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ABSTRACT

Introduction Stress may serve as an adjunct
(challenge) or hindrance (threat) to the learning process.
Determining the effect of an individual’s response

to situational demands in either a real or simulated
situation may enable optimisation of the learning
environment. Studies of acoustic analysis suggest that
mean fundamental frequency and formant frequencies
of voice vary with an individual’s response during
stressful events. This hypothesis is reviewed within the
otolaryngology (ORL) simulation environment to assess
whether acoustic analysis could be used as a tool to
determine participants’ stress response and cognitive
load in medical simulation. Such an assessment could
lead to optimisation of the learning environment.
Methodology ORL simulation scenarios were
performed to teach the participants teamwork and refine
clinical skills. Each was performed in an actual operating
room (OR) environment (in situ) with a multidisciplinary
team consisting of ORL surgeons, OR nurses and
anaesthesiologists. Ten of the scenarios were led by

an ORL attending and ten were led by an ORL fellow.
The vocal communication of each of the 20 individual
leaders was analysed using a long-term pitch analysis
PRAAT software (autocorrelation method) to obtain
mean fundamental frequency (FO) and first four formant
frequencies (F1, F2, F3 and F4). In reviewing individual
scenarios, each leader’s voice was analysed during a
non-stressful environment (WHO sign-out procedure)
and compared with their voice during a stressful portion
of the scenario (responding to deteriorating oxygen
saturations in the manikin).

Results The mean unstressed FO for the male voice was
161.4Hz and for the female voice was 217.9Hz. The
mean fundamental frequency of speech in the ORL fellow
(lead surgeon) group increased by 34.5Hz between

the scenario’s baseline and stressful portions. This was
significantly different to the mean change of —0.5Hz
noted in the attending group (p=0.01). No changes were
seenin F1, F2, F3 or F4.

Conclusions This study demonstrates a method of
acoustic analysis of the voices of participants taking
part in medical simulations. It suggests acoustic analysis
of participants may offer a simple, non-invasive, non-
intrusive adjunct in evaluating and titrating the stress
response during simulation.

INTRODUCTION
One of the purported advantages of experien-
tial learning, such as that encountered in medical

What is already known on this subject

» The ability of an individual to learn is affected
by their response to external demands they
receive from their environment. Individuals
presented with a set of external demands will
respond by entering into a challenge, versus a
threat (stress) psychological state. Being in a
challenged state is correlated with enhanced
educational performance.

» A variety of subjective and objective
measurements have been used in an attempt
to determine, and therefore titrate, the
psychological state (challenge vs threat) of an
individual.

» Fundamental frequency of voice has been
shown to vary as part of the physiological stress
response. However, it has not previously been
used to assess individuals undertaking medical
simulation.

What this study adds

» We demonstrate a method to obtain and
perform acoustic analysis within surgical
simulation.

» We demonstrate a distinction in the modulation
of fundamental frequency of voice measured
in fellows leading emergency paediatric
simulation scenarios. This change was not seen
in attending surgeons who were leading similar
scenarios.

» Given its simplicity and non-invasive nature,
acoustic analysis of a participant’s voice offers
an opportunity to further assess of individuals’
psychological state during medical simulation.

simulation, is that it enhances learners’ engagement
by increasing their arousal. As stated in research
derived from the Yerkes-Dodson law, the ability of
an individual to learn is generally affected by the
amount of situational demands they receive from
their environment.' 2

As the demands on the learner increases, so does
the learner’s arousal level. The increase in arousal,
in turn, brings about an increase in learning capa-
bility until further increases in stimulation results
in an optimisation of learning performance.
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Additional intensification of the demands after that ideal level
becomes deleterious and results in a stress response and a dete-
rioration of learning ability. The arousal response to external
situational demands differs among individuals. It is based on
such factors as those individuals’ knowledge, experience and
general comfort level in a particular environment. The reaction
to increasing demands with improvement and then deteriora-
tion of performance is known as the challenge—threat response
outlined as follows:

Assuming task engagement, evaluations of personal resources, and
situational demands determine the degree to which individuals ex-
perience psychological states of challenge vs threat. Whereas the
challenge occurs when individuals evaluate high personal resourc-
es relative to situational demands, threat occurs when individuals
evaluate low resources relative to demands.’

The negative impact of the threat response, or acute stress, has
been well documented in the surgical literature highlighting the
impact on individual task performance (technical skills), team
performance (non-technical skills) and ultimately patient care.*™®
More specifically concerning patient safety, one study detailed
40% of surgeons have directly witnessed an operative compli-
cation directly related to high stress.” A key goal of involving
surgeons within medical simulation is to provide an experience
to prepare for these complex scenarios through contextual
stress. This allows practice of ‘performance under pressure’
without compromising patient safety and may improve memory
consolidation.®

Since a surgical simulation scenario is a controlled environment,
a simulation could be varied to optimise the level of participants'
arousal. Variations in the simulation environment could take the
form of varying the cognitive load by changing the complexity of
the clinical problem, the ‘patient’s’ comorbidities or the acuity
(time pressure) of any clinical changes.” Other external factors
that could be changed include surgeon’s role (primary vs assistant
surgeon), the familiarity of the clinical environment, the exper-
tise/training level of the other participants, visitors’ presence or
even the noise level in the room.’ The purpose of making these
adjustments would be to enable the learners to enter an arousal
level that is consistent with a challenge state rather than a threat
state. Placing them in a challenge state will then hopefully opti-
mise the participants’ learning experience. Using objective and
subjective measurements attempts have been made to determine
the arousal state in either simulated or actual clinical situations.
Unfortunately, no one has been able to easily ascertain the arousal
state of the involved healthcare providers.'”

One possible and as yet underused method to determine
arousal level in simulation participants is to study their speech.
How a person speaks changes with their emotions. Slavich et
al have shown elements of language such as word use, syntax
and cadence all differ in different emotional states. Changes
in emotional states also alter the non-verbal components of
communication, such as the volume of speech, pitch, jitter,
energy, speaking rate, length and number of pauses.'' Another
element of speech production that changes with alterations in
emotional state is voice’s fundamental frequency. Of all the
previously mentioned non-verbal alterations in voice, funda-
mental frequency is the one that is most readily associated with
an emotional state by other people.'? Is fundamental frequency a
means to study the emotional state of simulation participants? To
answer this question, this investigation will measure the funda-
mental frequency of participants during in situ simulations when
participants are experiencing low and high situational demands
during a simulated clinical event.

Acoustic analysis and stress

During ordinary conversation, people often intuitively detect
the changes in vocal frequency associated with specific emotions
such as stress. Objective analysis techniques have, for many
years, been used to assess vocal parameters of speech to deter-
mine the emotional state of the speaker. The most well-known
of these is vocal analysis as part of lie-detector testing to identify
deception.” Similarly, attempts to assess an individual’s under-
lying stress of an individual within experimental or real-world
scenarios have long been subject to acoustic analysis.'* °

The most commonly assessed parameters of voice include
the previously mentioned fundamental frequency and the first
four formants.'® Fundamental frequency (F0) corresponds to the
frequency of vibration and the opening-closing of vocal folds per
second and is measured in Hertz (Hz). The first four formants
(F1, F2, F3, F4) correspond to the natural resonance of the vocal
tract. These baseline values vary with age, smoking and a variety
of other factors.'® !’

Protopapas and Liberman demonstrated perceptual variations
in FO on changes in emotional stress in helicopter pilots in diffi-
cult situations.'” Sondhi et al further developed this theme in
2015 assessing mean fundamental frequency (FO) and formant
frequencies (F1, F2, F3, F4) within stressed and non-stressed
environments.'® Both groups demonstrated that with stress FO
increases, and in the latter, F1 and F2 were shown to decrease.

We hypothesise that the surgeons’ response to a stressful event
within a simulated paediatric emergency will lead to a concomi-
tant increase in the fundamental frequency and a decrease in the
first two formants.

Methodology

Paediatric otolaryngology (ORL) simulation emergency scenarios
were created and used to focus on interdisciplinary teamwork
and the refinement of clinical skills. They occur within an actual
operating room environment (‘in situ’) with a multidisciplinary
team consisting of ORL surgeons, OR nurses and anaesthesiolo-
gist."”” These team training simulations take place approximately
four to five times per year and have been occurring from 2008
until the present.

Before each simulation session, all participants signed consent
for video/audio recording of the scenarios and prospective data
analysis of the anonymised recordings. Video/audio files from
each scenario were recorded and stored on the CAE Learning-
Space platform (Sarasota, Florida, USA).

A total of 20 ORL simulations from the years 2011-2008
were analysed. An ORL attending led 10 of these simulation
sessions, and 10 were led by an ORL fellow. Acoustic analysis
was performed on voice samples obtained from the lead surgeon
during two distinct events within the recorded scenarios. Voice
samples obtained were a minimum of 10 s of continuous, unin-
terrupted speech by the lead surgeon in both baseline and test
conditions.

For the purpose of this study, we assumed that the start of the
scenario is the least stressful. It is also when the standard, WHO
Surgical Timeout (STO), is performed and the time when the
lead surgeon explains the operative plan and organises the team.
Because it is a standard procedure, is performed at the beginning
of each of the scenarios and involves speech by the lead surgeon,
we chose this voice sample as the baseline ‘non-stress’ sample for
acoustic analysis.

Later in the scenario the ‘patient” develops an episode of acute
clinical deterioration shown on the clinical monitoring. The lead
surgeon reacts verbally to this deterioration in vital signs. This
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Figure 1  PRAAT software interface demonstrating (A) voice waveform displaying changes in amplitude and (B) ‘heat map' spectrogram visually
representing the overall spectrum of frequencies. Fundamental frequency (FO) shown (*) calculated over 10.45s (total duration).

second voice sample is designated as the ‘stress phase’ sample RESULTS
and used for acoustic analysis. Acute time pressure has been
demonstrated to be the greatest source of subjective stress in
surgical task performance in previous work.*’*!

Because the lead surgeon was the only participant over the 20
scenarios who consistently spoke during the WHO checklist and
immediately after the ‘patient’s’ condition deteriorated, we used
only their voices for the analysis.

The two voice sample audio files from each individual were
initially ‘cleaned’ using Audiocity software (V.2.03) to mini-
mise any background interference to participant’s voice.”* The
data were imported into PRAAT (V.5.356, Amsterdam, Nether-
lands), a software package with a specific emphasis on speech
analysis and the underlying physical properties of speech
(phonetics).

Long-term pitch analysis PRAAT script was used with an
autocorrelation method to obtain a waveform and spectro-
gram. From this, the mean fundamental frequency (FO) over the
recorded 10 s vocal sample was obtained for the two samples
from each participant (figure 1). The first four formant frequen-
cies (F1, F2, F3 and F4) for each subject were also calculated
for each sample.

The fundamental frequency and first four formants of voice

FO (H2)

were extracted from both the voice sample during the WHO 100

checklist and during the stress phase portion of each individual’s
scenario. Means of these differences were calculated for both the
fellow and attending group and compared. A t-test determined
the statistical significance of the difference of the means. Data
distribution is displayed through the inclusion of box—whisker

250-

200-

150

Baseline vocal characteristics of participants (gender)

Due to differences in laryngeal development and anatomy, the
absolute fundamental frequency values between males and
females classically varies.” As expected, there was a disparity

1 |
Female Male

Figure 2 Box-and-whisker diagram showing acoustic analysis of
non-stress voice samples showing a baseline difference in fundamental

plots. frequency between the female and male voice.
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Figure 3 Box-and-whisker diagram demonstrating the difference in
change of fundamental frequency of voice between non-stressed and
stressed scenario by attendings and fellows (p=0.0106).

between the 10 male and 10 female voices included within this
study (figure 2).

During the initial WHO checklist voice sample, the mean FO
for male voice was 153.1Hz while the mean FO for female voice
was 220.4 Hz. Mean differences in FO between the male voices
and female voices was 67.3 Hz when carrying out the WHO
checklist (p<0.0001). In a recent Australian study, females
displayed a baseline FO that is 76 Hz higher than males.** Our
higher baseline FO in the female group is therefore directly
comparable with known demographic data.” This provided
support for the overall validity of the methodology and wave-
form analysis undertaken within our study.

Change in fundamental frequency (F0)

In assessing the change in fundamental frequency (FO) between
stressed and unstressed speech, the results were distinct between
the fellow and attending groups (figures 3 and 4). The fellows
showed a mean increase in their vocal frequency between the
baseline voice sample and the stress sample of 34.5 Hz. This is
in contrast to the attending group, which demonstrated a mean
decrease of their FO of —0.5Hz. The difference in the means
between the fellow and attending groups was significant (—0.5
vs 34.5Hz; p=0.01). This result is consistent with an increase
in voice modulation during the stress portion by the less experi-
enced fellows group. This change in voice modulation was not
identified within the attending group.

Change in first four formants

The first formant values measured (F1) did not demonstrate
a statistically significant reduction when comparing either
attendings and fellows or stress/non-stress scenarios (p=0.72).
Similarly, for the other three formants, statistically significant
differences in stress and non-stress scenarios between fellows
and attendings did not emerge within our work.

DISCUSSION

As previously mentioned, the Yerkes-Dodson law states, the
response to an increasing level of stimulation results in a para-
bolic curve with initial performance improvement in learning
followed by decreased performance as the amount of stim-
ulation continues to escalate (figure 5).' > The physiological
changes that occur from the increased arousal on the left side
of the curve’s peak are considered a ‘challenge’ response and
positively effect performance and learning. Those physiological
changes that occur as the arousal increases to the right of the
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Figure 4 Graphical depiction of change of fundamental frequency of
voice from the non-stressed and stressed scenario shown by attending
group (A) and fellows group (B).

peak are categorised as a ‘threat’ response and negatively effect
learning.?® ?’

The physiological changes associated with the threat response
refers to what is normally thought of as ‘stress’. The adverse
effects of the threat response (or stress) are closely related to
the challenge response’s positive effects. The same situational
demands that lead to what is commonly known as stress, when
applied to a lesser degree or to an individual with greater

Strong Optimum arousal
= Optimum performance

§ Deteriorating

g performance

8

A e

Improving
Weak performance
Low Arousal High

“Challenge” response “Threat” (stress) response

Figure 5 Yerkes-Dodson curve. Initially, as the amount of arousal
increases, the individual will show the physiological signs of a challenge
response with improved performance. As the arousal continues to
increase, the physiological response changes to a threat response
(better known as stress) and performance declines. Adapted from Teigen
and Dodson.?
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resources, can lead to a positive outcome, namely the challenge
response. If the challenge-threat theory is correct, then it can be
difficult to determine the role of stress in education and in clin-
ical practice. This is because a given set of situational demands
may have a deleterious effect on one person’s performance, by
causing them to react with a threat response, while another
person for whatever reason (more experience, more knowl-
edge of the problem, higher comfort level in the environment,
etc) may be subjected to the same situational demands and may
develop a challenge response with a resulting enhanced result.
Knowing the challenge—threat state of an individual could have
a significant impact on further educational or even clinical inter-
ventions. If a simulation participant is in a challenge state during
most of a simulation, then the simulation is likely optimised for
that participant and possibly for others at their level of training.
Conversely, determining that a clinician is in a threat state during
a clinical experience may enable an intervention which will allow
him or her to react more confidently and appropriately during a
subsequent clinical encounter.

Medical simulation scenarios are controlled clinical events. As
such, the degree of arousal can, in theory, be adjusted to optimise
the learning experience of the participants. This adjustment may
take the form of alterations in scenario design or changes in how
acute a clinical situation would deteriorate within a scenario.
However, to ascertain the effect of these changes, how does one
determine a participant’s level of arousal? How does one know
if a simulated situation has placed the participant(s) in a better
(challenge) or worse (threat) mental state for learning?

By measuring an individual’s response to the situational task
before them, one can, in theory, determine if they are in a chal-
lenge or threat state. Responses can be measured either subjec-
tively or objectively. Subjective responses may be obtained by
several different tools. Examples are the State-Trait Anxiety
Index (STAI)*® and the NASA Task Load Index (TLX).?’ Both
are questionnaires. The STAI is used to determine the emotional
state of a participant after an experience or activity. The NASA
TLX evaluates the degree of burden that a task presents to
an individual. The inference of this being that an individual’s
perceived increase in task load may represent an increase in
threat response or stress. These questionnaires, by necessity, are
administered soon after the activity in question.

The physiological stress-response involves the inter-
play between the autonomic nervous system (ANS) and the
hypothalamic-pituitary-adrenal (HPA) axis. Numerous objective
physiological measurements may be used to measure the activity
of these two systems. For the ANS, these include the galvanic
skin response, cardiac output (CO), heart rate (HR), ventric-
ular contractility (VC), total peripheral resistance (TPR) and
heart rate variability (HRV). The HPA axis activity is commonly
measured by salivary cortisol and amylase levels.>

While all of these represent measurements used to assess the
ANS and HPA axis activity, their interplay, and therefore their
interpretation, during stress is complex. In the challenge state,
the ANS changes result in the CO, VC and HR are all increased
while the TPR is decreased. The ANS also responds in the threat
state with an increase in VC and HR. However, in this instance
the TPR is increased and the CO remains relatively unchanged.
These ANS responses persist for a more extended time after
the stress-producing episode has ended in the threat state than
in the challenge state. In observing the cortisol levels, which
measure HPA axis activity, the cortisol reaches a higher level for
a significantly prolonged period in the threat state compared
with the challenge state.’' These states are also associated with a
difference in their subjective emotions. The individuals who are

undergoing a challenge state often report feelings of confidence
and pride. This is in contrast to those in a threat state who expe-
rience anxiety and shame.

None of the current subjective or objective measurements
is ideal. The subjective techniques all depend on participants
providing candid, accurate responses. This may not always be
the case. The responses are recorded shortly after the activity.
Also, these techniques evaluate the activity, whether it is simu-
lated or actual as a whole. They cannot easily evaluate a specific
occurrence during a string of events within a scenario or clinical
occurrence.

Objective measurements such as CO, VC, HR and TPR have
the advantage of providing continuous recording and can be
correlated with specific events within a scenario. However, they
require special equipment that needs to be placed on the partici-
pant beforehand. HRV requires a prolonged period of recording
and cannot be linked to specific events.** Salivary cortisol and
amylase have an approximately 15 min delay between an event
and a subsequent change in salivary levels. They also are influ-
enced by the time of day, previous stressors and recent food or
drink ingestion.”

The main drawback of acoustic analysis is that it cannot gauge
a participant’s state if the individual is not speaking. However,
it has many potential advantages. First, since the sound source
can be taken from a video, the sound sample can easily be
correlated with what is happening during the scenario. Likewise,
since voice samples may be extracted from video, the acoustic
measurements can be derived from archived scenarios done in
the past. This archiving allows a comparison of responses many
years apart.

This investigation is the first pilot research assessing acoustic
analysis in medical simulation scenarios. We demonstrated a
distinction in the modulation of fundamental frequency between
attendings and fellows undertaking emergency simulation
scenarios. However, within our dataset, we did not find an asso-
ciated decrease in the first two formants (F1 and F2). This may,
however, be secondary to the variability of measurements of the
resonance of the vocal tract. Within the voice literature, there is
a current focus on FO for its reliability in comparison with other
measures.”

Our work was undertaken using acoustic analysis software
that could be replicated in other areas of medical simulation.
Our initial findings suggest that focusing on vocal fundamental
frequency, as determined by acoustic analysis, may provide an
objective measure of participants’ physiological response to the
external stimulation from their environment.

In the future, information from vocal acoustic analysis of
recorded simulations may help design simulation scenarios that
provide the proper degree of arousal to optimise learning for
clinicians with varying degrees of clinical experience.** This
may become more feasible as recent technologies have enabled
acoustic analysis of speech in various environments using smart-
phones, either as simple recording devices or by using self-
contained apps.® Similarly, there is the possibility that acoustic
analysis of participants’ voices at the time of a simulation may
allow titration of stressful stimuli during an on-going scenario
in real time.

Another application of vocal acoustic analysis would be to
determine if fundamental frequency is perceptible by clinical
team members and whether it serves as a signalling mechanism
to them. Excessive external displays of stress are known to have
an impact on perceptions of leadership and regularly, within
simulation debriefing meetings, discussions related to measured
and calm approaches to the encountered emergency are raised
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as positive traits. Despite the expressed desire to remain
composed, often participants report during the post-scenario
debriefings that “I didn’t feel calm” or “I don’t know why, but
I felt anxious.” Participants frequently expressed these types of
comments at various levels of hierarchy within the clinical team.
Given the immersive, high-fidelity level of modern simulation,
this sentiment was expressed by even the most experienced clini-
cians, namely the attendings. Yet there was little change in the
vocal modulation of the attendings between the non-stress and
stressed voice samples in our pilot study. Because of their expe-
rience and seniority, did they truly not feel stressed by the situ-
ation, or did they modulate their voice to hide their emotional
state? There has been a correlation between emotions such as
sorrow, anger and fear with vocal acoustic changes. But in this
instance, rather than a true reflection of emotional state, is
fundamental frequency in some individuals a result of conscious
or unconscious vocal modulation to conceal their anxiety and
project a calmer demeanour? It could very well be an adaptive
means by which someone in a leadership position can, by the
non-language aspects of their voice, project a message that “all
is well.”

One outlier from the attending group demonstrated a
significant fall in fundamental frequency during the stressful
encounter. This was of a similar order of magnitude (78 Hz) to
the rise of FO shown in the fellow group. Could this reduction in
vocal frequency be in the form of a learnt modulation or ‘vocal
camouflage’ to a stressful encounter? The concept of whether
attendings’ voices were better able to disguise their performance
stress than the fellows’ group is one that is difficult to answer
presently. Voice modulation may indeed be an acquired trait
through experience and assessing its sensitivity would require
further work. Assessment of voice modulation (be it uncon-
scious or conscious) could potentially be studied to determine if
such modulation impacts the team members’ opinion of surgical
leadership. In this study, we chose to perform an analysis of the
voice of solely lead surgeons as they reliably made specific utter-
ances in both of the specified non-stressed and stressed situa-
tions within the scenarios. In future studies, as more experience
is gained in acoustic analysis in the healthcare setting and pursue
some of the questions suggested previously, the voices of other
team members could and should also be analysed.

During this study, no additional biophysical monitoring, such
as those mentioned previously, was used to measure the phys-
iological response correlating with the change in fundamental
frequency. To make the correlation, measurement of some
combination of physiological parameters such as respiratory rate,
HR, HRY, galvanic skin resistance, as well as catecholamine and
glucocorticosteroid responses would be necessary.* The current
means to measure an individual’s response to stress is compli-
cated and unwieldy. While performing acoustic analysis is a
relatively easy technique, until the correlations between acoustic
analysis and the other subjective and objective measurements are
made, it is difficult to speculate how helpful voice analysis will
be in determining the psychological state of healthcare providers.
However, contrary to other measurements, changes in emotions
have been shown to effect changes in vocal properties.*®*” This
ability of the voice to reflect emotional states may in be useful
in readily determining the challenge-threat state and enhancing
medical education and clinical environments.

CONCLUSIONS
The fundamental frequency of the human voice changes with
alterations in emotional state and appears to be associated

with the physiological stress response. Medical simulation can
produce a stressful environment so participants in simulation
frequently develop a stress response during such activities.
This study demonstrates a successful method of performing
acoustic analysis of the participants voices taking part in medical
simulations.

Using recordings obtained during previous simulations, the
lead ORL surgeons’ voices during simulated paediatric surgical
emergencies were analysed. Voice analysis was performed on 10
of the sessions that were led by attending surgeons and 10 similar
sessions led by paediatric ORL fellows. Within each scenario, the
lead surgeon’s voice was analysed and the change in fundamental
frequencies obtained during a specific period of low stress was
compared with the fundamental frequency of a high-stress event.
In comparing these two groups, we observed that the fellows
displayed an increase in the fundamental frequency of their
voices between the low-stress and high-stress portions of the
scenarios. No mean change in fundamental frequency was seen
in the attending group. The difference of the means between
these two groups was statistically significant.

Given the relative simplicity and non-invasive nature of the
measurement, our pilot acoustic analysis suggests participants’
voice offers an opportunity for further assessment of partic-
ipants’ stress response during simulation. The ability to more
accurately assess stress experienced by those undergoing simu-
lation may allow appropriate calibration of scenarios to opti-
mise their educational value. Further validation of acoustic
analysis perhaps combined with other objective biophysical
measurements and subjective participant experience offers an
opportunity to better prepare for, and benefit from, the stressful
scenarios inevitably encountered in medicine.
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