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ABSTRACT 

The paper discusses questions of human auditory state evaluation with technical means. It considers the disadvantages of 
existing clinical audiometry methods and systems. It is proposed to use method for evaluating of auditory analyzer state 
by means of pulsometry to get the medical study more objective and efficient. It provides for use of two optoelectronic 
sensors located on the carotid artery and ear lobe, Using this method the biotechnical system for evaluation and 
stimulation of human auditory analyzer stare wad developed. Its hardware and software were substantiated. Different 
modes of simulation in the designed system were tested and the influence of the procedure on a patient was studied. 
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1. INTRODUCTION
Auditory analyzer is an important part of human sensory system, it’s functional state determines the ability of a 

person to perform different specific kinds of activity. It has been studied as a receiver and a source for sound and 
electromagnetic waves1,2,3,4. We suggest using pulse diagnostics in order to take into account the physiological 
background of auditory system functioning.  

One of the functions of pulse diagnostics is to obtain information about the status of blood supply and blood 
circulation in various organs and tissues of the human body by non-invasive means. As the circulatory system covers the 
entire body, it gives the physician an opportunity to form a picture of the qualitative and quantitative expression of status 
of any organ or system of the human body. Therefore, in this case we do not require detailed model for signal processing 
in the auditory analyzer such as5. 

This allows to take the method for obtaining of acoustic analyzer diagnostic indicators by analyzing pulse waves 
recorded from the ear lobe and carotid artery6 as a foundation of a system for state evaluating of the auditory analyzer. 
Existing methods of otorhinolaryngology study of human hearing are subjective and have significant drawbacks. First of 
all, the considerable errors are caused by subjective character of evaluation, especially while determining the moment 
when person begins to hear a sound, which usually is formed by the doctor. This leads to a significant reduction of 
informative and diagnostic capabilities of assessment of the factual functional state of the auditory analyzer. 
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Modern clinical and household audiometers, despite of their wide dissemination, are also not devoid of the 
disadvantage mentioned. Methods of audiological research suggest that the patient must respond to the presence or 
absence of auditory perception of sound self-consciously and independently7,8,9,10. This contributes the process of 
measuring some elements of subjective perception, the possibility of fraud, causes a significant error in researches 
related to inaccurate determination of the hearing level. 

2. METHODS
In humans in different physiological and functional states the characteristics of pulse wave, as a result of the 

operation of various control systems, undergo significant qualitative and quantitative changes11. 
One of the most accessible and popular methods for registering a pulse in the peripheral cardiovascular system is 

photoplethysmography (PPG) based on the measurement of the transparency of the subcutaneous space. The essence of 
the method is the analysis of light passed through body tissue. For such lighting a source of infrared light is usually used.  

The spectrum of light absorption in the blood is in the infrared radiation range, i.e. it has low transparency for IR 
radiation; and each heart beat changes the pressure in the blood vessels, which changes transparency in turn. A 
transparency is determined primarily by the volume and composition of the blood. Thus, the greater portion of the blood 
supply leads to decrease of its transparency in infrared spectrum12. 

Using the PPG method for heart rate recording, a part of the standard heart rate variability analysis enables to 
estimate the shape of the pulse wave state of the cardiovascular system and organism regulatory systems. Mathematical 
processing of high-quality PPG signal allows to study other cyclic processes in the body, and the response to external 
factors13. 

Modern biomedical equipment allows to obtain high quality PPG signal. Requirements for technical support include 
the ability to register a constant component of the signal, and low sensitivity of system to external interference. Thus, 
medical and technical requirements may be characterized by the following parameters13: frequency spectrum of the 
recorded signal – 0...25 Hz;  irregularity of frequency characteristic – 2 dB;  inhibition of ambient light and electric 
circuit interferences – 60 dB; number of gradations of digital signal – 28 bits; digitizing frequency – 1,1 kHz. 

To obtain such characteristics the portable device was developed, which registers the pulse characteristic from the ear 
lobe and carotid artery. It has a digital amplifier with feedback and digital filtering. It can make PPG pulse wave shape 
clearly visible. 

When choosing a method for determining the signal spectrum it is necessary to give preference to methods that 
minimize the effects associated with the discrete sampling. 

To analyze the frequency and shape of the pulse wave it is advisable to apply method for nonlinear systems, which is 
regardless of the signal model, which is destined to study the structure of the time series, and combines the advantages of 
many other methods, such as Fourier analysis and regression analysis.

3. SYSTEM AND ALGORITHM DESIGN
To get rid of subjectivity in evaluating the state of the auditory analyzer we must abandon conscious participation of 

the patient in the study. This can be achieved by measuring and evaluating objective physiological parameters related to 
the sound perception. 

It is known that human auditory analyzer functioning is associated with the elasticity of blood vessels that nourish 
it14. It leads to a change of a pulse characteristics shape and the character of its spectral components. One of the most 
informative parameters of the ear sensitivity is a bandwidth of pulse signal registered at the operator earlobe. 

At the same time, according to6, the pulse characteristics of the carotid artery that feeds blood vessels of auditory 
system, is characterized with a tolerant value for upper range frequency FUСА to its lower frequency FLСА ratio, and does 
not depend on the state of the auditory system. 

Thus, the method of objective investigation of hearing based on the analysis of changes in the sensitivity of the ear to 
the level and frequency of the external audio signal, includes acoustic signal of fixed frequency and variable level 
providing into the external ear canal. The method is that the pulse characteristic of carotid artery is previously recorded, 
the extreme values of frequency of its pulse spectrum are determined and recorded, and then the coefficient АСА6 is 
calculated: 

UCA
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A bandwidth of pulse signal registered at the operator earlobe is limited with values FE1 and FE2. Similarly to (1), we 
can find the expression for the coefficient of the extreme values of frequency of pulse characteristic spectrum, registered 
at the ear lobe АEL: 

UEL
EL

LEL

F
A

F
=

, (2)

where FUEL and FLEL are appropriately upper and lower frequency range borders of pulse characteristic taken from the 
ear lobe. 

Figure 1. Scheme of the system for evaluation of auditory analyzer state. 

Registering the output (zero) frequency we can find the level when the condition of equality of signal spectra from 
carotid artery and ear lobe is satisfied (АСА = АEL), based on the calculated value of АEL. As an option to determine the 
pathology of hearing, the deflection of values АEL and АСА for the different frequencies of signal can be used. 

The implementation of the described method is achieved by means of a system for the assessment of auditory 
analyzer state (Figure 1) and the algorithm of its performance (Figure 2). The scheme has the following denotation: 

F0, А0 – respectively the frequency and amplitude of the carrier frequency; 
fm, am – respectively the frequency and amplitude of the modulating frequency; 
М – type of modulation; 
St – test signal; 
S0 – investigation (work) signal that goes directly into the ear; 
FE1, FE2 – respectively lower and upper frequencies of the pulse characteristics range of ear vessels; 
FLСА, FUСА – respectively lower and upper frequencies of the range of signal taken from the carotid artery; 
FLEL, FUEL – respectively lower and upper frequencies of the range of the pulse signal taken from the ear lobe. 
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Figure 2. Generalized algorithm for system for evaluation of the auditory analyzer state. 

Table 1.  Information on video and audio files that can accompany a manuscript submission. 

Item Video Audio

File name Video1, video2, … Audio1, audio2, … 

Number of files 0-10 0-10

Size of each file max. 5 mb max. 5mb 

File types accepted .mpeg, .mov (Quicktime), .wmv 
(Windows Media Player) 

.wav, .mp3 
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4. RESULTS
During the study of the discussing system there was found that the carrier frequencies of 131 Hz, 147 Hz, 165–

169 Hz can cause depression (at any frequency of binaural beats), but “pink” (flicker) noise and carrier frequencies 
above 330 Hz help to negate this effect and overcome its consequences15. 

It was shown that the impact of electromagnetic fields on humans is very specific. There exist the separated 
frequencies, causing abrupt changes in the functioning of organism. Such frequencies are called bioeffective16. The 
response to them may be different: both positive (in terms of transition of body condition closer to the optimum), or 
negative. The sharp frequency response of the human body were observed at frequencies: 0.02, 0.05-0.06, 0.1-0.3, 0.5-
0.6, 5-6, 8-12 Hz. 

For stimulation, various forms of audio signals are used: sinusoidal (pleasant for perception), rectangular (perhaps the 
most effective, although it is unpleasant to the ear), triangle (it is closer to the natural forms of audio signals), sawtoothed 
(has activating effect), as well as various forms of arbitrary signals, including “pink” noise (which is similar to the sound 
of the sea, waterfalls, rain, deciduous forest), “white” noise (like a TV antenna noise when turned off) (Figure 3). It is 
also known that Brownian motion of the hair bundle causes to improve the sensitivity of mechanoelectrical transduction 
in auditory analyzer17. 

Figure 3. Different shapes of audio waves (based on12). 

Rectangular signal is effective to divert the mind from extraneous thoughts and help to achieve quickly altered states 
of consciousness18. The impact of “pink” noise helps to overcome depression, to distract out from negative thoughts, to 
achieve a state of relaxation. 

It is important to make a subjective selection, all forms are to be tried. 
Volume is adjusted individually by means of a regulator.  
To achieve higher efficiency, various modes of stimuli application and their combinations are used15: 
1. Synchronous mode – simultaneous feeding incentives from right and left side. It ensures synchronization of the

functional activity of the right and left hemispheres. This mode does not occur in everyday life19.
2. Asynchronous mode – alternate feeding signals from right and left.
3. Dissociating mode – alternate feeding of auditory and visual stimuli. It is intended to isolate the perception of

sensory information that leads to the attention exacerbation, increases the ability to highlight the main things,
problem-solving ability20. This mode is used for reducing the strength of the nervous processes.

4. Advanced mode – alternate turning on sensory stimuli with the change of lateralization of feeding. It increases the
resolution of analyzers activating different zones of cortex21.

5. Alternating mode – stimulation with different frequencies from right and left. It is indispensable in stressful
situations, when the hemispheric asymmetry coefficient changes dramatically. Using this mode, it is possible to
have a different impact on the right and left hemisphere activity, while the profile of functional hemispheric
asymmetry is pre-defined.

6. Mode with the acoustical image offset – in this mode the subjective sensation of sound perception is displaced
from the midline (usually located in the crown, sometimes at the nose and chin) in the direction of that ear where
sound stimuli are fed ahead. Person has the feeling of sound rotation in his head, which contributes to more rapid
enter the altered state of consciousness (Figure 4).

Proc. of SPIE Vol. 10445  1044537-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/08/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



Figure 4. Stimulation modes (based on12). 

To stimulate the orienting reflex (novelty reflex) in order to “capture the brain and distract it from the surrounding 
reality” a rapid change of the stimulation frequency is used. It is also important in process of central auditory system 
maturation22. 

The short procedure duration (7–15 minutes) is used for the purpose of activating the excitation systems of 
diencephalon and mesencephalon and to increase the motor activity15. 

The long duration (25–30 minutes) leads to a reduction of physical activity, to the progress of diffuse inhibition 
processes. 

The further increase of the procedure duration (35 minutes and more) leads to the progress of phase activity 
inhibition processes and to rise of the plastic tone. 

The manifestation of the described effects depends on the initial psycho-physiological state of man. 

We can argue that the short sessions (15–20 minutes) two or three times a day are more effective than one long 
session. In any case, the rhythmic impact on the brain lasting more than 45 minutes is not recommended, because in 
general the brain ceases to follow the light and sound stimuli, and sometimes exceeding 45–minutes threshold may lead 
to diffuse inhibition of the cerebral cortex (the sleepy twilight state) that passes only after natural sleep. It is advisable to 
carry out the stimulation daily. At least, the breaks should not exceed three days. 

Thus, using both spectral analysis of pulse waves recorded at various points of the operator’s body and direct method 
of formation of testing and measuring signals for evaluation of auditory analyzer the biotechnical system was developed, 
which provides an enhanced level of diagnostic informational content, efficiency of measurements25,26,27, periodic or 
continuous monitoring of the human auditory analyzer. 

5. CONCLUSIONS
1. Clinical methods for evaluating of human auditory analyzer state are subjective and sometimes lead to false results

of medical study.
2. To avoid the influence of subjective perception the method for evaluating of auditory analyzer state by means of

pulsometry was used.
3. Based on this method, the biotechnical system for evaluation of auditory analyzer state was designed. It includes

carrier frequency generator, adjustable attenuator, modulator, spectrum analyzers, amplifiers, optoelectronic pulse
sensors, appropriate databases, and control block.

4. The principles of system functioning were discussed and the generalized algorithm for the system was developed.
5. Different modes of simulation in the designed system were tested. To achieve higher efficiency of the system,

various modes of stimuli and their combinations are to be used. Six basic modes were selected and studied. The
duration of the procedure was substantiated.

6. The developed system provides an enhanced level of diagnostic informational content, efficiency of measurements,
periodic and continuous objective monitoring of the human auditory analyzer.
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