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Abstract 

The estimation of pain levels of patients requiring medical 
treatment is critical to successful pain management inter-
ventions, the dosing of drugs, and the selection of appro-
priate therapeutic measures. Current estimation methods are 
based on given sets of words like WILDA or stepped rating 
scales like the Wong-Baker faces. It is debatable whether 
such methods are targeted and fine-grained enough, and 
whether they can be consistently applied by patients, 
particularly across the different cultures and languages of a 
modern globalized society. Addressing these issues, we 
present an initial step into a line of research whose long-term 
goal is to automatically detect and measure – at a new level 
of detail and with ubiquitous technical devices – a patient's 
pain level from changes in the acoustic source and filter 
characteristics of the speech signal. Our first study focused 
on prosodic source characteristics and was based on 50 
German speakers who immersed their hands in water tanks 
with temperatures from 41° to 47 °C. A multi-parametric 
acoustic analysis of sustained vowel productions showed an 
increase of mean F0 and mean acoustic-energy level for the 
painful 47 °C condition, particularly in those vowels that are 
associated with stereotypical pain groaning. Moreover, in-
spections of the acoustic data beyond the measured para-
meters suggest that the scope of our analysis is worth being 
extended in future studies to include voice-quality and for-
mant parameters. Our research has the potential to create 
new opportunities in electrical engineering and provides a 
basis for developing various applications in healthcare and 
welfare technology. 
Introduction 
Vocalization is a regular accompaniment of pain; with 
utterances like screaming, mumbling, moaning, groaning 
and crying being believed to be pain-indicative. Such non-
verbal utterances are in the focus of clinical interest when 
so-called non-verbal individuals (e.g., infants or patients 
with dementia or delirium) are under study [1,3,4,5,16].  
However, these non-verbal utterances are yet merely subjec-
tively rated on observer scales but not phonetically analyzed. 
Thus, no objective acoustic-phonetic characteristics like 
loudness and pitch have been tested whether they qualify for 
detecting and grading pain in adults. This is surprising, con-
sidering the recent interest to find objective “pain signat-
ures” on the basis of physiological parameters obtained by 
clinically less applicable methods like brain imaging or 
advanced EEG, cf. [2]. This neglect of phonetic characteri-
zations of pain vocalizations is even more surprising given 
the promising approaches to phonetically characterized utter-

ances of emotions and stress [6,10,11,17,18]. Primarily 
based on the two fundamental phonetic parameters loudness 
and pitch, some emotional states as well as stress types have 
been found to be accompanied by characteristic vocalization 
patterns. Therefore, one might expect similar state-indicative 
patterns to show up in the realm of pain as well. 

The aim of the present study was to investigate the phonetic 
characteristics of vocalizations during pain in adults. 
Whereas previous studies focused on pain vocalizations in 
newborns (e.g., [8]), we focused on adult vocalizations be-
cause our clinical background was the study of pain in non-
verbal seniors (e.g., with dementia). The relationship be-
tween vocalization, pain sensitivity and underlying noxious 
agents due to injury or disease often remains unclear. Such 
ambiguities can be prevented by experimental methods. 
However, in order to reliably trigger spontaneous pain-
related vocalizations, very strong pain intensities would be 
necessary, which are unethical to create and apply in a lab 
experiment. Thus, for a first attempt to investigate the phon-
etic effects of pain, we trained individuals to reliably 
produce sustained vowels on command. The vowels were 
selected such that they either do or do not represent 
approximations to stereotypical forms of moaning and 
groaning. The vowels were analyzed for phonetic changes in 
pitch and loudness caused by experimental pain. 

Methods 
Subjects and design 

Vocalizations of 50 students at the University of Bamberg 
(50% female; mean age: 22.5 years, SD 3.0 years, all Ger-
man native speakers), were tested for changes in the 
sustained production of isolated vowels. Four different 
German vowel phonemes were used, i.e. /a/, /u/, /i/, and /ə/ 
(central "schwa" vowel, i.e. a darker "e" as in hesitations like 
"er", and "ehm"), and realized by the 50 experimental parti-
cipants in individually randomized orders while their hands 
were immersed in water tanks for 20 seconds with temper-
atures ranging in 4 ascending steps from 41 to 47°C. The 
temperature range was chosen with reference to previous 
empirical pain studies to lead from clearly non-painful to 
noticeably (but still only moderately) painful sensations. 
Ethical approval was given by the local committee; partici-
pants gave written informed consent. 
Phonetic preparation and recording 

Participants were trained before testing to evenly produce 
and hold the target vowel qualities for a 10-second duration. 
The training was conducted based on videos developed by 
the experimenter (1st author, a licensed speech therapist) and 
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served to reduce intra- and inter-individual variability and, 
thus, decrease error variance. The participants' vocalizations 
were recorded digitally by a pressure zone microphone 
(Bayerdynamik, model MPC 50) and transmitted via a USB 
interface to a PC for storage. The signal resolution was 48 
kHz, 24-bit.  

Regarding the subsequent acoustic analysis of the recorded 
signals, phonetic parametrizations were accomplished by 
means of the signal-processing software ProsodyPro [19] 
and included loudness (Root Mean Square amplitude, RMS 
in dB), pitch (mean F0, in Hz) and phonatory fluctuations 
(F0 range in semitones, st). Within the phonetic community, 
ProsodyPro is an established and reliable tool that allows for 
manual outlier checks of F0 measurements. The phonetic 
parameters obtained during stimulation conditions were 
baseline corrected through difference scores between stim-
ulation and baseline conditions. A total of 1,381 vowels 
were analyzed, 686 vowels of male and 695 vowels of 
female speakers (a few tokens had to be excluded from 
analysis due to incorrectly produced vowels or corrupted 
sound files). 

Thermal stimulation 

After a first baseline condition (vowel production without 
thermal stimulation), four stimulation conditions followed 
(41, 43, 45 and 47°C) in which participants had to produce 
the sustained target vowels while simultaneously immerging 
one hand into hot water. At the end, a second baseline con-
dition followed (see Figure 1). We used two identical tanks 
with circulating water (Witeg, model wcb-11) for left and 
right hand. Partici-pants rested the non-stimulated hand on a 
towel. The body side of first immersion was balanced (50% 
starting left); thereafter, body sides alternated. After 10 
seconds of immer-sion, participants were asked to produce 
the vowels during the other 10 seconds of immersion. After 
each thermal stimulation, subjects had to first rate whether 
the stimulation was painful or non-painful. Then, they rated 
additionally the sensation intensity on Numerical Rating 
Scales (NRS) separately for heat (-10 no sensation to 0 very 
strong heat) and pain (1 mild pain to 10 very strong pain) 
sensations. 

  
Figure 1: Timeline of experimental design 

Results 
Effects of thermal stimulation and vowels 
Inferential statistics on the acoustic measurements were 
based on repeated-measures ANOVAs (two within-subject 
factors: “thermal stimulation“ and “vowel”). Since the 
effects of “thermal stimulation” on phonetic characteristics 
were of interest, only main effects and interactions for the 

factor “thermal stimulation” are reported here: “Thermal 
stimulation” had a significant effect on pitch (F[3,147]=3.53, 
p=0.007, η²=0.067; see Figure 2). In addition, we found a 
significant interaction of "thermal stimulation" and "vowel" 
for the loudness parameter (F[9,441]=1.93, p=0.047, 
η²=0.038; see Figure 3).  

Post-hoc analyses conducted separately for each vowel 
yielded significant effects of “thermal stimulation” on /u/ 
and /ə/ for pitch (/u/: F =5.01, p=0.002, η²=.093; /ə/: F= 
4.35, p=0.006, η²=.082) as well as on /ə/ alone for loudness 
(F=4.22, p=0.008, η²=.079). The effects of “thermal stim-
ulation” were due to significant increases of the two phon-
etic parameters at 47 °C (see Figures 2 and 3). According to 
the NRS ratings, only 47°C was perceived as painful (mean 
NRS: 2.3, SD 1.9), whereas 41° C (mean NRS: -7.2, SD 
4.6), 43° C (mean NRS: -6.3, SD 2.1) and 45°C (mean NRS: 
-3.4, SD 3.9) were rated as non-painful. Thus, in summary, 
pitch and loudness only increased for painful stimulation and 
only for /ə/ and /u/, with effect sizes (η²) pointing to moder-
ate effects. The range F0 was not pain-indicative (Figure 4). 

Correlation between phonetic characteristics and 
subjective self-report 
In order to investigate the degree to which phonetic charac-
teristics are indicative of pain, we conducted regression 
analyses. They tested if and how strongly phonetic charac-
teristics were able to predict the subjective self-reports of 
our participants. Based on absolute acoustic parameter and 
rating levels, we found significant correlations between 
phonetic parameters and heat or pain ratings neither for the 
non-painful (41°C to 45°C) nor for the painful stimulation 
(47°C). However, based on relative changes of acoustic 
parameter and rating levels, the increases from non-painful 
to painful levels in NRS ratings were positively correlated 
with (and hence significantly predicted) increases in pitch 
and loudness. That is, the bigger the change from non-
painful to painful stimulation (at 47°C) was perceived to be 
by a participant the larger were the increases in pitch and 
loudness that s/he produced in the corresponding target 
vowel. This applies to both /u/ (r=0.46, p=0.012) and /ə/ 
(r=0.41, p=0.034).  

 
Figure 2: Main effect of thermal stimulation on pitch. Asterisks in-
dicate statistically significant differences. Each datapoint represents 
between 70 and 80 measurments. 
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Figure 3: Interaction effect of thermal stimulation on loudness. 
Asterisks indicate statistically significant differences. Each data-
point represents between 70 and 80 measurments. 

 
Figure 4: Thermal stimulation did not affect range F0. Asterisks 
indicate statistically significant differences. Each datapoint repre-
sents between 70 and 80 measurments. 
 

Discussion 
The present study represents the first step into objective, 
signal-based quantifications of pain levels based on  phon-
etic analyses. Our results reveal pain-associated increases in 
the loudness (mean RMS) and pitch (mean F0) levels of /u/ 
and /ə/, i.e. those vowels whose realizations are stereo-
typically related to painful vocalizations in the form of 
groaning or moaning. The /i/ was introduced as control vow-
el that is untypical for pain vocalizations; and indeed, it did 
not yield the same effects as /u/ and /ə/. We actually also 
expected these effects to show up for /a/, but this expectation 
was not met by our data, maybe because /a/ alone is, unlike, 
for example, the diphthong /au/, not a sufficiently stereo-
typical pain expression, especially not in combination with a 
steady-state speech prosody. Another explanation could be 
that /a/-like pain vocalizations only co-occur with very high 
pain levels in real-life contexts. In this case, we would be 
plausible not to find any changes in /a/ realizations unless 
the pain stimulation exceeds a certain threshold. That is, the 
moderate pain levels we induced in the 47°C condition of 
our experiment might simply not have been high enough to 

cause changes in the participants /a/ realizations. The 
implication of this idea is that acoustic-prosodic parameters 
within vow-els are not reliable pain-level indicators in 
themselves, but need to be measured and interpreted in 
combination with the vowel qualities on which they are 
produced. Indeed, the mere fact that not all vowels in our 
study were equally pain indicative already suggests that the 
acoustic-prosodic parameter changes are not direct 
reflections of pain-induced physiological changes. Instead, 
pain vocalizations in speech seem to be mediated or 
"filtered" through some kind of linguistic, cultural, and/or 
cognitive mechanism. Shedding light on this mechanism and 
"filtering" variables will be a major task of follow-up 
studies. 
The phonetic parameters of loudness and pitch level clearly 
separated nociceptive sensations from thermoceptives ones, 
which likely qualifies the two parameters as non-verbal pain 
indicators. The two parameters have appeared earlier to en-
code also other forms of distress [7,10,11,13,14,15,17] and 
might therefore not specifically encode pain but negative 
states in general. Since only the highest temperature (47°C) 
in our experiment produced reliable and clear painful sen-
sations whereas the other temperatures (41°C to 45°C) only 
led to non-painful thermal sensations whose intensity differ-
ences are obviously not mirrored by phonetic changes in 
pitch and loudness. Regression analyses reflecting the asso-
ciation between phonetic characteristics and subjective ex-
perience revealed that only the phonetic changes from 
thermoception to nociception were able to predict changes in 
the participants' subjective experience.  
Oshrat et al.[12] also concluded from their phonetic analysis 
that distinguishing pain from no pain is easier than differen-
tiating pain levels. Such conclusions fit in with previous 
findings on the facial expression of pain. Facial expressions 
help predict the subjective experience of pain, especially 
when relative changes across different pain intensities are 
determined [9]. This might mean that nonverbal pain indica-
tors such as vocalizations and facial expressions are better 
indicators of changes in pain intensity than of absolute levels 
of pain intensity. In the future, tonic pain models with 
dynamic variations in pain intensities should be applied to 
further scrutinize the links between objective phonetic and 
subjective rating parameters.  
Moreover, further acoustic parameters of both source and 
filter characteristics should be included in the set of analyzed 
parameters. Figure 5 illustrates some promising candidates 
based on spectrograms of /ə/ realizations in the non-painful 
45°C and the painful 47°C conditions of participant 29 (male 
speaker). As can be seen, the vowels realized in the two 
conditions show clear differences that go beyond pitch and 
loudness. The /ə/ in the painful 47°C condition was realized 
with a closer and more fronted vowel quality (close to [ɛ̝]), 
which caused a decrease in the first formant (F1) and an 
increase in the second and third formant frequencies (F2 and 
F3). In addition, the acoustic energy level decreases less 
strongly from lower to higher spectral frequencies for the 
47°C vowel. This shallower "spectral tilt" is indicative of a 
more pressed voice quality. This also fits in with the higher 
shimmer level (i.e. cycle-to-cycle micro-variation in signal 
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amplitude) that is particularly well visible at the lower end of 
the pain-vowel spectrum. Even though these are all promis-
ing further acoustic-phonetic pain indicators, initial inspec-
tions of our data show that their manifestations are probably 
more variable across participants and/or associated with 
(subjectively) higher-level sensations of pain. Nonetheless, 
they are worth being taken into account in follow-up studies. 
As the “schwa” sound /ə/ proved to be the most pain-indica-
tive vowel quality, we think that these more extensive 
phonetic follow-up studies (as well as initial technological 
pilot applications derived from our current dataset) should 
focus on this vowel quality.  

 
Figure 5: Spectrograms (0-8 kHz) of the two /ə/ realized by the 
male speaker 29 in the non-painful 45°C condition (left) and the 
painful 47°C condition (right). Differences in for-mant pattern, 
spectral tilt and shimmer are marked.  

In summary, the present study showed that phonetic 
characteristics of vocalization (mainly loudness, pitch) can 
differentiate pain from non-painful states as well as predict 
changes in subjective pain experience.  
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