 

6.4.7. Setting used in the experiment 

In the Figure 19, the configuration of the electrodes used in this study is shown. As explained in 
the chapter 3.2, auditory and Wernicke’s area is located in the left hemisphere of the brain, next 
to the ear. In this study it has been suggested to place the positive electrode in the auditory 
cortex Wernicke’s area and the negative electrode in the forehead. The parameters of the 
stimulus were as follows: 
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 Waveform: continuous 
 Fade in time: 20ms 
 Level duration: 1800s 
 Fade out time: 20ms 
 Current: 1mA 

 

 

FIGURE 19. ELECTRODE CONFIGURATION USED. 

7. Subjects 

Stimulation and measurements 

A total of 10 healthy volunteers, aged between 20-30 participated in this study. All were Polish 
natives. Before the experiment they were instructed about the purpose of the experiment and 
the tDCS with all side-effects which were found by other researchers and had to fill and sign a 
special form with their voluntary agreement to carry out research and stimulation.   

8. Results 

Three measurements of all psychoacoustics parameters (DPOAE, SRT and absolute threshold) 
were carried out. Namely, before stimulation (called here ‘before’), just after the stimulation (to 
distinguish it from this measurement it is called here ‘during’) and 1 hour after the stimulation 
(called ‘after’). 

For the statistical analysis of the results, the Analysis of variance (ANOVA) has been used and 
for more accurate results post hoc test with Tukey’s procedure. The general results are shown 
below for each of the test. Individual results of each subject are shown in Appendix A and B. 

8.1 Otoacoustic emissions 
In the Figure 20 the general results (across all subjects) of DPOAE are shown. It can be seen 
that the difference between before stimulation and during stimulation is more noticeable in high 
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frequencies, and the results in ‘during’ and ‘after’ are quite similar, so it means that the effects of 
the stimulation lasts at least 1 hour. 

The difference in ‘during’ and ‘after’ is approximately 5dB higher than in ‘before’ in mid and high 
frequencies, it appears around 1500Hz. At 3000 Hz and 5000 Hz the difference is more notable 
than other frequencies.  

 

 

FIGURE 20. DPOAE GENERAL RESULTS. 

In the table 4 the results of the statistical test between across subjects effects in DPOAE are 
shown. The ANOVA shows that the stimulation has not statistically significant influence on the 
DPAOE {F=1,360, p = 0,257)}. Overall, it means that there is no statistically significant 
difference between the conditions. 

Nevertheless, the Appendix A shows that for six the subjects, the statistical difference can be 
noticed. For example in subject 1 (Table A-1) the stimulation {F=6,611, p=0,005)}, although the 
subject 5 (Table A-9) has {F=0,341, p=0,713)}.  

The results suggest that global analysis is not adequate in such an experiment and the more 
insight is needed to analyze the results of each subject separately.     
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TABLE 4. TEST OF BETWEEN SUBJECTS IN EFFECTS DPOAE GENERAL RESULTS. 

Tests of Between-Subjects Effects

Dependent Variable:   DPOAE level [dB SPL]  

Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 18958,839a 35 541,681 10,685 ,000 

Intercept 225158,347 1 225158,347 4441,245 ,000 

FrequencykHz 18620,298 11 1692,754 33,390 ,000 

Stimulation 137,893 2 68,947 1,360 ,257 

FrequencykHz * 

Stimulation 

200,648 22 9,120 ,180 1,000 

Error 34676,834 684 50,697   

Total 278794,020 720    

Corrected Total 53635,673 719    
 

Since in the previous analysis, in general, the p-value are greater than 0,05, other way to 
analyse this results is with post hoc test (Tukey’s procedure). In the Table 5, the multiple 
comparisons in DPAOE are shown. As in the previous analysis, in general, the results are 
greater than 0,05. In ‘before-during’ the comparison is {p=0,397}, in ‘during-after’ {p=0,970} and 
in ‘before-after’ {p=0,277}, so again, there is no statistically significant difference between the 
conditions. It can be noticed that the difference between ‘during-after’ is insignificant in 
comparison with the other results. 

TABLE 5. MULTIPLE COMPARISONS IN DPOAE GENERAL RESULTS 

(I) 

Stimulation 

(J) 

Stimulation 

Mean 

Differe

nce (I-

J) 

Std. 

Error 

Sig. 95% Confidence 

Interval 

 

Lower 

Bound 

Upper 

Bound 

after before ,995 ,6500 ,277 -,532 2,522 

during ,152 ,6500 ,970 -1,375 1,679 

before after -,995 ,6500 ,277 -2,522 ,532 

during -,843 ,6500 ,397 -2,370 ,684 

during after -,152 ,6500 ,970 -1,679 1,375 

before ,843 ,6500 ,397 -,684 2,370 
 

But as it was concluded before, in results of the individual subject it can be seen a difference. In 
some of them the effects of the stimulation are shown just immediately after the stimulation, 
subjects 1 and 10 (Table A-2 and Table A-20), despite of others that the effects start to appear 
after 1h of stimulation (subjects 2,3,4 and 9). As in the other results, four of the subjects did not 
shown any significant difference between the conditions.  

8.2. Absolute Threshold 
In the Figure 21 the general results of the absolute threshold (audiometry) is shown. It can be 
concluded that in general the results in ‘during’ are better than in ‘before’ and ‘after’, especially 
in the frequency 4000 Hz. Mainly the difference can be appreciated from 500Hz to 4000Hz.  
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FIGURE 21. ABSOLUTE THRESHOLD GENERAL RESULTS. 

In the table 6 the results of the ANOVA test is shown. It can be stated again that for within 
subject analysis that the stimulation does not influence the parameters {F=1,247, p = 0,288}. It 
means that overall, there is no statistically significant difference between the conditions.   

Besides, the Appendix B shows that in most of the subjects, the p-value is also greater than 
0,05, seven of the subjects achieve this condition against three of them.  

TABLE 6. TEST OF BETWEEN SUBJECTS EFFECTS IN ABSOLUTE THRESHOLD GENERAL RESULTS. 

Tests of Between-Subjects Effects 

Dependent Variable:   Hearing Level   
Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 1617,448a 23 70,324 1,159 ,278 

Intercept 25593,802 1 25593,802 421,880 ,000 

FrequencykHz 1175,781 7 167,969 2,769 ,008 

Stimulation 151,354 2 75,677 1,247 ,288 

FrequencykHz * 

Stimulation 

290,312 14 20,737 ,342 ,988 

Error 27663,750 456 60,666   

Total 54875,000 480    

Corrected Total 29281,198 479    

a. R Squared = ,055 (Adjusted R Squared = ,008) 
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As in DPOAE, a different way to analyse this results was carried out post hoc test. In the Table 
7, the multiple comparisons in audiometry are shown. As in the previous analysis, overall the p-
values are greater than 0,05. In ‘before-during’ the comparison is {p=0,637}, in ‘during-after’ 
{p=0,256} and in ‘before-after’ {p=0,732}, therefore, there is no statistically significant difference 
between the conditions. In addition, in the individual results all the subjects have p-value greater 
than 0,05 in all the cases.  

 

TABLE 7. MULTIPLE COMPARISONS IN ABSOLUTE THRESHOLD GENERAL RESULTS. 

(I) 

Stimulatio

n 

(J) 

Stimulatio

n 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confiden

ce 

Interval 

95% 

Confiden

ce 

Interval 

Lower 

Bound 

Upper 

Bound 

after before -,656 ,8708 ,732 -2,704 1,391 

during -1,375 ,8708 ,256 -3,423 ,673 

before after ,656 ,8708 ,732 -1,391 2,704 

during -,719 ,8708 ,687 -2,766 1,329 

during after 1,375 ,8708 ,256 -,673 3,423 

before ,719 ,8708 ,687 -1,329 2,766 
 

 

8.3. Speech intelligibility. 
In the Figure 22 the general (across-subject) SRT is shown. The graphic show that the largest 
improvement (decrease of the SRT) is between ‘before’ and ‘during’, with approximately 0.45 
dB SNR. On the other hand, between ‘before’ and ‘after’ the results are similar, which it means 
that in this case the tDCS doesn’t work after 1 hour of the stimulation.  

 

FIGURE 22. SPEECH INTELLIGIBILITY GENERAL RESULT. 
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Those results were also subjected to the multiple comparisons in speech intelligibility (table 8). 
The analysis shows that the p-value {F=0,971, p = 0,392)} is greater than 0,05. It means that 
there is no statistically significant difference between the conditions, overall. 

 

TABLE 8. TEST OF BETWEEN SUBJECTS EFFECTS IN GENERAL RESULTS IN SPEECH INTELLIGIBILITY. 

Tests of Between-Subjects Effects 

Dependent Variable:   SRT   
Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 1,515a 2 ,757 ,971 ,392 

Intercept 1246,527 1 1246,527 1597,774 ,000 

stimulation 1,515 2 ,757 ,971 ,392 

Error 21,064 27 ,780   

Total 1269,107 30    

Corrected Total 22,579 29    
 

9. Conclusions 

This study has concluded that: 

 The tDCS method used in otologically normal subjects the auditory cortex, can 
influence some psychometric measures, it suggests that this method works.  

 Despite in DPOAE there is no global effect noticed across subjects. In individual results, 
in some subjects, differences can be found. 

 Nevertheless, for audiometry and SRT measurements no within-subject global effect 
can be found. Moreover, post hoc analysis also shows no differences between 
conditions.  

To conclude it may be stated that more research in this area should be carried out. Since the 
DPOAE results suggests the influence of tDCS on the values of otoacoustic emissions, it may 
be reasonable to investigate other parameters like psychometric tuning curves. On the other 
hand speech intelligibility may be not a sensitive method in this case, since many very 
complicated processes, including cognitive ones take part in the speech recognition, so 
stimulating auditory cortex may be not enough. 
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Appendix A. Results of DPOAE for each subject. 

Subject 1 

TABLE A‐ 1. TESTS OF BETWEEN-SUBJECTS EFFECTS IN DPOAE IN SUBJECT 1 

Tests of Between-Subjects Effectsa 

Dependent Variable:   DPOAE level [dB SPL]  

Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 5919,863b 35 169,139 8,758 ,000 

Intercept 22606,467 1 22606,467 1170,561 ,000 

FrequencykHz 5466,216 11 496,929 25,731 ,000 

Stimulation 236,218 2 118,109 6,116 ,005 

FrequencykHz * 

Stimulation 

217,429 22 9,883 ,512 ,950 

Error 695,250 36 19,312   

Total 29221,580 72    

Corrected Total 6615,113 71    

b. R Squared = ,895 (Adjusted R Squared = ,793) 

TABLE A‐ 2. MULTIPLE COMPARISONS IN DPOAE IN SUBJECT 1 

Multiple Comparisonsa 

Dependent Variable:   DPOAE level [dB SPL]  

Tukey HSD   
(I) 

Stimulatio

n 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before 3,800* 1,2686 ,013 ,699 6,901 

during -,083 1,2686 ,998 -3,184 3,018 

before after -3,800* 1,2686 ,013 -6,901 -,699 

during -3,883* 1,2686 ,011 -6,984 -,782 

during after ,083 1,2686 ,998 -3,018 3,184 

before 3,883* 1,2686 ,011 ,782 6,984 
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FIGURE A‐ 1. ESTIMATED MARGINAL MEANS OF DPOAE LEVEL IN SUBJECT 1 

Subject 2 

TABLE A‐ 3. TESTS OF BETWEEN-SUBJECTS EFFECTS IN DPOAE IN SUBJECT 2 

Tests of Between-Subjects Effectsa 

Dependent Variable:   DPOAE level [dB SPL]  

Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 1560,050b 35 44,573 3,437 ,000 

Intercept 13877,780 1 13877,780 1070,197 ,000 

FrequencykHz 1295,030 11 117,730 9,079 ,000 

Stimulation 92,736 2 46,368 3,576 ,038 

FrequencykHz * 

Stimulation 

172,284 22 7,831 ,604 ,893 

Error 466,830 36 12,967   

Total 15904,660 72    

Corrected Total 2026,880 71    

b. R Squared = ,770 (Adjusted R Squared = ,546) 
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TABLE A‐ 4. MULTIPLE COMPARISONS IN DPOAE IN SUBJECT 2 

Multiple Comparisonsa

Dependent Variable:   DPOAE level [dB SPL]  

Tukey HSD   
(I) 

Stimulatio

n 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before 2,779* 1,0395 ,029 ,238 5,320 

during 1,333 1,0395 ,414 -1,208 3,874 

before after -2,779* 1,0395 ,029 -5,320 -,238 

during -1,446 1,0395 ,356 -3,987 1,095 

during after -1,333 1,0395 ,414 -3,874 1,208 

before 1,446 1,0395 ,356 -1,095 3,987 
 

 

FIGURE A‐ 2. ESTIMATED MARGINAL MEANS OF DPOAE LEVEL IN SUBJECT 2 
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Subject 3 

TABLE A‐ 5. TESTS OF BETWEEN‐SUBJECTS EFFECTS IN DPOAE IN SUBJECT 3 

Tests of Between-Subjects Effectsa

Dependent Variable:   DPOAE level [dB SPL]  

Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 4760,384b 35 136,011 4,403 ,000 

Intercept 29318,311 1 29318,311 949,141 ,000 

FrequencykHz 3971,934 11 361,085 11,690 ,000 

Stimulation 289,907 2 144,954 4,693 ,015 

FrequencykHz * 

Stimulation 

498,543 22 22,661 ,734 ,776 

Error 1112,015 36 30,889   

Total 35190,710 72    

Corrected Total 5872,399 71    
 

b. R Squared = ,811 (Adjusted R Squared = ,627) 

TABLE A‐ 6. MULTIPLE COMPARISONS IN DPAOE IN SUBJECT 3 

Multiple Comparisonsa

Dependent Variable:   DPOAE level [dB SPL]

Tukey HSD

(I) 

Stimulatio

n 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before -4,387* 1,6044 ,025 -8,309 -,466 

during -4,112* 1,6044 ,038 -8,034 -,191 

before after 4,387* 1,6044 ,025 ,466 8,309 

during ,275 1,6044 ,984 -3,647 4,197 

during after 4,112* 1,6044 ,038 ,191 8,034 

before -,275 1,6044 ,984 -4,197 3,647 
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FIGURE A‐ 3. ESTIMATED MARGINAL MEANS OF DPOAE LEVEL IN SUBJECT 3 

Subject 4 

TABLE A‐ 7. TESTS OF BETWEEN‐SUBJECTS EFFECTS IN DPOAE IN SUBJECT 4 

Tests of Between-Subjects Effectsa

Dependent Variable:   DPOAE level [dB SPL]  

Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 3206,625b 35 91,618 2,386 ,006 

Intercept 25181,420 1 25181,420 655,802 ,000 

FrequencykHz 2593,505 11 235,773 6,140 ,000 

Stimulation 345,340 2 172,670 4,497 ,018 

FrequencykHz * 

Stimulation 

267,780 22 12,172 ,317 ,997 

Error 1382,325 36 38,398   

Total 29770,370 72    

Corrected Total 4588,950 71    

b. R Squared = ,699 (Adjusted R Squared = ,406) 
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TABLE A‐ 8. MULTIPLE COMPARISONS IN DPOAE IN SUBJECT 4 

Multiple Comparisonsa

Dependent Variable:   DPOAE level [dB SPL]  

Tukey HSD   
(I) 

Stimulatio

n 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before 3,500 1,7888 ,138 -,872 7,872 

during 5,271* 1,7888 ,015 ,898 9,643 

before after -3,500 1,7888 ,138 -7,872 ,872 

during 1,771 1,7888 ,588 -2,602 6,143 

during after -5,271* 1,7888 ,015 -9,643 -,898 

before -1,771 1,7888 ,588 -6,143 2,602 

 

 

 

 

FIGURE A‐ 4. ESTIMATED MARGINAL MEANS OF DPOAE LEVEL IN SUBJECT 1 
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Subject 5 

TABLE A‐ 9. TESTS OF BETWEEN‐SUBJECTS EFFECTS IN DPOAE IN SUBJECT  5 

Tests of Between-Subjects Effectsa

Dependent Variable:   DPOAE level [dB SPL]  

Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 4108,054b 35 117,373 2,090 ,015 

Intercept 41055,451 1 41055,451 731,129 ,000 

FrequencykHz 3874,927 11 352,266 6,273 ,000 

Stimulation 38,303 2 19,152 ,341 ,713 

FrequencykHz * 

Stimulation 

194,823 22 8,856 ,158 1,000 

Error 2021,525 36 56,153   

Total 47185,030 72    

Corrected Total 6129,579 71    

b. R Squared = ,670 (Adjusted R Squared = ,350) 

 

TABLE A‐ 10. MULTIPLE COMPARISONS IN DPOAE IN SUBJECT 5 

Multiple Comparisonsa

Dependent Variable:   DPOAE level [dB SPL]  

Tukey HSD   
(I) 

Stimulatio

n 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before -,492 2,1632 ,972 -5,779 4,796 

during 1,242 2,1632 ,835 -4,046 6,529 

before after ,492 2,1632 ,972 -4,796 5,779 

during 1,733 2,1632 ,705 -3,554 7,021 

during after -1,242 2,1632 ,835 -6,529 4,046 

before -1,733 2,1632 ,705 -7,021 3,554 
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FIGURE A‐ 5. ESTIMATED MARGINAL MEANS OF DPOAE LEVEL IN SUBJECT 5 

Subject 6 

TABLE A‐ 11. TESTS OF BETWEEN‐SUBJECTS EFFECTS IN DPOAE IN SUBJECT 6 

Tests of Between-Subjects Effectsa

Dependent Variable:   DPOAE level [dB SPL]  

Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 3115,998b 35 89,029 8,800 ,000 

Intercept 24416,817 1 24416,817 2413,557 ,000 

FrequencykHz 2891,265 11 262,842 25,981 ,000 

Stimulation 3,972 2 1,986 ,196 ,823 

FrequencykHz * 

Stimulation 

220,761 22 10,035 ,992 ,496 

Error 364,195 36 10,117   

Total 27897,010 72    

Corrected Total 3480,193 71    

b. R Squared = ,895 (Adjusted R Squared = ,794) 
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TABLE A‐ 12. MULTIPLE COMPARISONS IN DPOAE IN SUBJECT 6 

Multiple Comparisonsa

Dependent Variable:   DPOAE level [dB SPL]  

Tukey HSD   
(I) 

Stimulatio

n 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before -,271 ,9182 ,953 -2,515 1,973 

during -,575 ,9182 ,807 -2,819 1,669 

before after ,271 ,9182 ,953 -1,973 2,515 

during -,304 ,9182 ,941 -2,548 1,940 

during after ,575 ,9182 ,807 -1,669 2,819 

before ,304 ,9182 ,941 -1,940 2,548 

 

 

 

FIGURE A‐ 6. ESTIMATED MARGINAL MEANS OF DPOAE LEVEL IN SUBJECT 6 

 

Subject 7 
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TABLE A‐ 13. TESTS OF BETWEEN‐SUBJECTS EFFECTS IN DPOAE IN DPOAE IN SUBJECT 6 

Tests of Between-Subjects Effectsa

Dependent Variable:   DPOAE level [dB SPL]  

Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 2644,166b 35 75,548 3,336 ,000 

Intercept 13640,014 1 13640,014 602,326 ,000 

FrequencykHz 2478,619 11 225,329 9,950 ,000 

Stimulation 33,067 2 16,533 ,730 ,489 

FrequencykHz * 

Stimulation 

132,480 22 6,022 ,266 ,999 

Error 815,240 36 22,646   

Total 17099,420 72    

Corrected Total 3459,406 71    

b. R Squared = ,764 (Adjusted R Squared = ,535) 

 

TABLE A‐ 14. MULTIPLE COMPARISONS IN DPOAE IN SUBJECT 7 

Multiple Comparisonsa

Dependent Variable:   DPOAE level [dB SPL]  

Tukey HSD   
(I) 

Stimulatio

n 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before 1,562 1,3737 ,498 -1,795 4,920 

during ,296 1,3737 ,975 -3,062 3,654 

before after -1,562 1,3737 ,498 -4,920 1,795 

during -1,267 1,3737 ,630 -4,624 2,091 

during after -,296 1,3737 ,975 -3,654 3,062 

before 1,267 1,3737 ,630 -2,091 4,624 
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FIGURE A‐ 7. ESTIMATED MARGINAL MEANS OF DPOAE LEVEL IN SUBJECT 7. 

Subject 8 

TABLE A‐ 15. TESTS OF BETWEEN‐SUBJECTS EFFECTS IN DPOAE IN SUBJECT 8 

Tests of Between-Subjects Effectsa

Dependent Variable:   DPOAE level [dB SPL]  

Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 2413,665b 35 68,962 1,343 ,191 

Intercept 12931,000 1 12931,000 251,858 ,000 

FrequencykHz 1951,035 11 177,367 3,455 ,002 

Stimulation 155,872 2 77,936 1,518 ,233 

FrequencykHz * 

Stimulation 

306,758 22 13,944 ,272 ,999 

Error 1848,325 36 51,342   

Total 17192,990 72    

Corrected Total 4261,990 71    

b. R Squared = ,566 (Adjusted R Squared = ,145) 
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TABLE A‐ 16. MULTIPLE COMPARISONS IN DPOAE IN SUBJECT 8 

Multiple Comparisonsa

Dependent Variable:   DPOAE level [dB SPL]  

Tukey HSD   
(I) 

Stimulatio

n 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before 2,208 2,0685 ,540 -2,848 7,264 

during -1,362 2,0685 ,789 -6,418 3,693 

before after -2,208 2,0685 ,540 -7,264 2,848 

during -3,571 2,0685 ,209 -8,627 1,485 

during after 1,362 2,0685 ,789 -3,693 6,418 

before 3,571 2,0685 ,209 -1,485 8,627 

 

 

 

FIGURE A‐ 8. ESTIMATED MARGINAL MEANS OF DPOAE LEVEL IN SUBJECT 8 
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Subject 9 

TABLE A‐ 17. TESTS OF BETWEEN‐SUBJECTS EFFECTS IN DPOAE IN SUBJECT  9 

Tests of Between-Subjects Effectsa

Dependent Variable:   DPOAE level [dB SPL]  

Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 4173,111b 35 119,232 2,983 ,001 

Intercept 23428,909 1 23428,909 586,073 ,000 

FrequencykHz 3365,218 11 305,929 7,653 ,000 

Stimulation 223,805 2 111,903 2,799 ,074 

FrequencykHz * 

Stimulation 

584,088 22 26,549 ,664 ,843 

Error 1439,140 36 39,976   

Total 29041,160 72    

Corrected Total 5612,251 71    

b. R Squared = ,744 (Adjusted R Squared = ,494) 

 

TABLE A‐ 18. MULTIPLE COMPARISONS IN DPOAE IN SUBJECT 9 

Multiple Comparisonsa

Dependent Variable:   DPOAE level [dB SPL]  

Tukey HSD   
(I) 

Stimulatio

n 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before -4,188 1,8252 ,069 -8,649 ,274 

during -1,179 1,8252 ,796 -5,640 3,282 

before after 4,188 1,8252 ,069 -,274 8,649 

during 3,008 1,8252 ,239 -1,453 7,470 

during after 1,179 1,8252 ,796 -3,282 5,640 

before -3,008 1,8252 ,239 -7,470 1,453 
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FIGURE A‐ 9. ESTIMATED MARGINAL MEANS OF DPOAE LEVEL IN SUBJECT 9 
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Subject 10 

TABLE A‐ 19. TESTS OF BETWEEN‐SUBJECTS EFFECTS IN DPOAE IN SUBJECT 10 

Tests of Between-Subjects Effectsa

Dependent Variable:   DPOAE level [dB SPL]  

Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 3909,882b 35 111,711 5,162 ,000 

Intercept 25602,073 1 25602,073 1182,946 ,000 

FrequencykHz 3047,698 11 277,063 12,802 ,000 

Stimulation 420,542 2 210,271 9,716 ,000 

FrequencykHz * 

Stimulation 

441,641 22 20,075 ,928 ,565 

Error 779,135 36 21,643   

Total 30291,090 72    

Corrected Total 4689,017 71    

 

b. R Squared = ,834 (Adjusted R Squared = ,672) 

 

TABLE A‐ 20. MULTIPLE COMPARISONS IN DPOAE IN SUBJECT 10 

Multiple Comparisonsa

Dependent Variable:   DPOAE level [dB SPL]  

Tukey HSD   
(I) 

Stimulatio

n 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before 5,438* 1,3430 ,001 2,155 8,720 

during ,692 1,3430 ,865 -2,591 3,974 

before after -5,438* 1,3430 ,001 -8,720 -2,155 

during -4,746* 1,3430 ,003 -8,028 -1,463 

during after -,692 1,3430 ,865 -3,974 2,591 

before 4,746* 1,3430 ,003 1,463 8,028 
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FIGURE A‐ 10. ESTIMATED MARGINAL MEANS OF DPOAE LEVEL IN SUBJECT 10 
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Appendix B. Results of absolute threshold 
audiometry for each subject  

Subject 1 

TABLE B‐ 1. TESTS OF BETWEEN SUBJECTS EFFECTS IN ABSOLUTE THRESHOLD IN SUBJECT 1. 

Tests of Between-Subjects Effectsa 

Dependent Variable:   Hearing Level   
Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 1061,979b 23 46,173 2,273 ,026 

Intercept 2775,521 1 2775,521 136,641 ,000 

FrequencykHz 603,646 7 86,235 4,245 ,004 

Stimulation 138,542 2 69,271 3,410 ,050 

FrequencykHz * 

Stimulation 

319,792 14 22,842 1,125 ,387 

Error 487,500 24 20,313   

Total 4325,000 48    

Corrected Total 1549,479 47    

b. R Squared = ,685 (Adjusted R Squared = ,384) 

TABLE B‐ 2. MULTIPLE COMPARISONS IN ABSOLUTE THRESHOLD IN SUBJECT 1. 

Multiple Comparisonsa 

Dependent Variable:   Hearing Level   
Tukey HSD   
(I) 

Stimulation 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before 2,812 1,5934 ,203 -1,167 6,792 

during -1,250 1,5934 ,716 -5,229 2,729 

before after -2,812 1,5934 ,203 -6,792 1,167 

during -4,062* 1,5934 ,045 -8,042 -,083 

during after 1,250 1,5934 ,716 -2,729 5,229 

before 4,062* 1,5934 ,045 ,083 8,042 

Based on observed means. 

 The error term is Mean Square(Error) = 20,313.a 
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FIGURE B‐ 1. ESTIMATED MARGINAL MEANS OF HEARING LEVEL IN SUBJECT 1. 

 

Subject 2 

TABLE B‐ 3. TESTS OF BETWEEN SUBJECTS EFFECTS IN ABSOLUTE THRESHOLD IN SUBJECT 2. 

Tests of Between-Subjects Effectsa

Dependent Variable:   Hearing Level   
Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 897,917b 23 39,040 1,874 ,067 

Intercept 602,083 1 602,083 28,900 ,000 

FrequencykHz 781,250 7 111,607 5,357 ,001 

Stimulation 13,542 2 6,771 ,325 ,726 

FrequencykHz * 

Stimulation 

103,125 14 7,366 ,354 ,976 

Error 500,000 24 20,833   

Total 2000,000 48    

Corrected Total 1397,917 47    

b. R Squared = ,642 (Adjusted R Squared = ,300) 
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TABLE B‐ 4. MULTIPLE COMPARISONS IN ABSOLUTE THRESHOLD IN SUBJECT 2. 

Multiple Comparisonsa

Dependent Variable:   Hearing Level   
Tukey HSD   
(I) 

Stimulation 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before -,938 1,6137 ,832 -4,967 3,092 

during -1,250 1,6137 ,722 -5,280 2,780 

before after ,938 1,6137 ,832 -3,092 4,967 

during -,313 1,6137 ,980 -4,342 3,717 

during after 1,250 1,6137 ,722 -2,780 5,280 

before ,313 1,6137 ,980 -3,717 4,342 

Based on observed means. 

 The error term is Mean Square(Error) = 20,833.a 

 

 

FIGURE B‐ 2. ESTIMATED MARGINAL MEANS OF HEARING LEVEL IN SUBJECT 2. 
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Subject 3 

TABLE B‐ 5. TESTS OF BETWEEN SUBJECTS EFFECTS IN ABSOLUTE THRESHOLD IN SUBJECT 3. 

Tests of Between-Subjects Effectsa

Dependent Variable:   Hearing Level   
Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 1856,250b 23 80,707 3,689 ,001 

Intercept 1518,750 1 1518,750 69,429 ,000 

FrequencykHz 1481,250 7 211,607 9,673 ,000 

Stimulation 40,625 2 20,312 ,929 ,409 

FrequencykHz * 

Stimulation 

334,375 14 23,884 1,092 ,411 

Error 525,000 24 21,875   

Total 3900,000 48    

Corrected Total 2381,250 47    

 

b. R Squared = ,780 (Adjusted R Squared = ,568) 

 

TABLE B‐ 6. MULTIPLE COMPARISONS IN ABSOLUTE THRESHOLD IN SUBJECT 3. 

Multiple Comparisonsa 

Dependent Variable:   Hearing Level   
Tukey HSD   
(I) 

Stimulation 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before 2,188 1,6536 ,397 -1,942 6,317 

during ,625 1,6536 ,925 -3,505 4,755 

before after -2,188 1,6536 ,397 -6,317 1,942 

during -1,563 1,6536 ,618 -5,692 2,567 

during after -,625 1,6536 ,925 -4,755 3,505 

before 1,563 1,6536 ,618 -2,567 5,692 

Based on observed means. 

 The error term is Mean Square(Error) = 21,875.a 
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FIGURE B‐ 3. ESTIMATED MARGINAL MEANS OF HEARING LEVEL IN SUBJECT 3. 

 

Subject 4 

TABLE B‐ 7. . TESTS OF BETWEEN SUBJECTS EFFECTS IN ABSOLUTE THRESHOLD IN SUBJECT 4. 

Tests of Between-Subjects Effectsa

Dependent Variable:   Hearing Level   
Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 611,979b 23 26,608 ,191 1,000 

Intercept 4125,521 1 4125,521 29,667 ,000 

FrequencykHz 345,313 7 49,330 ,355 ,919 

Stimulation 7,292 2 3,646 ,026 ,974 

FrequencykHz * 

Stimulation 

259,375 14 18,527 ,133 1,000 

Error 3337,500 24 139,063   

Total 8075,000 48    

Corrected Total 3949,479 47    

 

b. R Squared = ,155 (Adjusted R Squared = -,655) 
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TABLE B‐ 8. MULTIPLE COMPARISONS IN ABSOLUTE THRESHOLD IN SUBJECT 4. 

Multiple Comparisonsa

Dependent Variable:   Hearing Level   
Tukey HSD   
(I) 

Stimulation 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before -,938 4,1693 ,973 -11,349 9,474 

during -,625 4,1693 ,988 -11,037 9,787 

before after ,938 4,1693 ,973 -9,474 11,349 

during ,313 4,1693 ,997 -10,099 10,724 

during after ,625 4,1693 ,988 -9,787 11,037 

before -,313 4,1693 ,997 -10,724 10,099 

Based on observed means. 

 The error term is Mean Square(Error) = 139,063.a 

 

 

FIGURE B‐ 4. ESTIMATED MARGINAL MEANS OF HEARING LEVEL IN SUBJECT 4. 

  



 

56 
 

Subject 5 

TABLE B‐ 9. . TESTS OF BETWEEN SUBJECTS EFFECTS IN ABSOLUTE THRESHOLD IN SUBJECT 5.  

Tests of Between-Subjects Effectsa

Dependent Variable:   Hearing Level   
Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 611,979b 23 26,608 ,191 1,000 

Intercept 4125,521 1 4125,521 29,667 ,000 

FrequencykHz 345,313 7 49,330 ,355 ,919 

Stimulation 7,292 2 3,646 ,026 ,974 

FrequencykHz * 

Stimulation 

259,375 14 18,527 ,133 1,000 

Error 3337,500 24 139,063   

Total 8075,000 48    

Corrected Total 3949,479 47    
b. R Squared = ,155 (Adjusted R Squared = -,655) 

 

TABLE B‐ 10. MULTIPLE COMPARISONS IN ABSOLUTE THRESHOLD IN SUBJECT 5. 

Multiple Comparisonsa 

Dependent Variable:   Hearing Level  

Tukey HSD   
(I) 

Stimulation 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before -,938 4,1693 ,973 -11,349 9,474 

during -,625 4,1693 ,988 -11,037 9,787 

before after ,938 4,1693 ,973 -9,474 11,349 

during ,313 4,1693 ,997 -10,099 10,724 

during after ,625 4,1693 ,988 -9,787 11,037 

before -,313 4,1693 ,997 -10,724 10,099 

 

Based on observed means. 

 The error term is Mean Square(Error) = 139,063.a 
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FIGURE B‐ 5. ESTIMATED MARGINAL MEANS OF HEARING LEVEL IN SUBJECT 5. 

Subject 6 

TABLE B‐ 11. TESTS OF BETWEEN SUBJECTS EFFECTS IN ABSOLUTE THRESHOLD IN SUBJECT 6. 

Tests of Between-Subjects Effectsa

Dependent Variable:   Hearing Level   
Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 582,812b 23 25,340 1,802 ,080 

Intercept 4,688 1 4,688 ,333 ,569 

FrequencykHz 274,479 7 39,211 2,788 ,028 

Stimulation 28,125 2 14,063 1,000 ,383 

FrequencykHz * 

Stimulation 

280,208 14 20,015 1,423 ,217 

Error 337,500 24 14,063   

Total 925,000 48    

Corrected Total 920,312 47    

b. R Squared = ,633 (Adjusted R Squared = ,282) 
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TABLE B‐ 12. MULTIPLE COMPARISONS IN ABSOLUTE THRESHOLD IN SUBJECT 6. 

Multiple Comparisonsa

Dependent Variable:   Hearing Level   
Tukey HSD   
(I) 

Stimulation 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before ,938 1,3258 ,762 -2,373 4,248 

during -,937 1,3258 ,762 -4,248 2,373 

before after -,938 1,3258 ,762 -4,248 2,373 

during -1,875 1,3258 ,350 -5,186 1,436 

during after ,937 1,3258 ,762 -2,373 4,248 

before 1,875 1,3258 ,350 -1,436 5,186 

 

Based on observed means. 

The error term is Mean Square(Error) = 14,063.a 
 

 

FIGURE B‐ 6. ESTIMATED MARGINAL MEANS OF HEARING LEVEL IN SUBJECT 6. 
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Subject 7 

TABLE B‐ 13. TESTS OF BETWEEN SUBJECTS EFFECTS IN ABSOLUTE THRESHOLD IN SUBJECT 7. 

Tests of Between-Subjects Effectsa

Dependent Variable:   Hearing Level   
Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 1111,979b 23 48,347 2,652 ,011 

Intercept 2775,521 1 2775,521 152,257 ,000 

FrequencykHz 1045,313 7 149,330 8,192 ,000 

Stimulation 1,042 2 ,521 ,029 ,972 

FrequencykHz * 

Stimulation 

65,625 14 4,688 ,257 ,995 

Error 437,500 24 18,229   

Total 4325,000 48    

Corrected Total 1549,479 47    

b. R Squared = ,718 (Adjusted R Squared = ,447) 

 

TABLE B‐ 14. MULTIPLE COMPARISONS IN ABSOLUTE THRESHOLD IN SUBJECT 7. 

Multiple Comparisonsa

Dependent Variable:   Hearing Level   
Tukey HSD   
(I) 

Stimulation 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before ,313 1,5095 ,977 -3,457 4,082 

during ,312 1,5095 ,977 -3,457 4,082 

before after -,313 1,5095 ,977 -4,082 3,457 

during ,000 1,5095 1,000 -3,770 3,770 

during after -,312 1,5095 ,977 -4,082 3,457 

before ,000 1,5095 1,000 -3,770 3,770 

  

Based on observed means. 

 The error term is Mean Square(Error) = 18,229.a 
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FIGURE B‐ 7. ESTIMATED MARGINAL MEANS OF HEARING LEVEL IN SUBJECT 7. 

Subject 8 

TABLE B‐ 15. TESTS OF BETWEEN SUBJECTS EFFECTS IN ABSOLUTE THRESHOLD IN SUBJECT 8. 

Tests of Between-Subjects Effectsa

Dependent Variable:   Hearing Level   
Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 1041,667b 23 45,290 3,106 ,004 

Intercept 14008,333 1 14008,333 960,571 ,000 

FrequencykHz 841,667 7 120,238 8,245 ,000 

Stimulation 69,792 2 34,896 2,393 ,113 

FrequencykHz * 

Stimulation 

130,208 14 9,301 ,638 ,808 

Error 350,000 24 14,583   

Total 15400,000 48    

Corrected Total 1391,667 47    

b. R Squared = ,749 (Adjusted R Squared = ,507) 
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TABLE B‐ 16. MULTIPLE COMPARISONS IN ABSOLUTE THRESHOLD IN SUBJECT  8. 

Multiple Comparisonsa

Dependent Variable:   Hearing Level   
Tukey HSD   
(I) 

Stimulation 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before ,625 1,3502 ,889 -2,747 3,997 

during -2,188 1,3502 ,257 -5,559 1,184 

before after -,625 1,3502 ,889 -3,997 2,747 

during -2,813 1,3502 ,115 -6,184 ,559 

during after 2,188 1,3502 ,257 -1,184 5,559 

before 2,813 1,3502 ,115 -,559 6,184 

Based on observed means. 

 The error term is Mean Square(Error) = 14,583.a 
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FIGURE B‐ 8. ESTIMATED MARGINAL MEANS OF HEARING LEVEL IN SUBJECT 8. 
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Subject 9 

TABLE B‐ 17. TESTS OF BETWEEN SUBJECTS EFFECTS IN ABSOLUTE THRESHOLD IN SUBJECT 9. 

Tests of Between-Subjects Effectsa

Dependent Variable:   Hearing Level   
Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 1232,813b 23 53,601 3,812 ,001 

Intercept 1354,688 1 1354,688 96,333 ,000 

FrequencykHz 949,479 7 135,640 9,646 ,000 

Stimulation 121,875 2 60,938 4,333 ,025 

FrequencykHz * 

Stimulation 

161,458 14 11,533 ,820 ,643 

Error 337,500 24 14,063   

Total 2925,000 48    

Corrected Total 1570,313 47    

b. R Squared = ,785 (Adjusted R Squared = ,579) 

 

TABLE B‐ 18. MULTIPLE COMPARISONS IN ABSOLUTE THRESHOLD IN SUBJECT 9. 

Multiple Comparisonsa

Dependent Variable:   Hearing Level   
Tukey HSD   
(I) 

Stimulation 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before -3,750* 1,3258 ,024 -7,061 -,439 

during -2,812 1,3258 ,107 -6,123 ,498 

before after 3,750* 1,3258 ,024 ,439 7,061 

during ,938 1,3258 ,762 -2,373 4,248 

during after 2,812 1,3258 ,107 -,498 6,123 

before -,938 1,3258 ,762 -4,248 2,373 
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FIGURE B‐ 9. ESTIMATED MARGINAL MEANS OF HEARING LEVEL IN SUBJECT 9. 

Subject 10 

TABLE B‐ 19. TESTS OF BETWEEN SUBJECTS EFFECTS IN ABSOLUTE THRESHOLD IN SUBJECT 10. 

Tests of Between-Subjects Effectsa

Dependent Variable:   Hearing Level   
Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 1461,979b 23 63,564 1,822 ,076 

Intercept 2625,521 1 2625,521 75,239 ,000 

FrequencykHz 786,979 7 112,426 3,222 ,015 

Stimulation 404,167 2 202,083 5,791 ,009 

FrequencykHz * 

Stimulation 

270,833 14 19,345 ,554 ,874 

Error 837,500 24 34,896   

Total 4925,000 48    

Corrected Total 2299,479 47    

b. R Squared = ,636 (Adjusted R Squared = ,287) 
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TABLE B‐ 20. MULTIPLE COMPARISONS IN ABSOLUTE THRESHOLD IN SUBJECT 10. 

Multiple Comparisonsa

Dependent Variable:   Hearing Level  

Tukey HSD   
(I) 

Stimulation 

(J) 

Stimulation 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 95% 

Confidenc

e Interval 

95% 

Confidenc

e Interval 

Lower 

Bound 

Upper 

Bound 

after before -6,875* 2,0885 ,008 -12,091 -1,659 

during -5,000 2,0885 ,062 -10,216 ,216 

before after 6,875* 2,0885 ,008 1,659 12,091 

during 1,875 2,0885 ,647 -3,341 7,091 

during after 5,000 2,0885 ,062 -,216 10,216 

before -1,875 2,0885 ,647 -7,091 3,341 

 

Based on observed means. 

 The error term is Mean Square(Error) = 34,896.a 

 

 

FIGURE B‐ 10. ESTIMATED MARGINAL MEANS OF HEARING LEVEL IN SUBJECT 10. 
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Appendix C. Results of SRT for each subject  

TABLE C‐ 1. RESULTS FOR EACH SUBJECT IN SRT 

 Before  During  After 

Pavel  ‐4,6 ‐5,6 ‐5,3

Maja  ‐6,84 ‐6,4 ‐4,85

Ada  ‐6,4 ‐7 ‐7,57

Kzrystof  ‐7,18 ‐7,07 ‐6,36

Agata  ‐6,6 ‐6,7 ‐6,46

Angelika  ‐6,27 ‐7,36 ‐6,05

Patryk  ‐7,37 ‐6,96 ‐7,16

Patrycja  ‐6,07 ‐5,37 ‐5,01

Kasia  ‐5,09 ‐7,55 ‐7,58

Dawid  ‐6,75 ‐7,61 ‐6,25

 


