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Abstract. Medical data can be represented in various forms. The most common is 
visualization, but recent work started to also add  sonic representation – sonification. 
In this study we start with a theoretical background, then focus on medical 
applications. The discussion synthesizes the authors view about the present state of 
the domain and tries to foresee future potential developments in medicine. In 
conclusion we present a set of original recommendations for developing new 
applications with potential use in medicine and healthcare. 
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Introduction 

The present trends in medicine and healthcare, well-illustrated by the paradigm changes, 

place in a core position the transition towards individualized medicine – pHealth: 
personalized, preventive, predictive and participative care [1]. Personalized medicine 

requires multidisciplinary teams and integrated technologies. The advent of 

nanotechnologies and the development of more performant wearable and portable 

devices for health monitoring has brought also an enrichment of signaling and 

communication tools of these devices. We assist today to a fast increase of solutions 

based on use of sounds as main or a complementary communication tool. The present 
paper is dedicated to this new emerging procedure, sonification, and its potential 

applications in medicine and healthcare. 

1. Sonification – Theoretical Background  

For most people interested in this domain, the Sonification Handbook edited by Hermann, 

Hunt and Neuhoff [2] and published in 2011 is the main reference. It is the result of 

almost two decades of work, partially part of a COST (European COoperation in Science 
and Technology) Action - IC0601 "Sonic Interaction Design" (SID).  

We will limit ourselves here to a brief presentation of the fundamental elements 

described thoroughly in the cited book and we will then set out some further approaches, 

with some more details about our three-level approach. 
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1.1. Classification of Sonifications 

The core notion of this domain is “auditory display”, broadly defined as “any display 

that uses sound to communicate information”, while sonification is a subtype, 

representing only “the use of non-speech audio to convey information or perceptualize 

data” [3]. Walker and Nees (ch.2 in [2]:9-39) presented two major taxonomic axes for 

classification of sonifications: 

 upon functions of sonification: warnings (alarms, alerts), monitoring (processes, 

state surveillance), data exploration and entertainment (including art or exercise); 

we can add here also the function as replacing visual information (e.g. for visually 

impaired) 

 upon sonification approach: event-based, model based and continuous [4]. 
As observed by Barrass [5], the two axes have a certain degree of convergence – e.g. 

all warning-type sonifications are event-related. We use the function of sonification 

taxonomy.  

 Warning-type sonifications 

There are different quasi-synonymous terms used for this type of sonifications, with 
some differences: 

 alerts or notifications – are sounds to inform the listener that an event has just 

happened or is going to happen quite soon (microwave beep, doorbell or phone 

rings) 

 alarms or warnings – carry a similar information, most often used for negative or 
dangerous events and which would require a reaction of the listener (fire alarms, 

use of sirens during the war, beeps of medical equipment in intensive care units 

when the heartbeat stops). 

The amount of information carried by these signals is not very high, but their value 

is often very high, which increases their use. In certain cases, the information can be 

increased: e.g. personalized phone ring tones (set to indicate who is calling). A family of 
categorical warning sounds in healthcare situations was proposed by Sanderson et al. [6]. 

Edworthy [7] proposed the use of (helicopter telemetry and avionics) data to modify a 

given warning sound - “trendsons”.  

Warning-type sonification duration is usually quite short, yielding a punctual 

information. 

 Sonification for monitoring 
In contrast to the warning-type sonification, the applications for following up a process 

in real time would rather require a sonic display to run in parallel with the process. As 

any process can be considered as a succession of consecutive states, if each state would 

have associated an acoustic display segment, the sonification of the process would be 

dynamically represented by the sequence of the segments aligned along the time axis. 
We can mention here just some medical applications: Sanderson [6] used such a 

representation to patient data in an anesthesiologist’s workstation, Watson [8] monitored 

the blood pressure in a hospital environment, Andor et al. [9] monitored the heart rate 

during exercise in a clinical setting and many others, presented in more detail in the next 

chapter. Such sequences can be also recorded and replayed at various speed; when 

replayed fast forward we get a time-compression effect, being able to analyze long 
duration processes in a short time, while a slow-motion replay can reveal very fast details 

which might have been skipped in a normal display.  
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Mihalas et al. [10] have also proposed tempolenses with variable magnification, able 

to reveal details from the QRS complex of ECG records, but compressing the TP segment. 

An important advantage of this type of sonification comes from the listener’s capacity to 

detect even small changes of the auditory sequence [2] or when the user has his sight 

busy with other tasks (for instance while driving, or during surgery). 

 Data exploration 

The most general sense for the concept of “sonification” is referring to its potential to 

support data exploration. It is similar to visual inspection of an image or a graph; thus, it 

would be easy to detect extrasystoles or arrhythmia from a sonic record of the heart rate. 

Both warning-type and process monitoring type might be considered, to a certain extent, 

as particular cases of exploration of a set of data. Sonification used for data exploration 
is meant to offer a holistic view of a system state, a phenomenon or a process, depending 

on the informational content of the data used, yielding the so-called “soundscapes” [11]. 

A simple way of approach can be obtained by extension of process monitoring type 

- similar sonifications have been propsed to represent not only time series but other 

sequences, like macromolecular structures (nucleotide sequence of DNA or amino-acid 

sequence in proteins) [12].  
In general, any procedure used for graphical data representation might associate a 

sound track – generating the typical model-based sonifications, the so-called “auditory 

graphs” [13]. Some interesting solutions have been developed for certain graphs: pie-

charts [14] or box-and-whiskers plots [15]. 

A special attention can be paid to the attempts to transform images into sound. Such 

an application for medical images was developed by Chiroiu et al. [16]; they have also 
refined the theoretical formal description of sonification procedures. 

 Entertainment, sport and art 

The development of gaming industry has stimulated also the sonification area, various 

methods to associate sounds to events, actions or characters have occurred. They have 

inspired several applications in other domains, including sports and arts. Some 
applications in post-traumatic recovery or kinetic therapy have been also enclosed in this 

class (Hunt and Pauletto, ch.21.2 in [2]:528-531). 

Very interesting debates occurred around the question: “can sonification be 

considered music?”, which would be strongly related to the more general topic of 

“computer music”. Indeed, we find so much harmony in living matter, there are so many 

biological rhythms, so the similarities are not trivial at all. Some sonic motifs found by 
sonification of natural sequences have already been source of inspiration for musical 

compositions (John Cage – Music of Changes, 1951 [17], I Xenakis – Metastasis, 1954 

[18] etc.) and the interest in this domain is surprisingly high. However, these debates are 

beyond the scope of this study. 

 Replacing visual information 
Walker and Ness [2] did not consider replacing visual information as a separate class, 

including all the applications in the class of entertainment, sports and art, based on 

similarities with those applications. However, there are specific features for the 

sonifications used by visually impaired people or external conditions (dark, fog or out-

of-sight) which hinders the visual information source. New and very promising results 

have been developed by mixing sonification with computer vision for the visually 
impaired people; an example is the soundscape of an “accessible aquarium”, which offers 

information about the location and dynamic movement of fish [19]. 
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The sonification tools of all types presented above, can be included in an integrated 

system and regarded in the light of the Internet of Things [20]. 

1.2. Sonification Techniques 

Practical considerations lead us to the central problem of sonification - the 

correspondence between input data and audio display as output. Several approaches 

have been reported, often aiming to solve specific tasks: point or interval estimation, 
point comparison, trend analysis, identification of data structure or simple exploratory 

inspection [2]. The variety of proposed relations impose a systematic approach of this 

topic. 

 Interaction degree 

Let us consider the degree of interaction allowed to the listener, as described by Hunt 
and Hermann [21] to build a classification. The simplest algorithms would not let any 

interaction – it is the non-interactive or „concert mode” when the sonic display is unique, 

the listener cannot control any parameter. When the user can control some parameters of 

the correspondence between data and sonic parameters (rhythm, pitch, timbre or many 

other complex sets) the display is called „conversation mode”. These two modes have 

been also analyzed by Franklin & Roberts [22] who renamed them as “tour based”, 
respectively “query based” sonifications. Usually, various types of “interactions” are 

designed for extracting specific information, thus we can expect that higher the flexibility 

to interact higher the usability of a sonification procedure. 

 Parameter mapping 

Most authors do consider that the algorithms used for parameter mapping represents the 
basic and characteristic step in sonification. In general terms one has to set values for the 

characteristics of the sound related to the input data; in other words, parameter mapping 

sonification is a function, defined on the „data space”, with values in the „sound space”. 

We will discuss only a couple of approaches and we will present in more detail the „three-

level” approach used in our applications. 

The parameter mapping comprises the relations between the data space and the 
sound space (Figure 1). 

 Sonification operator 

Chiroiu et al. [16], in their approach to sonify medical images, have started with a sound 

theoretical introduction comprising a detailed formal mathematical approach: 

sonification is defined as an „operator to transform the image point data into sound 
signals”; the input is a time dependent unidimensional string of point data. Application 

of the sonification operator generates the output sound signal. The set of parameters 

characterizing the sonification comprised: a factor of time compressor on an interval, a 

factor of dilation, a reference frequency, two pitch scaling factors, a power distortion 

factor, an amplitude threshold, a gain factor, a decay parameter and a complex timbre 

control function. The comprehensive list of parameters offers a great flexibility to apply 
the sonification operator on a large variety of data. Their results refer to an application 

on microscopic images of fibrotic rat liver followed by an inverse transformation back 

into image where some details are better revealed. 
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 Dimensional analysis 

Grond and Berger [23] have made a thorough dimensional analysis of this mapping. 

Indeed, the definition domain of the sonification function – the data space is 
characterized by a dimension defined by „all properties directly related to data”. Based 

on other previous work [4], the type of each data of the data domain is also considered – 

qualitative or quantitative, continuous or discrete and topological structure. The 

sonification process is split into several steps. First, there is a „data preparation stage, 

influenced not only by the data structure but also by the sound synthesis parameters of 

the parameter domain”. This step might include a dimensional reduction (e.g. by 
principal component analysis), or other operations (e.g. derivatives for time series). It 

also includes the extraction of events (e.g. zero crossing, extremes). The next step - the 

essence of parameter mapping – is to define the „transfer function which connects the 

data domain of hard facts with the somewhat more elusive perceptual domain” [24]. The 

next challenge is to find a good mapping topology (selecting parameters for most 
appropriate links between data features and perceptual space) [1-4]. 

 Model-based sonification 

We have introduced here the model-based sonification developed by Hermann [25], even 

its approach is rather different than other mapping modes. The basic starting metaphor - 

„shake the box” – intuitively suggests that analyzing the reaction / output of a „black 

box” to a known stimulus / input offers valuable information about the structure and/or 
function of the system (as used also in the evoked EEG potentials). Thus, model-based 

sonification is a general framework for designing task-oriented sonifications. Such a 

design comprises six components: setup, dynamics, excitation, initial state, link-

variables, and listener characteristics. The model is built from data space by setup, then, 

by link variables the information is transferred to the sound space, from which it is 

extracted via the listener characteristic. The excitation is a feedback action from the 
listener to the model space.  

 

Figure 1. Schematic representation of the sonification process.
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The importance of the model-based sonification relies in its capacity to address the 

information from the data space. This approach is suitable for data exploration, mainly 

for materials structure; we found little reference to medical applications. 

A more general mathematical formalization of parameter mapping sonification was 

done by Rohrhuber [26] covering both direct parameter mapping and model-based 

sonification. 

 The three-level approach 

The three-level approach (3L), developed by Mihalas and collaborators [27, 28], tried to 

keep as main target to address the information to be extracted from the data set but 

proposing simple mapping functions for practical applications. 

a) Paradigm 
The main paradigm of the 3L approach starts from the observation that more structured 

sound output is easier to be understood and interpreted (reproduced, learnt or memorized). 

Thus, we defined three levels (layers) of the sound space: 

- acoustic (A) level – similar to the „audification” [3, 25], with a continuum spectrum 

of frequencies, with either continuous or step-wise transition between two 

successive sounds; 
- sonic (S) level, with a discrete spectrum of frequencies (corresponding to musical 

notes), continuous spectrum of durations; 

- musical (M) level, introducing harmony and/or rhythm. 

b) Data space and pre-processing 

The data space comprises all characteristic features of the „sonification object” 

(system, process) from which the relevant variables are selected; it is specific for each 
application. The range of variation (and initial values) for each variable should be 

established.  

For most medical applications the data source can be an equipment used for 

investigations or monitoring, and the data are represented by biological signals. However, 

there are also several applications where other sources generate the sequences to be 
sonified (e.g. DNA structure). 

The preprocessing comprises usually some common operations (noise reduction, 

filtering, amplification and normalization); the „clean” signal can be directly sonified or 

subject to further processing, like event detection, feature extraction or computation of 

other indicators to be used in sonification (e.g. extraction of heart rate [9, 27] or ST 

denivelation [29] from ECG recordings). 

c) Parameter mapping 

After obtaining the sequence to be sonified, the design of the parameter mapping is 

constructed. In this phase one has to set up the translational parameters vector (reference 

frequency, sound sampling frequency, pitch scaling factors / ambitus, type of tempolens, 

compression / dilation factors, channels amplitude ratios etc.) and to define the functions 

relating sound properties (pitch, duration, loudness, timber) to input data. 

 Pitch. The audible domain frequency is from 20 Hz to 20 kHz, but the middle range 

offers the highest sensitivity. That is why most applications take as reference 

frequency f0 = 440 Hz (A4 on the musical scale, or MIDI note 69). The hearing 

scale is exponential (Plack): a double frequency is perceived as on octave higher 

[30], hence an almost natural relation between the normalized value (y) to be 
sonified and the frequency (f) of the corresponding sound would be:  f = f0 * 2^y.  

For the acoustic level, the f domain is continuous, while for the S an M levels, f 
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will be rounded to the values from the musical scales, yielding a discrete domain. 

The ambitus of one octave, offered by this relation can be extended by multiplying 

the input domain with a factor. 

 Duration. For applications like real-time process monitoring a 1:1 relation between 

the duration of the real event and its sonic representation is used. For other 
applications a compression or dilation factor can be applied. The compression is 

often used for fast data exploration of long-lasting processes (e.g. listening / 

reading the ECG monitoring holter records). Important to note that the integrating 

time for the human ear is around 100 ms [31], hence shorter events / sounds will 

be rather perceived as clicks, without clear localization of pitch. Important 

consequences derive from this observation and will be commented in Discussions. 

 Transition type. The perception is also influenced by the type of transition between 

two consecutive notes of frequency f1 and f2: it can be continuous - traversing all 

frequencies between the two limits, or step-wise – playing only f1 and f2 [27, 32]. 

 Loudness. Sound intensity is expressed in decibels (dB) and the scale is logarithmic 

(Webber-Fechner law), spanning from 0 to 120 dB; the perceived loudness is 
expressed in sons [33] and depends on the frequency. In most sonification 

applications it is a user adjustable parameter and only relative intensities are 

information carriers (especially in warning-type sonifications). 

d) Sound space 

The large diversity of parameter mapping can be further increased by various ways 

offered by the sound display. 

 Tempolenses. The compression or dilation factors play a role similar to a tempolens. 

We have the possibility to replace the constant values of these factors from the 

sonification parameter vector, with time-dependent functions, obtaining 

tempolenses with variable magnification, useful in some applications, to reveal 

details of fast processes and compress or skip less interesting regions [10]. 

 Sound artifacts. The hearing system is pattern-sensitive, hence, not only 

fundamental sound parameters may be used to convey information from data space 

but also some simple patterns. Introducing such patterns would represent a step 

towards the M level; however, we can hardly call music a sequence of two or three 

beeps. Most common sound artifacts, used especially in warning-type sonifications 

are the „saccadic” displays – series of 2-3-4 beeps which can represent a scale of 
warnings. Various intensities may also be added [29, 34]. 

As our interest was mostly targeted towards information extraction in a simple 

manner, suggesting staying close to the real data set, as in the acoustic level and simple 

mappings of the sonic level; we have not developed yet algorithms for the musical level, 

which introduces more conventional relations. 

2. Medical Informatics Meets Sonification / Medical Applications of Sonification 

Last decades of the last century marked an increased interest in using sounds to transmit 

information, as an alternate way to visualization. The potential use of sonification in 

various applications was documented in several research works. Thus, in 1992, an 

International Community for Auditory Display was founded, which organizes the annual 

ICAD conferences since then. The applications cover a variety of topics, including 
medical topics. The list of applications of sonification in medical domain is very large, a 
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couple of them have already been mentioned in the previous chapter as illustrative 

examples. It is beyond the scope of this paper to describe these applications in detail; we 

would rather try to see the major features approached in order to discuss the present state, 

to compare the achievements with the expectations and to estimate the potential of this 

domain.  

For a systematic browsing of these applications, there are, several taxonomical axes 
which can be used for their classification: 

 upon the type of medical application: diagnosis, treatment, recovery, prevention 

 upon the medical discipline: cardiology, neurology, surgery, ICU etc. 

 upon the medical / healthcare environment: primary care, hospital, emergency 

 upon of type of input data: signals, images, molecular sequences, complex patterns 

/ data sets 

 upon the level of projection in the sound space: acoustic (audification), sonic 

(sonification) or musical level (musification)  

 upon the function (task / informational use): warnings, monitoring and therapy, 
data exploration. 

From an informational point of view, the last axis seems the most appropriate, but, 

for each class, the other criteria will further be affixed. 

2.1. Medical Warnings 

Warnings represent an important practical way of information transmission encountered 

in system communication. A comprehensive view can be found in [35], where a special 
chapter is dedicated to sonification. This class of apps is one of the most useful in medical 

practice, especially in domains like cardiology, intensive care or emergency units [36, 9]. 

A thorough analysis was published by Csapó and Wersényi [37], presenting in detail 

various kinds of alarms: auditory icons (similar to their natural origin – the heart beats, 

or blood flow in Doppler investigations), earcons (conventional sounds, their use needs 

a learning phase), spearcons (speeding up speech sounds), auditory emoticons (higher 
user acceptance than earcons), spemoticons (spearcons of synthesized speech), musicons 

(brief known musical fragments with associated meaning) and morphocons (earcons 

customized to user’s preferences), useful in applications for visually impaired people. 

Several authors give present also criteria to be applied when building warnings (chapters 

13 and 14 in [2]); Edworthy and Helier [38] recommend refraining from proposing too 

many alarm types. An excellent set of rules can be found in [39], where the requirements 
for usable warnings in flight security are described - intensity thresholds, duration, 

repetitions etc. 

2.2. Health Monitoring 

These applications cover a multitude of medical specialties. In cardiology, the most 

monitored variables are the heart rate (Ballora [40], Andor [9, 27]), the ECG signal 
(Blanco [41], Mihalas [42], Andor [29]) and the pulse wave (Mihalas [10]). In neurology, 

the EEG signal is the most appropriate signal for sonification (Lutters [43]), while in 

obstetrics the fetal heart rate variability can be monitored by sonification [44]. More 

complex systems are used by the anesthesiologists; Fitch and Kramer [45] developed a 

simulator with eight variables representing patient’s vital signs (heart rate, breathing, 

CO2, temperature, blood pressure, AV dissociation, fibrillation and reflex). A whole 
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range of applications is also found in the field of therapy and recovery. Dozza [46] 

proposed a portable audio-biofeedback system to improve postural control, Scholz [47] 

used sonification in stroke rehabilitation, Hunt in [2] in physiotherapy, Vicinanza [48] in 

sport and rehabilitation. We can include here also the audio devices developed for the 

visually impaired people [7, 21, 49]. We still expect that the increasing use of portable 

devices in healthcare will bring also an extension of sonic tools as human-machine 
interface. 

2.3. Medical Data Exploration 

Even these applications are not very frequent, they offer the largest variety of mapping 

solutions. Visi et al. [50] focused on ALS pathophysiology (degenerative amyotrophic 

lateral sclerosis), Williams and Wilson [51] studied the motility of Plasmodium berghei 
while Toharia et al. [52] made a musical representation of dendritic spine distribution. 

Walus et al. [53] explored the use of sonification to support the communication of alcohol 

health risk in young people. An interesting application was proposed by Legere [54] – 

use of sonification in managerial decision making. We do include here also the 

applications presented in the previous chapter: data exploration with auditory graphs [13, 

14, 15], sonification of molecular sequences [12, 55]; even the new coronavirus 
molecular structure has been transposed on sound [56]. A special class is represented by 

the sonic transform of images [16, 57]; there is even a dedicated software – SoniScan, 

developed on the Matlab platform. 

There are, of course, many other applications; we selected just some examples to 

demonstrate the variety of sonification applications. 

3. Discussions  

It is interesting to note that even since the pioneering work, sonification has always been 

related to its informational value, as seen also from its definition. Barrass [58] developed 

the concept of Auditory Information Design, emphasizing two elements: „information 

requirements, which is about specifying information that is useful for a task at hand and 

information representation, which is about the display of information; ...the intention for 

generating the sound is to learn something about the data by listening to it; the sound is 
only regarded as the medium of communication.” However, as visible also in fig.1, other 

communication channels are often used, separately or in parallel, for information 

representation. We use in practice all channels to get a holistic multimodal representation. 

The proportion of use of each communication channel is not only specific for each 

system / process but it also strongly depends on the user, which explains the potential 
use of sonification in in p-health. 

3.1. Sonification vs. Visualization 

Several authors who developed various applications did explicitly state that, in most 

cases, sonification was not meant to replace visualization but to supplement it. Each 

mode has its advantages to highlight certain informational elements from the data space. 

Pauletto and Hunt [59] made a thorough comparison between sonification and 
visualization; the most relevant elements, are summarized in Table.1 [34]. 
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Table 1. Comparative view of dominant characteristics in Visualization vs. Sonification  

Property Visualization Sonification 

Prevalent elements static dynamic
Best representation for spatial distribution temporal evolution 
Better represents structures processes
Sensitivity to small differences low high
Type of attention needed focused distributed
Specific usable properties color, shape,  

    texture, brightness
timber, rhythm,  
   harmony, loudness 

 

These properties have ensured the realization of most applications developed so far. 

It is easy to remark the high potential to complement each other in order to accomplish 
a high-quality perception. It is easy now to understand why most authors did explicitly 

state in their introduction, that the sonification application proposed is, in most cases, not 

meant to replace visualization or other type of information representation, but to 

complement it [60]. (Why most people like to watch a foreign movie or a TV sports match 

with original sound on, even the essential information is visually displayed as a text in 

user’s language ?) 
We can also add here the few but important studies focused on the quality of 

information received by sonification, as the discriminant power yielded by various 

mappings for the same signal [61, 58/p.34], but the comparison with the discriminant 

power of visualization was not yet methodically approached.  

3.2. Actual State: Between Expectations and Reality 

A thorough search through the literature shows that the field of sonification is 
consolidated, with a sound theoretical foundation, with a well-established community, 

having already numerous achievements and a series of recognized applications. But, 

despite these good results, the real impact seemed to be below expectations. Just a few 

studies included an evaluation of the implementation and the user acceptance. Most often, 

the applications have not reached the presumed dissemination, the use of the new 

methods remained rather confined within the producer group. This issue came to the 
attention of researchers, who tried to analyze the reasons that generated this state [24, 34, 

58, 62]. The opinions of different authors were not convergent; the same feature can be 

both considered as useful (e.g. increasing discriminant power) but also less attractive (e.g. 

requiring longer training), similar to the inverse relation between sensitivity and 

specificity of any new tool. We tried to synthesize the discussions from several sources 
and, without claiming that our list is complete, we can enumerate some of the issues 

invoked more often: 

 Sometimes the resulting sound track is not attractive, even annoying (for acoustic 

level with continuous transition it sounds like whistles [24]); however, this method 

is sensitive in comparing two slightly different signals. 

 For nonperiodical sequences, in the absence of a real pattern, the „convergence 
trend” can occur: the listener would have the tendency to classify the heard 

elements according to his memorized patterns („six rhythm universals”) [63]. 

 The information provided by sonification is redundant with that received by other 

ways (visualization, speech) [59]; however, this feature ease the learning. 

 Almost all proposed solutions require a learning phase [5, 23, 58]; it has been found 
that more conventional mapping with simple patterns are easier to memorize [34]. 
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Some interactive tools for teaching have been developed [64]; however, several 

categories of potential users would hardly accept it [24, 62]. 

 The tremendous variety of sonification modes is utterly confusing; once you open 

the box of parameter mapping schemes [23-29], a completely new world occurs, 

with scenes you have never thought about! Each group of authors have developed 
their own schemes. There were some attempts to classify them, one of the most 

comprehensive being the survey of Dubus and Bresin [65], who analyzed about 

sixty sonification mappings. In general terms, an efficient compass to navigate on 

new territories is offered by standards; but, there are few standards in sonification 

(the one on MIDI scale is almost irrelevant for practical use in sonification). This 

feature is, in our opinion, one of the major issues whose solution might become a 
milestone in sonification future developments; nevertheless, the potential standards 

should consider all findings in psychoacoustics [33]. 

 The avalanche of „dedicated” software, to transpose a set of data, as input, in a 

sonic/musical sequence is another topic which deserve a more extensive discussion. 

Some programs did offer a high flexibility, attracting larger groups of users; 

however, they can hardly become standards and we can still ask whether or not 
they would represent a fence to other most appropriate approaches. 

 Several authors had the tendency/ambition to develop an application at the musical 

level [43, 50-53, 55], introducing conventional harmonies (often) and/or rhythm 

(rarely); thus, a more pleasant track is obtained, which can divert the user from the 

main task [34]. 

 Finally – the sonification approach is still insufficiently known, it is often regarded 

as a curiosity, being a priori classified as less promising than traditional approaches. 

Our paper tries to argue that this is a promising topic, which deserves the 

appropriate attention and support. 

3.3. Criteria to Find Potential Bio-Medical Applications of Sonification 

The examples and comments made in the previous chapters and paragraphs have already 

induced the reader several ideas about the cases when sonification can bring, indeed, an 

improvement of a usual procedure. We fully endorse Kramer’s statement (cited in [58]): 

„Sonification should be heavily task-dependent” [1-5]. The experience accumulated by 

most cited authors allows a good orientation towards the most prolific work directions: 

- all kind of warnings, especially in the context of rapid development of 
portable/wearable devices; Patel [66] found that synchronization reaction to an audio 

rhythm is faster and better than the one to a similar visual stimulus. Furthermore, for 

warnings there are some clear recommendations [35-39], smoothing the way to a better 

user acceptance; 

 cases where the visual system cannot provide full information – it is either busy 

with other activities (while driving, in the operation theater), or in a special 
condition (during exercise or darkness); 

 applications for categories of people with various disorders - visually impaired 

people, children with attention deficit (ADHD), elderly people etc.; 

 a theoretical feature, still insufficiently explored, would be the use of the tools used 

in mathematical modelling and computer simulation [67] for developing general 
mapping schemes; 
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 a useful application would also be a large database comprising all the reported 

sonifications, classified on both applicative domain and mapping criteria. 

 The list is still open to extensions. 

4. Recommendations for Developing Medical Applications of Sonification 

For an oral presentation an alternative title would have been „Tips and tricks for ...”. 
Several such „tips” or „hints” have already been slipped among the comments in 

Discussions. As a conclusion for this study, our recommendations will summarize the 

major steps in developing an application. It is important to emphasize that sonification 

is just one of the several ways to transfer information from data space to the perceptual 

space and it will almost always be just a part of a holistic approach. Some of the steps 

presented below are similar for starting any new research project and will not be detailed 
here, paying more attention only to the specific features for sonification. 

 Initial steps comprise some well-known actions: define the scope and split it into a 

couple of objectives; some objectives have classical solutions, but focus on those 

which need the new approach. Walker and Nees in [2] emphasize this focus („task 

dependency”), as it helps to select the appropriate data for (pre)processing. 

 Build a multidisciplinary team and discuss until the scope and objectives are well 

defined; analyze the necessary resources and a time frame. 

 Try to find one or more solutions for the main problem (parameter mapping - 

transfer function, in the case of sonification projects); this recommendation might 

seem in slight contradiction with others’ advice who recommend to „read [first] all 
the papers [on that topic] from the last ten years” [68]. We think that, reading all 

details of others’ work will rather drive you into their kind of thinking and their 

solutions, perhaps diminishing the potential for new ideas; you may become 

tributary to classical approaches. This is true especially in domains where, like in 

sonification, there are few traded paths. Sometimes you need an inspiration, like 

for a musical composition. Moreover, the literature search becomes more efficient 
after you have tried yourself to solve the problem. You may find, and it often 

happens, that other people have already found solutions, maybe similar to yours, 

but rarely identical, sometimes even more elaborated than yours. One may say that 

there is no merit in „rediscovering the wheel”, but such an exercise is valuable and 

often this experience will help you in finding further developments. Nevertheless, 

we have to underline that this recommendation of ours also brings a danger - it can 
set a trap for you; you think you have found the right solution and you rush to 

publish it before you read what others have done! Read carefully others’ work: start 

with [60], which will impress you, then [34] for questions and doubts, then [1], 

then you will be guided to the right reading. Now you can compare your work and 

hang it at its right place on the list of contributions to the domain. 

 Analyze carefully the difference between your initial idea and others’ solutions; 

feel free to dream and use your solutions to extend the usability or performance of 

others’ work. 

 If something has not yielded the expected results do not be disappointed – quite 

often the diamond is covered by mud; try to answer first all „why” questions, and 

only then the „how” questions. 
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 Next step - the validation - should include the classical analysis of sensitivity and 

specificity, which will give you a valuable feedback for further improvements (a 

well chosen cut-off point can change the balance of false positives and negatives). 

 Check the „user acceptance”. The history of scientific research is full of projects 

which have been used mostly by the project team and subsequently the use faded, 
likely due to the poor analysis of user acceptance. In our opinion, the analysis of 

user acceptance should have a version to be analyzed prior to the project (similar 

to market analysis in industry). 

 Do not limit yourself to publishing the paper; go to conferences focused on the 

topic of your interest, meet people with similar concerns, initiate new 

collaborations, trust in your ideas. Community adoption of a technique or tool is a 
great measure of success.  

The authors hope that the ideas found in this paper will find, to use a musical term - 

a „resonance” at least among a couple of the readers. 

Acknowledgements 

The authors express their thanks to Prof. Dr. Bernd Blobel for his kind invitation to 
prepare this presentation as „invited speaker” to pHealth 2020 in Prague. The Covid-19 

pandemic pressed us to focus mainly on the printed form, even we prepared it for an oral 

interactive presentation with several auditory examples. Many thanks are also addressed 

to Prof. Dr. Lenka Lhotska and Peter Pharow who helped us in preparing the online 

presentation. We also thank our colleagues from CMSBAD – Center for Modeling and 

Simulation of Biological Systems, and Data Analysis, of the Victor Babes University of 
Medicine and Pharmacy, Timisoara, Romania, who hosts also our entire library of 

sonification tracks [32] and the Academy of Medical Sciences of Romania, who accepted 

to include this topic as a supported research topic of its Center of Medical Informatics, 

Biostatistics and Medical Data Protection. 

References 

[1] Blobel B, Ruotsalainen P, Lopez DM, Oemig F. Requirements an Solutions for Personalized Health 
Systems. Stud Health Technol Inform. 2017; 237: 3-21. 

[2] Hermann T, Hunt A, Neuhoff JG (eds.). The Sonification Handbook. Berlin: Logos-Verlag; 2011. 
[3] Kramer G, Walker BN, Bonebright T, Cook P, Flowers JH. The Sonification Report: Status of the Field 

and Research Agenda. Report for the National Science Foundation by members of ICAD. Santa Fe NM; 
1999. 

[4] de Campo A. Towards a data sonification design space map. ICAD 2007, Montréal, Canada, 342–347. 
[5] Barrass S. A perceptual framework for the auditory display of scientific data. ACM Transactions on 

Applied Perception 2005; 2,4: 389–402. 
[6] Sanderson PM, Liu D, Jenkins DA. Auditory displays in anesthesiology. Current Opinion in 

Anesthesiology 2009; 22: 788–795. 
[7] Edworthy J, Hellier EJ, Aldrich K, Loxley S. Designing trend-monitoring sounds for helicopters: 

Methodological issues and an application. Journal of Experimental Psychology: Applied 2004; 10,4: 
203–218. 

[8] Watson CS, Kidd GR. Factors in the design of effective auditory displays. ICAD 1994, Santa Fe, NM. 
[9] Andor M, Tudor A, Paralescu S, Mihalas GI. Methods for Sonic Representation of Heart Rate During 

Exercise. Stud Health Technol Inform. 2015; 210: 60-64. 

G.I. Mihalas et al. / Adding Sound to Medical Data50



[10] Mihalas GI, S. Paralescu, Andor M, Lighezan D, Mirica N, Muntean D, Hancu M, Neagu A, Neagu M, 
Tudor A, Fira-Mladinescu O. Tempolenses with Variable Magnification for Sonic Representation of 
Medical Data. Application for Cardiac Signals, Stud Health Technol Inform. 2013; 186: 78-82. 

[11] Mauney BS, Walker BN. Creating functional and livable soundscapes for peripheral monitoring of 
dynamic data. ICAD 2004, Sydney, Australia. 

[12] Ohno S, Ohno M. The all pervasive principle of repetitious recurrence. Immunogenetics 1986; 24: 71-
78. 

[13] Brown LM, Brewster SA, Ramloll R, Burton M, Riedel B. Design guidelines for audio presentation of 
graphs and tables. ICAD 2003, Boston Ma, 284–287. 

[14] Franklin KM, Roberts JC. Pie chart sonification. Proc. Intl. Conf. Information Visualisation 2003. doi: 
10.1109/IV.2003.1217949. 

[15] Peres SC, Lane DM. Sonification of statistical graphs. ICAD 2003, Boston MA, 157-160. 
[16] Chiroiu V, Munteanu L, Ioan R, Dragne C, Majercsik L. Using the Sonification for Hardly Detectable 

Details in Medical Images. www.nature.com/scientificreports, 2019; 9: 17711. doi.org/10.1038/s41598-
019-54080-7. 

[17] Cage J. Composition as Process I: Changes. Silence: Lectures and Writings 1961. Middletown, 
Connecticut: Wesleyan University Press, 18-34. 

[18] Xenakis I. Formalized Music: Thought and Mathematics in Composition. Harmonologia Series, no. 6. 
Stuyvesant, 1992. NY: Pendragon Press, 181. 

[19] Walker BN, Kim J, Pendse A. Musical soundscapes for an accessible aquarium: Bringing dynamic 
exhibits to the visually impaired. Intl. Computer Music Conference ICMC 2007, Aalborg, Denmark. 

[20] Lhotska L, Stechova K, Pharow P. Personal Portable Devices in the Light of the Internet of Things. Stud 
Health Technol Inform 2017; 237: 34-46. 

[21] Hunt A, Hermann T (eds.). Interactive Sonification. IEEE Multimedia special issue, Apr–June 2005. 
[22] Franklin KM, Roberts JC. A path based model for sonification. Proc. of the Eighth International 

Conference on Information Visualization (IV ’04), London UK2004, 865–870. 
[23] Grond F, Berger J. Parameter Mapping Sonification. In: Hermann T, Hunt A, Neuhoff JG (eds.) The 

Sonification Handbook, 15:363-397. Berlin: Logos-Verlag; 2011.  
[24] Hermann T. Sonification for Exploratory Data Analysis. PhD thesis, Bielefeld University, Germany, 

2002. https://pub.uni-bielefeld.de/download/2017263/2784297/HermannPhD2002.pdf 
[25] Hermann T, Ritter H. Listen to your data: Model-based sonification for data analysis. In Lasker GE (ed.), 

Advances in intelligent computing and multimedia systems 1999. Baden-Baden, Germany. Int. Inst. for 
Advanced Studies in System research and cybernetics, 189-194. 

[26] Rohrhuber J. Introducing sonification variables. Supercollider Symposium, Berlin 2010; 1-8. 
[27] Mihalas GI, Paralescu S, Mirica N, Muntean D, Hancu M, Tudor A, Andor M. Sonic Representation of 

Information: Application for Heart Rate Analysis. Proc. MIE2012. ID_403. Amsterdam: IOS Press, 2012 
[28] Mihalas GI, Andor M, Paralescu S, Tudor A, Neagu A, Popescu L, Naaji A. Adding Sound to Medical 

Data Representation. ICAD 2015; 325-326. 
[29] Andor M, Tudor A, Paralescu S, Mihalas GI. Methods for Sonic Representation of ST Depression During 

Exercise, Stud Health Technol Inform. 2015; 216: 1041. 
[30] Plack CJ, Oxenham AJ, Fay RR, Popper AN (eds.). Pitch: Neural Coding and Perception. New York: 

Springer Science + Business Media Inc, 2005. 
[31] Everest FA. The Master Handbook of Acoustics. New York: McGraw Hill, 2001, 60-61. 
[32] Victor Babes University of Medicine and Pharmacy, Timisoara, Romania. Available at: 

http://www.umft.ro/dim/sonification (as on 06/25/2020). 
[33] Fastl H, Zwicker E. Psychoacoustics: facts and models. New York: Springer 2007; 207. 
[34] Mihalas GI, Andor M, Tudor A, Paralescu S. Can Sonification Become a Useful Tool for Medical Data 

Representation? Stud Health Technol Inform. 2017; 245: 526 530. doi: 10.3233/978-1-61499-830-3-526 
[35] Wogalter MS (ed.). Handbook of Warnings. Mahwah NJ: Lawrence Erlbaum Assoc.; 2006, 211. 
[36] Paterson R, Edworthy J, Shailer MJ, Lower MC, Wheeler PD. Alarm sounds for medical equipment in 

intensive care areas and operating theatres. Report AC598 1986. doi: 10.1016/0003-6870(88)90183-4. 
[37] Csapó A, Wersényi G. Overview of Auditory Representations in Human-Machine Interfaces. ACM 

Comput. Surv. 2013; 46,2: art.19. doi: 10.1145/2543581.2543586. 
[38] Edworthy J, Hellier E. Fewer but better auditory alarms will improve patient safety. British Medical 

Journal 2005; 14,3: 212–215. 
[39] Patterson RR. Guidelines for Auditory Warning Systems on Civil Aircraft, Paper No. 82017, Civil 

Aviation Authority, 1982, London. Corpus ID: 35039382. 
[40] Ballora M, Pennycook B, Ivanov PCH et al. Heart Rate Sonification: a New Approach to Medical 

Diagnosis, Leonardo 2004; 37,1:  41-46. 10.25911/5d7a2acd2b71d. 

G.I. Mihalas et al. / Adding Sound to Medical Data 51



[41] Blanco ALA, Grautoff S, Hermann T. HEART ALERT: ECG sonification for supporting the detection 
and diagnosis of ST segment deviations. Proc. 5th ISon, Bielefeld, Germany, 2016; 48-55. 
http://dx.doi.org/10.4119/unibi/2907475. 

[42] Mihalas GI, Paralescu S, Tudor A, Andor M. Adding Sound to ECG, Stud Health Tehnol Inform 
2015;216:1044. 

[43] Lutters B, Koehler PJ. Brainwaves in concert: the 20th century sonification of the electroencephalogram. 
BRAIN 2016; 139: 2809–2814. doi: 10.1093/brain/aww207. 

[44] Heartmusic: Graphic & Audio Display of Maternal & Fetal HRV. www.michaelfalkner.de/herzmusik/ 
heartmusicinfo.html. (as on 06/25/2020). 

[45] Fitch WT, Kramer G. Sonifying the body electric: Superiority of an auditory over a visual display in a 
complex, multivariate system. In G. Kramer G (ed.), Auditory Display: Sonification, Audification, and 
Auditory Interfaces. Reading, MA: Addison-Wesley, 1994; 307–326. 

[46] Dozza M, Chiari L, Horak B. A portable audio-biofeedback system to improve postural control. 
IEMBS’04 26th Annual International Conference IEEE 2004; 2: 4799–4802. 

[47] Scholz D, Wu L, Pirzer J, Schneider J, Rollnik J, Grossback M, Altenmuller E. Sonification as a possible 
stroke rehabilitation strategy. Front. Neurosci. 2014; 8: 332. 

[48] Vicinanza D, Williams GKR. Sonification, remote sensing and research & education networks in sport 
science and rehabilitation. 2016. http://arro.anglia.ac.uk/id/eprint/700048.  

[49] Wilson J, Walker BN, Lindsay J, Cambias C, Dellaert F. 2007. SWAN: System for Wearable Audio 
Navigation. Proc. 11th International Symposium on Wearable Computers 2007 ISWC’07. doi: 
10.1109/ISWC.2007.4373786. 

[50] Visi F, Giovanni Dothe G, Williams D, Miranda E. Unfolding clusters: a music and visual media model 
of ALS pathophysiology. SoniHED – Conference on Sonification of Health and Environmental Data 
2014, York, UK. https://sonification.com/2014/09/04/sonihed-conference. 

[51] Williams DA, Wilson LG. Evaluating apparatus for musification of P. berghei micro-organism motility 
with synchronous 3D holography. Proc. 11th Symposium on Computer Music Modeling and Retrieval 
CMMR 2015; 566–581. 

[52] Toharia P, Morales J, de Juan O, Fernaud I, Rodriguez A, DeFelipe J. Musical Representation of 
Dendritic Spine Distribution: A New Exploratory Tool. Neuroinform 2014; 12: 341–353. doi: 
10.1007/s12021-013-9195-0. 

[53] Walus BP, Pauletto S, Mason-Jones A. Evaluating the use of sonification and music to support the 
communication of alcohol health risk to young people: initial results. ICAD 2015; 260-267. 

[54] Legere K. Sonification and Managerial Decision Making. MSc Research Project, Queen Univ. 2014. 
https://www.academia.edu/9726660/Sonification_and_Managerial_Decision_Making.  

[55] UCLA Microbiology, Immunology, & Molecular Genetics. http://www.mimg.ucla.edu/faculty/miller 
_jh/gene2music/projectdevelopment.htm (as on 06/25/2020). 

[56] Buehler MJ. https://soundcloud.com/user-275864738/viral-counterpoint-of-the-coronavirus-spike-
protein-2019-ncov. 

[57] Mohanraj H. Medical Imaging Sonification. https://research.steinhardt.nyu.edu/marl/research/medical 
_imaging_sonification.  

[58] Barrass S. Auditory Information Design. PhD thesis, Australian National University, 1997. doi: 
10.25911/5d7a2acd2b71d. 

[59] Pauletto S, Hunt A. A comparison of audio and visual analysis of complex time series data sets, ICAD 
2005; 175-181. 

[60] Rabenhorst DA, Farrell EJ, Jameson DH, Linton TD, Mandelman JA. Complementary visualisation and 
sonification in multi-dimensional data. In Farrell EJ (ed.), Extracting Meaning from Complex Data: 
Processing, Display, Interaction. SPIE, 1990; 1259: 147-153.  

[61] Andor M, Paralescu S, Chilom D, Trasca S, Mihalas GI. Testing Discriminant Power of Sonic 
Representation of ECG Signals. Cercet. Exp. Medico-Chirurg. Available at: 
http://jmed.ro/articole_en.php?an=toti&id=365, 2013. (accessed on 06/25/2020). 

[62] Barrass S, Kramer G. Using sonification. Multimedia Systems 1999; 7: 23–31. 
[63] Ravignani A, Delgado T, Kirby S. Musical evolution in the lab exhibits rhythmic universals. Nature 

Human Behaviour, 2016; 1: 0007. doi: 10.1038/s41562-016-0007. 
[64] Beilharz K, Ferguson S, Song HJ, Cabrera D. An interactive approach for teaching information 

sonification. ICAD 2006; 164-171. 
[65] Dubus GI, Bresin R. A Systematic Review of Mapping Strategies for the Sonification of Physical 

Quantities. PLoS ONE 2013; 8,12: e82491. doi: 10.1371/journal.pone.0082491. 
[66] Patel AD. The Evolutionary Biology of Musical Rhythm: Was Darwin Wrong? PLoS Biol 2014; 123: 

e1001821. doi: 10.1371/journal.pbio.1001821. 
[67] Mihalas G I. Modelling and Simulation of Biological Systems. In: Lazakidou A (ed.). Handbook of 

Research on Informatics in Healthcare and Biomedicine, Idea Group Reference, 2006; 68-73 

G.I. Mihalas et al. / Adding Sound to Medical Data52



[68] Rhodes M. How to undertake a research project and write a scientific paper. Ann R Coll Surg Engl. 2012; 
94,5: 297–299. doi: 10.1308/10.1308/003588412X13171221590331. 

Further References 

[69] www.icad.org. (as on 06/25/2020). 
[70] https://sonification.de. (as on 06/25/2020). 
[71] Genetics Project Music. http://www.geneticmusicproject.com. (as on 06/25/2020). 

 

G.I. Mihalas et al. / Adding Sound to Medical Data 53


