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«If | ever hear that Celine Dion album again, | will kill you!»
One coma patient upon awakening, cited in Owen, 2017.

ABSTRACT

An interesting collaboration has been formed to help one of the world's most vulnerable populations. Sounds4Coma is
a cross-disciplinary team tackling the many issues related to sound in the context of the Neurological ICU Ward. The
project was initiated by the Neuro ICU team at Paris’ Hospital Sainte-Anne, led by Prof. Tarek Sharshar, M.D., in concert
with neuroscientists from Parisian sound art institute IRCAM. However, the project found new life and inspiration by
bringing in an outside perspective - sound artists from the games industry, Ali Tocher & Joe Acheson. Together, this
multidisciplinary team is constructing a dynamic soundscape as a therapy tool to help to manage patient’s pain and
anxiety.

THE ICU SOUND ENVIRONMENT

Intensive care units (ICUs) host the most severe of general hospital wards patients who require constant care and life-
support equipment to ensure normal bodily functions. Common conditions that are treated within ICUs include traumatic
brain injuries, strokes, or acute respiratory distress syndrome, and may involve therapeutically-induced or pathological
disorders of consciousness such as coma, vegetative or minimally-conscious states.

Patients under critical care experience a highly stressful environment. In addition to the physical stress of iliness, pain,
sedation and mechanical ventilation, sound is one of the major psychological stressor of patients of intensive care units
(Wenham & Pittard, 2009). As patients and staff battle life-threatening iliness, the sonic environment is frenetic, loud
and anxious. More than 50,000 alarms per month cry out from cardiac monitors, ventilators and syringe pumps in a
typical adult ICU (187 alarms / bed / day in Drew et al. 2014), and many of them are false positives: for instance, as
many as 75% of cardiac monitor alarms can be due to patient movement resulting in bad signal detection, and a majority
of ventilator alarms are uselessly triggered during interventions like suction or physiotherapy (O’Carroll 1986).

All these alarms, combined with staff conversations, intercoms, closing doors or items falling onto the floor, result in
average noise levels of 60-70 dB(A), with peaks over 90 dB(A), an excess of 30-40 dB(A) over World Health
Organization recommendations (Venhard et al. 1997). Such levels are highly disruptive of patient sleep, with electronic
sounds and conversations above 40dBA having more than 80% probability to arouse patients (Waye et al. 2013), and
may also be associated with conditions such as high anxiety and psychosis (Figueroa-Ramos, 2009). A sonic state like
this, in a place that intends, and truly needs, to be a therapeutic environment, may in fact be detrimental to the patients
it tries to protect.

TARGETS FOR SOUND INTERVENTIONS IN THE ICU

“We constantly balance, on one hand, reducing our patient’s pain and anxiety, and on the other, trying to keep them
alive” say Paris’ Sainte-Anne Hospital Intensivists Aurelien Mazeraud and Tarek Sharshar. Mazeraud, Sharshar and
their colleagues recently reported results of a study showing a strong correlation between a patient’s anxiety and their
prognosis for recovery (Mazeraud et al. 2018). This study led them to reflect on the potential negative impact of the
current soundscape in their ICU and, together with cognitive scientists at Paris sound research institute IRCAM, set to
form a new team to re-imagine how their hospital can sound. A call was put out to sound artists, composers and sound



designers through European Commission residency program Vertigo Starts (https://vertigo.starts.eu/) in Fall 2018, and
British sound artists Ali Tocher and Joe Acheson were selected to join the project.

The team met several times at Hospital Sainte-Anne and Hospital George Pompidou in Paris in Spring 2019 to conduct
field visits, and discuss the specific environment of their ICU. We identified a number of possible targets for sound

interventions, some of which already tackled by design/art projects.

Target

Problem

Existing & possible sound interventions

High sound levels

Average ICU sound levels are 60-80
dB(A). That amount of noise is
detrimental to patient sleep, and
possibly associated with patient
anxiety, demencia, and carer fatigue
(Wenham & Pittard, 2009)

Acoustic modifications (weather stripping on all
doors and drawer fronts, replacement of metal
elements with rubber, installation of sound-
absorbing panels; e.g. Walsh-Sukys, 2001)
Acoustic guidelines (Systematic closure of all
doors, coordination and limitation of nursing
interventions after 11 pm, no use of phone,
interphone, television, or radio; e.g. Walder et al.
2000)

Sensory
deprivation & loss
of self

Visual and auditory sensory
deprivation, e.g. lack of outside
window, lack of interaction, is thought
to be linked to the incidence of delirium
in ICU patients (Wilson, 1972). There
is debate and a lack of experimental
evidence whether the opposite, a
richer sensory environment, can
improve arousal and awareness in
vegetative state patients (Wood,
1991).

Rich auditory environments (soundscapes and/or
music composed or selected for cognitive
stimulation or emotional regulation; e.g. Verger et al.
2014)

3D/peripersonal sound (dynamic 3D sound
environment around the patient that emphasize
body ownership and sense of self; e.g. Noél et al.
2019)

Familiar sounds / sound walks (own-name, own-
music, and audio environments that mimic the
patient’s familiar environment and trigger episodic
memory; e.g. Demertzi et al. 2013)

Social isolation

Interpersonal communication with ICU
patients is both rare (5% of nursing
time; Baker & Melby 1996) and
degraded (e.g. unable to speak with
ventilation), and is associated with
patient/family dissatisfaction and
negative clinical outcomes (Lilly et al.
2003)

Alternative & Augmentative communication
(interactive systems that sonify/verbalize patient’s
communicative gestures or physiological state; e.g.
Blain-Moraes et al. 2013)

Streaming sounds from family/home (immersive
audio telepresence systems; e.g. Kobayashi, Ueoka
& Hirose, 2008)

unnecessary (Drew et al. 2014), and
the lack of agreement between
equipment manufacturers make them
redundant or difficult to identify
(Meredith & Edworth, 1995). In
patients, this contributes to loss of
sleep and anxiety. In caregivers,

Consciousness Behavioral and EEG responses to Sound design/composition of more efficient
evaluation standardized sound stimuli (e.g. pure stimuli (stimuli that are more emotionally involving,
tones) are part of clinical e.g. Fiacconi & Owen, 2016)
coma/consciousness evaluation Better audio baselines (audio environments that
(André-Obadia et al. 2018). More stimulate cognitive functions before clinical
salient emotionally relevant stimuli, evaluation; e.g. Verger et al. 2014)
such as recordings of own-name
(Perrin et al. 2006) or own-mother’s
voice (Machado et al. 2007), improve
responses.
Alarms ICU alarms are too many, often Silencing the ICU: Replacing sound alarms by

visual messages or haptic feedback.

Sound design: making alarm sounds more intuitive
with sound icons (heartbeat sound, rattling pill
bottle, Schlesinger & Shirley, 2019), or more
esthetically pleasing (musical tone relations
between co-sounding equipment, Sen & Sen, 2020;
sonifying patient physiology with music, Bogers




causes alarm fatigue and medical 2018)

errors.
Alteration of | Patients in the ICU lose track of Cycled sound (auditory/multimodal environments
circadian rhythms days/nights and have abnormal that cycle through wake/sleep phases to restore

sleep/wake patterns (Gazendam et al. | circadian rhythms; e.g. Engwall et al. 2013)
2013). Realigning circadian rhythms
may be beneficial for clinical recovery
in critically ill patients.

Pain Pain is a common and distressing Music therapy (musical programs composed to
symptom in ICU patients (78% of emphasize relaxing/deactivating acoustic elements ;
patients in Gelinas, 2007), often e.g., Guétin et al. 2014)
despite pharmacological pain
management. Untreated acute pain Relaxing soundscapes (immersive environmental
has negative impact on patient sounds constructed as auditory journeys, to
physiology and increase time to reorientate attention; e.g. Nazemi et al. 2017)

recovery (Dunwoody et al. 2008)

Anxiety Anxiety is the most common
psychological stressor in ICU patients
(52% of patients in Mazeraud et al.
2018) and is predictive of subsequent
clinical deterioration irrespectively of a
patient’s initial severity.

THE SOUNDS4COMA RESIDENCY

Building on the artists’ background in game audio design (Ali Tocher) and music composition (Joe Acheson), the
sounds4coma project aimed to reduce ICU patient anxiety and pain using a musical/soundscape composition that can
be dynamically controlled using non-linear generative audio tools. We describe here the technical aspects of a first
prototype, which is now being tested in the context of ICU patients with subarachnoid hemorrhage and, as of April
2020, respiratory failure because of SARS-CoV-2.

Inspiration

The influence of music listening on affective states is well known (Juslin & Laukka, 2003; Eerola & Vuoskoski, 2013)
and a lot of excellent work has been undertaken by music therapists to target pain and anxiety in both clinical and non-
clinical contexts (e.g., Guétin et al. 2014.; for recent reviews see Panteleeva et al., 2018 & Howlin & Rooney, 2020).
Many of such interventions use a patient’s favorite musical genre (Guétin et al. 2014), or even favorite musical items
(Verger et al. 2014) to ensure the level of attention and positive affective reactions thought necessary for them to work.
However, many factors make such selection problematic in our case: first, the demographics of ICU trauma patients,
with diverse age groups and oft-non-western cultures, make it difficult to preselect a genre or type of composition;
second, many of our targeted patients are non-responsive or unconscious and thus impossible to involve in music
selection; third, with a median ICU stay of 5 days, involvement of family/closed ones to select material is more difficult
than e.g. for chronic vegetative or minimally conscious patients in long-stay units (Verger et al. 2014). For all these
reasons, we instead turned to use natural sounds such as wind, waves, rain, as these sounds were shown to be no
less effective than music in the context of acute pain (Villarreal et al. 2012) and we anticipated that they might be more
widely relevant and less subjective than music. A first attempt at purely reproducing these natural sounds performed
poorly in a public trial, confirming our intuitions that these sounds did not command enough attention from the listeners
(see also Nazemi et al. 2017). We therefore sought a method to move the chosen sounds from unprocessed natural
recordings towards a more intentional soundscape composition, in which compositional elements interact with the
natural randomness of environmental sounds.

Sound material



Setting out to find natural rhythms and tones that fit our purpose, we went down a path of looking at eastern cultural
music, including those cultures who have sonic healing traditions, such as in Tibet, Kazakhstan or Bali. We looked at
the commonality between these diverse traditions and we saw that e.g. singing-bowl practices from Tibet, meditation
gongs from Burma or Indonesia, temple bells from China, all used bell-like instruments with long, held tones, with
distinct and clean overtones (Crowe & Scovel, 1996). We therefore decided to base our work on wind chimes (a
particular type of metallophone in which suspended metal tubes or rods are freely struck by a clapper activated by the
blowing wind) because they are relatively culturally neutral, and afford a natural interaction with sounds of wind. Taking
a long sample of chimes recorded in The Scottish Borders by Tocher, we identified 10 single hits or rapid clusters, and
3 sequences of multiple hits that had motif properties.

Using Bells As Impulse

Desiring to extract rhythmic and tonal information from the bells, we first employed spectral analysis to assess the
frequency of the fundamental tone and key overtones for each sample. (see figure XXXX ). We also wanted broadband
natural sounds to interact with the bells. We built a tool to take the frequency information and use it to colour wind
samples so that they would “sing” in unison with each chime sample. The identified frequencies (see table XXX) were
then fed into a series of EQs, each bandpassed to one of these frequencies. These EQ channels (Impulse Input
Channels) were routed to several channels (Wind Output Channels) that contained a wind sample and had another
bandpass EQ, tuned to the corresponding frequency of the EQ on the routed Impulse Input Channel. To incorporate
the rhythmic qualities of the bells, we applied a Gate/Expander to each channel of wind. These were set so that they
caused audio to output only when signal was received from the input channel. Thus when an individual chime sample
played, the Impulse Input Channels with EQs tuned to the key frequencies would trigger the gate/expander on the
corresponding Wind Output Channels. Bandpassed wind samples with the same tonal and rhythmic structure as the
currently playing bell then “sang out” and was recorded for each sample. As thoroughly demonstrated by the preceding
sentences; this technique was relatively ungainly, and a more dynamic and automated process is being sought for
future works. We then collected recordings of the ocean in different states of agitation and from different perspectives,
and curated samples of these to fit each chime/wind sample.

Generative framework

These samples are then put into a piece of software used for game audio development called FMOD. This software
enables us to control the variables of how the sound is reproduced and gives us an easy path to creating an app in the
future. This environment also allows us to apply the U shaped playback method which has been developed by a music
therapy hospital project called Music Care. For our composition the U-Shape is created (as shown in table XXX) by
initially triggering the wind-chimes at their unity pitch, with active waves to capture the listener’s attention. As we
proceed down the U the pitch is reduced in octaves, causing the chimes collision impulses to be triggered less often.
Tonal content also lowers and the waves become less active and softer. This process is mirrored to bring the listener
back “up” at the end of the piece.

Our prototype application interface allows the user to either let the U shape play out as prescribed, each of the 9 stages
playing for a fixed duration (eg. 5min. for a total play time of 45 min.), or to “freeze” the playback in its current location
in the program. Because the system is generative, it can play pseudo-infinitely, with random variation to the samples.



SOUNDS FOR COMA
PROTOTYPE INTERACTIVE

UP:
~—CALM~ (Tora -12st)
Arock bay, unrelenting waves hit the stones
Tora-12st

NOW:
—-RELAXING--- (Mingulay -12st)
A wide barren sandy beach, open to the elements,

with big rolling waves. Bells are dulled

—ALERT— (Mahla)
A rocky shore with active unpredictable waves, bells remain bright SILENCE

Prototype_Interactive

\utomatic progress change in 1786 s

Figure 1- Application user interface.

Preliminary user testing

The sounds4coma prototype is currently being tested in the Neuro-ICU unit of the Sainte-Anne hospital in Paris, France.
It the time of writing, we conducted preliminary user tests on two populations of patients:

e Neurological patients referred to the ICU for a subarachnoid haemorrhage (SAH), a life-threatening type of
stroke caused by bleeding on the surface of the brain (the area between the arachnoid membrane and the pia
mater surrounding the brain). SAH patients are typically conscious, but experiencing deep pain which is not
easily controlled with analgesics like morphine and which is likely amplified by anxiety (Swope et al., 2014).
In addition, one frequent complication of SAH is the occurrence of cerebral vasospasm (narrowing of the blood
vessels) and delayed cerebral ischemia 4 to 10 days after admission, which is a major cause of death in these
patients. It is believed that both pain and anxiety have a role in the secretion of endothelin-1, which in turn is
associated with higher risk of vasospasm (Thampatty et al. 2011). Our hypothesis is that active exposure to
the sounds4coma prototype in SAH patients will have a positive effect on perceived pain (measured with a 1-
10 numeric scale, heart-rate variability measures and reduction in analgesics), anxiety (measured with the
State Trait Anxiety Inventory questionnaire, STAI-Y), and possibly the occurrence of vasospasm and delayed
ischemia.

e Patients with respiratory insufficiency consequent to infection with SARS-Cov-19 and admitted in critical
care for mechanical ventilation (Figure 2). These patients experience stress and anxiety, and may become
especially agitated during the process of weaning (the transition from mechanical ventilation support to
spontaneous breathing). If such agitation is not managed appropriately, it may lead to traumatic self-
extubation, extended duration of sedation, longer length of ICU bed occupancy and prolonged mechanical
ventilation (Woods et al. 2004), the latter two factors being particularly critical in periods with scarcity of ICU
resources such as the SARS-Cov-19 pandemic. Both music (Jaber et al. 2006) and nature-based sound
exposure (Aghaie et al. 2014) have proved useful in the context of weaning. Our hypothesis is that passive
exposure to the sounds4coma prototype in Cov-19 patients undergoing weaning will reduce agitation
(measured with the Richmond Agitation-Sedation Scale, RASS), increase the rate of successful weaning and
decrease ventilation time.



Initial user tests with two conscious ICU patients confirmed that patients could interact with the prototype interface to
control their listening, and that they were willing to engage recurrently with the system during their ICU stay. In addition,
initial tests with two unresponsive patients confirmed that passive listening for 30 minutes had an effect on monitored
vitals such as blood pressure and respiratory rates; anecdotally, one unconscious patient had continuous hiccups which
ceased as listening to the prototype unfolded. Based on this proof of feasibility, we started including patients from our
two targeted populations into a formal test of the system, to be reported later.

Figure 2: one mechanically-ventilated patient experiencing passive exposure to the sounds4coma prototype at the
Sainte-Anne Hospital Neuro-ICU unit.

LESSONS LEARNED & FUTURE STEPS

Working in the ICU environment comes with a lot of delicate issues and constraints. We had invaluable access to the
neuroscientists and intensivists attached to this project, but in the process we were surprised by a number of facts
which led us to correct our misconceptions of how sound art can be deployed in a clinical setting.

1. Research in music cognition hasn’t yet reached the stage of informing musical creation.

Our first impulse to design music/sounds that can alleviate anxiety was to look at the recent music cognition literature
for acoustic or music-structural elements known to affect stress and anxiety. While there is a wealth of research on
music and emotion (for a review, Eerola & Vuoskoski, 2013), we found that it was difficult to use it to inform our creative
process: first, a lot of work either studies the fine acoustic properties (pitch contour, timbre) of very short stimuli, or the
long-term average properties (mode, tempo) of well-known pieces from the repertoire, neither of which can easily
translate to compositional practice. When list of features are assembled from meta-studies, they should be understood
as statistical co occurrence and not as a cooking recipe (e.g. both happiness and anger are found associated with high
tempo, high intensity and high pitch in Table 11, Juslin & Laukka, 2003); second, emotional reactions to music are
generally studied as a perceptive outcome (“is this music happy or sad ?”) more than a subjective experience (“does
this music make you feel calm ?”), and (perhaps rightfully so) do not construe anxiety and pain as emotional reactions.
When studies attempt to link music listening with anxiety (Panteleeva et al., 2018) or pain (Howlin & Rooney, 2020),
they mostly focus on the activity of listening to music (as opposed to doing something else in a control condition),
irrespective of the acoustic elements of the stimuli used for the study. In short, selecting sound material for our work
was more a matter of intuition than a fact-based decision.

2. There is a divide between many general-public claims about music & health, and science
Perhaps ironically, the most explicit prescriptions on how to create functional music for e.g. health or relaxation come
from general-public sources with little if any scientific support: converting pitch tuning to 432hz (14,100,000 results from
Google video search for “432Hz music”, retrieved 10/04/2020; compare with the limited evidence of Calamassi &



Pomponi, 2019), creating binaural beatings with two close tones (24,100,000 video search results; Garcia-Argibay et
al. 2019), or the so-called autonomous sensory meridian response (ASMR, 143,000,000 video search results; Barratt,
Spence & Davis, 2017). While such large-scale cultural phenomena command attention, and may be worth studying
with the tools of experimental science, we found it surprising that there was so little scientific consensus on these
auditory objects, which seem to be construed by researchers as “outside of science”, and it was difficult to bring these
up as valid options to use in the ICU.

3. The clinical environment is not the place to try and test parameters
In the absence of clear recommendations from the literature, a project like ours entails choices for many parameters
that, in an ideal world, we would like to test and fine-tune: are wind-chimes better than other instruments ? should pitch
go up or down with increased relaxation ? are sounds from the sea more culturally accepted than sounds from the
forest ? etc. We found these parameters very difficult to test in the ICU environment: the cost (ethical, clinical and also
financial) of testing on patients is high; patient etiologies are very diverse, making different conditions difficult to
compare without very large samples; and it is ethically difficult to have negative controls (i.e. sounds that we suspect
will not work as well as others, but for which we would need confirmation; see also Porter et al. 2014). On the other
hand, we also found it difficult to create a proxy for ICU-related anxiety with healthy controls in the lab (“imagine you're
in a coma...”), and did not feel we could rely on such prior testing. So, many choices ended up being a leap of faith, for
which we could only hope for a confirmation when the complete system is tested.

4. In deploying the app, it is unclear what belongs to clinical medicine, what belongs to user experience,
and who's in charge of what

Beyond composition parameters, many design choices concern how the system is presented to patients: how long
should one play the music (30minutes, 1 hour, once a day, several times, etc.) ? How should the sounds be presented
(in-ear monitors, headphones, loudspeakers, etc.) ? While doctors are typically in charge of such decisions for
treatments (posology, in pills or via IV, etc.), we found that standards were lacking for interventions such as ours, and
we were no help either. It was unclear who in the patient’s environment is best positioned to make these decisions, and
based on what process. One possibility would be to rely on qualitative analysis methods on patient and staff interviews,
as done e.g. for the use of augmentative and alternative communication tools in patients unable to speak (Broyles,
Tate & Happ, 2012), or on structured observation strategies, as done for e.g. for field research in design (Schokkin,
2019)

5. Very little is known about patient subjective experience of sound in the ICU

One question that was raised by hospital staff during informal listening test to the sounds4coma prototype was whether
coma patients would really aspire to being cast into a sound universe, made of wind, sea sounds and bells, that are in
many cultural representations linked to spirituality and rites of passage to the beyond, or on the contrary would prefer
being reconnected to a reassuring world of mundane and familiar sounds. The truth is - nobody seems to know. Very
little is known about the cultural representations that are associated with the experience of life-threatening conditions
in critical care (Pouchelle, 1996), and how these representations may shape a patient’s experience of sound during
their stay. At a lower, perceptive level, it is even unclear how the ICU experience influences auditory processing, e.g.
how lying in bed horizontally influences 3D sound localisation, or how the interoception of the sound and vibration of
mechanical ventilation conflicts or masks exteroceptive sounds. For such questions, as well as for the previous points
raised here, the design and testing of our sound intervention prototype has highlighted the need for a richer
comprehension of sound experience in the atypical, but highly critical, situation of coma and intensive care. Progress
on this issue is likely to involve practitioners not only of medical science, but also e.g. design and anthropology and,
most importantly, patients - survivors and their families.
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