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Andy enjoys the company of his family, especially his favourite older
brother. He is fond of parties and the presence of company. His own
birthday is his favourite moment, not for the gifts but for the many
people surrounding him and the amounts of good food. He will walk
around in a party hat from morning till night. The Dutch celebration

of 'Sinterklaas’ will fill Andy with joy for weeks after. Other pleasures
Andy takes in life revolve primarily around food. Around dinnertime,
you will find him in the kitchen, or he will be baking, frying, or cooking
something or other in his toy kitchen. He has a big appetite, preferring
fried meat, lasagna, and pie with whipped cream, but there are only a
few things Andy does not like to eat. His family is convinced that Andy
could have become a chef.

When Andy was six years old, he was diagnosed with the
metabolic disease 'Syndrome of Sanfilippo’. This is a rare genetic
disorder affecting the brain and spinal cord due to buildup of large
sugar molecules. Children affected by Sanfilippo generally have a few
normative years after which their development slows, and they may
show behavioural problems. The following intellectual and motor decline
is progressive, which means the children do not acquire complete
skills and lose skills they have acquired, such as walking and speaking
(Medline, 2017).

Andy has lived at home his entire life, and his parents feel he
enjoys it there. They do often struggle to determine whether Andy
is in pain, because Andy will not show any sign of pain or being
uncomfortable. Often, he will get an infection to his urinary tract and
his parents need to use all their senses to determine whether this is
the case. He ended up in hospital, having to need a surgery to remove
part of his femoral head which slid against his hip socket: a very painful
situation. But to his family no clear signs of pain were shown and Andy’s
need for medical care was only discovered when it was specifically
searched for.

1.1. General introduction

In the care for children and adults with a severe or profound intellectual
disability (SID) many challenges arise. These are individuals with an IQ
under 40 and a developmental age under 36 months who often have
limitations in motor skills, communication, and expression, and can suffer
from a multitude of chronic and/or painful medical disorders (DSM-V,

5th ed.; American Psychiatric Association, 2013; National Institute of
Public Health and the Environment, 2022). They need caregivers to
attune to their most basic needs such as health, food and hygiene, but
also for psychological wellbeing, emotion regulation and developmental
opportunities (e.g., Doodeman, Schuengel & Sterkenburg, 2023; Van der
Putten & Vlaskamp, 2011; Van Tuyll van Serooskerken et al., 2022).

13



The Netherlands Institute for Social Research has estimated that
in 2018 68.000 people had a moderate to profound intellectual disability
(IQ<55; Sociaal Cultureel Planbureau, 2013). Those with a severe or
profound intellectual disability (IQ<40) in the Netherlands are divided
into two main groups: the group with severe or profound intellectual
and motor disability and those with a severe or profound intellectual
disability and challenging behaviour. Dutch organisations for the care
of people with a disability estimated that there are 4,000 - 15,000
people with a severe or profound intellectual disability living in The
Netherlands, of which 95% are being cared for by professionals in home
care facilities (Cello, 2022; HandicapNL, 2022; ‘s Heerenloo, 2022). At
least 2,000 individuals in the Netherlands have a profound intellectual
and motor disability (IQ unmeasurable or under 25; Kennisplein
Gehandicaptensector, 2021).

The International Association for the Study of Pain recognises
that in individuals with intellectual disability (ID) many factors contribute
to their increased risk of experiencing both chronic and acute pain
(IASP, 2019). The vulnerability of people with a severe or profound
intellectual disability to experience pain starts with an increased risk of
accidental injury, and continues with physical and medical comorbidities
(IASP, 2019; Van der Putten & Vlaskamp, 2011). Over 50% of people
with a severe or profound intellectual disability suffer from seizure
disorders, such as epilepsy (Arts, 1999), and an estimated 70% from
gastroesophageal reflux (Béhmer, 1999), of which the latter can lead
to respiratory disorders (Evenhuis, 2002). Furthermore, infections in
the neuroskeleton, facial cavities, teeth, lungs, and bladder are more
prevalent, either because of physical deformities (Cuvertino et al.,

2017; Rodriguez, 2014) or a lower-than-average immune response to
bacterial or viral pathogens combined with a higher infection risk with
living together in close quarters (Dworkin et al., 2006; Van Schrojestein
Lantman-de Valk & Noonan Walsh, 2008). The exact number of people
with ID in pain is difficult to assess, because especially for those with a
severe or profound intellectual disability self-report is impossible. At an
evaluation, caregivers reported a certainty of daily pain in 13% of clients
with ID, approximately equal to the amount in the general population
(IASP, 2019).

Both regarding general everyday aspects and psychological and
developmental aspects of life, an experience of pain causes a disruption
(e.g., Attridge et al., 2015; Crombez et al., 1996). And since the genetic
disorder leading to a severe or profound intellectual disability often also
causes painful medical disorders, such as deformities in the skeleton and
urinary tract, pain will exist in the lives of those with SID (Van Timmeren
et al., 2016; Poppes, Van der Putten & Vlaskamp, 2010). The existence
of pain will likely cause disruptions in development and daily life, which
creates a challenge for caregivers to keep attuned to their clients’
arousal, behaviour, and general wellbeing to become aware of possible
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pain they experience as well as accurately find and treat its cause
(Evenhuis, 2002; Heslop & Houghton, 2019; World Health Organisation,
2024).

Out of the list of common painful medical conditions of people
with a severe or profound intellectual disability, only neuroskeletal
defects cannot be easily treated with well-known and commonly used
medication (e.g., fibre-supplements for obstipation, Podzemny, Pescatori
& Pescatori, 2015; calcium carbonate for reflux, Tran, Lowry & El-Serag,
2007; physician general knowledge, 2023). Where treatments are
varied, common and low risk, such as those for infections, reflux and
obstipation, recognising the existence of these disorders is paramount
to provide relief, while with medical disorders where treatments are
uncommon or possibly risky, pain relief treatment needs to be provided
as soon as possible (Evenhuis, 2002). In both instances there lies a
challenge for caregivers to timely identify signals of pain in their clients
(e.g., McGuire, Daly & Smyth, 2010). For when any painful medical
disorder runs its course for too long, for example a bladder infection,
the risk of hospital stays, operations and even death due to renal failure
increases (e.g., Mencap, 2013; World Health Organisation, 2024; York et
al., 2022).

1.2. Pain and behaviour

There is a growing body of research concerning pain, its causes and
effects, and the manners in which it is experienced (e.g., EFIC, 2022;
IPRCC, 2019). The two leading descriptions of what pain is are from

the IASP (2020; p. 1976): ‘an unpleasant sensory and emotional
experience associated with, or resembling that associated with, actual
or potential tissue damage’, and pain expert Margo McCaffery (1968; p.
95): ‘whatever the experiencing person says it is’. Despite the difference
regarding physical evidence of pain in these two descriptions, there is
general agreement on pain’s disruptive nature and the necessity for pain
relief and treatment (IASP Acute Pain, 2021).

Pain comes in many forms, which medical theory has categorised
into three variations: acute pain, subacute pain, and chronic pain (Van
Tulder et al., 1997). The main difference between these categories is the
duration of the pain experience, but other differences also apply. Pain
is considered acute if it lasts no more than six weeks (Bonica, 1953;
Merskey & Bogduk, 1994). Pain that lasts longer than six weeks and
no more than three months is subacute (Van Tulder et al., 1997). More
serious injuries cause subacute pain, but the pain duration is not the
same as the duration of healing. Complete healing of an injury can last
longer than three months, but the maximum pain duration corresponds
to how long the healing should hurt. When pain lasts longer than three
months it is considered chronic (Merskey & Bogduk, 1994) and may not
be linked to actual tissue damage or the healing of an injury anymore.
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Among medical and behavioural professionals, there is consensus
that not displaying pain in either expressions, behaviour, sounds or
otherwise does not necessarily mean pain is not felt (IASP Pain in
Intellectual Disability, 2021). So far, very little conclusive evidence has
shown that non-communicative people that can hardly or not show their
pain have an alternate pain tolerance threshold, but the studies that
examined this report a lower pain tolerance and baseline, depending on
the sensory test and aetiology of the intellectual disability (Defrin et al.,
2004; Valkenburg, Tibboel & Van Dijk, 2015). The lack of self-reporting
ability of, for example, people with a severe and profound intellectual
disability makes it difficult to evaluate their pain experience (e.g.,
Evenhuis, 2002; Van der Putten & Vlaskamp, 2011), let alone design
an experiment in which it can be tested. It seems that further research
is needed to gain insight into the pain experience of persons who are
unable to communicate (IASP factsheet, 2019).

1.2.1. Pain model

Loeser (1980) presented a pain model consisting of four levels,
displayed in simple circles (Figure 1.1). Where the basic levels of
nociception and perception do not require conscious thought, the
greyed-out circles of experience and especially behaviour do so. Though
there are many expressions that are considered universal, among which
the reaction to pain, many pain behaviours such as seeking help and
changing posture are learned and sometimes mimicked. However, the
ability of people with a severe or profound intellectual disability to learn
and mimic behaviours is limited (DSM-V, 2013).

Regarding what we know of pain and Loeser’s model, a detection
of a noxious stimulus travels through the body to the brain in several
ways for several reasons (Basbaum et al., 2009; Chen et al., 2023). Just
reflexively removing the painful stimulus from the body or removing the
body from the painful stimulus does not solve all problems (Morrison,
Perini & Dunham, 2013; Chen et al., 2023). The situation which led to
the pain needs to be understood and tissue that was broken needs to
be healed. The brain contains a ‘pain library’ where experiences causing
pain are stored with their subsequent emotional response (e.g., Garland,
2012).

The emotional response is a matter in itself: The limbic system
regulates emotions in the brain. Here it will be decided whether a painful
experience makes a person cry out or not. Physiological responses,
stemming from the activation of the autonomic nervous system and the
arousal of the hypothalamic-pituitary-adrenal system, also originate in
the limbic system (Catani, Dell’Acqua & Thiebaut De Schotten, 2013;
Garland, 2012; Tennant, 2013). In other words, the limbic system
creates an emotional response and causes the heart to start pounding,
the body temperature to go up and stress hormones to release when
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someone is in pain.

It has been shown that the existence of an intellectual disability
does not necessarily interrupt or interfere with the automated limbic
processes (e.g., Aguilar Cordero, Mur Villar & Garcia Garcia, 2015;
Benromano et al., 2017). Understanding pain, on the other hand, is
something the ‘pain library’ helps realise for it is a warning system
for behavioural change, to not repeat behaviour that led to pain (e.g.,
Melzak, 1961; Nay & Fetherstonhaugh, 2012). It may require a level of
cognition which cannot be expected for people with a severe or profound
intellectual disability, as it would not be expected for children up to 3
years old. This means that any behaviour related to an experience of
pain, whether it is a behavioural change or a behavioural expression,
may also surpass the ability of a person with a severe or profound
intellectual disability (e.g., Baldridge & Andrasik, 2010; Dubois et al.,
2010; Herr et al., 2006; Millard & de Knegt, 2019).

FIGURE 1.1. The four levels of pain, based on the pain model by Loeser
(1980).
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1.2.2. Pain Behaviour

Even though pain is a personal and often subjective experience, a
person can usually tell when another person experiences pain. It is
either communicated verbally or non-verbally by vocalising, grimacing or
pain-specific movements (e.g., Visser & Davies, 2009). A large portion
of a person’s pain behaviour is learned behaviour, which has been
reinforced and/or modified by their environment (Hart, 1988; Visser &
Davies, 2009). Where a young child will loudly cry or scream, thought
of as preprogrammed behaviour (Bowlby, 1973), most adolescents and
adults will have modified this behaviour to a moderate whine and a
grimacing face. Of course, for children and adults able to communicate
their painful experience will be part of their narrative, their verbal
expression of the type and intensity of pain they are experiencing. But
when a severe or profound intellectual disability prevents a person to
cognitively develop beyond the age of a toddler, an experience of pain
can be quite difficult to understand let alone communicate to others
(e.g., Enninga, 2023; Millard & de Knegt, 2019; Nay & Fetherstonhaugh,
2012).

Research on pain observations of children and adults with an
intellectual disability show interesting results. Defrin, Lotan and Pick
(2006) found that behaviours vary between children and adults in a way
that a non-communicating pain checklist can be applied to assess pain in
children, but not in adults with an intellectual disability. This same study
also showed that the extent of the intellectual disability influences pain
behaviour: We see more idiosyncratic pain behaviour in adults with a
severe or profound intellectual disability, compared to adults with a mild
to moderate intellectual disability.

1.3. Pain measurement

Within the study of pain, which can encompass anything from
determining pain thresholds for different groups to the effectiveness of
certain pain relief strategies, self-report is considered the gold standard
(Von Baeyer, 2013; McCaffery, 1968; McCaffery et al., 2011). Certainly,
when a pain patient is coherent and can self-report it would not be
logical to use any other type of pain assessment method. On the other
hand, if a patient is unable to communicate and self-report it is up to
the environment to assess the pain and react to it (Moulster, 2020).
This by-proxy assessment is possible in several ways, such as checking
physiological responses and observing behaviour, but specifics for each
method can differ per group, per setting and even for each person. It
makes a difference if a person has an intellectual disability or not, or

if the person is recovering from an operation or trauma in a hospital
setting, or when they are in a residential setting going about their day.
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Furthermore, the assessment of acute or subacute pain differs from that
of chronic pain (Bonica, 1953; Merskey & Bogduk, 1994).

When a person stubs a toe or gets a cut on their hand, the
pain they perceive is acute. It is close in time to the cause of the pain
and usually does not last very long, a few hours to a few weeks (Van
Tulder et al., 1997). Furthermore, the autonomous nervous system can
respond heavily to a situation of acute pain, putting the body in a state
of readiness to either fight or flee, to make sure the action that caused
pain is not prolonged or repeated. This is why the heart starts beating
more rapidly and sweat erupts, to make sure everything is ready to
bring the body back to safety and away from whatever has caused it
physical trauma. This automatic system does not distinguish between
harmless and harmful situations, because that is what the brain does,
and the assessment the brain makes is much slower than the speed of
the nervous system (e.g., Morrison, Perini & Dunham, 2013).

If the physical trauma is more extensive, such as a broken bone,
pain can last longer than weeks and up to a few months (Merskey
& Bogduk, 1994). Pain that lasts longer than three months and has
stopped being related to physical trauma, where the trauma has
healed, is called chronic pain. Chronic pain is the most difficult of the
pains to assess, evaluate and combat, because there is no physical
cause to treat and the body usually stops responding to the pain (e.g.,
Coppetiers et al., 2016). However, the body will react once again when
a noxious stimulus causes an acute pain experience. For chronic pain,
unfortunately, there is no maximum time it can last and no single form
of treatment has been discovered that can heal chronic pain (NIH,
2023).

The recognition of pain signals in people with severe or profound
intellectual disability is considered a challenge since these people do not
always show responses to pain that those without intellectual disability
consider natural (Abu-Saad, 2000; Defrin, Lotan & Pick, 2006; Lotan et
al., 2009a; Lotan et al., 2009b). Though pain is often shown in the face,
the response is not always with the contortion of the brow and mouth.
Laughing or relaxing all facial muscles also occurs. When a bodily
response to pain is shown, it can vary from freezing to moving the limbs
more rapidly, and groaning as well as becoming silent. Parents and
professional caregivers of people with severe or profound intellectual
disability report all these behaviours when their child or client is in pain
(Enninga et al., 2023, Kreukniet et al., 2016). These contradictions in
possible pain responses increase the challenge to observe and recognise
signs of pain by caregivers.
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1.3.1. Pain observation via a systematic observation list

Although the existence of pain can be a regular worry for caregivers

of people with SID (Korving, Enninga et al., 2021; Van der Putten &
Vlaskamp, 2011) and this target group has a very limited ability or
inability to self-report (Abu-Saad, 2000; Defrin, Lotan & Pick, 2006),
until recently no systematic observation list was specifically validated
for adults with a severe or profound intellectual disability in a residential
setting (Enninga et al., 2023). Parents and caregivers would try to

read their child or client, often checking off a list of possible causes for
the behavioural change they noticed. Causes such as hunger, stress,
exhaustion, overstimulation, a need for intimacy, or a dirty diaper would
have to be ruled out before a physician was contacted. Since the result
of this search could be delayed diagnosis and management of medical
disorders, setbacks in hospitalisation and increased death rates (Jancar
& Speller, 1994; Roy & Simon, 1987; World Health Organisation, 2024;
York et al., 2022), several research studies were performed to attempt
to provide an adequate observation list.

The Face, Legs, Activity, Cry, Consolability
(FLACC; see Table 1.1) Behavioural Pain Assessment Scale (Merkel et
al., 1997) has been developed to assess postoperative pain in young
children (in the ages between 2 months and 7 years) or those unable
to communicate their pain. The scale was shown to also be useful for
adults on intubation machinery, offering a similar evaluation as the
Checklist of Nonverbal Pain Indicators which is used in Intensive Care
Units. Nonetheless, postoperative circumstances are dissimilar to
residential circumstances so that this scale is inadequate to be used in
daily care for individuals with a severe or profound intellectual disability.
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TABLE 1.1. The FLACC Behavioural Pain Assessment (Merkel et al., 1997).

Category Scoring
1 2 3
Face No particular Occasional Frequent
expression or grimace to constant
smile or frown, quivering chin,
withdrawn, clenched jaw
disinterested
Legs Normal position Uneasy, Kicking, or legs
or relaxed restless, tense  drawn up
Activity Lying quietly, Squirming, Arched, rigid or
normal position, shifting back jerking
moves easily and forth, tense
Cry No cry (awake Moans or Crying steadily,
or asleep) whimpers; screams or
occasional sobs, frequent
complaint complaints
Consolability Content, relaxed Reassured Difficult to
by occasional console or
touching, comfort
hugging or
being talked to,
distractible
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The Numeric Rating Scale (NRS-11; see Figure 1.2) is most
often used by caregivers and medical personnel for non-communicative
adults or children (Chiarotto et al., 2019; Von Baeyer & Hicks, 2000).
The scale runs from zero to ten, or from no pain to worst possible pain,
and is filled out according to observations of pain expressions in the
patient’s face. The NRS provides facial pictographs that correspond to
different numbers on the scale but provides no other information for
observers. Considering this scale is not specifically designed for pain
expression of people with a severe or profound intellectual disability, it
may not be sensitive enough to provide insight in their pain experience.

) (@0 ) (e % ) (o2
0 2 4 & B 10

NO HURT HURTS HURTS HURTS HURTS HURTS
LITTLEBIT  LITTLE MORE EVEN MORE  WHOLE LOT WORST

MNo pain Moderate pain Worst pain
0 1 2 3 4 5 <] 7 8 9 10

FIGURE 1.2. The Numeric Rating Scale with faces
(e.g., Von Baeyer & Hicks, 2000).

The Non-Communicating Adult Pain Checklist (NCAPC;
see Table 1.2) is specifically developed for adults with various levels
of intellectual and developmental disability in a clinical setting (Defrin,
Lotan & Pick, 2006; Lotan et al., 2009a). This checklist showed a
sensitivity to pain responses across all levels of intellectual and
developmental disorders during either an influenza vaccination or a
dental hygiene treatment. However, it has not been researched whether
adults with a severe or profound intellectual disability will respond the
same way to pain in their home setting where we assume that they
experience less stress
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TABLE 1.2. The first seven items of the non-communicating adults pain
checklist (NCAPC; e.g., Defrin, Lotan & Pick, 2006).

Item Score

Not at Justa Fairly Very

all little often often

Vocal reaction
Mo_aning, whining, whimpering 0 1 2 3
(fairly soft)
Crying (moderately loud) 0 1 2 3
Screaming or yelling (very loud) 0 1 2 3
Emotional reaction
Not cooperating, cranky, irritable, 0 1 2 3
unhappy
Agitated, being difficult to distract,

7 - 0 1 2 3
not able to satisfy or pacify
Facial expression
Furrowed eyebrows, raising 0 1 5 3
eyebrows
A change in eyes including
(squinting of eyes, eyes opened 0 1 2 3

wide, eye frowning)
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The Rotterdam Elderly Pain Observation Scale (REPOS; see Figure
1.3) was developed for use in residents of nursing homes who are
incapable of self-reporting pain (Boerlage et al., 2008). It appears to be
sensitive to pain responses of people with various levels of cognition,
which makes it possibly useful for people with a severe or profound
intellectual disability in a residential setting, although it has not yet been
validated in adults born with ID. Considering that pain behaviours are
learned, via positive reinforcement throughout life, a difference can be
expected between those born with an intellectual disability and those
experiencing cognitive decline later in life (e.g., Cordier & Diers, 2018;
Linton & Shaw, 2011).

Rotterdam Elderly Pain Observation Scale [REPOS}

Please observe for 2 minutes, and tick the bax if the specific behavior was present during the
obasrvation, Mex, wimmate all ticked behavicrs 1o obiain the REPOS total soore.

NAME CLIENT

151 chisrvatson 2l obdervatican

NAME OBSERVER
DATESTIME
'1I|l AT IEIH

AL eeatriler 'ui-lrv;pi‘-_r\- a gy,
1 d e e

PAIN MEDHCATION

Ty, thorareg arel Bavee of Lind acirereds slion,

Tonse face ] [_. F__l
Eyes (almost) squeared B |_ l |

r .
Ralsing upper lip 1} |_ I J
) . . i
Grimace 11 11 11

FIGURE 1.3. An example of a REPOS scoring card with the first four
items (Boerlage et al., 2008).
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The Pain Observation Scale for Adults with profound Intellectual
Disability

(POSAID; see Figure 1.4) is a pain observation list currently being
developed for adults with severe and profound intellectual and multiple
disabilities in a residential setting. The items that make up this list are
a combination of items from the REPOS-scale and literature, and they
were tested on video material of more than 100 adults with a severe

or profound intellectual disability. Reliability and validity testing is still
underway though results so far look promising (Kreukniet, Bruns & Van
der Putten, 2016).

Item Description of pain-related behaviour
1. Tense face One or more facial muscles being tightened (not relaxed). NOT scored while dlient is talking.
2. Eyes (almost) Eyes tightly shut or squeezed. NOT scored if client is blinking or has their eyes shut without squeezing.
squeezed
3. Raising upper lip Upper lip is pulled up, shortening the distance between upper lip and nose; nasolabial furrows deepened, nostril raised and
enlarged.
4. Grimace Scored as present only when the following three facial expressions occur together:

1. eycbrows drawn together and downward, with the skin between the eyebrows bulging out;
2. eyes tightly shut or squeezed;
3. nasolabial furrows deeper than normal and drawn up sideways.

5. Frightened, fearful Large, wide-open eyes and inner sides of eyebrows slightly raised and drawn together.
look

6. Moving body part Each movement indicative of resistance or protection of a (painful) body part. Included are movements such as changing
one’s position in a chair as to relieve one’s seat or back, and grasping one’s head. NOT scored if the movement or action
is functional, for example, pushing one's hair out of one's face, or raising one's arms to take off clothes.

7. Panicky, panic attack  An extreme manifestation of anxiety showing in random nervous body movements or fierce resistance. This may co-occur
with: frightened expression characterised by large, wide-open eyes, and inner sides of eyebrows slightly raised and
drawn together; and/or- intense screams or verbal expressions of pain, such as *ouch’ or *you are hurting me’.

FIGURE 1.4. The first seven items of the POSAID with description
(Kreukniet et al., 2016).

In sum, caregivers of adults with SID cannot yet use a specialised
pain observation checklist for their target group in a residential setting.
Besides this lack, using a systematic pain observation list is time-
consuming, burdensome, and difficult. When pain is experienced during
a caregiving moment, a second caregiver will be needed to observe the
client. The daily practice of caregiving often conflicts with the filling out
of an observation list and professional caregivers that know a client
well have been shown to differently assess their client’s behaviour than
an objective observer would. Furthermore, even when pain behaviours
correlate well with a patient’s verbal report ‘[...] external observers
tend to ‘underestimate’ pain intensity’ (Visser & Davies, 2009, p. 35).
Therefore, a continuous, automated, and objective manner of pain
detection is certainly desired.
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1.3.2. Physiological pain measurement via a wearable

The fact that the body responds physiologically to pain means these
responses can be measured. We can measure an increased heart rate,
a change in heart rate variability, a change in the need for oxygen,
increased sweat production, brain activity and blood pressure, and even
changes in hormonal levels (e.g., Bentley et al., 2016; De Knegt et al.,
2013; Koenig et al., 2014). All these changes are either measurable on
the inside or outside of the body and are found in both healthy and sick
adults, children, and neonates (Arbour & Gélinas, 2014; Coppetiers et
al., 2016; Kyle & McNeil, 2014). Most of the physiological reactions can
be measured constantly without caregiver input by wearable sensors
(e.g., Kim et al., 2019).

Such wearable sensors, or wearables, have been used as early
as 1956 to provide information on patient’s health status, athlete
performance, risks of certain diseases and more (Kim et al., 2019).

A wearable biosensor has two main functions: a ‘bio-receptor’ which
targets a specific bio-organic process, such as sweating, temperature
increase or decrease, or enzyme production, and a ‘physico-chemical
transducer’ which transforms the bio-receptor’s response to useful
chemical, electrical, or mechanical output (e.g., Naresh & Lee, 2021;
Smith, Lee & Tse, 2023). The first of the bio-optic devices, which
were one-time use sensors that were assessed in a lab setting, were
eventually further developed to incorporate ‘on the body’ testing

and assessment, or in other words, the first wearables. From 2010
onwards several advanced and reusable wearable biosensors have been
developed (Kim et al., 2019).

Since the transition from in vitro to in vivo measurements, care
has been taken to limit the invasiveness of wearables, specifically when
the target group has a vulnerability, such as an illness or chronic pain
(Kim et al., 2019). The comfort of the person using a wearable to assess
their health status is deemed just as important as that health status
itself. Wearables have become invisible and unnoticeable, embedded in
crowns or mouthguards, or at the very least as non-invasive as possible,
such as sensors in contact lenses or temporary tattoos.

When we want to assess a physiological change as a response
to pain, we require a non-invasive assessment for the quite simple
reason that an invasive measurement could elicit a stress response in
the wearer. Such a stress response leads to a physiological change, to a
comparable change as the one the biosensor is trying to assess. This, in
turn, leads to the entanglement of measurements: Does the biosensor
measure the stress response to pain or the stress response to the
invasiveness of the biosensor? Therefore, the biosensor’s measurement
needs to be clean from any possible confounding influences (Smith, Lee
& Tse, 2023).
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To assess pain in people with a severe or profound intellectual
disability, the need to have a non-invasive measurement is essential,
since these people are hardly able to communicate about their stress
level (e.g., Doodeman, Schuengel & Sterkenburg, 2023; Evenhuis,
2002; Van der Putten & Vlaskamp, 2011). With their limited capacity to
understand their surroundings, stability and predictability are deemed
important for their sense of safety. Introducing a wearable, even a non-
invasive one, can upset their structure. With that in mind, the choice
was made to convert regular cotton socks into wearable smart socks
(Bremmer, Croes & Sterkenburg, 2014). The inside sole of the socks
could house several fabric biosensors, which would not be felt by the
wearer, and the sock itself was quite similar to regular socks. Also, for
people with a severe or profound intellectual disability, the process of
getting dressed in the morning and undressed whenever necessary
would not change with the introduction of the smart sock. Therefore, the
structure of their day and their sense of safety would not be altered.

Another aspect of the wearable and its use is the interpretation
of the measurement’s signal. As described before, a physico-chemical
transducer translates the biosensor’s information to a signal that can
be sent to an interpretative device. It is this device that determines
the value of the received signal, for example whether that signal is a
reason for alarm. The trustee of the interpretative device can either
be the wearer of the wearable, or another party, such as a parent,
medical professional, or caregiver. No matter who is trusted with the
interpretation, the result should be clear and unambiguous.

Those who interpret the results of the pain detection method will
need a clear and intuitive illustration of what the measurement provides.
Both in a hospital setting and a residential caregiving setting, several
professionals with varying points of view tend to care for one patient
or client. These are professionals with varying degrees of experience,
education, intelligence and various cultural and personal backgrounds.
Therefore, the information provided on the physiological response
cannot be too complex, in any way vague or multi-interpretable, which
is a challenge that should be addressed in the design and development
stages already.

Despite their differences on multiple aspects, the group of
professional caregivers of children and adults with a severe or profound
intellectual disability also has something in common. They spend their
working day caring for those who need help in daily care, for clients
that have limited communicative and expressive skills. It is a group of
caregivers devoted to give an extremely vulnerable group of people
developmental possibilities and a good quality of life. That commonality
in professional choice may mean the group has an important common
insight for the design of a caregiving aid.

Therefore, the group of professional caregivers and parents of
people with SID should be candidates for cocreating the aid they will use
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in daily practice. Cocreation in industry has become popular since 2000
and the work of Prahalad and Ramaswamy (2000). When cocreation is
implemented, industry profits and customers’ engagement grow (Huang
& Rust, 2017; Kotler, Kartaya & Setiawan, 2010). Within research,
cocreation is considered to move universities from just translating
knowledge to society to collaborative knowledge production, which
results in a higher impact of the research (Greenhalgh et al., 2016).

1.4. Research Approach

This study combines several quantitative and qualitative research
methods in a Research-Through-Design approach (Stappers & Giaccardi,
2012; Figure 1.5). In this approach, theory and research are used as a
foundation from which to develop prototypes based on practical needs
and constraints. Insights from the use and testing of prototypes is fed
back into the research for further development (Stappers, 2007). The
design phases are as much part of the research as the experiments and
systematical observations.

design as part of research

research

design

fgaa!
y

FIGURE 1.5. Research-Through-Design, where design activities create
tools or stimuli from theory and research.

The initial phase of this study will be a comprehensive systematic
literature review, to examine what is already known and has been done
in the field of physiological pain measurements. The results will form
a basis for the pain measurement system to be developed and tested.
The review will look at the methods that are feasible and ethical to be
used on people unable to give informed consent, by not only looking
at the sensitivity and functionality of the researched methods, but by
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also assessing their invasiveness and technology readiness level (United
States Department of Defense, 2010). The knowledge gained will be
used to create the first prototype of the pain measurement system.

In a series of experiments the first prototype of the pain
measurement system will be tested. These tests will combine the
usability of the system itself, and the outcome the system is supposed
to provide. The target group will be healthy adults without intellectual
disability, who can be well-informed and give consent, but also
will provide feedback on how easy and intuitive the system is in
use. Quantitative measures, physiological data and a demographic
questionnaire, will be used to provide the input to further develop a pain
measuring technique, while qualitative data, video observations and
usability input, will contribute to the improvement of the system’s user
friendliness.

In a next step, eventual users of the system will be invited to
contribute to the design and the research. These will be the parents and
caregivers of adults with a severe or profound intellectual disability, as
they will be the ones connecting their child or client to the system and
assessing the system'’s output. This part of the study will focus on the
design of a mobile application for output of the system and will be based
on theoretical knowledge and practical needs and constraints. Again,
quantitative research methods, such as questionnaires, and qualitative
methods, e.g., interviews, workplace walk-throughs and design focus
groups, will be combined to provide a thorough overview of what a
practical pain measurement system needs for it to be used in daily
caregiving. Unlike a user friendliness study, this phase will have input
from eventual users during the development of the system’s output
application, which will need to be adjusted to what the eventual user can
focus on while performing daily tasks and what they need the system to
provide for them to decide to use it.

Simultaneously to the cooperative design phase, data from the
pain experiments with healthy adults without ID will be used to create
a pain classification algorithm. Because physiological data creates a lot
of data points to process, machine learning will be used. Physiological
responses to induced pain will be compared to physiological responses
to a similar, pain-free experience, and classified accordingly in a model.
Then, new data will be introduced, and the model will try to classify
these data as either pain or no pain. Preferably, the model should have
a success rate of more than 90%, which means both positive (pain) and
negative (no pain) classifications should be correct in over 90% of data
points, but the study continues when the success rate is at least 80%.

The following step is the usability phase, where the user
friendliness of the system is tested as a whole. Both the system’s
hardware, that gets input from the wearer, as the software, that
provides output for the user, are tested on practicality, intuitiveness,
desirability, and perspicuity. Again, quantitative measurements, via a
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questionnaire providing benchmark data, and qualitative measures in
the form of interviews during workplace use, are combined to provide
thorough insight into the needs and wishes of the user for a pain
measurement system. In this phase, clients with a severe or profound
intellectual disability will wear the system only to test its usability, not to
provide physiological data. The use of a validated usability questionnaire
will make sure the system will adhere to ISO standards (ISO 9241-11:
2018).

In the final phase of the study, clients with a severe or profound
intellectual disability will again be the wearers of the system and provide
pain data. They will be observed during a physical therapy session, a
wound treatment, or a vaccination, and both their physiological and
behavioural response to the expected pain moment will be recorded.
The pain moments will be coded using systematic observation lists for
pain in non-communicating adults with a severe or profound intellectual
disability. The speed with which the physiological measurement system
records a pain moment will be compared to the speed with which a
systematic observer can code a pain moment.

The described research approach is graphically displayed in
Figure 1.6. It displays the study’s design process of divergent thinking
using results from the systematic review to co-create a system with the
eventual users, to converge to focused action by making a version of the
system for a testing phase (the left blue diamond). Then, in the testing
phase (the right blue diamond), theoretical information and user needs,
wants, and constraints are gathered to investigate how the system can
and will be used in daily practice. This phase is concluded by providing a
solution based on the users’ feedback (Double Diamond Model; Banathy,
1996).
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FIGURE 1.6. The study’s research approach on three levels: Theory,
Design & practice, and Contribution to knowledge. The green circles are

chapters in the dissertation.
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1.5. Testing the Pain app in the target group with a severe
or profound intellectual disability

Considering little is known about the pain experience of adults with a
severe or profound intellectual disability, or the physiological responses
that pain elicits in this group, an important phase of this study is to
test whether the pain signalling system works the same in adults with
a severe or profound intellectual disability as it would work on those
without an ID. The algorithm that classifies the incoming signal in the
SID Pain App as either pain or no pain will be trained on healthy adults
without ID, therefore expecting similar results in the target group

that has several medical disorders and an intellectual disability is not
feasible. And even though the experiment in the target group of the
SID Pain App will look very different than the one that was conducted to
train the algorithm, without this important step, the system cannot be
brought out to be used in daily caregiving.

Since the ability to self-report pain in the target group is limited
or non-existent, whether a pain experience is present needs to be
systematically observed or reported by others. As no experimental
condition can be tested with persons with a severe or profound
intellectual disability, this limits the situations in which the pain detection
algorithm can be tested. However, predictable and necessary moments
of pain are present during physical therapy, wound care or when given
a vaccination. Having a client with a severe or profound intellectual
disability wear a smart sock connected to the SID Pain App in these
situations will give the necessary data to evaluate the system’s wanted
functionality.

The experimental observations in the target group will provide
not only data about whether the system works on a person with
a severe or profound intellectual disability, but it will also provide
information about the speed of a physiological pain signal compared to
a systematic observation of pain behaviour, as well as the sensitivity of
the physiological measurement compared to a systematic observation.
It will be possible to synchronise the skin conductance data with video
data, which will enable a comparison of the moment the SID Pain App
signals pain and the moment a systematic observation list codes pain
based on its cut-off score — the humber of pain-related behaviours
that are observed within a certain observation-time. The data from the
observations in the target group will also show whether physiological
pain signals are sometimes unaccompanied by observable pain-related
behaviour.
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1.6. Scope and content of the thesis

The goal of this project is to create a reliable and specific way to
physiologically measure pain in adults with a severe or profound
intellectual disability (SID) in a residential setting. These adults suffer
from a multitude of painful medical disorders, some of which are easily
treated; they often show unique and idiosyncratic pain behaviour, and
caregivers do not always have the time or skills to recognise these
signals or fill out pain observation checklist. The creation of a mobile
physiological pain detection system, non-invasive and easily integrated
in daily caregiving, was a necessary addition to residential settings of
adults with a severe or profound intellectual disability.

1.6.1. The aims of this thesis are:

1. To evaluate several physiological pain detection methods on usability,
invasiveness and technological readiness;

2. To develop a reliable, valid, and specific physiological pain detection
algorithm to be programmed into a mobile application;

3. To test this mobile pain detection application on adults with SID and
to assess the user experience of the caregivers using the mobile
application.

1.6.2. Relevance of the research

This manuscript describes the development of a system for the
physiological assessment of pain in adults with a severe or profound
intellectual disability. The system uses wearable sensors in a smart sock
to measure skin conductance and can therefore constantly evaluate
the wellbeing of the wearer, even when there is no caregiver close-by.
The sock contains a transmitter unit that uses Bluetooth® to send the
appraisals to a mobile device, which assesses the skin conductance
signals and will indicate whether the wearer is in pain or not.
Technology is all around us and constantly in development.
Its use in caregiving is not only desirable to decrease caregivers’
responsibilities and workload, but also necessary to improve clients’
independence, self-efficacy, and quality of life. When technology is used
in a client-focused, relational, and innovative manner, there are many
benefits for people with a severe or profound intellectual disability.
Technology that is used to attune to the needs of a client, to provide
information about their wellbeing, to give opportunities for decision
making, or to enhance their experiences, can improve health and
mobility, increase developmental opportunities, explain and decrease
problem behaviour and self-harm, and severely limit the consequences
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of any type of pain. The question is not if technology should be used in
caregiving, but when and how.

Especially considering their increased risk of painful medical
disorders and their inability to communicate with language about their
wellbeing, people with a severe or profound intellectual disability can
suffer from several serious consequences of pain on a behavioural,
developmental, and social level. Pain that goes unrecognised and
untreated leads to a severely limited quality of life and can result in
iliness, hospital stays and death. What this manuscript will show, is
that recognising pain in the behaviours of people with a severe or
profound intellectual disability can be quite challenging. Even parents or
caregivers that have known them for a long time can be uncertain about
when and whether their child or client is in pain. Pain behaviours can be
subtle or fleeting, unexpected and idiosyncratic, or there may appear
to be nothing wrong with the person with SID until a serious injury or
iliness is discovered.

This manuscript provides an overview of the development
and testing of an automatic pain detection system to be used in daily
caregiving. The study was co-founded by parents and caregivers of
adults with a severe or profound intellectual disability, the eventual
users of the system. In every step of development, they were invited to
advise on, co-create, and test all aspects of the system, in order to bring
about a pain signalling aid that is intuitive, useful, and practical to be
used with and around all tasks and distractions of daily caregiving.

1.6.3. Structure of the thesis

Chapter 2 reviews physiological pain assessment methods used on sev-
eral target groups. Using 29 review studies on physiological pain meas-
urement methods, which included 540 unique articles published between
1973 and 2019, function, invasiveness, and technological readiness of
18 measurement methods and vulnerability of seven target groups were
assessed. Vulnerability of the target group has an inverse correlation to
the invasiveness of the measurement method, and many of the most-
used pain measurement methods have the highest or second-highest
technological readiness. Their function is very varied, which was related
to small participant groups, outside influences on the measurement, and
unreliability of the method to detect pain.

Design: Systematic search using PRISMA-guidelines and quality assess-
ment using CASP.

Chapter 3 describes a pilot study where an existing physiological meas-
urement method, for detecting electrodermal activity in a sensor sock,
is tested as a pain assessment method on four healthy adults without
intellectual or physical disability. Pain was elicited by asking each partic-
ipant to submerge the non-dominant hand in a tub of ice-water at least
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once until the pain tolerance threshold was reached. Each participant
wore a smart sock and self-reported pain on a seven-point Likert scale,
from ‘no pain’ to their pain threshold. Results indicate that each pain
experience gives a clear physiological response, this response is unique
for each person, and physiological response to a second pain experience
happening within five minutes to the first experience is smaller.

Design: Pilot with a multiple case study visual assessment of physiologi-
cal data.

Chapter 4 describes the process of creating a pain detection algorithm
and the subsequent programming of the mobile pain signalling applica-
tion. With pain data from 28 healthy adults between 19 and 52 years of
age without intellectual or physical disabilities 68,900 data points were
created. Models were made using the classification method Random
Forest Prediction, which led to a disbalanced model. Using the Synthetic
Minority Oversampling Technique, classes were balanced by increasing
the data of pain moments based on the nearest neighbours. With 50%
interpolated pain data, weighted averages of reliability, precision, recall
and Fl-score increased to over 0.80.

Design: Single-blind experimental design with two conditions for data
gathering, and random forest prediction modelling for developing the
classification algorithm.

In Chapter 5 a description is given of the design-research for the
visualisation of the pain signalling application. Several groups of pro-
fessional caregivers and parents of adults with a severe or profound
intellectual disability have collaborated in this research in either focus
groups, interviews, questionnaires, and workplace walk-throughs, to
assess the needs of the eventual users. In three sub-studies, all needs
and possibilities mentioned by the caregivers involved were considered
for the design of a visualisation that would attract a caregiver’s attention
without being a visual burden.

Design: Three-phase multi-modal design research, using both quantita-
tive and qualitative methods for data gathering and collation.

Chapter 6 examines alternative methods to create a pain prediction
algorithm and assesses the user friendliness of the system. Different
modelling techniques are presented and discussed, as well as an oppor-
tunity to combine three to five models and involve ChatGPT. User friend-
liness of the system is evaluated with the User Experience Questionnaire
in twenty participants’ native language. The findings are discussed on
six subscales, and these are benchmark compared to other systems.
Design: Machine learning for further algorithm development and sev-
en-point Likert questionnaire design for user experience.
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Chapter 7 describes the testing of the SID Pain App in the target group
of adults with a severe or profound intellectual disability. Fourteen clients
(50% female) have worn the pain app system during a physical therapy
treatment of fifteen to thirty minutes, while their facial expressions and
behaviour was videotaped. Video-material was coded with the Non-
communicating Adult Pain Checklist and the Pain Observation Scale for
Adults with Intellectual Disabilities, and physiological data was added
and synchronised.

Design: Observational research, gathering both physiological and video
data to be compared.

Chapter 8 discusses the main findings and conclusions of this thesis,
divided per chapter. Implications for theory, practice and design are
discussed as well as lessons learned and further research possibilities.
The thesis ends with a discussion of plans for this pain signalling system.

Lastly, in five appendices, references, easy-to-read English and Dutch

summaries, author contributions, a word of thanks, and information
about the author are provided.
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Abstract

Background and objective: The most frequently used methods for
assessing pain are self-reports and observation. However, physiological
methods could improve accuracy and reliability for those with
communicative difficulties. This review’s objective is to analyse methods
used to physiologically assess pain, to rank them by invasiveness

per method and vulnerability per subject group, and to assess their
technological maturity. Databases and data treatment: Six international
databases were searched for review papers between 2007 and 2019.
Inclusion criteria were as follows: at least one physiological method for
acute or chronic pain in humans; languages were as follows: English,
French, Dutch, German, and Spanish. Quality of reviews was assessed
using the CASP checklist. Results: The methods’ heart rate variability
and electroencephalogram show clear and consistent results as acute
pain assessment. Magnetic resonance imaging can measure chronic
pain. Ordered by invasiveness and vulnerability, a trend shows that
invasive methods are used more with less vulnerable subjects. Only
instruments used for skin conductance and automatic facial recognition
have a lower-than-average technological maturity. Conclusions: Some
pain assess—ment methods show good and consistent results and have
high technological maturity; however, using them as pain assessment
for persons with ID is uncommon. Since this addition can ameliorate
caregiving, more research of assessment methods should occur.

2.1. Introduction

When a person is unable to communicate that he or she has pain, for
example those with severe or profound intellectual disability (S/PID),
this may cause unnoticed suffering. They might receive less pain relief
medication or receive it too late, and not knowing whether there is
pain creates doubt in caregivers. A verbal person without disabilities
can be asked to self-report about their pain, but this is impossible in
persons with S/PID. Observations seem like a good alternative, but
they have been shown to miss subtle signs of pain specific in adults
with S/PID (Van der Putten, & Vlaskamp, 2011). The assessment of
physiological signs of pain can be a good alternative for persons unable
to communicate about pain. Furthermore, physiological assessment
might be more accurate than observations for this group.

Pain research among persons with intellectual disabilities is
scarce (De Knegt, et al., 2013), and research focusing on physiological
signs of pain in this group even more so. De Knegt, et al. (2013)
conclude that specific behavioural indicators are often and consistently
mentioned as indicators for pain in people with intellectual disabilities,
but also indicated that there are physiological responses clues that
can be examined to measure pain. This indicates that physiological
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assessment of pain can be introduced as an addition in caregiving
for persons with S/PID. This provides an incentive for researchers to
add physiological assessments to pain research among persons with
intellectual disabilities.

While reliability is a very important aspect of instruments used
to physiologically assess pain, aspects of instrument invasiveness and
patient vulnerability should also be considered. Not all physiological
pain-detection instruments are equally (non-)invasive and not all
patients are equally able to express and communicate emotions or
give consent. For example, when deciding which instrument to use for
pain assessment for a comatose patient, a physician and the patient’s
legal representative might decide to use the less invasive method, until
that time that the patient is able to give consent. This stems from the
Universal Declaration of Human Rights, which recognizes the ‘inherent
dignity’ of every human being (World Health Organisation, 2019) and
thus the responsibility to consider the invasiveness of methods.

When using a technical instrument to assess physiological signals
that can indicate pain, technological maturity is a factor which relates
to the instrument’s reliability. Technological maturity can be assessed
using technology readiness levels (TRLs), as first conceptualized in 1974
by The United States National Aeronautics and Space Administration
(Banke, 2010; Mihaly, 2017). TRLs were adopted by the US Department
of Defense in their Defense Acquisition Guidebook (US DoD, 2010) and
are rated on a scale which corresponds to the reported fundamental and
practical steps for to development and testing of instruments (Banke,
2010). Using TRLs to assess the maturity of instruments used to detect
physiological signals of pain gives additional information to make
comparisons between assessment methods and instruments.

Thus, there is a need to use physiological methods to detect pain
in subject groups. In this review the relationship between instrument
invasiveness and patient vulnerability will be examined, as well as the
technological maturity of most-used pain assessment instruments. The
research questions are as follows: 1) Which physiological methods to
detect pain are used with which subject groups?; 2) Which methods
with which subject groups indicate that pain assessment is possible and
reliable, and are these results consistent among studies?; 3) Which
pattern concerning physiological assessment of pain can be identified
when we compare the invasiveness of the physiological measure and
the vulnerability of the subject groups?; 4) What are the technology
readiness levels for physiological instruments used to measure pain?
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2.2. Materials and Methods
2.2.1. Included Articles.

This systematic review was conducted following PRISMA-guidelines
(Moher, et al., 2009). In Table 2.1, the inclusion and exclusion criteria
are reported. The included articles had to be reviews or meta-analyses,
which described original research articles. These research articles had
to describe research using at least one physiological method to detect
pain in humans. The pain studied in the research articles could be
present already, or it could be induced by either a medical procedure
(e.g., a vaccination) or a scientific method (e.g., a deliberate painful
experience). Authors were contacted when a full text of the review
was unavailable online. The reviews were published in Dutch, English,
French, German and Spanish between January 2007 and March 2019.
This 12-year period was chosen to get a well-rounded image of the use
of physiological methods for pain in the late 20" and early 215t century.

A systematic search of review articles was conducted on
Worldcat, Wiley Online Library, Springerlink, IEEE Publications Database,
ScienceDirect and Cochrane Library between December 1%, 2018, and
March 31%, 2019, via the University LibSearch on Worldcat.org. The
search strategy consisted of a combination between free-text and title
words, which is shown in Figure 2.1. This search gave 1.984 results.

Of the 1.984 results, 200 (10,1%) were randomly selected. The
first author (HK) and two other researchers (SD & GK) independently
coded the title and abstract of the 200 articles on inclusion and exclusion
criteria. There was a 100% agreement on the inclusion and exclusion of
these 200 articles (Cohen’s Kappa = 1.00). The first author (HK) then
conducted a title and abstract screening of the remaining 1.784 articles.
After this screening, 63 reviews were included in the full-text coding.

Of these 63 reviews, 13 (20,6%) were randomly selected. The
first author (HK) and another independent researcher (LW) screened
the full text on inclusion and exclusion criteria. Both researchers agreed
100% on which of those articles should be included and which should
be disregarded (Cohen’s Kappa = 1.00). In this phase, reviews were
excluded when physiological methods were used, but not to assess pain,
or when pain was experimentally induced, but not assessed. After this
second phase, 29 reviews remained. A flow chart of the entire search
strategy is shown in Figure S2.1.

2.2.2. Quality Assessment.
Of the 29 reviews, a random subset of 6 (20,7%) was assessed on
quality by HK and GK. For this quality assessment the CASP checklist

(Critical Appraisal Skills Programme, 2018) was used. This checklist
assesses reviews with ten questions on three aspects: A) validity of
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results, B) precision of results, and C) usefulness of results. After
discussion of results and compromise on when an aspect could be
considered adequately conducted, HK assessed the remaining 23
reviews according to the agreement made.

For each question it was assessed whether this element was
adequately conducted (noted by a plus sign (+)) or inadequately
carried out (noted by a minus sign (-)). Moderately adequate elements
were noted by a slash sign (/) and when it was unclear whether an
element was adequately carried out, this was noted by a question mark
(?). As the CASP checklist was designed for educational purposes, a
scoring system is not suggested. The number of adequately carried
out elements was counted, and it was noted whether each review was
carried out according to a systematic method. Results of the quality
assessments are given in the supplementary material (Table S2.1).

TABLE 2.1: Inclusion and exclusion criteria.

Criteria Inclusion Exclusion

Population (i) Human study (i) Animal study

Instruments (ii) At least one physiological measurement (ii) No physiological
measurement

Outcome (iii) A clinical pain measure physiologically (iii) No clinical pain

obtained measures
(iv) Only a self-report

measure

Report (iv) Review, systematic review, meta-analysis (v) Article, letter to the
editor

(v) Full-text available (vi) Full-text not available
Period (vi) 2007 - 2019 (vii) All other years

Language (vii) Dutch, English, French, German, Spanish (viii) All other languages

“kf:(measure OR measurement OR method OR methodology) AND
kw:(pain OR torment OR affliction) AND
ti:(review OR meta-analysis) AND
kf:(physiological OR physical OR bodily) AND (yr:2007 ..2019).”

kf = keywords and full-text, kw = keywords, ti = title, yr = year

FIGURE 2.1. Search terms used in all database searches.
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2.2.3. Literature Taxonomy.

A taxonomy was developed using the 540 articles described in the 29
reviews. The taxonomy comprised of the physiological method used

to detect pain (modality) for each subject group. The first step in this
taxonomy was to list all modalities used and all subject groups included
in the reviews. The modalities were then scored on invasiveness and
the target group on vulnerability. The first two authors (HK and PS) and
an independent researcher (GK) scored the modalities independently.
Scores on invasiveness could vary between 0 and 6 and scores on
vulnerability between 0 and 5 (Table 2.2) and when needed half points
were given. Subsequently averages were calculated for each modality
and each subject group.

The three researchers (HK, PS & GK) scored the invasiveness
of modalities and the vulnerability of subject groups according to an
agreed-upon scoring model (Table 2.2). Invasiveness was based on
two aspects: ‘How drastic is the method?’ which considered both the
patient’s physical integrity and their privacy on a scale from 0 to 3 and
how long would analysis of results take?’ on a scale from 0 to 3. Half
points were given when a modality’s physical invasiveness was more
than moderate but less than very drastic. A higher score indicates a
more invasive modality. The modalities started at the least invasive
‘respiratory rate’, which is not at all drastic for the patient and fast, to
‘conducting genetic research’, which both uses bodily fluids and takes
generally more than 1 day to analyse.

Vulnerability was based on three aspects: ‘What are the
communicative capabilities of the group?’ on a scale from 0 to 2; ‘How
competent is the group?’ on a scale from 0 to 2; and ‘Does the group
have a (medical) condition (including an intellectual disability)?’ on a
scale from
0 to 1. Higher scores indicate more vulnerability. Non-verbal (comatose)
patients, who have limited non-verbal expressivity, cannot decide
their own fate, and have an illness or injury were considered the most
vulnerable group, closely followed by people with severe ID. Healthy
adults were considered the least vulnerable group. This way an average
score was calculated for 18 physiological modalities for pain and
7 subject groups on which those modalities were used. The average
scores are shown in Table 2.3.

Most assessment methods are used to measure pain at
the moment of measurement. They are monitored during surgical
procedures, during vaccinations, or during experimentally induced pain.
During these procedures heart rate, pupillometry, and needle-based EMG
can give information about the existence of pain. Other methods, such
as (f) MRI, PET and genetics, are most often used to assess changes
in the brain or the genes as a result of long-term chronic pain. An MRI
can show the density of different brain regions and is used to search for
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differences between chronic pain patients and healthy controls. Genetic
research can look for inherent changes in genes in chronic pain patients,
or for damage in DNA.

A random subset of 6 reviews (20,7%) was made and HK and
another independent researcher (SC) independently assessed the used
modality for pain and the subject group on which this modality was
used. This assessment was done as follows: if a study assessed pain
with both heart rate variability and skin conductance on both healthy
adults and verbal patients (e.g., four unique combinations: heart rate
variability and healthy adults, heart rate variability and verbal patients,
skin conductance and healthy adults, and skin conductance and verbal
patients), this led to four unique codes in the taxonomy. If a study
utilized three modalities on three subject groups, this was coded as 9
combinations and so on. After both researchers coded the 6 reviews,
they held a meeting to discuss terminology. Agreement before the
meeting was high (Cohen’s Kappa = 0.88), and in the meeting, the
researchers reached consensus on aspects that were still unclear, such
as when an infant is a neonate, and when a patient is comatose. HK
assessed the remaining 23 reviews and removed duplicate articles. The
assessment resulted in 1.054 unique combinations of article, modality
and target group.

The coded combinations of modality and target group were
then visualized in a scatter plot with target group on the y-axis and
modality on the x-axis. The modalities and subject groups were ordered
according to their averages on invasiveness or vulnerability, according
to the model previously described (see also Table 2). The point where
the two axes come together is the place of least invasive modality
and most vulnerable group, point 0, 0. On this point on the scatter
plot the measurement of pain via respiratory rate connects with (non-
communicative) comatose patients. The point where least vulnerable
group (healthy adults) meets the most invasive pain assessment method
(genetics) is point 6, 5.

2.2.4. Pain Assessment per Method.

For each review, the evidence of pain measurement methods was
assessed, and results were gathered. The results will be displayed per
review further on in this article. Where this is specified in the review, the
used instruments to measure pain and the subjects the instrument was
used on will also be mentioned.
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TABLE 2.2. Scoring for invasiveness of modalities and vulnerability of

patient groups.

Invasiveness physiological

Vulnerability subject group

modality
Drastic
0 - .
invading
1 Mildly drastic
2 Moderately drastic
Very drastic or
privacy invading
Duration 0 Upto 1 hour
1 From 1 up to several
hours
5 From several hours
up to 1 day
3 More than 1 day

Not drastic or privacy Communica-

tive capability

Both verbal and
non verbal

Limited verbal

Limited non-
verbal and not
verbal

Competence 0

Normative
competence
Limited compe-
tence
No or very little
competence

Iliness 0

No illness injury
or disability
Iliness injury or
disability

TABLE 2.3. Average scores for invasiveness of modalities (left side of the
table) and vulnerability of subject groups (right side of the table).

Method

Average score Subject Group

Average score

Respiratory rate
Respiratory analysis
Heart rate

Muscle tension
Body temperature
Skin conductance
Heart rate variability
Blood pressure
Pupillometry
Cerebral BFV

Facial recognition
ECG

EEG

(f)MRI

PET/SPECT

0.00
0.33
0.67
0.83
1.00
1.17
1.33
1.50
1.67
1.83
2.00
2.67
3.00
3.83
4.00

Comatose patients
People with severe ID
Neonates

Children patients

People with moderate ID

Verbal patients
Healthy adults

0.17
0.33
1.83
3.00
3.50
3.83
5.00
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FIGURE 2.2. Technology readiness level descriptions used by the United
States Department of Defense (US DoD, 2020). The figure is adapted
from a figure used by the European Association for Research and
Technology Organizations (EARTO, 2014) to improve legibility.

2.2.5. Technology Readiness Level.

All methods to measure pain with physiological signals were then
ordered according to their technology readiness level (TRL). The United
States Department of Defense has published their version in 2010,
which was adapted for this assessment (Figure 2.2). The translation
from each level was done in accordance with the evaluation of
technological instruments to physiologically measure pain in a clinical
setting and is included in the supplemental material (Figure S2.2).

For each method of measuring pain physiologically, one technical
instrument was chosen to assess its TRL. This instrument represents
the most used technical method to measure that particular physiological
signal; for example, skin conductance is more often measured with
stick-on electrodes, and less often with wearable electrodes. When more
than one method is used frequently or the most used method could not
be determined, a choice was made. With two or more equal methods,
based on TRL, a random choice was made between the methods. When
the methods differed much on TRL, the most mentioned method in the
articles reviewed was chosen.
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2.3. Results and Discussion
2.3.1. Quality Assessment.

The quality of each of the 29 reviews was assessed with the checklist of
the Critical Appraisal Skills Programme (2018). The quality score of the
reviews was generally high (median = 7/10). The reviews scored mostly
well on their validity and their usefulness but lacked precision in their
results. It was not always clear whether the authors took enough steps
to ensure that all relevant studies were included in the reviews. Also, the
generalizability of the articles was sometimes limited, which also limited
the generalizability of the reviews. Out of the 29 reviews, only ten
(34.5%) mentioned making use of a systematic method for conducting
the review and fifteen of the reviews (51,7%) assessed the quality and
risk of bias of the articles included.

2.3.2. Literature Taxonomy.

There were 1,054 combinations of modality and subject group, from
540 articles (published between 1972 and 2017) reported in 29 reviews
(published between 2007 and 2019). Each review described more than
one article on physiological measures for pain. Only articles where the
physiological modality and the subject group were clearly described were
used to create the taxonomy. The modalities are ordered on the x-axis
according to invasiveness (with the more invasive measures further to
the right) and the subject groups on the y-axis according to vulnerability
(with the least vulnerable groups further to the top). The taxonomy
shows that the more invasive modalities are more often used on the
least vulnerable subjects, while less invasive measures are used on
subject groups of all vulnerability levels (Figure 2.3). The lack of studies
that looked at physiological measures for pain in subject groups with
mild or severe intellectual disability can also be seen in the taxonomy.
This is not an effect of studies on pain. There is very little research done
on subjects with intellectual disabilities in general (De Knegt, et al.,
2013). The search for this review only uncovered one review discussing
studies on subjects with moderate or severe intellectual disability.
Verbal patients were most often studied with physiological
measures for pain (375 combinations), followed by healthy adults and
neonates (262 and 205, respectively). The physiological method most
used to measure pain is the (f) MRI (193 combinations), followed by
heart rate variability (184) and heart rate (169). Both (f) MRI and heart
rate variability were most often measured for pain in verbal patients (in
193 studies) and healthy adults (in 141 studies), while heart rate was
most often measured for pain detection in neonates (in 80 studies).
Heart rate was also the most found method for measuring pain in
children (in 32 studies) and non-verbal patients (in nineteen studies).
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With people with moderate or severe intellectual disability as subject
group, respiratory rate was measured for pain in four studies, while only
one study with healthy adults as a subject group used respiratory rate
to measure pain. The relatively new way to detect pain with automated
facial recognition was used in four studies and only with verbal patients.

2.3.3. Pain Assessment per Method.

Among the 540 studies discussed, different subject groups participated,
and the focus of studies also varied greatly. Care was made to look

for similarities and material to compare among studies. Results per
measurement method are displayed in Table 2.4. Table 2.4 shows

that pupillometry, cerebral blood flow velocity (CBFV), respiratory and
muscular measures were among the low invasive measures that showed
both the ability to measure pain and consistency in results among pain
studies. Both pupillometry and CBFV have not yet been researched as a
pain assessment method often but show promise in this category. The
two respiratory measures and muscle tension all showed inconsistent or
no results among one certain subject group, but it is unclear whether
this is due to the measurement method or the study design.

Among the promising, yet more invasive pain assessment
methods are magnetic resonance imaging (MRI), hormonal analyses,
electromyogram, and genetic research. MRI and hormones can measure
both acute and chronic pain responses, while genetics can only measure
changes as a result of chronic pain and the electromyogram is only used
for acute pain measurement. Few studies were found that used either
hormonal analyses, electromyogram, or genetics as pain measurement
method, so this may limit the scope of these results. Electromyogram,
MRI, and genetics were most often used to compare chronic pain
patients to healthy adults, so results among other subject groups are
based on few studies.

The remaining methods show inconsistent results among at least
one subject group, which makes the results difficult to generalize, or
show doubtful results as a pain measurement method. Skin conductance
responses to pain were only consistently found in healthy adults, and
the promising new technique of automatic facial recognition is still
influenced by too many personal and environmental factors.
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FIGURE 2.3. Taxonomy with measurement methods on the x-axis,
ordered from least to most invasive, and subject groups on the y-axis,
ordered from most to least vulnerable.

2.3.4. Technology Readiness Levels.

Technology readiness levels indicate the technological maturity of an
instrument. This can range from (1) only theoretical knowledge to (9)
certified and used daily. Per modality shown in the taxonomy above
one technological instrument was chosen, based on most use or most
described in the articles in the taxonomy. Of course, the instrument
had to be technical in order to determine a TRL. Heart and respiratory
rate are often observed and computed manually by a nurse, but the
determination of a TRL was based on a technical instrument that
computes this automatically. Technology readiness levels per modality
are reported in Table 2.5.

The average TRL of all (most used or most described)
instruments together was eight, which is not surprising, considering that
the instruments used in hospitals (such as an MRI-scanner or a fingertip
pulse oximeter) are certified and used daily. The newest method,
automated facial recognition, has the lowest TRL (four). The software
has been validated in a lab, but not yet in a relevant environment with a
patient group. The skin conductance measurement also has a moderate
TRL (six). This is based on the fact that there has been a validation
of a prototype in a hospital or clinic, but the demonstration of a GSR-
measurement for pain in an operational way has not yet been done.
There are certified instruments and software to use with GSR-electrodes,
but these need to be adjusted to measure pain.
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2.4. Summary of Evidence

In this systematic review, the physiological methods to assess pain in
humans were made. From 29 reviews found, 540 articles described 1054
unique combinations of physiological assessment method and subject
group. When these combinations were presented in a graph it showed
a clear trend that the more invasive methods are most commonly used
to assess pain in the least vulnerable groups. Moreover, in some of

the vulnerable subject groups (those with mild or severe intellectual
disability), there is hardly any research done on a physiological
assessment method for pain. Since the review by De Knegt, et al

in 2013, only two studies were conducted concerning physiological
measurements of pain in persons with ID (Symons, et al., 2015; De
Knegt, et al., 2016). Since people with severe intellectual disability

are mostly unable to express their pain and show different non-verbal
signs of pain than expected (e.g., freezing of face and/or body), a
consequence is that their caregivers do not easily recognize their pain.
Therefore, there is a great need for research examining the precision
and reliability of physiological assess—ment of pain in persons with
severe intellectual disability.

This study shows that half of the most often used instruments
reached the maximum level of technological maturity and another
quarter of the instruments reached the penultimate level. Technology
readiness of instruments used to measure physiological indications of
pain is generally high. The only exception is the relatively new method
of automated facial recognition software. Although facial recognition in
general is making real strides, the automated recognition of emotions
and facial expressions still needs to be developed further in order for
it to be able to be used in the assessment of pain. Although when
this technology reaches the point when it can be used accurately and
reliably, there is still the question of whether it can be used on all
subject groups, seeing as expressions of pain differ in persons with ID.
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TABLE 2.4. Pain assessment results per measurement method.

Able Con-
Method Subjects pain sistent Limitations
meas- across
ure studies
Electro- Neonates, Influenced by
encephalogram infants, CPPs, Yes Moderate opioids, not consistently

(EEG)

ICU patients

found in neonates

Cardiovascular measures

Heart Rate

Heart Rate
Variability

Body
Temperature

Blood Pressure

Neonates,
infants, TBI
patients, ICU/
OR patients,
CPPs, people
with SID,
healthy adults

Doubtful No

Neonates,
infants, ICU/
OR patients,
healthy adults

Yes Moderate

Neonates,
infants, healthy Yes
adults

Moderate

Neonates,
infants, TBI
patients, OR
patients,
healthy adults

Doubtful No

Variable results
among brain injured
patients, reduced
reaction in CPPs, no
reaction in SID

Inconsistent among infants
in the first year of life

Inconsistent among healthy
adults

Blood pressure responded
inconsistently to pain

Respiratory measures

Respiratory rate

Respiratory
analysis
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Neonates,
infants, TBI
patients,
people with
SID, healthy
adults

Yes Yes

Neonates,
infants, TBI Yes Yes
patients

Respiratory ‘irregularities’
were not related to acute
pain in persons with SID

Oxygen saturation was not
favored for pain in neonates



Muscular measures

Muscle tension

Electromyogram

Infants, ICU/
OR patients, Yes Yes
healthy adults

CPPs, healthy

Yes Yes
adults

In healthy adults muscle
tension response was only
found with intense and
prolonged pain

Few studies

Electrodermal activity

TBI patients,
OR patients,
healthy adults

Doubtful No

Only consistently found in
healthy adults

Pupillometry

Infants, OR
patients, CPPs, Yes Yes Few studies
healthy adults
Brainscan
MRI CPPs, healthy Yes Yes D_ifferent studies focused on
adults different areas
Neonates, Presence of pain on a
NIRS ) No Yes )
infants cortical level was not found
Infants, CPPs,
CBFV OR patients, Yes Yes Few studies
people with SID
(S)PE(C)T Infants, CPPs Yes No  Activity varied greatly

across studies

Hormonal analysis

Neonates, CPPs Yes Yes
Genetics
CPPs, healthy

Few studies

Not yet validated in large

adults ves ves human cohorts
Automatic facial recognition
Influenced by gender, age,
CPPs Doubtful Yes ethnicity, movement, &

lighting

Note. CPPs = Chronic Pain Patients, ICU = Intensive Care Unit, OR = Operating Room,
TBI = Traumatic Brain Injury, (S)ID = (Severe) Intellectual Disability, MRI = Magnetic
Resonance Imaging, NIRS = Near-infrared Spectroscopy, CBFL = Cerebral Blood Flow
Velocity, PET = Positron Emission Tomography, SPECT = Single-photon Emission Computer

Tomography.
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2.4.1. Limitations.

For this study a thorough and systematic search was made for
published reviews between 2007 and 2019. Reviews that were primarily
unavailable to the researchers, were searched for by addressing the
authors and for hand selection reference lists of the included reviews
were examined. However, there may have been eligible reviews that
were not added such as unpublished reviews or those published before
2007. On the other hand, great efforts were made to include as many
reviewed articles as possible by adding English, Spanish, Dutch, German
and French reviews. Therefore, the vast majority of review articles was
examined.

The searches for articles included in the reviews could also
result in articles missed, due to unavailability or language barriers.
Even so, the amount of articles assessed (540) is deemed sufficient to
give an overview of the trend in research and the results shown in the
taxonomy. Therefore, this study gives an overview of research trends
that should be quite similar to all research conducted.

Of the 29 reviews discussed in this review, only a third used
a systematic method and half assessed the quality and risk of bias
in the included articles. When the risk of bias was assessed, it was
generally scored as moderate or high by the authors of the reviews and
the quality of evidence was usually moderate or low. Therefore, when
studies selectively report their findings, this is copied by the reviews
describing those studies and ultimately also in this review.

The taxonomy that shows the trend in physiological pain
assessment methods and subject groups is based on the humber
of combinations of method and group discussed per article. The
taxonomy is not ordered according to the sizes of participant groups the
methods are used on, but on the number of articles where that certain
combination was discussed. The trend, therefore, might be different if
the combinations were ordered on participant group sizes. Nonetheless,
the way the taxonomy was ordered gives a clear overview of research
trends in pain assessment. Otherwise, the trend would mostly show
which participants are more easily reached by researchers, rather than
which combinations of method and subject group are more worthwhile
for being studied.
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TABLE 2.5. Technology Readiness Levels (TRL) determined for one

technological instrument (most used or most described) per detection
method, ordered according to invasiveness.

Method Instrument TRL
Respiratory rate Respiratory measure instrument 8
Respiratory analysis Fingertip pulse oximeter 9
Heart rate Visual stethoscope with oximeter probe 9
Muscle tension Skin electrodes and EMG-monitor 8
Body temperature Tympanic (ear) thermometer 9
Skin conductance Skin electrodes, transmitter and display-software 6
Heart rate variability Photo plethysmograph 7
Blood pressure Digital sphygmo-manometer 9
Pupillometry Pupilometer 8
Cerebral BFV Transcranial Doppler 9
Facial recognition Facial recognition software 4
ECG Skin electrodes and ECG-monitor 8
EEG EEG cap and monitor 8
f (MRI) MRI-scanner 9
PET/SPECT PET-scanner 9
Hormonal analysis Clinical centrifuge 9
Needle-based EMG Needle electrode and monitor 7
Genetics Genetic analysis instrument 9

2.5. Conclusions

Technology readiness of instruments used to assess pain is generally
high. Some new and less used technologies, such as facial recognition
and skin conductance, still need to be developed further. In general, it
can be said that instruments used in hospitals and clinics to assess pain
in patients physiologically are technologically mature.
Whether all proposed methods of pain assessment can be used
specifically to measure the existence of pain is another matter. In
general, the examined studies show evidence that respiratory measures,
muscle tension, MRI, CBFV, hormonal analysis, and pupillometry can

reliably indicate acute pain, although not all of these methods were

often studied, and if they were, often on the same two subject groups
(chronic pain patients and healthy adults). Cardiovascular methods were
studied among many different subject groups, but do not seem to give
a clear indication that they respond to pain or nociception. There is little
evidence also for electrodermal activity and near-infrared spectrometry
as pain assessment methods. Brain scan techniques and genetics on

the other hand seem to be useful in finding anomalies in chronic pain
patients compared to healthy controls. The use of computer-based facial
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recognition software to detect pain needs to be further developed to be
viable. In general, there is a need to find further evidence on the ways
to measure pain physiologically, especially for those that are unable to
communicate or express their pain. And specifically, there may be a task
for (medical) engineers to be involved in instrument development and
improvement.

The taxonomy shows a trend that the more invasive pain
assessment methods are often only used on the less vulnerable
subjects, while on the more vulnerable patients, less invasive pain
assessment methods are used. As a result, this could suggest that
researchers are hesitant to use more invasive pain assessment methods
with subjects where informed consent is difficult to obtain. Very little
research on physiological pain assessment is done with persons with
intellectual disabilities. Participants with intellectual disability should
generally be included more in scientific research, especially on subjects
as pain, for pain relief will have a positive impact on their general
wellbeing.
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2.7. Supplementary Materials

Figure S2.1. Flowchart for inclusion into the review. Table S2.1.
Results of quality and transparency assessment for the 29 reviews
(alphabetically). Figure S2.2. Technology readiness levels as described
by the United States Department of Defense in accordance with
instruments for physiological measurements for pain. (Supplementary
Materials).
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FIGURE S2.1. Flow chart for inclusion into the review.
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TABLE S2.1. Results of quality and transparency assessment for the 29
reviews (alphabetically).

Review A)Validity B)Precision C)Usefulness Adequate Systematic
answers guidelines
(first) Author and year 12345 6 7 8 9 10
Arbour, & Gélinas, 2014 +++++ + / + ? + 8/10 no
Benoit, et al., 2017 +++?2+ + - ? 4+ + 7/10 yes
Bentley, et al., 2016 ++ + - + / - - + + 6/10 no
Bonan, et al., 2014 ++ 2?2 -7 + - ? + + 5/10 no
Cagnie, et al., 2014 +++++ + - - + + 8/10 no
Choon Wyn Lim, et al., 2011 +++++ + + ?2 + + 9/10 no
Coleman, et al., 2015 +++-+ + / - ? 4+ 6/10 no
Coppetiers, et al., 2016 +++++ + / - 2?2 + 7/10 yes
De Jonckheere, et al., 2015 ++?2-+ + / + + + 7/10 no
De Knegt, et al., 2013 +++++ / / + + 4+ 8/10 yes
Dorfman, et al., 2014 +++++ + / + + + 9/10 no
Hatfield, & Ely, 2015 +++++ + + 7?2 + + 9/10 no
Heales, et al., 2016 +++++ / + ?2 4+ + 8/10 no
Hecke, van, et al., 2015 ++ ++ + / / - + + 7/10 no
Henry, et al., 2011 +4+ ? - + / - ? 4+ + 5/10 no
Koenig, et al., 2014 +++-+ + - + + + 8/10 yes
Koenig, et al., 2016 +++-+ + + + + + 9/10 yes
Kyle & McNeil, 2014 +?2 ++ + / - - + + 6/10 no
Manocha, & Taneja, 2016 +-4+-+ / - - 4+ + 5/10 no
Meeus, et al., 2013 + 4+ ++ - + / ? + + 7/10 yes
Parker, et al., 2016 +++++ + + ? 4+ + 9/10 no
Pudas-Takha, et al., 2008 ++?2++ + / - + 4+ 7/10 yes
Raeside, 2011 +++++ + - - + + 8/10 no
Relland, et al., 2019 ++ ++ + + + + + 9/10 yes
Roulin, & Ramelet, 2012 +++?2+ / / + + 6/10 yes
Schmidt, & Martin, 2017 ++ + - - / - - + + 5/10 no
Subramaniam, et al., 2018 ++?2?2 + + - 2?2 - ? 4/10 no
Waxman, et al., 2015 +++++ + /2?2 4+ 4+ 8/10 yes
Zamzmi, et al., 2018 +4+ 7?2 -+ 4+ -+ + 7/10 no
NB. + = adequate, - = inadequate, / = moderately adequate, ? = unclear

1) Did the review address a clearly focused question?

2) Did the authors look for the right type of papers?

3) Do you think all the important, relevant studies were included?

4) Did the review’s authors do enough to assess quality of the included studies?
5) If the results of the review have been combined, was it reasonable to do so?
6) What are the overall results of the review?

7) How precise are the results?
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8) Can the results be applied to the local population?
9) Were all important outcomes considered?
10) Are the benefits worth the harms and costs?

1 Basic principles observed and reported: Theoretical knowledge on the physiological
method and how it relates to other measurements. There are ideas on how this
could be measured in humans, but no instrument or design schematics.

2 Technology concept andfor application formulated: Ideas about the application of the
physiological method, for example about the best place on the human body to assess this
measurement, the best time of day, or the best posture for the patient assessed.

3 Analytical and experimental critical function and/or characteristic proof of concept:
A raw prototype of the physiological measurement instrument, for example a big and
unfinished way to measure (breadboard) is present. The parts of the instrument are there,
but they have not yet been satisfactorily integrated.

4 Component and/or breadboard validation in laboratory environment: A validation of the
measurement in a controlled environment with healthy subjects (in a lab). Proof that the
physiclogical measurement can be independently measured and is not influenced by other
physical processes.

5 Component and/or breadboard validation in relevant environment: A validation of the
measurement in the patient group. Proof that the measurement in non-healthy subjects also
gives reliable results and is not influenced by physical processes pertaining to the
disease/affliction.

6 System/subsystem model or prototype demonstration in relevant environment: A
demonstration of an alpha prototype in the environment for which it is developed (a hospital
or clinic). For an alpha test a small group of experts checks the instrument for common errors
and overload. An integrated circuit and a compact/least invasive way to measure.

7 System prototype demonstration in operational environment. Beta-test. This test is done on
a large group of users. Final quirks will be removed from the system. A comparison
with what is currently used and discussion on how this instrument is better/an addition.

8 Actual system completed and qualified through test and demonstration: An adjustment of
the system to the patient group and their wishes and necessities. Validated for patient group.
A working system in a vanation of circumstances.

9 Actual system proven through successful mission operations: System is certified and used
in daily practice.

FIGURE S2.2. Technology Readiness Levels as described by the United
States Department of Defense in accordance with instruments for
physiological measurements of pain.
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Pain signalling with physiological data for
persons with communication difficulties:
A pilot study of the Pain App!

! Published as: Korving, H., Peters, P., Barakova, E., Feijs, L., & Sterkenburg, P. (2020).
Pain signalling with physiological data for persons with communication difficulties: A pilot
study of the pain app, 11 IEEE International Conference for Cognitive Infocommunications
(CogInfoCom), Mariehamn, Finland, 23-25 September 2020.
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Abstract

Pain is a common occurrence in life. For some groups of people
expressing, communicating, and seeking pain relief is not possible, due
to age, illness, disability, or unconsciousness. To support caregivers,
pain detection through physiological measures can be a solution.
Currently, an algorithm for an application indicating arousal according
to electrodermal changes has been developed and tested. Pain is
unique to every person, so new research and algorithm development
are necessary to assess which measurable signals coincide with pain.

A mobile application utilising such algorithms would allow caregivers

to better attend to the patients’ needs in daily practice. This study
aims to develop an application that can signal pain for caregivers of
persons with communication difficulties and examine whether utilizing
this software solution, pain can be reliably detected in an experimental
setting. Visual analysis of plotted results from a pilot study indicates that
within the same person pain shows significant deviation from relaxation
and neutral experiences. Further research is needed to examine the
reliability of pain detection.

3.1. Introduction and related work

For caregivers (e.g., parents, professional caregivers, nurses) it is
challenging to understand the needs of people with communication
difficulties. These people may display subtle, idiosyncratic behaviours

to express their state of wellbeing (Defrin, Lotan & Pick, 2006).
Consequently, caregivers may be uncertain about what their client is
feeling, or whether they experience pain, the absence of which is one of
the most important aspects of being well (De Knegt et al., 2013). The
experience of pain can be common in certain groups of people, such as
patients in intensive care, individuals with severe or profound intellectual
disability, and premature neonates (Doody & Bailey, 2006; Walsh,
Morisson & Mc Guire, 2011). Both acute and chronic pain are frequently
experienced by several groups of people with difficulty to communicate
(Breau, McGrath & Zabalia, 2006; Van der Putten & Vlaskamp, 2011).
When we cannot rely on self-report, we need to look for other ways to
help these individuals communicate about their pain, so that caregivers
can support them adequately and contribute to their wellbeing.

When a self-report of pain is not feasible, systematic observation
is often used. This is a good alternative for some, but when someone
displays idiosyncratic behaviours, observation lists are not sensitive
enough to capture pain (Defrin, Lotan & Pick, 2006; Lotan et al,,

2010). In that case, the measurement of physiological signals is a good
alternative. Physiological signals, such as heart rate, blood pressure, or
brain signals have previously been used to assess attention, stress or

mental effort (Gazdi et al., 2016; Katona & Kovari, 2018; Taelman et al.,,
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2009). When used to assess pain, it can measure a reaction to acute
pain but not always long-term pain, because habituation causes the
body’s responses to diminish and disappear over time. A physiological
method is therefore unable to assess chronic pain via most methods
unless the body responds to a sudden aggravation of the pain (Korving
et al, 2020b).

A systematic review of physiological pain assessment methods
and subject group combinations showed that more invasive techniques
were mostly used with less vulnerable subjects (Korving et al., 2020b).
The review rated 18 different physiological assessment methods on
invasiveness, from breath analysis to magnetic resonance imaging.
Invasive assessment methods were those that are uncomfortable (blood
pressure cuff, breast band) or physically demanding (pupillometer),
pierce the skin (needle-based muscle tension), and enter the body
(rectal thermometer). Like most other methods, skin conductance can
be measured outside the body. It does not need a separate machine,
such as for brain imaging measures, or a separate analysis, such as
that for hormones and genetics. It can be measured on different places
on the body, unlike respiratory measures, and is unrelated to blood
flow, unlike body temperature and cerebral blood flow velocity. This
makes skin conductance a good pain assessment method for the more
vulnerable subject group with communication difficulties, who may
suffer from a variety of medical conditions (Breau, McGrath & Zabalia,
2006; Van der Putten & Vlaskamp, 2011).

To get more insight in the stress experienced by people with
communication difficulties, a system was developed consisting of a
smart sock with sensors that measure skin conductance and a small
transmitter that sends the physiological data via Bluetooth® to an
application (hereafter app) on a mobile device (Frederiks, et al., 2015).
This system makes use of sensor-bridging communication via inter-
cognitive communication (Baranyi & Csapo, 2012). To visualize arousal
in people with severe intellectual disability, Frederiks et al. developed
the Flower App (Frederiks et al., 2019; Sterkenburg et al., 2017). The
goal of this system was to trigger responses from parents to signals
from their child and to aid in parent-child interaction. Positive results
were found for the use of a skin conductance sensor and the evaluation
of the measurement system on children with Prader-Willi syndrome. The
arousal level in the child and its reaction to a parent was measurable
with physiological signals.

When using skin conductance to measure pain, care should be
made to distinguish the pain response from a stress response. Research
on healthy adults in a laboratory setting (Glnther, 2016) showed
the possibility to display skin conductance variability (a component
of skin conductance) to assess pain without the influence of stress
and emotions related to pain. Examples of research on the use of
skin conductance variability measurements for pain on people with
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communication difficulties is limited (O’Leary et al., 2015). So, new
software is needed to visualize pain and not arousal.

The current study aims to test whether a system that measures
skin conductance, in combination with an app in which the physiological
data is processed, can be used as an assistive caregiving tool to
assess possible acute pain in persons with communicative difficulties
(Iszd, 2015). The system and the outcomes of tests on four healthy
participants who receive a painful stimulus are presented. The scope of
this article is a description of the system, the design of the pilot study,
and observational analysis of the test results in a laboratory setting.

3.2. Methods

In this study, a system for measuring skin conductance is used. This
section describes the components of this system and the design of the
pilot study in which the assessment of acute pain with skin conductance
is tested on healthy volunteers.

3.2.1. The Pain App System

To gather the skin conductance data, a system called the Pain App
System is developed. This system’s components measure, transmit,
and translate physiological data to a visual of pain for caregivers. The
components are the smart sock, the Shimmer™ transmitter, and a
mobile application (Pain App).

The smart sock (Korving et al., 2020a) is a sock, made from
a cotton and elastane blend, enhanced with fabric sensors on the
inside soles. One sensor touches the ball of the foot and the other the
heel. The fabric sensors contain silver fabric, which makes them both
conductive and anti-bacterial. The smart sock also contains a thread of
silver-coated conductive yarn, which connects each of the sensors to
one metal push button on the ankle of the sock. The yarn is threaded
through the fabric of the sensors but goes only around the outside of the
sock to the metal pushbutton.

The Shimmer™ transmitter is the Shimmer3 GSR+ model; GSR
stands for galvanic skin response or skin conductance. The Shimmer
transmitter has two connecting wires. The transmitter sends a current
of max 5 pA from one sensor to the other via the snap fasteners on
the smart sock. The transmitter then sends the collected data on the
magnitude of the return current via a Bluetooth® connection to an app
on a mobile device.

The Pain app is developed by researchers from the Eindhoven
University of Technology. It is an adaptation of the Shimmer Capture app
provided by Shimmer Sensing. The general workings of the app will be
explained in the next section.
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3.2.2. Data Analysis in Mobile Application

The mobile application used to receive, store, and analyse the skin
conductance data was adapted from an earlier developed application
(Frederiks et al., 2019; Sterkenburg et al., 2017). In this previous
application, the Shimmer Capture app collected data, visualized it in a
graph and created a data file with timepoints, skin resistance, and skin
conductance. A typical file contains 51 data points per second. The Pain
app used in the pilot study is based on the workings of the Shimmer
Capture app. Additionally, it establishes skin conductance variability
based on a baseline measure during a relaxing experience. The app then
analyses new data points to see how these deviate from baseline. A
signal is given when the deviation is large enough to indicate pain.

Furthermore, the pain app shows a visualization of the expected
experience of the person wearing the smart sock. This visualization
indicates whether the experience is painful or not. This visualization is
designed with caregivers for caregivers to provide simple, unambiguous,
and intuitive information about the experiences of patients and clients
(Korving et al., 2020a).

3.2.3. Pilot Study

To test whether an app with skin conductance measures is applicable to
measure pain, four healthy volunteers (all female, age range 29 - 52)
without disabilities participated. The inclusion criteria were: healthy
adults, 18 to 55 years of age, without cardio-vascular or anxiety
disorders, no disorder to the nervous system, and not pregnant. The
procedure follows a very strict protocol approved by the medical ethical
committee of the Vrije Universiteit Amsterdam Medical Centre (NL
69815.029.19). Because volunteers endure painful moments during the
procedure, the sample size (n=4) is limited.

The study starts with a relaxing experience to establish a
baseline (watching a relaxing video of £5 minutes). After the baseline
measurement, the participant experiences a painful stimulus (<4
minutes), created by submerging the non-dominant hand in a tub of ice-
cold water of £6° Celsius and a neutral experience (£2 minutes). If the
participant decides to repeat the process a total of two painful and two
neutral moments are alternated. The study process takes £20 minutes.

Ice-cold water has been used multiple times in previous pain
research and was chosen in this pilot due to its ease and the possibility
to precisely regulate water temperature, so the pain condition is
equal among different participants (von Baeyer et al., 2005; Mitchell,
MacDonald & Brodie, 2004). The temperatures used in this cold-pressor
test usually lie between 0 and 10° Celsius, and water is kept moving to
minimize hot pockets in the water, caused by the submersed hand.
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FIGURE 3.1. Map of the space where the experiment was conducted.

The experiment is conducted in a laboratory space with noise
and temperature insulation, graphically displayed in Figure 3.1. It is
set up to minimize participant movement. A screen is placed partly
between participant and researcher, to give privacy during the relaxing
experience, but the researcher can supervise during the painful
stimulus. Another screen holds a 7-point pictographic Self-Assessment
Manikin of arousal (Bradley & Lang, 1994), to self-report pain levels
during the submersion of their hand in ice-cold water. During the
experiment, the room temperature and the water temperature are
regulated, and participant health is checked regularly.

3.2.4. Visual inspection of data

The collected data points are divided into separate parts for relaxation,
pain, and no pain. The first 100 seconds of the experiments are to
be considered a period of settling in, so these data points are not
considered in the analysis. The plotted data are visually inspected to
look for similarities within participants among the painful moments and
the moments without pain (in oscillations and deviations). Between
participants, the data plots are inspected to see whether moments
of pain elicit similar skin conductance deviations from the baseline
measurements.

For each of the four participants, a graph is made for the duration
of skin conductance measurements (approximately 900 seconds =
15 minutes). Vertical lines are added to the graph to distinguish the
different moments in the study (baseline, pain, and no pain). The scale
of the x-axis (time in seconds) is similar in all graphs, while the y-axis,
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displaying skin conductance in uS, is normalized to reflect the range of
dynamics in the data.

3.3. Results

The current study was conducted to test whether a system for skin
conductance measurements can be used to measure pain in a laboratory
setting with healthy participants. Four volunteers received a painful
stimulus (a hand in ice-cold water) while the pain app system was
monitoring skin conductance response. The skin conductance changes
during different experiences (relaxation, acute pain, and no pain) were
visually analysed.

With all volunteers, the entire study process was followed and
three out of four repeated the painful stimulus once. The resulting four
graphical displays of skin conductance during relaxation, pain, and no
pain are displayed in Figure 3.2.

Results show that variation in skin conductance levels between
participants is high, with a participant varying between 0 and 9 uS,
another between 1 and 5 yS, a third between 1 and 2.5 uS, and one
between 0 and 0.7 uS. Results also indicate that all participants show a
pain stimulus response, between 400 and 550 seconds, and that these
differ between participants.

When looking at the responses to painful stimuli within
participants, the results show that the reaction to a pain stimulus
was indicated with a rise and abrupt changes in skin conductance for
participants A, C and D. The result from participant B shows abrupt
changes to the painful stimulus, but no overall rise in skin conductance.
The reaction to the first pain stimulus is stronger than the second.

Two consecutive pain experiences could either elicit relatively similar
responses (participants A and C) or dissimilar responses (participant D).
And although we do see a reaction in skin conductance during the
second painful stimulus in participant D, there is little difference in
oscillations between the ‘no pain” moments and the second painful
moment (see a summary in Table 3.1).
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FIGURE 3.2. Results of skin conductance measurements during a
meditation exercise (relax), a painful stimulus (pain), and a neutral
stimulus (no pain) for participants A, B, C, and D.

TABLE 3.1. Summary of study results per participant.

Participants

Skin conductance response to pain

Range in

Deviation from

uS baseline Similarity in response
Participant A 0-9.0 Yes Yes
Participant B 1-2.5 Yes -
Participant C 0-0.7 Yes Yes
Participant D 1-5.0 Yes No
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3.4. Discussion

This pilot study was conducted to examine whether the Pain app system,
containing a smart sock with skin conductance sensors and mobile app,
can be used to measure acute pain in healthy participants. The mobile
application of the Pain app system analyses the skin conductance data.
The system was developed to help caregivers recognize pain in persons
with communication difficulties, who are unable to self-report their pain
and seek pain relief themselves.

The study shows promising results on the use of skin
conductance to measure acute pain in healthy volunteers. Skin
conductance responses of participant A were similar during consecutive
pain experience, and the skin conductance range for this participant was
the largest of all four. Participant C also shows similarities between the
first and second pain moments, and the skin conductance range is the
smallest of all four. This indicates that the range of skin conductance
does not necessarily represent the magnitude of the reaction. Participant
D shows little relation between the reaction to the first painful stimulus
and the second, which could be due to habituation to the painful
stimulus. Overall, skin conductance could be reliably used to measure
the physiological responses to acute pain, as long as no habituation has
developed.

Furthermore, visual inspection of the skin conductance data
shows that pain responses deviate from baseline but are unique for
each person. Baseline measurements vary in magnitude and amount of
oscillation, but in each participant, the baseline measure shows less skin
conductance oscillation than during pain. This indicates that a deviation
from baseline in whatever magnitude could indicate pain. And while we
expected skin conductance to go up during pain, this was not the case
in all participants (see participant B). Alternative explanations for this
effect are the different smart socks that were used for hygienic reasons,
or that physiological responses to external stimuli are unique for each
person.

When we look at moments of ‘no pain’, participants A and C show
more oscillation in pain moments compared to moments of no pain, but
this is not seen in the other two participants. This can be due to general
arousal, although none of the participants reported being stressed
during the experiment. A more likely explanation is movement. Although
the lab was set up to reduce any movement of the participants, while
wearing a sock with GSR-sensors, feet movements can create skin
conductance oscillations unrelated to arousal.

The results of this study indicate that skin conductance as a
physiological measurement method could assess pain-related signals, as
long as a baseline can be established. This result is promising, because
not only can skin conductance be measured in a non-invasive way, the
use of a smart sock allows for the system to be integrated into a general
caregiving routine for people with communication difficulties.
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Compared to other assessment methods, where finger clips,
wristbands, breast bands, or head caps are needed, putting on a
sock will in itself not cause extra stress on the patient. And while a
combination of physiological sensors may give a more reliable indication
of wellbeing, the pain measurement system is not intended to be used
as a diagnostic tool, but as a caregiving aid. Combined with attentive
caregivers the pain app system will help people with communication
difficulties communicate their pain.

3.5. Conclusion

Initial results on skin conductance measurements during pain with a
smart sock on healthy volunteers are mixed but promising. Due to

the prevalence of pain in persons with communication difficulties, the
development of a system to measure physiological signals of pain will

be a welcome aid in caregiving. Further steps will test the Pain app on
another larger group of healthy persons before testing will commence
on a group of persons with severe or profound intellectual disability, who
are in pain due to medical reasons.
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Abstract

Background Where self-report is unfeasible, or observations are difficult,
physiological estimates of pain is needed. Methods Pain-data from thirty
healthy adults was gathered to create a database of physiological pain
responses. A model was then developed, to analyse pain-data and
visualize the Al-estimated level of pain on a mobile app. Results

The initial low precision and fl-score of the pain classification algorithm
was resolved by interpolating a percentage of similar data. Discussion
This system presents a novel approach to assessing pain in non-
communicative people with the use of a sensor sock, Al predictor and
mobile app. Performance analysis and the limitations of the Al algorithm

are discussed.

4.1. Introduction

Many studies have focused on ways to physiologically detect pain,
with methods having varying degrees of reliability and technological
maturity (Korving et al., 2020a; Novak, 2019; Werner et al., 2019).
Some approaches, such as magnetic resonance imaging or heartrate
variability show great promise for physiological pain detection, but
the measurement manner can be deemed invasive and to significantly
curtail a patient’s freedom of movement. Therefore, a system is needed
to detect pain through physiological, non-invasive, and mobile methods
and display results to caregivers.

The mobile app to be developed is part of a system that consists
of a smart sock with fabric sensors for measuring skin conductance,
a Shimmer™ unit that transmits those signals via Bluetooth® to a
smartphone or tablet pc, and an ML module to determine the level
of pain (Figure 4.1; Frederiks et al., 2015; 2019; Sterkenburg et al.,
2017). This system is developed to be non-invasive: The fabric sensors
in the sock do not irritate the skin as stick-on sensors may do and, when
socks are worn daily, no extra material item, such as a wrist or head
band, are introduced. Also, the Shimmer unit can be worn around the
ankle, over or under the pants, but can also be placed around a rung of
a wheelchair or just placed besides the sock for when a client is laying
down. The rest of the system is mobile and wireless, silent and responds
quick to physiological changes.
The application was developed according to recommendations for the
development of e-Health apps which stress the importance of working
in multidisciplinary teams and involving the intended users during the
development process (Demiris, 2006). The visualization of the pain
condition within the app was designed following the Double Diamond
design process model (Kochanowska & Weronika, 2022) with the
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involvement of the target user group, which is described by Korving et
al, 2020.

The use of socks to measure physical signals is becoming more
common. The baby sock by Owlet measures a baby’s heart rate and
pulse oximetry during sleep and alerts caregivers in case of distress
(http://dream.owletcare.com). Socks are also used to detect diabetic
foot ulcers by measuring skin temperature at six key points on the foot
sole (Schneider & Severn, 2018) and to monitor gait (O'Flynn & Tedesco,
2020). The smart sock measuring skin conductance has already been
used for establishing heightened arousal in children and adults with
severe or profound intellectual disability (Frederiks et al., 2015; 2019;
Sterkenburg et al., 2017).

Alternative wearable technology has been used to transmit physiological
data on motor movement (Burns & Adeli, 2017), to diagnose medical
disorders based on physiological data assessed by artificial intelligence
(AI; Raghavendra, Acharya & Adeli, 2020) and increasing the accuracy
of motor imagery signals in electro encephalograms (Hassanpour et

al., 2019). Contrary to movement or skin ulcers that can be objectively
compared, pain is an experience that encompasses many different
emotions and is mostly deemed unique for each person (Racine et al.,
2011). No two persons have a similar pain experience or pain tolerance
threshold, therefore, a system to measure pain in many different people
needs some sort of Al at its core (Martinez Mozos et al., 2016). The
purpose of an Al-enabled algorithm will be to classify a skin conductance
signal from a pre-determined length of time as either pain or no pain.
In that light, the aim of this study is to (1) Gather data on physiological
skin conductance signals that accompany a pain experience, (2)
Ascertain whether the physiological signal during pain can be accurately
distinguished from the signal in moments without pain, (3) Create an
AI-model that determines whether new skin conductance data can be
categorised as pain or not, and (4) Develop a mobile app that uses the
algorithm from step three to categorise skin conductance data from a
smart sock to give a warning signal when pain is experienced.
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FIGURE 4.1. The process of the pain monitoring system from smart
sock, via Shimmer™ unit to the ML module in the mobile app.

4.2. Methods

4.2.1. Experiments with pain moments

In this experiment, healthy participants were exposed to various
controlled levels of pain by inserting their hands in cold water. Their
skin conductance measured with the sensor sock was recorded and
synchronised with the moments when the participants indicated the
feeling of pain to create a data set for subsequent use in the algorithm
development. The experiment was approved by the medical ethics
board of the Vrije Universiteit Medical Centre in 2019 under no.

NL69815.029.19.

4.2.1.1. Participants

Psychologically and medically healthy adults were recruited at

the Eindhoven University of Technology and the Vrije Universiteit
Amsterdam. The exclusion criteria for participation in this study
are presented in Table 4.1. Participants were also asked about any
other neuropathic or neurologic disorders that may influence skin
conductance, as well as the presence of existing pain during the
experiment.

Thirty adults participated, with an age range from 19 to 52 years
old (Mage=32,17, SDaGe=7,30) and self-reported body mass indexes
between 17,6 kg/m2 and 40,6 kg/m2 (M,,,=23,83, SD,,,=4,43). The
body mass index is a rule of thumb to categorise a person’s weight
based on tissue mass and height; a BMI under 20 is categorised as

76



underweight, between 20 and 25 as healthy, between 25 and 30 as
overweight, and over 30 as obese (Pi Sunyer et al., 1998).

Out of thirty participants, only one had previously participated
in an experiment concerning pain. A third of the participants were
experiencing a little pain at the time of the experiments, either an
ache in muscles or the back the others reported no pain. None of the
participants had taken any pain relief medication for at least six hours
before the experiment.

TABLE 4.1. Exclusion criteria for participating in the pain experiments.

Criteria

Minors or those over 55 years old.
Suffering from disorder of the heart or blood vessels.
Under treatment for fear, anxiety, trauma, or other related psychological disorder.
Pregnancy or a chance thereof.
Allergies to materials used in the smart sock (cotton, elastane, silver) or domestic pets.
Infections, sores, or wounds on either the hands or the feet.

Fracture or existing pain to the limb to be submerged.

A history of fainting or seizures.

© 00N O U1l A WN = |H#

A history of frostbite.
10 Suffering from Raynaud’s disease (decreased blood flow to the fingers).
11 Showing symptoms of COVID-19 (e.g., raised temperature, coughing, runny nose).

4.2.1.2. Procedure

Experiments were conducted according to a standard procedure while
keeping to a separate corona-protocol. Participants were invited to visit
a lab room where 1,5 meters distance could be maintained throughout
the experiment to uphold social distancing rules relating to the Covid-19
pandemic. Hence, they were asked to disinfect their hands and then
measure their body temperature with an infrared ear thermometer.

The thermometer would give a beeping warning when the temperature
reached 37,5° Celsius or higher. If a beeping warning was heard, the
participant could not continue. Results of the body temperatures were
neither asked nor stored. All participants followed the protocol, and all
were included in the study.

After this, participants were instructed on how to put on their
smart sock and attach the Bluetooth™ transmitter around their ankles.
They could put their shoe back on or leave it off and were asked to
move the foot containing the smart sock as little as possible. A footstool
was provided for them to rest their foot on.

The experiment started with a 6:45 minute relaxing video, to
establish a skin conductance baseline for each participant. Hereafter,
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participants were asked whether they wanted to continue with the
experiment and to remove any watches or jewellery from their wrist.
They were invited to submerge their hand up to the wrist in ice-cold
water and note their pain level out loud on a scale of one to seven.
Participants were specifically instructed that level seven did not have to
be the worst pain participants could imagine and more particularly the
moment the feeling had become so uncomfortable they would wish it to
stop immediately. Due to a very slight risk of lasting pain or impairment
to the hand as a result of the submersion in ice-water, the participants
were asked to submerge their non-dominant hand.

Participants alternated the submersion of their hand in ice-cold
water, as the pain stimulus, and water of a moderate temperature, as
a neutral yet similar stimulus, though they were unaware how cold or
moderate the water temperature would be. Each submersion would
last for a maximum of four minutes, since from five minutes onwards
chances of damage, such as freezer burns could emerge (Godden, Roth

& Hines, 1955).

4.2.1.3. Instruments

The pain level scale used was based on the Self-Assessment Manikin
(SAM) for arousal (Morris, 1995), shown in Figure 4.2. The original SAM
is in black and white, and colours were added (from green for no pain,
via orange for discomfort to red for pain) in case it would be easier for
participants to name colours instead of the numbers attached to each
subsequent level. Level one equalled ‘no pain’ or the amount of mild
pain the participant was in at the start of the experiment. Level four
equalled a starting feeling of discomfort, but not yet pain. Level seven
equalled their pain tolerance threshold.

1 2 3

=

X

FIGURE 4.2. The seven levels of the self-assessment manikin used
during the submersion in ice-cold water.

The tub containing ice water was made from Styrofoam of one-
and-a-half centimetres (cm) thick and Polyisocyanurate (pir) insulation
sheets of three cm thick. The dimensions of the inside of the tub were
36.5x27x12.5 cm (length x width x height). Tubs containing water of
moderate temperature differed for each experiment, though all were
at least high and wide enough for a large hand to submerge up to the
wrist. The water temperature during the submersion in ice-water ranged
from 4.0° Celsius to 9.5° Celsius (M =6.15°, SD. =0.90°) while

ice water ice water
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the water of moderate temperature ranged between 20.0° Celsius and
26.6° Celsius (Mmoderate water =21'2°’ SDmoderate water =111°)

Data was gathered using a smart sock in the right shoe size,
containing two fabric sensors on the inside sole. A Shimmer™3 GSR+
unit worn with an anklet around the ankle connected to the sock
and sent a six Ampére current from one fabric sensor to the other.
The Shimmer™ unit used Bluetooth to connect to an existing mobile
app, where the data was collected, and a text-file was created per
participant. The Shimmer™ unit has a sampling frequency of 50 points
per second and gathers both raw and standardized skin conductance and
skin resistance measures.

4.2.2. Development of the classification algorithm

Although the output included unstandardized raw skin conductance,
standardized skin conductance and average skin conductance for each
participant, only raw skin resistance was eventually used in the training
model because this was the easiest measure to receive and could simply
be transformed into galvanic skin response (skin conductance) for
output. Raw skin conductance is measured between 0.2 uS and 125 uS,
with a sampling rate between 0 and 5 Hertz. An example of the raw skin
conductance signal in this research is shown as Figure 4.3.
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FIGURE. 4.3. An example of a signal from one pain experiment lasting
fifteen minutes.

For each participant, an average of 1,378 seconds (SD = 367.4
seconds) was collected, for a total of approximately 68,900 points of raw
skin resistance data. These data points were coded according to each
participant’s self-report. Out of the thirty recruited participants, two
showed errors in data and were discarded. From the remaining twenty-
eight participants, three participants (P07, P15, and P21) were randomly
selected as the testing set, while the remaining were used for training.

Skin conductance data during the relaxing video at the start of
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the experiment was coded as baseline (BS). The moment right before
they submerged their hand in a tub of water was coded as A1, the
moment a participant began to feel uncomfortable (number 4 on the
SAM scale) was coded as A2, the pain tolerance threshold was coded
as B1 and the moment the pain was gone was coded as B2. For each
participant, only the data with codes B1 (pain) and B2 (no pain) were
extracted for use. Furthermore, to reduce the individual differences,
these data were subtracted from each participant’s average BS before
they were used for training and testing.

As time series data, every 250 data points (nearly 5 seconds)
with the same codes B1 or B2 were extracted as a sample. In this way, a
total of 5,332 samples labelled B1 and 31,238 samples labelled B2 were
obtained respectively for the training set, while a total of 920 samples
labelled B1 and 4,350 samples labelled B2 were obtained for the testing
set. Eleven time domain features and eleven frequency domain features
were used, which are listed in Table 4.2.

The Synthetic Minority Oversampling Technique (SMOTE) was
used to balance the classes in the training set by increasing the number
of the B1 class based on the k-nearest neighbours. SMOTE could be
described with the following steps:

Step 1: Identify the feature vector x and identify the k-nearest
neighbours xknn.

Step 2: Calculate the difference between the feature vector and
k-nearest neighbour.

Step 3: Multiply the difference by a random number between
0 and 1.

Step 4: Add the output number to the feature vector to identify a new
point on the line segment.

Step 5: Repeat the process from steps one through four for identifying
other feature vectors.

Specifically, we used the imblearn library (Lemaitre, Nogueira & Aridas,
2017) to oversample B1 class utterances during training.
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TABLE 4.2. Time and frequency domain features.

Time domain feature

Feature

Equation

Frequency domain feature

Feature

Equation

Mean (Z)

Variance (Z;)

Standard Deviation
(Zs)

Max (Za4)

Min (Zs)

The most common
value (Zs)
Peak to peak (Z7)

Zero crossings (Zs)

RMS (Zo)

Mean absolute

deviation (Z10)

Interquartile range
(Z11)

T2 )

() — 2,7

Iz

max (x(k))
min (x(k))

mode (x(k))
7, —7s
len(x(k) > 0)
1 K
T2, 02
LK (k) - 24

Q3= 01

Mean frequency spectrum (Zi2)

Frequency spectrum variance
(Z13)

Standard deviation frequency
spectrum (Z14)

Max frequency spectrum (Z;s)
Frequency spectrum skewness
(Z16)

Freguency spectrum kurtosis
(Z17)

Spectral skewness (Zis)

Spectral kurtosis (Z19)

Spectral centroid (Z20)

Spectral standard deviation
(Z21)

DC component (Zz)

T2 F
Ty W -7

\ZlS

max (F(n))

1Y F(n) =2,
T

1 N F(n) —Z5 "
O
TG — F) F @)
Zq:lF(n)
T () = F()) 'F ()
Z’rj\{:lF(n)

TR Ff()
Y= F(n)

Y[ = Z,0)7F()]
\J N F(m)

DC component in Fourier

series

Note. where x(k) is the data points in the sample, while f{n) and F(n) represent the
frequency component and the frequency spectrum, respectively.

A Random Forest (RF) algorithm was applied due to its
advantages of dealing with unbalanced datasets, fast computation, less
parameters than neural networks and good performance (Ho, 1995;
Lemaitre, Nogueira & Aridas, 2017). In RF, each tree randomly selects
a subset of the dataset to build an independent decision tree. Each
tree makes the classification of the features and the target variable
independently and votes for the final tree class. RF decides the final
overall classification based on the majority obtained trees voting.

On the training set, the grid search strategy was applied to identify
optimal hyperparameters by using Random Forest. The five-folded cross
validation was applied to determine the optimal tree number by grid
searching in the range of {50, 100, 150, 200, 250, 300}. The optimized
random forest classifier was found with 200 trees, Gini-Index, log2 for
the number of features considered for splitting a given node.
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To further protect the wearer of the sensor sock and reduce
the risk of missing pain, all predicted results with label B2 (no pain)
confidence lower than .6 were reported as B1 (pain). As a pilot study
with only 28 participants, we generated new training samples with some
similarities with those in the testing set by interpolation. We did this
to simulate participants in the training set with a similar pain response
pattern as the participants in the testing set.

4.2.3. Development of the pain monitoring app

Before starting on the source code for the Pain App, a short online study
was conducted among 32 end-users (care professionals). They were
asked to assess different user interface and input options which could
later be added to the mobile application. This way, the programmers
could prepare the app’s source code for the additions deemed most
desirable by end-users.

Participants were presented with possible additions on three
aspects of app development: five possibilities for input (the app user
can input information themselves), five possible ways of signalling (the
manner in which the mobile app gives a warning when the wearer of the
sensor sock has pain) and five possibilities regarding the app’s interface
(the way the app appears to the user), see Table 4.3. They were asked
to order each of the five possibilities by desirability.

Table 4.3 gives the percentage of participants ordering each
possibility on first or second place. For example, almost 83% of possible
end-users found the addition of a possibility to input information about
what happens around a client a desirable addition, more desirable than
inputting the client’s painful medical conditions (as possible cause of
pain) and whether the caregiver thinks the wearer of the sensor sock
experiences pain. Concurrently, 83% of participants desired to also
receive a warning signal when the physiological data implies a rise in
arousal in the wearer, while nearly 66% of end-users would like the
mobile app to show them results of physiological responses in their
client for the previous fifteen minutes.

Based on the results of this online rating questionnaire, the
source code for the SID Pain App was adjusted to in the future
incorporate multiple functions. Hereafter the algorithm was introduced
into the app, with the goal of triggering the right responses to incoming
data.
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TABLE 4.3. Possible additions to the pain monitoring app and the

percentage of caregivers who put the option either in first or second

place.
Input Score  Signals Score Interface Score
. . Changes in pain
Caregiver thinks
. g_ ) . 34.3% A sound for pain 28.6% experience for the last 51.4%
client is in pain
12 hours
A haptic Changes in pain
What happens P g P
) 82.9% response for 17.1% experience for the last 65.8%
around the client . .
pain 15 minutes
A combination
Name of of visual, sound Sho ain experience
_ 2.9% visual, Sound 44 o, D10V PAIN EXPET 31.4%
caregiver and haptic at for multiple clients
pain
A signal at Overview of client’s
Name of client 25.7% heightened 82.9% information on home 8.6%
arousal screen
Client’s painful Ability to connect pain
. P A signal when , Y ) P ,
medical 54.3% _ 31.5% app’s result to client’s 42.9%
. pain ends e
disorders electronic file
4.3. Results

4.3.1. Pain classification

The classification model that came out of random forest modelling was
trained using datasets from twenty-five randomly chosen participants
and validated with the other three datasets. The resulting pain
classification algorithm ranged from 80-93% AOC.

If the training data is balanced, the metrics of accuracy,
precision, recall, f1-score are usually very close to each other.

Since the dataset collected from the participants was imbalanced,

testing the model with other predictors, (precision, recall, f1-score)
showed high accuracy but low precision. Adding balancing strategies
and using LSTM instead of Random Forest Modelling did not improve
precision. Therefore, we applied SMOTE and ClusterCentroids which
resulted in improved Fl-scores, as can be seen in Table 4.4.
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TABLE 4.4. Results of RF-model with 50% interpolated data and the
change (between brackets) from the imbalanced model.

support

Precision Recall f1- score (# sam-
ples)
0 0.81 (-.11)  0.97 (+.09)  0.89 (-.01) 3649
1 0.88 (+.67)  0.50 (+.23) 0.64 (+.40) 1621
Accuracy 0.83 (=) 5270
Macro avg 0.85 (+.29)  0.74 (+.16)  0.76 (+.19) 5270
Weighted avg ~ 0.83 (-.02) 0.83 (=) 0.81 (-.03) 5270

Seven experiments were conducted on the training set, by
adding different percentages of similar data from the testing set into the
training set. In each experiment, K% data (K = 0, 10, 20, 30, 40, 50,
60, 70) were randomly selected from the testing set. After interpolation,
the same percentage of similar data as those K% were added in the
training set. The classifier was trained on this expanded training set.

The training was run ten times for each experiment, and the
average fl-score and precision of the classifier are reported in Table
4.5. It shows that both the average fl-score and precision were 0.54
without any added interpolated data. But when interpolated data were
introduced, the performance of the classifier significantly improved.

The higher the percentage of interpolated data, the better the classifier
performed.

TABLE 4.5. Average fl-score and precision for different percentages of
interpolated data (K%).

K (%) 0 10 20 30 40 50 60 70
fl-score .54 .69 .72 .75 .76 .77 .78 .79
precision .54 .71 .77 .81 .83 .85 .87 .88

4.3.2. Development of the pain monitoring app

Caregivers suggested in the online questionnaire to add more contextual
information about the client, and they considered that adding a client’s
medical condition would be a valuable feature, that can be added to our
model. Most caregivers would not only appreciate to have an indication/
signal when their client has pain, but also when the client’s arousal

84



level rises. Regarding the interface of the application; caregivers would
appreciate being able to look back fifteen minutes in the possible pain
experience of their client and in the changes in pain experience over the
past twelve hours would also be welcomed (for nighttime use).

Simple solutions, such as noting when the caregiver thinks a
client is in pain, were implemented in the app from the first iteration
(shown in Figure 1). The possibility to look back fifteen minutes was
visualised in a separate screen, where a graph showed the changes in
skin conductance for the last five minutes. Signalling for heightened
arousal would mean integrating two separate measuring systems and
was postponed until after the pain app could be tested on the target
group.

The features of the mobile app are as follows: autonomic
search for Bluetooth-capable systems, connection, and disconnection
to Shimmer sensor, start and stop of data collection, labelling data
as either ‘Pain’, ‘No Pain’ or *‘None’, graphical display instead of
visualization, and storage of CSV datafiles. The features are kept
simple, and a click of one button often features several steps, such
as the search and connection to specific Shimmer sensor units or
the disconnection to the Shimmer unit and the storage of a datafile.
Datafiles can be shared using the features of the mobile device which
runs the application.

4.4. Discussion

This study was conducted with the goal of creating a system consisting
of a wearable skin conductance sensor, an Al predictor, and a mobile
application to process physiological data and categorise that data

as either indicating pain or no pain. The app that was created uses

a Random Forest algorithm to respond to the data collected from a

skin conductance sensor integrated with a smart sock (wearable)

and a sensor that transmits via Bluetooth™ to the mobile device. The
algorithm resulting on Random Forest Prediction was trained on skin
conductance data collected during moments of pain and moments of no
pain for 28 healthy participants.

4.4.1. General discussion

The current study uses a physiological signal to detect and classify a
pain response. This is similar to earlier studies, where different machine
learning algorithms were used on physiological and sometimes social
cues to classify stressful and calm or neutral situations, with similar
accuracy results as were found in this study (Avila et al., 2021; Chen,
Abbod & Shieh, 2021; Korving et al., 2020b; Martinez Mozos, et al.,
2016; Sanchez-Reolid et al., 2020; Tamizi, Zawawi & Adzemin, 2021;
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Werner et al., 2019). Electrodermal activity, or skin conductance, was
also shown to be the preferred physiological method used on wearables
and to detect emotional responses to stimuli (Rao Veeranki, Ganapathy,
& Swaminathan, 2021). Furthermore, in another study RFP was
proposed to be the most accurate to handle medical applications (Kaur
et al., 2019).

Results from this study build on previous results, either on
the use of an electrodermal activity to measure emotional responses
(Aslanidis et al., 2018; Bari et al., 2018), but also on developing a
mobile application to display and visualize the emotional state of clients
with a severe or profound intellectual disability (Frederiks et al., 2015;
2019; Sterkenburg et al., 2017). With an accuracy between 80 and 93%
and precision of 0.88 the app will provide a useful tool to, for example,
aid caregivers of those unable to communicate or express their pain,
providing more certainty and decreasing possible work stress. But most
important, speedy pain signalling for those unable to communicate will
make sure a patient’s pain will not go unrecognized and he/she will
receive the pain relief and medical treatment needed.

Electrodermal activity has been shown to increase in response
to noxious stimuli, such as stress and pain (Aslanidis et al., 2018;

Bari et al., 2018; Frederiks et al., 2015; 2019; Korving et al., 2020a;
Sterkenburg et al., 2017), but responses can vary between people
(Korving et al., 2020b). Circumstances, such as room temperature and
time of day, and personal differences, such as race, age, and BMI also
influence skin conductance responses (Cagnie et al., 2014). Therefore,
the creation of a pain assessment algorithm will offset the imbalance
of pain response data coming from a diverse group of people, in a first
step towards a pain assessment system with the capability to reliably
measure pain in a heterogenous group.

Compared to other physiological pain measurement methods,
the use of fabric sensors detecting electrodermal activity in a sock is
reliable and non-invasive (Korving et al., 2020a). Equally reliable pain
measurement methods, such as real-time brain scans using cerebral
brain flow velocity or magnetic resonance imaging, need expensive
medical equipment and specialized medical knowledge to be used
(Cagnie et al., 2014; Hatfield & Ely, 2015). Other measurements, such
as respiratory and muscle tension measurements showed inconsistency
among results, namely no results among certain subject groups, i.e.,
healthy adults and adults with intellectual disability (Dorfman et al.,
2014; Heales et al., 2015).

4.4.2. Limitations and strengths

While the goal of the pain app is to classify pain in a physiological
manner to be used for persons unable to communicate about their pain,
the data gathered for the classification algorithm was not collected from
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this target group. Skin conductance data was gained from thirty healthy
participants well able to communicate and express their experience of
pain. This was done for two very important reasons. First, the healthy
participants could clearly and timely report the painful moments.
Second, the healthy participants could give full informed consent to
participate in this experiment with an induced pain experience.

The performed experiment did not take into account differences
in pain tolerance and gender differences. Since the goal of the study was
to establish physiological responses to the moment the pain tolerance
threshold is reached, it was deemed unimportant to establish whether
that threshold was low or high. Similarly, differences between men and
women were not deemed important, since there is no reason to assume
physiological responses to pain differ between males and females.

The current mobile pain monitoring app can classify data on the level
of pain or no pain, but it is not (yet) clear whether pain can be reliably
distinguished from an extreme emotional reaction. The need to develop
this pain classification app was more pressing than examining the full
range of emotional responses from skin conductance. And, as both pain
and an extreme emotional response reactions require the attention

of care staff, they reported that a signal to both pain and an extreme
emotional reaction would be welcomed.

Since pain is part of the sympathetic nervous system, it regulates
the body’s unconscious actions (Brodal, 2004; Knudsen et al., 2019).
Research has shown that this reaction can be influenced by emotions,
ambient temperature, as well as immune reactions and other bodily
processes (Cardinali, 2018; Knudsen et al., 2019). Therefore, using
electrodermal activity to assess a pain state may be influenced by
processes inside and outside the client. However, as far as invasiveness
goes, a skin conductance system has been shown to be of preferred use
by very vulnerable clients, like those with intellectual disability (Korving
et al., 2020a).

Although the pain classification algorithm created in this study
had high accuracy, the severe imbalance of the training data caused for
low precision and fl-score. We balanced the dataset by creating more
data using established Al techniques, however this still can be seen as a
shortcoming of the study. The training set only comes from 25 different
people, which may not represent pain experienced by all. New data was
generated by interpolation from randomly selected test data and then
added to the training data. With similar data added, the performance of
the model significantly improved. Thus, it is expected that for healthy
adults the pain will classify pain correctly.

Another limitation is the embedding of the algorithm in the
mobile application. Although there are fourteen different versions of raw
data coming from the Shimmer™ unit, only raw skin resistance was used
to generate features and detect a pain signal. The use of more than one
measurement feature (e.g., heart rate variability), though necessitating
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more computational power and making an eventual algorithm more
complex, may lead to more accurate and specific pain detection.

4.4.3. Further steps and future work

The first steps were taken to generate a working pain classification
algorithm and a mobile app was created that incorporates such an
algorithm. When new pain experience data is collected and a model with
higher precision and fl-score can be generated, this can easily replace
the model that is currently in the app.

In future research the new mobile pain monitoring app should
be tested in the target group, namely adults with a severe or profound
intellectual disability. This could be done in a naturalistic setting such
as during scheduled physical therapy treatments, with both clients who
receive physical therapy for rehabilitation, where predicted moments
of pain may occur, and with clients who receive physical therapy for
maintaining a certain skill, where no moments of pain are expected.
The ability of the app to distinguish pain from no pain in the target
group can then be examined.

As mentioned before, this study has not yet focused on
distinguishing pain from an extreme emotional response, such as
stress and anxiety. For future applications in other target groups, this
distinction could be a good addition to a mobile pain detection app.
Furthermore, the addition of pain experience data from other target
groups unable to communicate about pain and stress (e.g., neonates,
persons suffering from dementia, persons undergoing an operation)
would increase general knowledge on using electrodermal activity to
measure pain.

4.5, Conclusion

This article describes a three-tier process of developing a pain
classification algorithm using data from 28 experiments in which pain
was induced and physiological measurements collected by a wearable
sock. The pain classification algorithm was developed using Random
Forest Prediction. Initially, the accuracy was adequate, but precision and
fl-score were low. The imbalance of the training data was corrected by
adding randomly generated data similar to the testing set. The resulting
mobile pain monitoring app provides caregivers with a non-invasive

and reliable pain detection method, which can be integrated into daily
caregiving work without much training or specified medical knowledge.
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Abstract

Recognizing pain in people with communicative disabilities is
challenging. A support system detecting pain signals provides caregivers
with information to intervene adequately. This study aims to develop a
design for a user interface visualizing pain experiences for a signalling
system intended for caregivers. Caregivers receive alerts, indicating

the presence or absence of pain experienced by a disabled individual.
The design process included the use of value proposition, a brainstorm,
a mood board with basic design elements, and multiple questionnaires
and focus groups. During the multi-disciplinary design process end-users
were extensively involved. The final design was deemed intuitive, clear,
and recognizable, and usable in daily caregiving. This article describes
the creation process for a non-hedonistic visualization for this niche end-
user group.

Highlights

e In this article a complex, hard to recognize and challenging concept
(pain) is visualized.

e A multi-disciplinary co-creation approach was used, involving end-
users in each aspect.

e The end-users consist of a niche user group on which very few
studies have focused.

e The resulting design is intuitive to the end-user and can be
implemented in a real-life setting.

5.1. Introduction

When a person is unable to express pain, as is the case for those with
severe or profound intellectual disabilities (SID), this poses a challenge
for caregivers (Griffiths, & Smith, 2016). Especially when a genetic
disorder also brings about a multitude of painful medical afflictions,
which is often the case (e.g., Doody & Bailey, 2006; Walsh, Morrison &
McGuire, 2011), the necessity to spot the pain timely and adequately
increases. Due to SID, clients often display subtle or idiosyncratic signs
of distress (e.g., freezing, laughing) and they depend on caregivers for
pain and stress relief (Van der Putten & Vlaskamp, 2011). Some of the
most frequent painful disorders, such as gastro-oesophageal reflux and
obstipation, are easily treatable, which makes inaccurate or absent pain
recognition all the more poignant. Caregivers could use aids to help
them become aware of pain among those unable to clearly express it.

To provide caregivers with information about the existence of pain
in their clients with SID, a system was developed that uses physiological
signals to measure possible pain (Korving et al., 2020b). The system
utilises a sock with sensors for skin conductance, a transmitter sending
and receiving information from the sock sensors and sending it via
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Bluetooth™ to a mobile application on phone or tablet (Frederiks et al.,
2015; 2019; Korving et al., 2020b). The mobile application contains an
Al-enabled algorithm that was trained to distinguish physiological pain
signals from other signals. This article focuses on the development of
the visualization accompanying the warning in the mobile application.

5.1.1. Related work

The use of technology in healthcare is growing and data is routinely
collected, which becomes valuable for use in the design for new care
solutions (e.g., Bughin, 2016). Transforming the available data to
understandable, timely, and meaningful information for users is of
crucial importance. The transformation of data is especially challenging
when there are multiple users with different perspectives and a
multitude of experiences which shape the appraisal and managing

of other’s pain (Craig, 2009, p. 24). In terms of phenomenology, the
philosophical study of experience and consciousness (Price et al., 2002;
Thacker & Moseley, 2012; Zahavi, 2003), the first-person perspective of
pain is the person who is experiencing pain, in this case, an individual
with SID, who is unable to clearly express this. Those who interact

with the individual in pain have a second-person perspective on the
pain experience. This will be the caregivers of the individual with SID.
Those that do not interact with the client, but observe an interaction, for
example researchers and other care professionals, have a third-person
perspective on the experience of pain. The application to be developed
translates the first-person experience and displays that to someone with
a second- or third-person perspective (Figure 5.1).
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or from another location
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Second-person perspective
Expenencer in interaction

First-person perspective
Experiencer of pain

FIGURE 5.1. A graphical representation of the three perspectives
correlated in the visualization developed this study.

To signal this first-person pain perspective to another a
visualization can be used. The use of technology in aid only emanated
in the past half-century, but information has been visualized since
there was a need to share it (Birx, 2006). The underlying data might
change, but the need to visualize information remains. Considering
a limited amount of data can be stored in working memory at one
time (Van den Berg et al., 2014), when more data are presented,
receivers get confused, make errors and forget items (Maehara, &
Saito, 2007). When compacted data is shown in drawings or charts,
not only does information become clearer, drawings are “[...] more
effortless to recognize and process than words, but also easier to recall”
(Dewan, 2015, p. 2). In a busy and distracting caregiving environment,
caregivers have limited time to perform a variety of tasks for a variety
of clients and simultaneously attend to many aspects of their wellbeing:
A simple and intuitive aid to help with one of these aspects will be
invaluable.

Visualization of information is also preferred when it provides
ambiguous or pre-analysed information. An example of this is data on
physical processes. Especially when the goal of physical measurement
is information on health status or the presence of an illness, more
information can enhance interpretation, but more data may reduce
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clarity (Bughin, 2016). A dynamic and simple visualization gives
sufficient information to a health care provider, without requiring too
much cognition or providing too much information for understanding.

5.1.2. Gaps in knowledge

An experience of pain is difficult to capture with standardized numeric
measurement tools, such as the Numeric Pain Rating Scale (Jensen,

et al., 1986; Gooberman-Hill, et al., 2007; Wylde, et al., 2012). Thus,
over time, several colour- and shape-based tools were developed and
used for assessment of pain in children, pain from burn wounds and
chronic pain (e.g., Grossi, et al, 1983; Machata, et al., 2009; McGrath,
et al., 1996). These non-numeric pain assessment tools were validated
and compared to numeric scales and results indicated that patients
preferred the former to describe a pain experience over the latter.
However, studies validating non-numeric based assessment tools used
pre-determined colours and shapes/figures without examining whether
these accurately represent the pain experience for users. Therefore, it is
unknown if visualizations used in these scales are intuitive for the pain
experience. The current study bridges this gap by describing a process
to ascertain the intuitive colours, figures, shapes, and characteristics
associated with pain in the user group.

In the Netherlands, a caregiver usually cares for more than one
person with SID, and a person with SID is cared for by more than one
caregiver. Since caregivers want to provide high-quality care and attend
to the needs and challenges of persons with SID, interpretation of the
information in the app should be accurate and easy to understand.
Furthermore, since multiple caregivers care for one disabled individual,
interpretation of the data should be user independent (Jansen, Van der
Putten & Vlaskamp, 2013; Kruithof et al., 2020). Above all, a caregiver’s
workplace provides challenges to incorporate a system, therefore one
design challenge addressed in this article is converting numerical data to
a visualization that is recognizable by many different users with different
levels of cognition which corresponds to pain experienced by adult
clients with SID, which is practical to use within a distracting working
environment.

5.1.3. Study objectives

The aim of the current study was to develop a visual design of pain,
which changes in colour, shape and/or characteristic to indicate whether
pain is, or is not, present. The design was developed in co-creation with
persons from second- and third-person perspectives, meaning that the
visualization is co-developed with caregivers who experience the pain
of the person with SID by interaction as by care professionals and other
persons who observe the interaction. This study addresses the following
questions: (1) What are visual associations with pain with respect to
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shapes, colours, figures and characteristics?, (2) What are factors to be
considered when designing visualizations to be used in the workplace?,
(3) What design for pain can be made based on a literature search of
visual associations of pain from patients with (chronic) pain?, (4) What
are preferred characteristics of visualizations with respect to clarity, dis-
tinguishability, intuitiveness and pain association?

5.2. Design process

The goal of the design co-creation process was to create a concept for
a user interface that visualizes pain applicable in daily caregiving. Ac-
curacy and intuitiveness of the visualization was tested, as well as its
usefulness in caregiving situations. Caregivers of persons with SID, the
intended end-users of the app in which the visualization is shown, were
included in every aspect of the research, and collaborated throughout
the design process up to and including the creation of the final concept.

The process consisted of three phases, displayed in Figure 5.2.
Phase one included three experimental approaches, performed in par-
allel, each containing at least two rounds of consultations, in order to
create three different designs. The reason for this choice was to keep
the involvement of individual caregivers as brief as possible and keep
the design aspects to which they had to contribute as simple as possi-
ble. Design A was based on end-user preferences regarding basic form
aspects, which address their associations to pain. Design B was based
on workplace criteria, which address the challenge of designing for tasks
in daily caregiving. Design C was based on peer-reviewed literature on
qualitative data from (chronic) pain patients, which address the need
for simplicity and intuitiveness. The involvement of end-users in every
step of the design process has been immensely valuable and has aided
into making the design process intuitive and attuned to the end-users’
needs.

In phase two, an online questionnaire to evaluate the three de-
signs created in phase one was administered among the user group.
Users evaluated each of the three designs on a variety of usability as-
pects, such as clarity, distinguishability, intuitiveness, and pain associ-
ation. The challenges of phase one were addressed once more with the
addition that designs were mutually compared regarding usability. In
phase three an expert focus group was presented with the results of the
questionnaire from phase two and a final design was selected which en-
compassed all aspects from phases one and two. This elaborate design
process was used on account of the lack of user research in this very
specific target group and the unique needs and challenges professional
caregivers for clients with SID face in daily caregiving (Van Timmeren et
al, 2017a; Van Timmeren et al., 2017b).
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FIGURE 5.2. A visual display of the design process; showing the sub-
steps leading to three initial designs and the three phases of the
development to one final design.

The design study described in this article is part of a larger study
to develop a system to physiologically measure pain in adults with
severe or profound intellectual disability. The overall study was approved
by the medical ethics board of the Vrije Universiteit Medical Centre in
2019 under no. NL69815.029.19.

5.2.1. Participants

In this study different experts were asked to contribute their opinion,
expertise, and ideas on a possible pain design. Most of these experts will
eventually also serve as end-users for the system which will contain the
visualization. Experts that will possibly not be end-users were the design
students and professor, who participated in the brainstorm session

of phase 1.1.2 and the researchers with expertise in research among
people with severe and profound intellectual disability (SID). Other
experts ranged from parents of children and adults with SID to speech
therapists and medical personal working with people with SID. Table 5.1
gives an overview of the experts and their respective fields of expertise
per phase of the process.
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TABLE 5.1. Description of expertise per expertise group for each part of
the design process.

Phase Subphase Part

1

Design criteria (N=9)

Questionnaire (N=117)

1.1

11.1.1 (N=38)

1.1.2 brainstorm (N=5)

1.1.2 value points

Mood board (N=4)

Evaluation

Review

Focus group (N=6)

Focus group (N=6)

Expertise

Parent of SID
Daily care for SID
Design

Research in SID
Daily care for SID
Research in SID
Medical personnel
Daily care for SID
Research in SID
Daily care for SID
Research in SID
Daily care for SID
Research in SID
Medical personnel
Parent of SID

Daily care for SID

Behavioural therapist

Physical therapist
Speech therapist

Medical personnel

Other experts in care

Daily care for SID
Research in SID

Medical personnel

#

30

4 students, 1 prof

Due to COVID-19 restrictions, most of the recruitment and

execution of the study were done online. For recruitment, the project
sent out newsletters to interested parties with an appeal to fill out
online questionnaires. Participants for focus groups and design criteria
parts were recruited through the network of first and second author;
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two national organizations for the care of people with (visual and)
intellectual disability collaborate as partners. The design students were
recruited through the network of first and last author at Eindhoven
University of Technology.

5.2.2. Phase 1.1: From user preferences to design A

Design A was based on user preferences regarding the relation of
shapes, colours, figures, and graphical features to an experience of pain.
These associations were selected by end-users using visuals in an online
questionnaire. The results from the questionnaire were then presented
to a group of Industrial Design students in a brainstorm-design-session.
Designs made in the brainstorm session were then assessed on aspects
from the Value Proposition Tower from Road2Results (Road2Results,
2020; Figure 5.4). Based on their value scores consensus was reached
on the best-scoring designs and Design A was created.

5.2.2.1. Subphase 1.1.1. Online questionnaire to assess user
preferences

Phase 1.1.1. Methods

A comprehensive online questionnaire was distributed among those
providing care for persons with SID in the Netherlands, using Qualtrics
survey software (Version XM of Qualtrics. Copyright © 2020 Qualtrics,
Provo, UT, USA). In the questionnaire, participants compared several
items on their association with the experience of pain or ‘no pain’. Again,
this design process, which might seem superfluous, was adopted to
correct the overall lack of user research in this niche target group.

The questionnaire items were divided among four categories:
“shapes”, “colours”, “figures” and “characteristics”. End-users were asked
to either order different items from least to most associated with pain or
to individually compare one item to another of a similar category. Figure
5.3 shows an ordering system for six different shapes and a comparison
system for the colour orange and six characteristics. All categories and

the items within were presented in random order.

In the categories “shapes” and “figures”, participants were asked
to order six shapes and seven figures from the highest association
to pain at the top to the lowest association at the bottom. In the
“colour” category, every colour was compared to all other colours in
the questionnaire, via a semantic differential method (Osgood et al.,
1957). The participant decided whether a colour was ‘a lot more’, ‘a
little more’, ‘equally’, ‘a little less’ or ‘a lot less’ associated with pain
compared to the other colour (for an example, see Figure 5.3). The
category “characteristics” consisted of fifteen comparisons between pairs
of polar opposites, such as ‘light’ and ‘dark’ and ‘smooth’ and *prickly’.
These were shown in a grid horizontally opposite each other. Participants
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scored these pairs on the same 5-point scale as colours (Figure 5.3). For
each item, a z-score was then calculated, using Microsoft Excel, based
on averages and standard deviations of all items in that category. High
positive z-scores signify a higher association to pain by participants
compared to items with lower positive or negative z-scores. Negative
z-scores signify an association with ‘no pain’.

Shapes Colors
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» Ot Ova Orange Red
Orange Blus
O ’ Orange Green
o Duawrice) Orange ¥eellow

Drsings Black
A ‘ Orange Grey
 Deanaes T ange
Characteristics
A ik wees A, e wore | £

.....

Light Dark

D . High Low

: - Small Big
- — Sharp Deull
[l - Soft Hard

= Prickhy Smioath

FIGURE 5.3. An example of two different assessment methods presented
in the online questionnaire of basic aspects. The six provided shapes
on the left were ordered from highest association with pain (top) to

lowest (bottom) and the colours and characteristics were compared to
counterparts on a five-point scale.

Phase 1.1.1. Results

For each category in the questionnaire, both the highest scoring two
items and the lowest scoring two items are presented in Table 5.2.
Results from z-score calculations indicate that the triangle shape was
most associated with pain, while rounded shapes were not. This result is
mirrored in the characteristics category. Red was most associated with
pain and green with ‘no pain’. From the list of seven possible figures,
the ‘sad face’ was chosen as most associated with pain. Participants that
gave their own suggestions of shapes associated with pain mentioned
the spiked shape/star (7 participants, 23%) and the lightning bolt (6
participants, 20%).

100



TABLE 5.2. Items in the questionnaire that had the highest and lowest
associations with pain from z-score calculations for 30 participants.

Shapes Colours
High Low High Low
Triangle  2.49 Circle 0.62 Red 1.42 Green -0.91
Diamond 2.37 Oval 0.62 Orange 0.44  Blue -0.58
Figures Characteristics
High Low High Low
Sad face 2.44 Heart 0.32  Prickly 1.14  Smooth -1.14

Cross 2.19 Flower 0.48 Rough/Hard 1.09 Fluffy/Soft -1.09

Note. The categories shapes and figures were only given positive scores, so
the score zero represents more association with ‘no pain’, while the categories
colours and characteristics were given positive or negative scores, so negative

higher scores represent more association with ‘no pain’.

5.2.2.2. Subphase 1.1.2. Brainstorm session and value calculation based
on questionnaire results

Subphase 1.1.2. Methods

To interpret and expand on results from the online questionnaire, a
creative brainstorm session was held with students and a professor
from a bachelor’s program in Industrial Design. During the 60-minute
session the ‘designing for extreme scenarios’ and ‘designing for extreme
characters’ (Djajaniningrat, et al., 2000) methods were followed, led

by an experienced session leader. These ‘extreme’ forms use fictional
situations and end-users in an excessive manner to let designers
consider, among other things, the social role of their designs and how
end-users will physically interact with the eventual product.
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The design experts were asked to assess the results from the
questionnaire in terms of their design ideas, keeping in mind three
design requirements:

(1) The visualization should clearly distinguish between a ‘pain’ and a
‘no pain’ level;

(2) The design should be visually clear for those with vision
impairments and mono-chromatic vision; and

(3) The design should demonstrate when data is being received
(e.g., by moving).

Participants in the brainstorm were first asked to freely associate
pain-related concepts. They were then asked to design a visualization
for a man of around 80 years old, as an example of an extreme
character. Next, they were asked to design regarding possibilities that
may be possible ten years in the future, as an extreme scenario. Finally,
participants presented their designs and were asked to build upon each
other’s ideas (Design Kit, Ideo.org, 2020). A discussion was initiated
about the usefulness of all design ideas generated in the brainstorm in
practice now and in the future. First author attended the brainstorm,
and collected and categorized all ideas.

First and second author evaluated the design ideas from
the brainstorm one by one using a value proposition tower from
Road2Results (Road2Results, 2020). This evaluation process, shown in
Figure 5.4, aided in developing a viable value proposition in a structured
way. Each design idea presented in the brainstorm session was initially
evaluated on four basic criteria: Product & Service, Costs, User Needs,
and Gains. Product and Service entailed what can realistically be
offered by a designer in terms of services. It established the function
and constraints of the product. The User Needs were constraints of
the design possibilities based on needs of the end-users, for example
constraints of a caregiver’s working environment (noisiness) or their
attention span. Costs were aspects that make an idea less viable to be
used or appreciated by end-users, and Gains were idea-aspects that
increased its value as a concept. Costs and Gains were assessed based
on the outcome of Product & Service and User Needs in an iterative
process.

An example of a design’s cost is a general negative association
with the visual, something that may be perceived as insensitive
due to personal beliefs, or something that is open to interpretation.
Examples of gains are multiple modality changes for better visibility,
clear difference between the negative and the positive poles and
recognizability. Of course, a design can both have costs and gains,
meaning it can be recognizable as well as culturally insensitive. The final
value of each design idea (Value at the top of Figure 5.4) was based on
the combined result of the four criteria mentioned before (Value idea
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at step 2 in Figure 5.4), augmented by how feasible the idea was to
become a product (Feasibility).

(2)

Value

Value idea| 2 |Feasibility

FIGURE 5.4. This Value Proposition Tower shows a process by which
each idea is assessed on two levels, starting at the bottom (1) with an
iterative route through design possibilities (Products & Service, Costs,
User Needs and Gains), which are combined in each idea’s initial ‘value’

(2), which, combined with its feasibility, results in an eventual value

score (3).

Subphase 1.1.2. Results

Each participant in the brainstorm session created three to five designs,
some of which were interchangeable or unfeasible, which resulted in
thirteen ideas, presented in Table 5.3 as simplified descriptions. Scores
in the table are based on the value proposition assessment described
above. Each cost received a score of -1, when present, or 0, when
absent and each gain received either a 1 or 0. An idea’s Value score is
the total score, evaluated on five possible costs, from -5 to 0, and seven
possible gains, 0 to 7.
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TABLE 5.3 List of ideas generated in the brainstorm and their results
from the value proposition.

Idea Content Costs* Gains* Value score
(sum)
#1  Happy face -> sad face 0 6 6
#2  Whole body in pain -2 6 4
#3  Graphical display -2 4 2
#4  Small dot -> large circle -1 3 2
#5  Religious characters -4 2 -2
#6  Military aspects -4 2 -2
#7  Shapeless blob -> spikes -1 3 2
#8  Good -> bad weather 0 6 6
#9  Smooth oval -> spiky diamond 0 3 3
#10 Moving line -2 4 2
#11 Spiral -> spikey graph -1 3 2
#12 Bubble -> lightning sparks 0 3 3
#13 Low -> high saturation -3 0 -3

* Such as negative associations, culturally impractical, similar, open to interpretation, etcetera.

#+ Such as clear, intuitive, easy to recognize, distinguishable, usable in colour blindness, etcetera.

With the result from the value proposition, two ideas came out as best
scoring: ‘the happy and sad face’ (#1) and ‘good to bad weather’ (#8).
Authors decided to combine the two ideas in one design, with a shape
that transforms from a round sun to a storm cloud and a colour change
based on weather conditions: Yellow for good weather/sunshine and
grey for bad weather/storm and lightning. The face alters from smiling
to sad, as shown in Figure 5.5.

FIGURE 5.5. Design A: the result of subphase 1.1. A yellow and smiling
sun represents ‘no pain’ and a sad storm cloud represents ‘pain. The
visual in the middle shows in what way the visualization transfigures

from a sun to a storm cloud.
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5.2.2.3. Phase 1.2. From workplace criteria provided by caregivers to
design B

Phase 1.2. Methods

A
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FIGURE 5.6. The mood board created for evaluation in the process to
create design B displays three basic design ideas, which were assessed
by caregivers, therapists and researchers (Zhang et al., 2021).

Design B was created in collaboration with caregivers in their daily
workplace environment. Caregivers from different care organizations
were either interviewed or observed at work by a research assistant to
assess work-related needs for the visualization. Afterwards, an expert
group meeting was organized to translate these needs into design
criteria. Based on these first steps, a mood board with nine pain-related
basic design images was created to study experts’ mental models on
perceiving pain from visual elements. The mood board was presented

to caregivers, therapists and pain researchers, who were asked to rate
the design images on two axes: ‘comfortable-painful’ and ‘attention
drawing-easy to ignore’. In addition, experts assessed three basic
designs, shown in Figure 5.6 (lines in red or black, spreading dots in red
or various colours and growing circles in red), on provisions necessary to
integrate the system into caregivers’ workplace. Design B was created
based on aal the preceding steps. To assess its usefulness, the design
was then evaluated in two interviews and assessed through a workplace
walkthrough. The design sub-process is displayed in Figure 5.7.
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FIGURE 5.7. The process for design B includes two caregiver interviews, an

observation in the workplace and an expert group meeting, followed by a

mood board with basic design criteria. The final sub-design is evaluated in
two interviews and a workplace walkthrough (Zhang et al., 2021).

Phase 1.2. Results

Experts who evaluated basic designs had similar opinions on the
association with pain. They believed the first concept (number 1 in
Figure 5.6) was ‘hardly’ associated with pain. Half the experts could not
decide when to take action. The second concept (number 2 in Figure
5.6) was most associated with pain, though difficult to understand

and found to have the highest mental burden. Experts found the third
concept (number 3 in Figure 5.6) simple and easy to understand. It
reminded them of alertness, not pain. This design would succeed to
attract caregivers’ attention most. Half the experts had concerns with
the use of the colour red, and one believed it would help understanding.
The multi-colour scheme of the second concept received the most
positive feedback. This second concept in the multi-colour scheme was
then chosen as design B, in a simplified and improved iteration, resulting
in Figure 5.8.

The evaluation of this design by two caregivers showed that the
design had an association with pain but would not create (extra) stress
in a caregiver. After a short explanation, caregivers found the design
easy to use. Awareness of the design was mixed, with one caregiver
being very sensitive to changes in the display, while the other was
less sensitive. Both evaluated the design in its ‘no pain’ state as not
distracting them from computer-related tasks.
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FIGURE 5.8. Design B is the result from subphase 1.2. From a focal
point in the middle of the design, multi-coloured dots spread out into
lines when the pain-level rises.

5.2.2.4. Phase 1.3. From opinions of patients experiencing pain to
design C

Phase 1.3 Methods
The third design was created based on results of peer-reviewed
literature following a search on colours and visuals associated with
pain in different databases (i.e., Worldcat.org, PsycINFO, Wiley Online
Library, ScienceDirect, & ABI/INFORM). Search terms were “pain or
nociception or burden or distress” and “colour or colour or visual or
vision” in title and keywords. The words “shape” and “figure” were
omitted on purpose, for these are commonly used as verbs in titles.
The results of the search were ordered and checked on eligibility for the
study. Original articles and reviews were included if they: (1) Focused
on pain experiences of pain patients, (2) Discussed visual associations of
pain, and (3) Results were systematically analysed.

Articles were ordered according to the type of visualization and
then on methodology and participant size. Results were categorized
in a table presenting the amount of consensus of participants, free
associations (if asked), and limitations and implications of the results
mentioned by authors. With the result of the literature search, first
author chose basic design aspects that were most commonly found in
literature and had few limitations, with the aim of creating a third design
to be assessed in phase two.
The design based on literature was presented to a focus group of
experts in the care for persons with intellectual disabilities. This expert
group consisted of six persons: one general practitioner specialized
in the care for persons with an intellectual disability, a professional
caregiver, a scientist practitioner, a behavioural therapist and coordinator
of a national platform for research on persons with severe intellectual
disability, a researcher on arousal in persons with an intellectual
disability and a behavioural therapist and professor on research in
persons with visual or visual and intellectual disabilities.
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The group members were asked to relay their personal experience in
their working environment and discuss possible implications of using the
design as a visual display of pain in daily practice.

Phase 1.3 Results

The literature search generated 2,133 results, of which titles and
abstracts were reviewed based on inclusion criteria, resulting in 11
useful articles. Reference lists of relevant articles were scanned, after
which a discussion with a design expert took place, leading to the
inclusion of two additional articles. Of these 13 articles, ten (77%)
evaluated pain associations based on colour, or colour and another
aspect. The other three evaluated free pain associations: participants
were asked to mention any aspect they could conceive.

Red was most often associated with pain (e.g., Altan et al.,
2019), while Wylde et al., 2013, found black/grey associated with
persistent pain and red with intense pain. Colours associated with no
pain varied from light pink (Grossi et al., 1983) to yellow (Machata et
al., 2009) and cool colours such as green (Palmer & Schloss, 2010),
although these were also associated with illness (Elliot, 2015). Light
and saturated colours were more positive than dark and muted colours
(Palmer & Schloss, 2010). Other aspects used to indicate pain were
wideness (wider equals more pain; McGrath et al., 1996), size (bigger
equals more pain; Jackson et al., 2007) and sharpness (sharper equals
more pain; Lootens, & Rapoff, 2011). No pain was represented by a
happy or neutral face and pain by a sad or crying face (Machata et al.,
2009; McGrath et al., 1996). In the study by Lalloo, et al (2014) forms
of pain were associated with sharp edged items, such as needles. The
study by Lor et al (2019) resulted in objects and animals as metaphors
associated with pain.

First author chose to use red for pain and green for no pain,
partly to create a stop-and-go association in caregiving: A caregiver’s
action can continue as is at green, while red means the caregiver should
stop and assess the client’s wellbeing. Since sharpness was also intuitive
for pain, this character was added. The design based on these results
is displayed in Figure 5.9. An expert group evaluated this design as
intuitive and understandable. The experts were content with its limited
complexity, one visual for pain and one visual for no pain, which would
make responses from caregivers upon seeing the visualization most
reliable.
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FIGURE 5.9. Design C is the result from subphase 1.3. The visualization

shows a green circle with a rounded edge, slowly waving, which repre-

sents ‘no pain’, whereas a red circle with sharp spikes represents pain.
The colours are adapted to those of a traffic light.

5.2.3. Phase Two: Comparison of the three designs on several important
aspects

Phase 2 Methods

In phase two, the three designs (A, B and C) were compared by a group
of end-users. The visuals were played as moving gif-images varying
from ‘no pain’ to pain, by changing shape, colour and/or property.

The designs were distributed in a network of parents and professional
caregivers of persons with SID through an online questionnaire. To
avoid order effects in the results, the designs were presented in a
random order to each participant. Participants were asked to assess
each design on several criteria on a scale from 0 to 10. Examples of
those criteria are: “this is an accurate representation of pain”, “it is
clear what this means”, “this is suitable for the user group” and “it is
difficult to understand”. Participants were also asked to evaluate whether
each design was suitable for people with many distractions, vision
impairments, and mono-chromatic vision. All questions are shown in
Supplementary Table 1.

As each new design was presented, participants were first
asked to freely associate their thoughts on the aspects of the design.
If participants responded that they did not think the design visualized
pain well, they were asked to elaborate. Results of these open-ended
questions were grouped into a word cloud. For the multiple-choice
questions either percentages per answer (nominal or ordinal) or
averages (interval or scale) were calculated, using Microsoft Excel.

The online questionnaire was completed by 117 participants,
with an average age of 45.1 years (SD 11.8, range 21 - 67) and 95%
women. In the Netherlands, 85% of professional caregivers of persons
with SID and approximately 95% of primary caregivers at home are
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women (CBS, 2019). Professional caregivers had on average 16.2 years
of experience (SD 10.3 years, range 0.5 - 40 years) in the care for
persons with severe or profound intellectual disability.

Phase 2 Results

TABLE 5.4. Numerical results from the online questionnaire in phase two
of the design process.

Clarity Understanding
Design Good Difficult Intuitive Fitting Pain  No pain Action Stress Change
A (n=111) 57% 3.43 5.58 6.05 6.79 5.47 5.71 3.28 74%
B (n=116 19% 5.93 2.21 2.31 2.67 2.63 2.61 2.61 95%
C(n=112) 71% 3.76 5.29 5.67 6.72 6.17 5.73 5.73 61%

As indicated in Table 5.4, 71% of respondents found design C a good
way to display pain, making this design the best received. Together

with Design A, respondents thought this design was intuitively clear,
fitting for the target group, not difficult to understand and would prompt
them into action more than design B. Design C also was found to best
contrast between pain and no pain. Respondents thought design B was
unintuitive and difficult to understand, but it created the least (visual)
stress. Most participants desired all three designs to be changed. For
design C they wanted another shape and movement, but similar colours.
Design B needed a simpler shape, more contrast and less movement.
For design A respondents recommended a different shape, more
movement and other colours.

Respondents were also asked for their first thought when seeing the
design and why they thought this design was not a good visualization for
pain. Responses to these open questions are displayed in Word clouds
per design in Figures 5.10.(A), (B), and (C). Results indicate that design
A reminded the respondents most of emotions but not pain. They saw
happiness and distress, anger, tension, unhappiness, and sadness. The
positive to negative change was clear and the design reminded them of
their clients, but they mentioned that the design was not intuitive for
pain and had incorrect colours. Design B was associated with fireworks,
stars, a starry sky, the cosmos, space, an explosion and a light show.
Respondents were unclear about what this design should visualize and
had no association with pain. They found the design too positive, too
easy to look at, too pretty, vague, abstract, too difficult and soft to
display something like pain. The respondents thought design C was good
and clear. It reminded them of calm and alarm, and they associated

this design most with pain. Design C also reminded them of an eye, the
sun, traffic light, and fire, though the colours were good. It displayed
intensity and turbulence, and clearly visualized an increasing change.
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FIGURE 5.10. The answers to the open-ended questions from the online

questionnaire were translated and transformed into word clouds for each

design. The letters on the bottom left of each word cloud represents the
design it relates to.

5.2.4. Phase three: Discussion of phase two results with an 3expert
group top create a final design that encompasses all important aspects
for the user group

Phase 3 Methods

Via videoconference, results from the online questionnaire from phase
two were discussed by another focus group of six experts. All members
of this group were aware of the design’s function and the end-user. The
goal of this focus group was to decide, based on questionnaire results,
which design was most adequate and whether and how this design could
be adjusted.

The focus group was organized as follows: One of the three
designs was shown, via screen sharing. Participants were invited to
say anything that came to mind when viewing the design. Hereafter
the results from the questionnaire were presented, starting with the
results from multiple choice and numeric questions (e.g., ‘This design
is the most difficult to understand compared to the other two designs’
or ‘Participants think that this design shows the best display of pain’).
Then common statements given in the questionnaire were shared
and focus group participants were asked whether they agreed with
these participants. Hereafter, the focus group was asked to discuss
the design changes offered by questionnaire participants. And, due to

111



the COVID-19 pandemic at that time, focus group participants were
specifically asked whether one of the designs made them think of
some of the used images of COVID-19, which was a question that was
omitted in the online questionnaire since this was distributed before
COVID-19 reached pandemic proportions. The three designs were shown
to the focus group in a random order, to minimize the influence of the
preferred order of the researcher.

At the end of the focus group discussion, the experts were asked
which design they preferred as the best display of pain and whether
this design needed to be adjusted, based on statements from the
questionnaire or their own opinion. Focus group participants could either
say they thought the design was suitable as is, or that adjustments
were necessary, based on the discussion. The focus group experts were
asked to vote, and choices were made based on a two-third-majority
agreement. The entire focus group discussion was audio-recorded.

Phase 3 Results

Focus group participants agreed with questionnaire participants that
colours used in design A were off target. Grey was more associated
with sadness and yellow and grey contrasted insufficiently: The grey
warning signal could attract equal attention as the yellow sun, which is
undesirable. The focus group found using emoticons very intuitive and
easy to understand, though the negative face was associated more with
sadness than pain. A grimacing face with contracting eyes and mouth
was recommended, which derived from literature on pain observations
(Van der Putten & Vlaskamp, 2011) and the revised Faces Pain Scale
(Hicks et al., 2001).

The focus group agreed with the questionnaire participants
on design B being unintuitive and difficult to understand. They found
the design beautiful, and too ‘easy’ to look at. This design would not
cause stress in the end-user, but a small amount of stress was deemed
necessary to prompt caregivers into quick pain relief action.

The expert group agreed with the questionnaire participants that
design C intuitively visualized pain better than the other designs. The
colours and shape changes created a good contrast, and the negative
side would attract more attention than the positive side. Possible stress
the design might cause did not worry them, though they agreed that the
negative side had a resemblance to the visualization of the COVID-19
virus.

After discussing all designs, expert group participants voted on
two queries; which design should be continued and should it then be
changed? There was a unanimous agreement to continue with design
C and another unanimous agreement to change this design to increase
clarity and lessen the resemblance to a virus. An addition of a face
inside the ring was furthermore unanimously agreed upon, using a
smiling and grimacing face (Figure 5.11).
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FIGURE 5.11. This final design transforms dynamically from a green,
happy face, via an orange, neutral face, to a red, painful face. All de-
signs presented in this paper can be viewed here.

5.3. Discussion

A co-creative design process is described for a visualization of pain of
clients who cannot self-report, to be used in daily caregiving. Three
designs were created, evaluated in three phases, and finally adjusted
to reach a design that encompasses the wishes and demands of the
end-users. The process shown is particularly suited for emotion-
related design tasks with the two simultaneous difficulties that the key
stakeholder is unable to provide input and that the validation during
later use is expected to be tedious. The goal of the process was to make
ambiguous data on pain unambiguous and easy to understand. Under
such circumstances, it is essential that as much available knowledge and
experience from various sources is utilized. And of course, the existing
knowledge on pain, notably from literature, should be used. Several
design methods and user groups were combined to generate a creative
as well as a systematic multi-disciplinary design process.

The subjective experience of pain resonates with other areas of
design theory and practice where both the subjective first-person per-
spective and the second and third-person perspectives are needed. We
argue, that creating visualizations or tangible experiences with such an
elusive and ill-defined experiences as pain and consciousness (Price et
al. 2002) might benefit from the visualization of both as proposed by
Frederiks et al. 2015 as a tool that can facilitate understanding of the
interplay between the different perspectives in designs that should be
used by several stakeholders. The visualization for pain in the system
attempt to represent the first-person perspective of the patient and
should encompass all requirements to make it useful in daily care. The
three-step design process described in this article aimed to address

113



several design challenges and resulted in a visualization encompassing
all requirements from the user groups. The process also utilized a mul-
ti-disciplinary approach, giving end-users, both parents and professional
caregivers, the tools to provide invaluable input at each step.

All three phases of the design process provided results on
thoughts, feelings, and needs of professional caregivers and parents and
the challenges they face in the daily care of a person or persons unable
to communicate about their own experience of pain. With respect to as-
sociations to pain, we found that this niche group of end-users did not
differ much from pain patients in their associations, though the resulting
z-scores did indicate that pain associations that were possibly deemed
obvious by many, such as the colour red, sharp edges and hardness,
were not unanimously selected to represent pain by this group. Regard-
ing workplace necessities, it was discovered that in an environment with
many sounds, movements and distractions, a visualization should have
the potential to attract the attention of the caregiver when necessary
and stay neutral when no pain is experienced. Results from the litera-
ture search indicated that a warm/cool contrast regarding colours and a
sharp/rounded contrast regarding shape would be quite useful to indi-
cate the continuity from pain to no pain.

The designs created in the first phase of the process, shown in
Figures 5.5, 5.8 and 5.9, were then further evaluated by more than a
hundred parents and professional caregivers in an online questionnaire.
Among many unique opinions on the usability of these three designs,
many commonalities were also found. End-users were most positive
about the usefulness of design C (Figure 5.9) as a representation of a
pain experience and found design B (Figure 5.8) to generate the least
amount of stress in the end-user. The face used in design A (Figure
5.5) was deemed the most intuitive, though the suggestion was made
that the negative side represented sadness more than pain. With these
evaluations and opinions, partially displayed in the word clouds of Fig-
ure 5.10, it was shown that in the three design processes from the first
phase unique information was gathered, which was then evaluated in a
ninety-minute focus group discussion that resulted in a final design (Fig-
ure 5.11), that combined an adaptation of the intuitive face of design A
and the colours and shape of design C, creating something that would
attract attention and motivate caregivers to react quickly and was sim-
ple to comprehend.

The design process shows how valuable the collaboration of
end-users can be, especially when these end-users are a niche group on
which very few studies focus. The authors have found no earlier studies
that looked at pain associations within this user group. The resulting
design created in this study will be integrated in a mobile application to
be used by caregivers and parents of those with severe or profound in-
tellectual and multiple disabilities. Next steps will be to create this app,
test it in the target group and evaluate its usability with the end-users.
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5.3.1. Limitations and strengths

While care was taken to conduct an extensive and thorough design
study, there are limitations. In the first phase of this design study, small
groups were assembled to collaborate with the researchers. Also, many
of the participants were recruited from the networks of the authors,
which may limit the variation of their opinions. However, all participants
were very involved in the study and determined to co-create something
useful for daily caregiving, providing quality input on all aspects. Also,
thanks to the online nature of some aspects of the study, participants
hailed from all corners of the country and had varied expertise (see
table 5.1). As a result, the participation in the first phase led to three
designs encompassing desires, demands, and needs of end-users, con-
firmed by a large number of participants in the second phase.

While semi-structured interviews could have provided more com-
prehensive information and design evaluations, we doubt whether this
would have given a better representation of the end-users than the
eventual participant group of phase two. The six expert focus group of
phase three of the process thoroughly ran through and endorsed results
from the online questionnaire and came to a unanimous agreement. Of
course, further tests in daily practice should show whether this design
fully subscribes to the wishes and demands of caregivers.

In this design study a variety of design aspects was used, rang-
ing from semantic differential comparisons to a brainstorming session,
using both end-users and design experts, to join co-creative develop-
ment with proven design methods. The end-users formed a varied group
with various levels of domain knowledge and design experience, though
undoubtedly included those that had trouble with the semantic differ-
ential method or who did not fully grasp for whom they were making
decisions (themselves or their clients). Furthermore, the design experts
involved in the brainstorm session might not fully have been able to
imagine the needs of the end-user, but the way in which several design
methods were combined while involving the end-user in several different
manners should minimize the effect of this limitation.

5.3.2. Practical implications

This study describes a process for designing visualizations of
subjective (first-person) experiences, such as the experience of pain,
which may have far-reaching consequences for design practice. The
phenomenological approach in design, which takes a first-person
perspective contrast with empirical science and clinical observations,
often referred to as a third-person perspective (Thacker & Moseley,
2012). Here we see a new field for the design theory and practice to
help to bridge the gap between the two perspectives by visualizing or
materializing these perspectives and converging them in a solution that
in our case can improve the understanding of the wellbeing of a client
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unable to communicate and ease the emotional workload of a parent or
professional caregiver.

In the current study end-users were extensively involved, in many
different roles, which gave them the opportunity to evaluate each design
phase but also enlarged their involvement in the eventual product. In
its core, the design task is the mapping from pain levels, which are
emotional and subjective in nature, to visualizations which should
convey the right semantics and intuitive associations. This core task is
not solvable by pure logic and functional reasoning alone. This means
that the sensitivity and creativity of trained designers should be used,
while it is essential to give a voice to the caregivers and family, being
both stakeholders and expert-proxies to the people with severe or
profound intellectual and communicative disabilities.

5.5 Conclusion

The described process was designed in an eclectic manner, choosing
state-of-the-art sub-methods to optimally use resources and optimize
quality by working in small steps, not losing valuable options, and by
careful decision making, balancing functional and emotional aspects.
Lessons from the study and results from its systematic process could be
extended to design for other non-verbal groups, such as neonates and
comatose patients, for which similar challenges exist. One could also
think of involving end-users in design for biofeedback, which is currently
used in graphs and games, but could be extended to health and care.
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Chapter 6

Development of a pain signalling system
using machine learning?

! Published as: Korving, H., Li, S., Zhou, D., Sterkenburg, P., Markopoulos, P., & Barakova,
E. (2023). Development of a pain signaling system using machine learning, 2023 IEEE
International Conference on Acoustics, Speech, and Signal Processing Workshops
(ICASSPW), Rhodes Island, Greece, 1-5, Doi: 10.1109/ICASSPW59220.2023.10193643.
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Abstract

A wearable pain signalling system is introduced, to be used in the daily
care for people with severe and profound intellectual disabilities. Due
to several medical disorders, this group of people can experience daily
acute pain and chronic pain, which they have trouble expressing and
communicating to caregivers. The system consists of a smart sock
with fabric sensors, a sensor unit sending a 6A current through the
smart sock receiving electrodermal response and a mobile application
containing a machine learning algorithm translating the signal. The
pain signalling algorithm uses data of one to five painful stimuli from
28 healthy participants. Random forest modelling was used to classify
moments of pain and train a model to predict pain from new data. The
algorithm’s accuracy could be improved by an ensemble of five models
and voting, so this groundbreaking system can become a much-wanted
attribution to daily caregiving of people with disabilities.

6.1. Introduction

In the realm of healthcare, the use of wearables has become more and
more common. As early as 1956, wearable biosensors could provide
information on a patient’s health status and risks of certain diseases
(Kim et al., 2019). Development and enhancement have navigated the
wearables from one-time in-lab assessment devices to on-the-body
sensors that can continually measure the health status of the wearer.

Outside of clinical settings, wearables can also be useful for a
myriad of other purposes, including assisting athletes in improving their
performance (e.g., Sensoria Fitness), assisting parents in monitoring
their infant during sleep (e.g., Owlet Care), and providing daily
caregivers of non-verbal people a caregiving aid to attune to clients’
needs (Frederiks et al., 2019). The use of wearables as a communication
tool with non-verbal clients is interesting, since there is often a learning
curve for new caregivers and trainees to sensitively respond to the
signals clients give out. A wearable that picks up physiological signs of
stress can prevent escalations.

A potential target group for a wearable continuously measuring
physiological signals are people with severe or profound intellectual
disability (SID). A combination of severe to profound intellectual, motor
and/or sensory disabilities and accompanying medical problems make
this group very dependent on the people around them (Doodeman,
Schuengel & Sterkenburg, 2021; Nakken & Vlaskamp, 2007). They
need caregivers to provide their basic hygienic and nutritional needs,
as well as stress regulation and coping with life’s challenges (Janssen,
Schuengel & Stolk, 2002; Poppen, van der Putten & Vlaskamp, 2010).
Additionally, adults with SID run a higher risk of experiencing pain in
daily life, due to various factors, including but not limited to existing
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medical disorders, an increased risk of accidental injury (IASP, 2021;
Van der Putten & Vlaskamp, 2011), physical deformities causing
infections (Rodriguez, 2014) and a lower-than-average immune
response to pathogens combined with a higher infection risk that
comes with living together in close quarters (Dworkin et al., 2006; Van
Schrojestein Lantman-de Valk & Noonan Walsh, 2012).

Considering that causes of pain and the pain itself cannot be
treated if these are unknown, pain recognition is a crucial part of
daily care for people with SID. Caregivers and parents often describe
an intuitive feeling of ‘wrong’ long before a cause is discovered. This
increases the risk of exacerbating medical disorders and long hospital
visits or stays (Schieve et al., 2012; Walsh et al., 2001).

To provide daily caregivers with an additional way to assess
their clients’ health and pain status, a wireless pain signalling system
is developed, consisting of a wearable sensor in a sock, a Bluetooth®
transmitter and a mobile application. This article describes the system
in detail, the experiments and machine learning modelling to create a
pain classification algorithm and quantitative user experiences of the
eventual user group, professional caregivers.

6.1.1. Relation to prior work

The use of in vivo sensors to measure pain is not a new development.
Especially concerning people unable to communicate about pain,

like newborn infants and comatose patients, physiological pain
measurements in hospital settings have been researched and tested
extensively (e.g., Hatfield & Ely, 2015; Roulin & Ramelet, 2012).

Many measurement methods have been used, some more invasive
than others, and not all have been deemed effective to detect pain
(Korving et al., 2020). The invasiveness of several of the methods,
such as brin scanning techniques, measures of muscle tension and
electrocardiograms make them unfeasible to be used in daily caregiving
for people with SID (Bentley et al., 2016; Waxman et al., 2016). The
current study expands on existing research by testing a non-invasive
pain assessment method (electrodermal activity in socks) to be used on
a daily setting of caregiving.

Since the development of the smart sock in 2014, this item has
been used to measure arousal in children and adults with intellectual
disability. Originally, the socks were paired with a mobile app or smart
watch depicting a butterfly opening and closing its wings (Frederiks et
al., 2015). After consulting parents and professional caregivers, this was
adjusted to a flower growing and shrinking to show higher and lower
arousal, with the addition of showing extra petals to show peaks in
arousal, i.e., acute reactions to stimuli (Sterkenburg et al., 2017). It had
been the parents who consulted on these studies that suggested a new
study to use the smart sock and a mobile app to measure pain, since
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this is one of the biggest challenges in daily caregiving of children and
adults with SID.

The use of Al-enabled algorithms in application of wearables for
emotion detection is not new. On the contrary, it is a popular method for
the automatic recognition of pain, arousal, and stress in healthy adults
(Martinez Mozos et al., 2017; Sanchez-Reolid et al., 2020; Werner et al.,
2020). And while many machine learning methods have been tested,
the Random Forest Prediction method has been deemed the most
accurate to handle medical data (Kaur et al., 2019). The study by Kaur
and colleagues found their Random Forest Prediction technique more
accurate, sensitive and specific than other existing techniques.

6.2. Pain system development

The development of the SID Pain App System started with the
development of the smart sock (Bremmer, Croes & Sterkenburg, 2014;
Figure 6.1). This regular cotton sock is complemented with two fabric
sensors on the inside sole, one by the toes and one by the heel. The
fabric sensors contain silver thread, making them antibacterial, antiviral,
and highly conductive. On the outside of the sock, silver-coated thread
leads from either sensor to one of two metal push buttons at the sock’s
ankle. To these metal buttons, a Shimmer™ sensor unit is attached
(Frederiks et al., 2015).

The smart sock is developed with comfort and ease-of-use
in mind. Considering a subject group that has a severe or profound
intellectual disability, many aspects of life are not or not completely
understood. This can lead to heightened arousal, for clients cannot
ascertain another’s goal in behaviour, and have trouble figuring out what
is going on around them (Frederiks et al., 2019). Therefore, wearable
sensors that use a robust measurement such as galvanic skin response,
are used in a garment that is part of clients’ general outfit (Bremmer,
Croes & Sterkenburg, 2014).
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FIGURE 6.1. The smart sock and inlay of a fabric sensor.

The Shimmer™ sensor is a GSR+ unit of the third iteration (Shimmer
Sensing, Dublin, Ireland; Figure 6.2 left side). With two plastic-coated
wires it is attached to the metal buttons on the smart sock. A six
Ampere current is sent through the wires to travel along the outside of
the sock to the fabric sensors on the inside sole. It then travels over
the skin to the other fabric sensor and back to the Shimmer™ unit. The
amount of moisture, or sweat, on the skin determines the speed of the
current (Korving et al., 2022b).

The Shimmer™ sends and receives sample currents up to 50
times a second (1-5 Hertz), measuring raw skin resistance in Kilo Ohms
(kQ) which is then converted to skin conductance in micro-Siemens
(MS) by taking the inverse (1000/1 kQ = 1 uS). The range of skin
conductance measurement is between 0.2 and 125 pS. Via Bluetooth®
the Shimmer™ sends the speed of every received current to a mobile
application (Shimmer Sensing, Dublin, Ireland). first paragraph in each
section should not be indented, but all following paragraphs within the
section should be indented as these paragraphs demonstrate.

A mobile application was developed in 2021 to work in
conjunction with the Pain System: the SID Pain App (Korving et al.,
2022b; Figure 6.2 right side). This application receives the Bluetooth®
signal of the Shimmer™ and runs it through a machine learning module
to assess the wearer’s pain state. This pain state is depicted visually,
via two emoticons, depicting a happy, green face or a grimacing, red
face. This visualisation was codesigned with a large and varied group of
caregivers for people with SID (Korving et al., 2022a).
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6.3. algorithm development

6.3.1. Pain experiment

A pain experiment was conducted on 30 physically and psychologically
healthy adults between nineteen and 52 years old (M=32.17 SD=7.30),
according to a standard procedure and COVID-protocol. Participants
were invited to visit a lab room where 1.5 m distance could be
maintained throughout the experiment to uphold social distancing rules
relating to the COVID-19 pandemic. Participants were instructed to put
on one smart sock and attach the Shimmer™ transmitter around their
ankle. A stool was provided on which to rest their foot. The experiment
started with a 6 min 45 sec relaxing video, to establish baseline
electrodermal activity.

FIGURE 6.2. The Shimmer™ unit attached to a smart sock on the left
and the SID Pain App on the right.

As the experiment started, participants were asked to submerge
a hand up to the wrist in a tub of ice-cold water (M=6.15° Celsius
SD=0.90° Celsius) and note their pain level out loud on a Self-
Assessment Manikin Scale of one to seven. Participants were specifically
instructed that level 7 did not equal the worst pain imaginable, but
their pain tolerance threshold: The moment the feeling became so
uncomfortable they would wish it to stop immediately. Due to a very
slight risk of lasting pain or impairment to the hand because of a
submersion in ice-water, the participants were asked to submerge their
nondominant hand.

Participants alternated the submersion of their hand in an ice-
cold water, as pain stimulus, and water of a moderate temperature, as
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a neutral yet similar stimulus, though they were unaware how cold or
moderate the water temperature would be. Each submersion would last
for a maximum of 4 min, since from 5 min onwards chances of damage,
such as freezer burns, could emerge.

6.3.2. Model testing

An average of 1.378 seconds (SD = 367.4 s) of data was collected
from each participant, for a total of approximately 68,900 points of raw
skin resistance data. These data points were coded according to each
participant’s self-report (Bl=pain, B2=no pain). Out of the 30 recruited
participants, two showing errors in data were discarded. From the
remaining 28 participants, three participants (P07, P15, and P21) were
randomly selected as the testing set, while the remaining 25 were used
for training.

For each participant, only the data with codes B1 (pain) and B2
(no pain) were extracted for use. Furthermore, to reduce the individual
differences, these data were subtracted from each participant’s average
baseline (during nature video) before they were used for training and
testing. As time series data, every 250 data points (nearly 5 seconds)
with the same codes B1 or B2 were extracted as a sample. In this way, a
total of 5332 samples labelled B1 and 31,238 samples labelled B2 were
obtained, respectively, for the training set, while a total of 920 samples
labelled B1 and 4,350 samples labelled B2 were obtained for the testing
set. About 11-time domain features and 11 frequency domain features
were used.

6.4. Pain system user experience

A group of eventual users, professional caregivers of adults with severe
or profound intellectual disability, have used the Pain App System

on themselves or a colleague and have filled out a survey. The User
Experience Questionnaire (UEQ) was used (Laugwitz, Held & Schrepp,
2007). This questionnaire measures attractiveness, perspicuity,
efficiency, dependability, stimulation and novelty of an experience of
using a device or website. Available in 36 languages, the questionnaire
consists of 26 items of opposing qualities, such as pleasant and
unpleasant, with a seven-point Likert scale in between.

During two separate workshops, twenty professional caregivers
were provided one or more Pain App Systems. They were invited to see
what they could do with the smart sock, find out how far the Bluetooth®
connection spanned and what information the SID Pain App could
provide, and to discuss all these aspects among each other. Afterwards,
they each filled out a UEQ individually.

The UEQ is provided with an analysis tool in Microsoft Excel.
This provides numeric results and graphs, confidence intervals, answer
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distributions, benchmark and scale consistency and inconsistencies.
Based on this tool, one questionnaire that showed critical inconsistency
among answers (participant 10) was removed from the file and results
are based on nineteen filled-out questionnaires.

6.5. Results

6.5.1. Model Testing
6.5.1.1. Data interpolation

This study used SMOTE and ClusterCentroids to create new data points
between existing data points. This method involves calculating the slope
between two adjacent data points and using that slope to estimate the
value of a new data point at a specified location between those two
points.

6.5.1.2. Training and testing data

The testing set was used to evaluate the performance of the classifier.
In each experiment, K% data (K = 0, 10, 20, 30, 40, 50, 60, 70) were
randomly selected from the testing set and added to the training set
after interpolation. The same percentage of similar data as those K%
were added to the training set.

6.5.1.3. Model settings

The Random Forest (RF) used in this study was optimized by applying a
grid search strategy to identify optimal hyperparameters. The five-folded
cross-validation was applied to determine the optimal tree number

by grid searching in the range of {50, 100, 150, 200, 250, 300}. The
optimized random forest classifier was found with 200 trees, Gini-Index,
log2 for the number of features considered for splitting a given node.

6.5.1.4. Experimental results

In our previous work (Korving et al., 2022b), the RF-based classification
model was trained from 25 randomly chosen participants and validated
with the other three datasets. The resulting pain classification accuracy
can range from 80-93%. We tried the LSTM-based neural network
model. However, it achieved no improvements over the RF-based model.
We also discovered that data interpolation is effective. We applied
SMOTE and ClusterCentroids-based data interpolation to solve the
training data imbalance problem. As a result, the classification accuracy
improved in F1 scores over the models trained from the original data.
The higher the percentage of interpolated data, the better the classifier
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performed (detailed experimental results can be found in (Korving et al.,
2022b).

In industrial applications, model ensemble strategies using
voting on the results of more than three diverse models can improve
classification performance, usually by 2-3% on average empirically. The
diversity can be from either diverse data partitions or different model
categories, such as LSTM and RF.

In the future, we will consider introducing more recent self-
supervised learning models pretrained with large amounts of data.
Recent ChatGPT plugins for time-series data processing can also assist
our prediction.

6.5.2. Pain system user experience

The UEQ analysis tool provides calculations of reliability via Cronbach’s
alpha. The subscales attractiveness (a=0.91), efficiency (a=0.80),
dependability (a=0.82) and novelty (a=0.86) all showed good
reliability, while perspicuity (a=0.62) and stimulation (a=0.33) showed
insufficient internal consistency. Considering the sample size of nineteen
questionnaires is less than what is considered a sufficient sample (fifty
or more; Cronbach, 1951) this may just be a result from sampling error
(Schmitt, 1996).

Based on the experience of nineteen professional caregivers,
the Pain App System was positively reviewed on all six aspects of the
UEQ. With score range between -3 (the most negative value) and 3 (the
most positive), the Pain app System was viewed as attractive (M=1.563
SD=0.76), perspicuous (M=1.063 SD=0.98), efficient (M=1.438
SD=1.05), dependable (M=1.188 SD=1.08), stimulating (M=1.406
SD=0.61) and novel (M=1.625 SD=1.95). Only on the aspect of
perspicuity did the Pain App System score below average, with 25% of
earlier results scoring lower and 50% scoring better. The system scored
above average on attractiveness, efficiency, and dependability, good
(10% scoring better and 75% worse) on stimulation and on the aspect
of novelty it scored excellent (in the range of 10% of the best results).

Regarding answer distributions, two items in the questionnaire,
both from the subscale perspicuity, showed the most variation in
answers, with scores both on the lower end of the scale (-3/-2) and on
the highest end (3). These items were ‘complicated/easy’ and ‘difficult
to learn/easy to understand’. The item ‘dull/creative’ (novelty) received
the most negative answers, with over 35% of participants considering
the system to at least be somewhat dull. On the other hand, the item
‘bad/good’ (attractiveness) received the most positive answers, with no
scores on the neutral or negative side of the scale.
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6.6. Discussion & Conclusion

This article introduces a system for pain detection in people with severe
or profound intellectual disability (SID). The current algorithm created
from Random Forest Modelling does not have the desired precision

and accuracy, but a new idea is proposed to help us create a better
predictive algorithm. As stated, future work will utilize voting of more
than three diverse models to improve the classification of pain from new
data.

Regarding the user experience of the future user group, the
system’s complexity was not regarded well. Results showed that a large
part of the participants considered the system difficult to learn and
complicated. Since the system consists of three separate parts and the
user groups is very diverse in cognition and acceptance of technology,
this result was not surprising. It is important that caregivers have no
grievances about using the system. By providing a clear, visual and
detailed user manual, hopefully the system’s usefulness will outweigh its
supposed complexity.

The goal of this study is the creation of a pain signalling system,
able to detect a painful experience from a new client. Pain recognition
in people with SID is an important but challenging part of each day.
Because of their limited communicative skills, this group of people needs
their environment for all manners of emotion regulation and stress relief.
The proposed system will be a welcome aid.
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Chapter 7

Testing a Pain Signalling App in Adults with
Severe or Profound Intellectual Disability in
a Residential Setting!?

! Based on: Korving, H., Barakova, E. I., Markopoulos, P. & Sterkenburg, P. S. (2024)
Testing a pain signaling app in adults with severe or profound intellectual disability in a
residential setting, Journal of Applied Research in Intellectual Disabilities, in revision
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Abstract

A challenge in caring for people unable to communicate is pain detection.
Our golden standard is the self-report, which leaves those unable with
lesser used and understood ways of pain detection. We have developed a
pain signalling application (Pain App) designed specifically for adults with
a severe or profound intellectual disability (SID). This article describes the
testing of this application on adults with SID during scheduled physical
therapy. Participants (N=14, 50% female) experienced pain moments,
which were coded with two systematic pain observation lists for adults
with intellectual disabilities. On average, pain was physiologically detected
six to eight seconds before it was observed with either observation list.
No difference was found between males and females and between mild,
medium, and severe pain. This is the first study studying the difference
between a physiological pain measurement and a pain observation in
adults with SID. Implementations for research and practice are discussed.

7.1. Introduction

Adults with a severe or profound intellectual disability (SID) are often
resident in a home care facility where they receive help and support
from professionals (e.g., Esteban et al., 2021; Skoss et al., 2024). In
the Netherlands, they may live in a group of up to seven cohabitants
(Dutch Ministry of Health, Welfare and Sport, 2024a). The benefit of
such an arrangement is that caregivers, who are available day and
night, are educated and experienced in caring for adults with a severe
or profound intellectual disability, the care work is divided among a
larger team, as opposed to one or two parents, and various care aids
are available, such as manual or mechanical hoists (e.g., Bigby, et
al., 2014; Clement & Bigby, 2010; Dutch Ministry of Health, Welfare
& Sport, 2024b). Care work is made lighter and less stressful by
dividing it among several specialists, and there is still an atmosphere
of homeliness in the group homes, as opposed to a hospital (Bigby et
al.,, 2014).

Despite the advantages of people with a severe or profound
intellectual disability living together in group homes, their lives are not
without challenges. A severe or profound intellectual disability often
coincides with a severe motor disability, one or more sensory disabilities,
a lack of communicative skills and different medical disorders (Poppes,
van der Putten & Vlaskamp, 2010; Van der Putten & Vlaskamp, 2011).
A study in the Netherlands (Van Timmeren et al., 2016) has even
determined that adults with a severe or profound intellectual disability,
on average, suffer from 12 comorbid (medical) disorders, of which
obstipation, a visual disability and epilepsy are the most prevalent.
Obstipation, which was found to occur in 94% of persons with a severe
or profound intellectual disability, is one of several of these comorbid
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disorders considered painful. Others include infections of facial cavities
or urinary tract (Cuvertino et al., 2017; Rodriguez, 2014), gastro-
oesophageal reflux (Béhmer et al., 1999), and skeletal deformities
(Van Schrojestein Lantman-de Valk & Noonan Walsh, 2008). With
living together in proximity, people with SID can also have a higher
risk contracting and spreading infectious diseases (e.g., Dworkin et al.,
2006).

While pain will most likely always cause a disruption of life,
wellbeing and development (e.g., Attridge et al., 2015; Crombez et
al., 1996), it is also a sign of illness, such as those mentioned, or
injury (IASP, 2020). When pain is present in people who are unable
to communicate about their pain, there exists an increased challenge
for caregivers to recognize and treat that pain acutely and accordingly
(e.g., Evenhuis, 2002). Unrecognized pain which is not timely treated
can cause a reliably treatable infection, for example of the urinary tract,
develop into something severe which may need an operation and a
hospital stay to cure (World Health Organisation, 2024).

Unfortunately, the prevalence of pain in people with SID is
insufficiently studied. Caregiver reports have stated that certain daily
pain in individuals with an intellectual disability was present in 13%
of clients, and suspected pain was thought to be much higher (Walsh,
Morisson & McGuire, 2011). The problem is the uncertainty about
the existence of pain in people with a severe or profound intellectual
disability. A lack of communicative skills makes expression of pain
difficult and recognizing signals from someone with SID is challenging
for caregivers (Defrin, Lotan & Pick, 2006; IASP, 2021; Van der Putten &
Vlaskamp, 2011).

Considering the challenge and the importance of recognizing
pain in adults with a severe or profound intellectual disability, a pain
signalling application is introduced, named the SID Pain App. This app
estimates experienced pain through skin conductance measured with
wearable sensors in a sock (Korving et al., 2022b). Skin conductance
(galvanic skin response or GSR) is the conductivity of the skin, aided
by sweat. Fabric silver sensors are placed on the inside sole of a sock,
between which a 6 Ampeére current is run. The variations in GSR-
response may portray variations in arousal the wearer is experiencing.
Pain is a highly arousing experience, so therefore, this system could
theoretically measure pain.

Earlier research (Korving et al., 2020; 2022b) has focused on
testing possibilities of galvanic skin response, gathering pain response
data, and using that data to create an Al-enabled algorithm to classify
pain. Originally, the system has been developed, tested, and found
accurate with pain data from healthy adults without intellectual
disability. Acknowledging the importance of validating the system with
the target group (e.g., Calis et al., 2023; Korving et al., 2022a), this
study was carried out to test (1) whether the mobile pain application
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can be used on adults with severe or profound intellectual disability, (2)
whether a physiological pain classification coincides with a systematic
behavioural observation of pain for the target group, and (3) whether
the SID Pain App will classify a painful moment quicker than a
systematic behavioural observation can classify it.

7.2. Methods

The current study was conducted to test a physiological pain signalling
application on adults with a severe or profound intellectual disability,
answering the questions: Will this SID Pain App signal a pain moment

at the same time pain is observed in the behaviour of the participant?
And will the SID Pain App classify a physiological response as pain faster
than a systematic observation will code behaviours as pain?

Participants (N=14, 50% female) were recruited from several
Dutch organizations who provide care for children and adults with SID.
They were adults with a severe or profound intellectual disability, which
was determined by either results of an IQ assessment or as reported in
their general file. Participants’ biological age ranged from twenty to fifty-
five years (Mean = 33.14 years, SD = 11.90 years).

Table 7.1 shows the descriptives of the participants:
demographics, the participants’ capabilities of self-care, the participants’
motoric capabilities, and the length of their physical therapy session.
Motor disability varied from being able to walk with support (Gross
Motor Function Classification System level II) to being quadriplegic
(Gross Motor Function Classification System level V; Palisano et al.,
1997). Some participants had a visual disability (N=6, 35.7%), ranging
from severe near- or far-sightedness to (functional) blindness, and only
few (N=2, 14.28%) had a known mild auditory disability. The average
length of measurement was 22 min, 57 sec (SD=3 min, 37 sec).
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TABLE 7.1. Demographics for participants with a severe or profound ID.

gender age IQ/DEV self-care motor function level length of
session
F 36 1IQ<25 no \Y 23:46
F 50 12m limited III 20:10
M 30 1Q<25 no Y 26:09
M 40 9m some Vv 22:47
M 44 10m some II 20:33
M 28 7m no Vv 27:23
F 44 6m some II 23:55
F 55 36m some III 28:00
M 20 5m some v 19:47
F 24 1Q<25 no v 21:03
F 21 IQ<25 no V 24:51
F 20 IQ<25 limited II 20:55
M 32 1Q<25 limited I1 15:06
M 20 1IQ<25 no \ 26:57

Note. IQ=intelligence quotient, DEV=developmental age in months (m),
capable: capability of participant to perform self-care, motor function level
according to the Gross Motor Function Classification System: level II (walking
with balance and endurance limitations), III (walking with a hand-held mobility
device and additional support), IV (limited self-mobility/powered mobility), and
V (transported in wheelchair).

Intellectual disability was the result of complications during
pregnancy (N=1, 7.14%), during delivery (N=3, 21.43%), or due to a
congenital genetic disorder (N=8, 57.14%). For two participants, one
male and one female, the reason for the intellectual and motor disability
was unknown at the time of measurement.

All participants were residents of an organization for the care
of people with intellectual, motor and/or visual disability, which means
they received up to 24-hour care by professional caregivers in a home-
care facility. The care facilities were situated in both urban (Amsterdam,
Amstelveen) and more rural areas (Doorn, Ermelo, Purmerend).

Three of the participants were born to parents who had immigrated
to the Netherlands (21.4%), which is somewhat higher than the
percentage of inhabitants with parents with a migratory background
in the entire Dutch population (11.6%; Statistics Netherlands, 2023).
All the participants were under the care of specialized physicians and
developmental psychologists, though for most no specific problem
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behaviour was reported. They were visited in either their group home or
the place they received day-care.

Inclusion criteria for participation are presented in Table 7.2.
Attrition was moderately high (10.5%), due to the low number of
participants. One possible participant underwent a pain-relieving
procedure, and another passed away shortly before the scheduled
measurement. Furthermore, eight participants were excluded because
they did not meet all inclusion criteria (e.g., too young, higher
developmental age).

TABLE 7.2. Inclusion criteria for adults with SID.

Inclusion Explanation

Biological age > 18 years.

Developmental age < 36 months. Severe or profound intellectual disability.
Under regular treatment by physical Participant needs to know their physical
therapist. therapist and be comfortable with them.
Living in care organization. Similar access to medical and behavioural
help.
No MS or comparable disorder. Physiological responses cannot be
measured.

Not allergic to cotton, elastane, polyester or Smart socks contain these materials and
silver. must be worn.
Not currently participating in another pain
study.

7.2.1. Instruments

The smart sock is a regular sock adorned with two fabric sensors on the
inside of the sole, one close to the toes and one by the heel (Figure 7.1).
This sock was developed by the Eindhoven University of Technology, the
Vrije Universiteit Amsterdam and care organization Bartiméus, Doorn
(Bremmer, Croes & Sterkenburg, 2014). The fabric sensors contain
silver for optimal conductance, with the added benefit that silver is

both antiviral and antibacterial. The inside sensors are connected to
metal push buttons on the part covering the ankle or calf, with a silver
conductive wire that only covers the outside of the material. The push
buttons also do not touch the wearer’s skin.

A Shimmer™3 GSR+ unit (Shimmer, Dublin, Ireland) is worn
around the ankle, clipped into a plastic holder on an ankle band. The
ankle band is made of stretching material and can be adjusted for
comfort with a plastic clasp. The Shimmer™ is connected to the push
buttons on the smart sock with two plastic-coated wires. Through these
wires a 6A current is brought, travelling along the outside of the smart
sock until it reaches the skin at one of the fabric sensors. Then it travels
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over the skin to the other fabric sensor and returns to the Shimmer™3
GSR+ unit. The amount of moisture, or sweat, on the skin determines
the current. The Shimmer™ sends and receives sample currents at

a frequency of up to 50 times a second (50 Hertz), measuring raw

skin resistance in Kilo Ohms (kQ) which is then converted to skin
conductance in micro-Siemens (uS) by taking the inverse (1/1000

kQ = 1uS). The range of skin conductance measurement is between
0.2 and 125pS. Via Bluetooth® the Shimmer™ sends every received
measurement of the current to a mobile application. The measurements
are conformed into a CSV-format displaying skin resistance, skin
conductance, date & time, and whether and which button on the display

was used.
! L

[

FIGURE 7.1. The smart sock: On the left is a fabric sensor and the right
shows the sock with the Shimmer™3 GSR+ unit.

The SID Pain App is a mobile application, including a user interface with
several levels, starting with the Bluetooth® connection to a Shimmer™
unit in the vicinity and including a pain classification algorithm and

the possibility for the user to input data (Korving et al., 2022b). The
pain classification algorithm in the Pain App was developed with pain
response data from 28 healthy adults with no intellectual disability,
who received one to five painful experiences and self-reported their
pain tolerance threshold on a Self-Assessment Manikin scale [30]. This
resulted in approximately 69,000 data points of both pain and no pain.
A Random Forest algorithm was used to create a model capable of
distinguishing physiological pain data from no pain. The model obtained
>80% reliability, though precision and sensitivity were only adequate
when 50% of data were interpolated from the same participant (Korving
et al., 2022b).
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The user interface (Figure 7.2) and design used in the Pain
App have been co-designed with professional caregivers and family
members of people with intellectual disability (Korving et al., 2022a).
As per the eventual users’ wish, the Pain App has an option to look back
five minutes in the graph of the electrodermal activity measurement.
Buttons on the user interface allow the user to input whether they think
the wearer is or is not in pain. A warning signal will be given visually,
audibly, and haptically, and the user can choose to disable either the
auditory or the haptic warning.

Shirvener settings
L]

Data labeling

FIGURE 7.2. The user interface and visualization design of the SID Pain
App when it is in use and gathering data. The green face is shown in
case of no pain, the red face in case of pain.

None of the participants observed were undergoing physical therapy for
rehabilitation needs; they received physical therapy to keep mobility in
their muscles, joints, and tendons, or to retain a skill, such as sitting
unsupported, crawling or walking with support. There was insufficient
information from physical therapists’ reports to ascertain whether

the Pain App detected pain when the participant was also expected

to experience pain. Therefore, physiological pain signals detected by
the Pain App are compared to observations of pain behaviour based

on two systematic pain observation scales, and the results from

both observation lists are compared to improve the validity of the
physiological pain detection.
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The Non-Communicating Adults Pain Checklist (NCAPC; Defrin,
Lotan & Pick, 2006; Lotan et al., 2009a) was developed to systematically
observe pain in adults with an intellectual or developmental disability,
ranging from mild to profound. Researchers found that existing
systematic pain observation lists were not sensitive enough to pick
up pain behaviour from adults with a severe or profound intellectual
disability. The existing Non-communicating Children’s Pain Checklist-
Revised was adjusted and tested fully, both on internal consistency
(alpha = .773) and sensitivity to pain (SRM, 1.20 - 2.07) (Lotan et al.,
2009b). In total the observation list has 17 items within six themes:
vocal reaction, emotional reaction, facial expression, body language,
protective reaction, and physiological reaction. The first seven items of
the NCAPC are shown in Table 7.3.

In the NCAPC, an observer scores a pain behaviour in two ways:
whether it occurs and how often it occurs. No cut-off score was given, just
that a greater score meant greater pain. A score of zero meant that the
behaviour was not seen or shown, scoring one meant that the behaviour
is present but rarely seen or heard, a two meant that the behaviour was
shown a few times but not continuous, and scoring three meant that the
behaviour was seen often and (almost) continuous; anyone would easily
notice this if they saw the participant for only a few moments during the
observation time. All observations were made with video material of at
least 15 minutes up to the full length of the physical therapy session.
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TABLE 7.3. The first seven items of the non-communicating adults pain
checklist and its scoring scale.

Item Score
Not at Justa Fairly Very
all little often often
Vocal reaction
Moaning, whining, whimpering (fairly soft) 0 1
Crying (moderately loud) 0 1
Screaming or yelling (very loud) 0 1
Emotional reaction
Not cooperating, cranky, irritable, unhappy 0 1 2 3
Agitated, being difficult to distract, not able to satisfy 0 1 5 3
or pacify
Facial expression
Furrowed eyebrows, raising eyebrows 0 1 2 3
A change in eyes including (squinting of eyes, eyes 0 1 5 3

opened wide, eye frowning)

The Non-Communicating Children’s Pain Checklist-Revised has
a cut-off score of seven based on a video observation of two hours.
This cut-off was adjusted based on the length of video material per
participant and knowledge of the target group. If the participant showed
three different pain-related behaviours within 10 seconds of each other,
as per the NCAPC, this was scored as a pain moment, no matter how
often each behaviour occurred. The exact time index of a third pain
behaviour (within 10 sec of the first pain behaviour) was compared to
the time index the Pain App detected a physiological pain signal.
The observations with the NCAPC were independently coded by two
trained and instructed observers (master students). The first observer
coded all 28 videos from all 14 participants (face and body), while
the second observer coded 13 randomly chosen videos of 13 different
participants (43.46%). Interrater reliability was measured by checking
agreement during 100 seconds from four randomly chosen videos.
Cohen’s Kappa was moderate, k=.410. Intra-rater reliability was
measured for the first NCAPC-observer (k=.556).

The Pain Observation Scale for Adults with Intellectual Disabilities
(POSAID; Figure 7.3) has been in development since 2020 and is being
validated specifically for adults with a profound intellectual disability
(Enninga et al., 2023; Kreukniet, Bruns & Van der Putten, 2016). The
scale consists of 12 items, drawn from other observation scales and
literature, to assess pain in a residential setting. For assessment with
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the POSAID, first author and a master student received a five-hour
training from the developer, followed by a short evaluation session to
determine interrater reliability between developer and trainee.

The two observers finished the training and evaluation session
and independently coded the videos with 12 items from the POSAID.
The first observer coded all 28 videos from the 14 participants and
the second observer coded six randomly chosen videos of six different
participants (21.43%). Interrater reliability between both observers was
measured during 100 seconds from four randomly chosen videos and
deemed accurate (k=.725). Intra-rater reliability was measured for the
first POSAID-observer (k=.809).

When using the POSAID, an observer watches two minutes
of a video of a participant experiencing caregiving, physical therapy,
or a comparable situation. The videos of the face are watched twice
and the body once. Observations are made based on what is seen,
interpretations are not allowed. Background noise is to be ignored and
only sounds clearly made by the participant being filmed are taken into
consideration. Cut-off score (for pain) was three behaviours, based on
the provisional results of the POSAID’s validation research Enninga et
al., 2023).

Item Description of pain-related behaviour
1. Tense face One or more facial muscles being tightened (not relaxed). NOT scored while client is talking.
2. Eyes (almost) Eyes tightly shut or squeezed. NOT scored if client is blinking or has their eyes shut without squeezing.
squeezed
3. Raising upper lip Upper lip is pulled up, shortening the distance between upper lip and nose; nasolabial furrows deepened, nostril raised and
enlarged.
4. Grimace Scored as present only when the following three facial expressions occur together:

1. eyebrows drawn together and downward, with the skin between the eyebrows bulging out;
2. eyes tightly shut or squeezed;
3. nasolabial furrows deeper than normal and drawn up sideways.
5. Frightened, fearful Large, wide-open eyes and inner sides of eyebrows slightly raised and drawn together.
look
6. Moving body part Each movement indicative of resistance or protection of a (painful) body part. Included are movements such as changing
one's position in a chair as to relieve one's seat or back, and grasping one's head. NOT scored if the movement or action
is functional, for example, pushing one's hair out of one's face, or raising one’s arms to take off clothes.
7. Panicky, panic attack  An extreme manifestation of anxiety showing in random nervous body mc ts or fierce resi e. This may co-occur
with: frightened expression characterised by large, wide-open eyes, and inner sides of eyebrows slightly raised and
drawn together; and/or- intense screams or verbal expressions of pain, such as ‘ouch’ or *you are hurting me’.

FIGURE 7.3. The first seven items of the POSAID with explanation
(Kreukniet, Bruns & Van der Putten, 2016).

Both the NCAPC and the POSAID were coded with Noldus The
Observer XT software (Noldus, 2024). This software enables researchers
to code video data (event coding) and aligns this to data from
another type, such as physiological data in CSV-format. This way both
measurements could be synchronized in the same program, and it could
be made clear whether the observed event happened congruently or
close to a physiological response.
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7.2.2. Procedure

This project and all its components were approved by the medical-
ethical committee of the Vrije Universiteit Medical Centre (METc

VUmc; NL69815.029.19). Informed consent was provided by legal
representatives of the participants with a severe or profound intellectual
disability. Participants were informed of the presence of a researcher
and equipment by their primary caregiver, if necessary, by use of
graphic material. Signs of distress in participants were discussed with
each participant’s professional caregiver, and the behavioural code

for recognizing resistance in people with an intellectual disability was
followed (Centrale Commissie Mensgebonden Onderzoek, 1999).

Team managers of participating care organizations for
persons with intellectual disability were asked to assess clients on
inclusion criteria given in Table 7.2. Participant information, for legal
representatives and physical therapists, was provided via email or post.
This package included: an information folder, an informed consent form,
(an envelope with) a postage-free return address, a research planning,
and a general information folder about rights and considerations for
participating in medical research in the Netherlands, provided by the
Dutch government.

Once the legal representative’s informed consent form was
returned, an appointment was made for a measurement. These
would take place on the day, time, and location the client would have
scheduled physical therapy. The researcher or an assistant would arrive
beforehand to go over the measurement procedure. After the physical
therapist consented to be visible in the video, they would start the
physical therapy session. The session would be proceeded or followed
by a few minutes of no activity around the participant, so that an
electrodermal activity baseline could be established.

Two cameras were set up, one to videotape the participant’s face
and one for the entire body. They would be either placed on a nearby
surface, for example a counter facing the treatment table, or fixed on
one tripod. The camera that was focused on the body was a Sony Zeiss,
while a Galaxy S5 mini with Android 5 was used to film the participant’s
face. The set-up of both cameras on the tripod is shown in Figure 7.4.

Participants would wear a smart sock in their shoe size, or, when
they wore braces or knee socks, a smart knee sock. The connection to
the Pain App would be made before both video cameras would be turned
on. In view of each camera, the researcher or research assistant would
press a button on the Pain App’s interface. This button press would
appear in the data and would later be used to synchronize the video-
material with the physiological data. Both video and physiological data
would be gathered as long as the physical therapy session lasted. At the
end of the session, the participant and the physical therapist received
small presents.
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FIGURE 7.4. The camera set-up videotaping the participant’s face and
body simultaneously.

7.2.3. Data Analyses

The data consisted of demographics, electrodermal activity, in a

format of micro-Siemens per one-fiftieth of a second, and coded video
data. Physiological pain data was also coded as mild (1), moderate

(2) or severe (3), based on the length and deviation from baseline of
the electrodermal response. Observational data was coded as a pain
experience at the time index of the third observed pain behaviour within
10 seconds of the first observed behaviour. The time index was the time
since the start of the physiological measurement with the Pain App.

A difference score was calculated between the moment of a
physiological pain response and the moment of a third observed pain
behaviour. This difference score was used to compare pain experiences
of male and female participants and between the three different levels
of physiological response, to exclude differences in variation or result
between these groups. To exclude variety in results between the NCAPC
and the POSAID, the difference score of both observation lists were
compared to each other.

IBM SPSS 26 was used for data analysis. Initially, a paired t-test
was done to analyse the difference in speed between the physiological
response and an observed response of pain. In case no significant
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results were found with the paired t-tests, an equivalence test was

used (Lakens, 2017). Hereafter, differences between men and women,
between the different levels of pain, and between the observation lists
were analysed with several analyses of variance. A Cohen’s d test would
give information about the relevance of the t-test’s results and post-hoc
Tukey’s tests would clarify the result of the ANOVA's.

7.3. Results

As measured by the Pain App, each participant experienced one to four
painful moments during their physical therapy session, leading to a total
of 40 pain instances over the entire group (mean = 2.86, median =

2). When only one or two different pain behaviours were coded within
10 seconds of a physiological pain response, the observational pain
moment was coded as missing data. There was missing observational
data from the NCAPC for 17 of the physiological pain moments, and five
of the physiological pain moments had missing observational data from
the POSAID, so analyses were done with the remaining 23 and 35 pain
moments, respectively.

Out of 35 physiological pain moments, nine were mild, lasting to
up to one second and showing a moderate change from the baseline.
Another 17 pain moments were moderate, lasting one to two seconds
and showing a moderate to high response. A severe pain response
was seen in nine instances, lasting longer than two seconds and
showing a large change from each participant’s baseline. An example of
physiological responses on these three pain levels is shown in Figure 7.5.

+ M]L

FIGURE 7.5. An example of a mild physiological pain response (A), a
moderate physiological pain response (B) and a severe physiological
pain response (C) taken from the data of two participants.
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On average, the SID Pain App signalled a pain moment 9min
12.09sec after the start of the measurement (SD=6min 15.18sec),
and a pain event was coded via systematic observation with the Non-
Communicating Adults Pain Checklist after 9min 18.57sec (SD=6min
14.10sec). The difference between these measurements was 6.48sec
(SD=5.99sec). A two-tailed paired t-test showed a significant result,
t(22)= -5.340, p<.001. Cohen’s d was calculated to assess effect size,
which was small, d=.021.

To assess possible differences between the pain moments
of participating male participants (N=10) and the pain moments of
participating female participants (N=13), a one-way ANOVA was
administered, with the difference score between Pain App and NCAPC
pain events as outcome measure. The average difference between
the physiological and NCAPC pain moments for men was 8.51sec
(SD=8.36sec) and for women 4.93sec (SD=2.72sec). The Levene’s test
of homogeneity of variance was significant, therefore a Kruskal-Wallis
test was administered, which was not significant: H(1)=1.574, p=.210.

On average, the SID Pain App signalled a pain moment 9min
44.56sec (SD=6min 01.07sec) after the start of the measurement and
a pain event was coded via systematic observation with the POSAID
after 9min 50.81sec (SD=6min, 01.63sec), a difference of 6.25sec
(SD=6.55sec). Results of the two-tailed paired samples t-test were
significant: t(34)=-5.646, p<.001. Cohen’s d was calculated to assess
effect size, which was small, d=.017.

To assess possible differences between pain moments
of participating male participants (N=17) and pain moments of
participating female participants (N=18), a one-way ANOVA was
administered, with the difference score between Pain App and
observational pain events as outcome measure. The average difference
between the physiological and observational pain moments for men
was 7.88sec (SD=6.89sec) and for women 4.71sec (SD=5.99sec). The
Levene’s test of homogeneity of variance was non-significant and neither
was the result of the ANOVA, F(1,33)=2.124, p=.154.

The different levels of physiological pain responses showed
various difference scores between physiological and observational
pain moments, with pain events coded via a systematic observation
made 4.39sec (SD=2.24sec) after a mild physiological response,
7.21sec (SD=6.20sec) after a moderate physiological response, and
6.29sec (SD=9.72sec) after a severe response. The Levene’s test of
homogeneity of variance showed equal variances between the three
pain-level groups. The one-way ANOVA gave a non-significant result,
F(2,32)=.532, p=.593.

There was no difference between the difference score of the
physiological measurement of pain with the Pain App and NCAPC pain
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event, and the difference score of physiological measurement with the
Pain App and POSAID pain event: t(21)=-.803, p=.431. The difference
between the moment the Pain App detected a pain experience, and

a third behaviour was shown according to either of the systematic
observation lists was the same. The situations where a physiological
response was measured, but no behavioural response was coded
(missing observational data) were equally divided between men (NCAPC
47%; POSAID 40%) and women, and between mild (40%), moderate
(40%) and severe pain levels.

7.4. Discussion

The current study uses observations of adults with severe or profound
intellectual disability (SID) during a regular physical therapy session
with possible painful moments to test a physiological pain measurement
system, the 'SID Pain App’. Seven males and seven females with a
severe or profound intellectual disability wore a smart sock connected
to the SID Pain App while they were videotaped during a fifteen-to-
twenty-five-minute physical therapy session. The videos were coded
with two systematic pain observation lists and pain moments were
compared to the time instances the physiological data signalled pain to
test (1) whether the SID Pain App can be used on adults with severe

or profound intellectual disability, (2) whether a physiological pain
classification coincides with a systematic behavioural observation of pain
for the target group, and (3) whether the Pain App will classify a painful
moment quicker than a systematic behavioural observation can classify it.

Results of the study indicate physiological measurements of pain
are possible by measuring electrodermal activity, but the measurements
may not yet be as valid as they should be. In 17 cases, when observed
with the NCAPC, and in five cases, when observed with the POSAID,
the participants showed no or too few behavioural pain responses. This
could either mean the systematic observational lists were insufficiently
sensitive to behavioural pain responses in those specific cases, or the
SID Pain App detected false positives for pain.

When conducting a pain study with adults who can self-report
about their pain experience, it is possible to make a physiological
distinction between signals that indicate stress and those that indicate
pain. In cases of participants with severe or profound intellectual
disability, with an inability to self-report, distinguishing pain and stress
becomes more challenging. It is therefore impossible to completely
rule out that the SID Pain App would signal a stress response as a
pain response if the physiological deviation from baseline is similar.
Nevertheless, considering the vulnerability of the subject group and their
increased risk of painful medical disorders, any signal from the
SID Pain App can be an indicator that something is amiss, and should
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certainly result in getting a caregivers attention.

As far as the first question from this study, whether the Pain App
can be used to measure electrodermal activity in adults with a severe or
profound intellectual disability, this can be answered positively. In all 14
participants, at least one moment of pain was classified by the Pain App,
and in 35 of the 40 physiologically detected pain moments, a systematic
observation registered three pain behaviours within 10 seconds of this
physiological response. Furthermore, none of the participants showed
any signs of distress, according to their professional caregivers, or
resistance, according to the behavioural code for recognizing resistance
in people with an intellectual disability, from wearing the smart sock,
having a 6A current run over their foot sole, or being videotaped by a
researcher.

Considering the second question, whether a physiological pain
classification coincides with a systematic behavioural observation of
pain for the target group, the data shows some variation between the
two behavioural observation lists used. In over three times as many
moments that the Pain App detected an instance of pain, a pain event
could not be coded with the Non-Communicating Adults Pain Checklist
(N=17), compared to the Pain Observation Scale for Adults with
Intellectual Disabilities (N=5). Considering that all participants of this
study had a severe or profound intellectual disability, a group for which
the POSAID was specifically developed and validated, while the NCAPC
was found to be reliable for non-communicating adults with intellectual
disability of all levels, this result may indicate that the POSAID is
more sensitive to pain behaviours shown by adults with more severe
intellectual disabilities.

Results indicate that no differences were found between SID Pain
App measurements and observed pain in male and female participants,
and between mild, moderate or severe pain responses. Missing
observational data was equally divided in all groups. Furthermore, the
difference scores between the two systematic observation scales and the
SID Pain App were similar, which indicates the observation scales have a
similar sensitivity to recognize pain in adults with a severe or profound
intellectual disability. The difference in missing observational data may
have more to do with observer differences.

The two independent coders that observed using the NCAPC
showed lower inter-rater and intra-rater reliabilities, compared to the
two independent coders that observed pain behaviours with the POSAID.
The training for using the POSAID was also more involved than that
for using the NCAPC, therefore the variation in the results of these
observation scales could be due to difference in coder training, and not
due to sensitivity to cose pain. Future research using either or both of
these pain observation scales will have to make sure the trainings for
coders on each of the scales are equally comprehensive.
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Overall, it seems that the SID Pain App does coincide with
a moment that a pain event can be coded using a systematic pain
observation scale, and therefore can be used by caregivers to help
recognise pain experiences in adults with a severe or profound
intellectual disability.

A third behavioural response of pain coded with the Non-
Communicating Adults Pain Checklist would on average be observed
nearly 8 seconds after a physiological pain response measured with the
SID Pain App. When coded with the Pain Observations Scale for Adults
with Intellectual Disabilities, the third pain behaviour was observed
almost 6.5 seconds after the physiological pain response. This gives
a strong indication that the Pain App does indeed classify a painful
moment earlier than a systematic observation can detect it. This result
is an important step towards providing caregiving with a tool to detect
pain or pain-related distress in clients who are unable to communicate
about their pain.

Considering that most clients with a severe or profound
intellectual disability are not constantly observed by their caregivers
during most of the day, the fact that the Pain App detects pain signals
can help caregivers to timely evaluate their client’s distress, provide
care and support, and create a safer environment for clients unable to
communicate about pain. Theoretically, this will improve the wellbeing
of clients with a severe or profound intellectual disability, by minimizing
the disruptive influence of pain on their quality of life and development.
And furthermore, the earlier pain is detected, the earlier pain relief and
medical treatment can be provided, avoiding an escalation of illness or
injury that caused the pain.

This study offers a unique contribution to disability research
and care for people with severe and profound intellectual disability. Not
only does it show that physiological responses to pain in adults with
SID are similar to those without an intellectual disability, but also that a
physiological pain signal can indicate a pain moment before systematic
observations can. This can be a tremendous help in caregiving, not
only to detect pain faster, but also to recognize and understand an
individual client’s unique pain-related behaviour. Especially when
clients with a severe or profound intellectual disability are cared for by
several professional caregivers, who regularly change jobs or locations,
introducing new caregivers to the clients, an automated system that
detects pain or pain-related distress can become invaluable for the
training of the new caregivers.

Within the field of disability research, this study is the first that
looks at a way to measure physiological pain in adults with a severe
or profound intellectual disability in a residential setting. Other studies
have looked at behavioural pain detection in the target group (e.g., De

148



Knegt et al., 2013), or pain detection in clinical settings, for example
during a hospital stay (Arbour & Gélinas, 2014; Roulin & Ramelet,
2012), or vaccinations (slifer et al., 2011). And despite the increased
risks of necessary medical procedures and hospital stays for people with
a severe or profound intellectual disability, most of their time is spent
at their group home or their day care, and it is important for health and
wellbeing that the possibility of pain can be evaluated at their home.
Unfortunately, this study did not look at what a caregiver will
do once they become aware of a signal from the SID Pain App. Even
after a pain signal from the SID Pain App, a caregiver has many choices
concerning the possible pain. It would be interesting to find out what
difference the SID Pain App can make in daily caregiving, both for the
caregiver and the client. We recommend future research to investigate
this question to bring the state of pain recognition and treatment for
adults with severe or profound intellectual disability a step further.

7.5. Conclusion

Results of this study show that galvanic skin response is a physiological
measure that can effectively be used to detect pain moments in adults
with a severe or profound intellectual disability. The SID Pain App

gave pain signals during physical therapy, and behavioural responses
observed with the Pain Observation Scale for Adults with profound
Intellectual Disability were seen after almost every physiological pain
response. This indicates that a physiological measuring system could be
a promising additional tool to detect and assess pain in people unable to
communicate about their pain.

The physiological pain response signalled by the SID Pain App
would come more than 6 sec before three different behavioural pain
responses were seen, based on either the Non-Communicating Adults
Pain Checklist, or the Pain Observation Scale for Adults with profound
Intellectual Disability. This is an important result, since recognizing
pain in persons with a severe or profound intellectual disability is a
challenge for caregivers. The proposed automated system for measuring
indications of pain can assist caregivers in closely monitoring their
clients, recognising their unique pain-related behaviour, and identifying
the underlying causes of pain before it escalates to a potentially life-
threatening condition.
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This project was started to find ways to offer support in the lives
of adults with a severe or profound intellectual disability and their
caregivers for better detection and assessment of pain. Timely
assessment of pain makes clients’ daily life safer, improves their
wellbeing, and prevents more severe illness or death (e.g., van
Timmeren et al., 2016; York, Wechuli & Karbach, 2022). Since
systematic pain observations are difficult in this target group, cost time
and manpower, and may not reveal unique, subtle, and idiosyncratic
pain behaviours (e.g., Defrin, Lotan & Pick, 2006; Millard & de Knegt,
2019; Zwakhalen et al., 2014), an automatic system to physiologically
measure pain was developed and tested. The aims of the project were
as follows: (1) To evaluate several physiological pain detection methods
on usability, invasiveness and technological readiness; (2) To develop
a reliable, valid and specific physiological pain detection algorithm to
be programmed into a mobile application; (3) To test this mobile pain
detection application on adults with a severe or profound intellectual
disability and to assess the user experience of the caregivers using the
mobile application.

The communication difficulties of adults with a severe or profound
intellectual disability make it difficult to discover how many of them
are in pain (IASP, 2021). What is known, is that with an increased
risk of painful medical disorders (e.g., Evenhuis, 2002) and physical
and medical comorbidities (e.g., Van der Putten & Vlaskamp, 2011),
the chance of experiencing pain also increases (IASP, 2021). An
experience of pain not only comes with a disruption in life, wellbeing,
and development (e.g., Attridge, et al., 2015), it signals an injury or
illness that should be treated. The speed and accuracy of the detection
of pain in adults with a severe or profound intellectual disability will
increase their quality of life (e.g., van der Putten & Vlaskamp, 2011) and
will prevent an exacerbation of the cause of the pain (e.g., World Health
Organisation, 2024).

Main findings of this project were positive: While not many
studies have focused on pain measurement in adults with a severe
or profound intellectual disability, many studies have looked at the
effectiveness of physiological ways to measure acute or chronic pain
in healthy adults or patients. For clients with a severe or profound
intellectual disability, only the most non-invasive ways can be used.
Therefore, a system that measures electrodermal activity with a
sock was developed. With pain data of thirty healthy adults without
intellectual disability a pain classification model was created, which,
when using 50% interpolated data in the testing set, has an accuracy
and sensitivity of over 80%. When tested on adults with a severe or
profound intellectual disability, the mobile physiological pain detection
application shows a pain warning on average seven seconds before a
systematic observation will. User experience questionnaire research
showed the pain detection system to score positive on attractiveness,
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perspicuity, effectiveness, dependability, stimulation, and novelty.

8.1. Main findings

To evaluate physiological pain detection measures on usability,
invasiveness and technological readiness, a search for the physiological
pain measurement methods used in research was done with a
systematic review of meta-analyses and review papers. The usefulness
of every method for pain measurement, their invasiveness for a
patient, and their technology readiness as measuring systems varied
substantially, therefore it was difficult to compare the physiological pain
measurement methods with each other. The diversity in the quality of
the reviews and their risks of bias created another impediment for a
thorough comparison of the included research articles.

In the case of patient care in hospitals or care organisations, the
assessment of both acute and chronic pain is a challenge. Unfortunately,
an automatic measurement of both forms of pain in a low invasive way,
is still unavailable. Some of the measurement methods reviewed, such
as genetic testing, were only applicable to determine chronic pain,
while most other systems, such as heart and respiratory measures
and muscle tension, could only assess the direct physical changes
to acute pain. Many of the physiological pain measurement methods
showed inconsistent results, such as reliability in one subject group
and not in another, or there were too few studies or participants for a
thorough evaluation. Technological readiness of the used methods was
generally high, except for electrodermal measures and automatic facial

recognition. e

When the invasiveness of the physiological pain measurement
methods was correlated to the vulnerability of participants on which
the methods were used, the trend showed that the less vulnerable the
participants, the more invasive the measures that were tested, and
vice versa. As a general agreement, researchers only test the invasive
pain measures on the participants who can give informed consent.

While the more vulnerable participants are protected from having to
endure more invasive ways to physiologically measure pain, the result
of this review also shows that participants with an intellectual disability
are underrepresented in physiological pain research. Therefore, the
result from this systematic review did not answer the question what
physiological pain measurement measure would be best to use on very
vulnerable participants.

As the increase of stress is related to an increase in skin
conductance (Biedeman & Scheff, 1994; Flora, Wilkernon & Flora, 2003),
a pilot study was set up to examine the electrodermal response to pain.
Four healthy and well-informed participants between 28 and 52 years
old underwent a painful stimulus once or twice while wearing the smart
sock (Bremmer, Croes & Sterkenburg, 2014; Frederiks et al., 2015).
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The results showed that skin conductance showed a clear response to
pain, which deviated significantly from a relaxed disposition. Responses
varied between and within individuals, with the second pain stimulus
clearly showing less of a physiological reaction. This is not surprising,
since expectation plays a role in pain response (Atlas & Wager, 2012).
Participants knew what to expect and their physiological response to

a repeated pain stimulus was less intense. Something similar occurs
when acute or subacute pain becomes chronic, and the body’s response
becomes inadequate (Buchel, 2023). It was therefore important to
manage future participants’ expectations of the pain stimulus so that
their physiological response would be as close to realistic as possible.

After establishing that measuring the galvanic skin response
to pain is possible when using the smart sock, thirty healthy adult
participants were recruited to contribute to a larger pain dataset for
algorithm development. In the experiments, submersion of the non-
dominant hand in ice-water was alternated with a submersion in water
of room temperature or slightly warmer, without participants knowing
the water’s temperature beforehand. Expectations of pain were therefore
managed. Participants submerged their hand in ice-water up to five
times, leading to a dataset of approximately 69,000 data points of
pain and no pain moments. On the created dataset a Random Forest
algorithm performed better than Support Vector Machine.

At first glance, the results seemed promising, with 95% accuracy
and 99% area under curve. Unfortunately, due to the imbalance of
the data, specificity, precision, and Fl1-scores were around 50%. The
unique physiological reaction to pain between participants is likely to
have hindered the prediction of pain based on new physiological data.
As a solution, data was artificially generated based on the testing set.
With 50% generated data, the specificity, sensitivity, and fl1-score of
the algorithm increased to around 80%, while reliability remained high.
This meant that the algorithm’s specificity and sensitivity for classifying
pain within a participant was only high enough when the data it used
for testing was derived from pain moments from that same participant.
Classifying pain from completely ‘new’ test samples was no better than
chance.

Another group of participants, the eventual users of the mobile
pain classification application, were asked to convey their wishes about
the eventual mobile application in an online questionnaire. Five possible
additions on the aspect of User Input, Pain Signals and App Interface
could be arranged according to desirability. The answers of 32 end-users
showed that on the aspect of User Input they would prefer to provide
information on what is happening around the client and the client’s
medical disorders. On the aspect of Pain Signals, a signal when the
client’s arousal level had risen and a combined signal for pain that was
visual, auditory, and haptic were preferred. In the App Interface, the
end-users preferred to see changes in pain experience for the previous
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15 minutes and changes for the previous twelve hours.

As the mobile pain classification application was intended to
be used by caregivers in daily practice, it was important to design the
app’s interface and visualisation together with the end-users. To develop
the actual mobile application, a comprehensive co-creation study was
administered. With three different approaches and three different groups
of eventual users, three initial visualisation designs were created, based
on the specific necessities of the user group. The commonality between
designs was that they had three positions: ‘no pain’, ‘intermediate’ and
‘pain’, and had to be at least subtly moving to convey that data was
being gathered, as opposed to the mobile pain classification app having
lost its connection to the smart sock. The evaluation of each of these
three visualisations happened in two consecutive phases: comparison by
end-users via online questionnaire and comparison by experts via online
focus group.

Approximately 150 probable end-users participated in this design
study, giving their opinion on their needs and possibilities, and assessing
how each design would or could not meet those. At the start of the
study, the COVID-19 pandemic had not yet reached global proportions,
but when it did, one of the designs was deemed to resemble commonly
used images of the virus. That same design did score the best in all
phases; therefore, it was adjusted to minimise its resemblance. The
eventual design encompassed all needs of the eventual user group,
from workplace criteria to keeping the balance between attention
grabbing and being a visual burden to already overworked professional
caregivers. This design was then integrated into the mobile application 6
that would also house the pain classification algorithm.

To conclude the development of the SID Pain App System, a
study was conducted on the user friendliness of the system. This was
done with the use of the User Experience Questionnaire (UEQ; Laugwitz,
Held & Schrepp, 2008). This questionnaire contains 26 semantic
differential scales with a seven-point Likert in between. For the study,
20 participants used the Mobile Pain Classification Application and filled
out a questionnaire in their native language. The results were analysed
with use of the UEQ analysis tool, a Microsoft Excel file with several tabs
of options for checking the average scores, benchmarks, confidence
intervals, scale consistency and answer inconsistencies (Laugwitz, Held
& Schrepp, 2008).

“The Mobile Pain Classification App scored above average
on all six subscales of the UEQ, though the benchmark comparison
showed that the score on perspicuity, the quality of being discerning
and comprehensible for future use, was below benchmark. Apparently,
participants were not as confident the SID Pain App could stand the
test of time in daily caregiving compared to other participants regarding
similar products. Considering the fact that the two items with the most
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negative scores were ‘complicated/easy’ and ‘difficult/easy to learn’,

it seemed that the complexity of the system was thought to influence
long-term use in daily practice, which is something that was considered
when co-designing the system and the visualisation with representatives
of the targeted end-users. The results from this study make it clear

that the complexity of the mobile application still needs to be taken into
consideration when implementing the SID Pain App in practice.”

To examine whether the SID Pain App could be used for the
intended target group, adults with a severe or profound intellectual
disability, an observational study was conducted. During a scheduled
physical therapy appointment, 14 participants with SID wore a smart
sock which was connected to the SID Pain App. For each participant,
videos were made of their face and their entire body, to be used to
code their pain-related behaviour with two systematic pain observation
scales: the Non-Communicating Adults Pain Checklist (NCAPC; Defrin,
Lotan & Pick, 2006) and the Pain Observation Scale for Adults with
Intellectual Disabilities (POSAID; Enninga et al., 2023).

When comparing the moment the SID Pain App signalled pain to
a third pain behaviour from either of the pain observation scales, results
showed that a signal from the Mobile App came six to eight seconds
before a pain observation could be made. There were no differences
between severity levels of experienced pain, according to the mobile
app, between male and female participants, or between results from the
pain observation scales. When looking at missing data, moments where
the SID Pain App signalled pain, but no pain observation could be made,
were equally divided among male and female participants and among
pain severity levels.

This study showed that the SID Pain App can be used to measure
physiological signals of pain in adults with a severe or profound
intellectual disability, that a physiological signal from the Mobile App
coincides with a pain observation in more than 80% of signals, and that
the classification from the Mobile App based on physiological signals was
significantly faster than a pain observation. This shows that a mobile app
that classifies pain from the bodily responses of an adult with a severe
or profound intellectual disability could be a helpful additional tool in
daily caregiving. Since recognising pain is a challenge when caring for
adults with a severe or profound intellectual disability, this study takes a
step closer to timely identifying pain so that the underlying cause can be
treated adequately.

8.2. Limitations and strengths

This project was started to develop a caregiving aid for classifying pain
based on physiological signals of persons with a severe or profound
intellectual disability with the following aims:
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1) To evaluate several physiological pain detection methods on
usability, invasiveness, and technological readiness;

2) To develop a reliable, valid, and specific physiological pain
detection algorithm to be programmed into a mobile application;

3) To test this mobile pain detection application on adults with
a severe or profound intellectual disability and to assess the user
experience of the caregivers using the mobile application.

Several limitations and strengths can be put forward. Due to
the limitations of the COVID-19 pandemic and consequent lockdown
protocol, both the participants groups and the study procedures
were altered. Participants who participated in the pain experiments
consisted of a convenience sample of colleagues and their partners,
family members and friends, instead of a random group of participants
recruited via posters. The pain experiments were conducted keeping
1.5 meters distance, meaning that the researcher had less possibilities
of helping participants and checking whether each participant wore
their smart sock correctly. During the design study, questionnaires
and focus groups were conducted online, which limited the full extent
of information the researcher could gather. Possibilities for visiting
caregivers and clients with a severe or profound intellectual disability
at a group home were limited due to the danger of the COVID infection
for clients, therefore just one workplace walk-through was conducted.
Despite the alterations of plans in this project, none of these limitations
led to any impossibility in reaching each of the research aims.

For this project, three national care organisations (Bartiméus,
Cordaan, Ons Tweede Thuis) were partnered with the research group 6
since its grant application. The constant involvement of these care
organisations not only made sure that caregivers and parents of adults
with a severe or profound intellectual disability were informed of the
study and its process, but also created opportunities for the researchers
to find enough representatives of end-users of the SID Pain App for
each part of the project. Parents and caregivers not only welcomed
participating in this project to help develop the SID Pain App, but also
to make sure the app would be usable in daily caregiving. Since a lot
of possible end-users had a personal or professional benefit from the
results of this study, their participation was both serious and very
committed.

Thanks to news releases on a national website for the cumulation
and circulation of knowledge about people with disabilities (Kennisplein
Gehandicaptensector), many more organisations not initially involved
in the study showed their interest in being part in codesigning and/
or testing the system. As soon as the SID Pain App was ready to be
tested in the target group, adults with a severe or profound intellectual
disability, the researchers could connect with these contacts to find
enough clients who fit the inclusion criteria. And despite certain
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stringent criteria, such as low developmental age and regular physical
therapy appointments, fourteen participants were found on which the
SID Pain App was tested during their physical therapy session.

For the creation of the pain classification algorithm, we used data
from 28 healthy adults who underwent one to five painful moments,
while they self-reported their pain. Unfortunately, the model that came
out as the best based on these data eventually was not as accurate,
sensitive, and specific as desired. The model could reliably classify pain
signals based on similar data, but not when new data were introduced.
As this is not a useful result for persons with a severe or profound
intellectual disability, since they cannot self-report their pain, some
alternative modelling ideas are offered in chapter six.

Another possibility to improve the pain predicting algorithm
is to not to look at the individual pain points, of which there were
approximately 50 per second, but to look at the entire pain experience.
These moments could last several seconds. If we would not consider
each data point to be a pain datapoint, but instead consider 0.5 seconds
or even 1 second of pain data one datapoint, this may improve the
predictability of the algorithm. As we can see in the graphs provided
of the pilot study in chapter 2, the physiological response to a pain
stimulus is not just a deviation of skin conductance from baseline. The
graph line jumps up and down in short intervals, making the response
unique over a longer time span, but not necessarily per 1/50%" of a
second.

On the aspect of data analysis, the decision on what form of data
to use for creating an AI-model was based on the machine learning
program. This may not have been the best grounds to make that
decision. Manual assessment of the data may have pointed to a different
way to bundle data for machine learning. Since a painful moment does
not give a clear-cut physiological response, but rather a quick succession
of peaks and valleys, looking at averages could be the wrong approach,
and the standard deviation should be considered as a primary data
source for machine learning.

Additionally, this study makes use of quasi-experimental designs,
and not the golden standard of social research: the randomised
controlled trial. Participants were not randomised, researchers were
not blinded, and the project’s goal made it necessary for researchers
and therapists to know for which participant with a severe or profound
intellectual disability pain was expected at which moments. When
gathering data that could establish the ground truth, (i.e. when healthy
adults without intellectual disability were included), the design was
somewhat randomised. Though, since there were only four buckets of
water, the submersion design varied between ABAB, BABA, ABBA, BAAB,
AABB and BBAA. As the pain experiment progressed, participants could
somewhat predict the order of submersions, thereby making it feasible
that they were more prepared for the ice-cold water a second time,
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and their pain response may have been either less significant, or their
anticipation of possible pain may have influenced their pain reaction.

Even though, the current SID Pain App does not yet work as
intended, the results of this study show that a functional and user-
friendly system to physiologically measure pain is feasible. The system
makes use of fabric sensors in socks, to make the measurement as non-
invasive as possible, and the Bluetooth connection to an application on
a mobile device makes it wireless. If the mobile device is in the same
space and within ten meters of the sensor unit, caregivers of adults with
a severe or profound intellectual disability can use this system to assess
their client’s wellbeing.

8.3. Implications for research, practice, and design

This study does not stand alone. It has been built upon the work of
many researchers that came before, those focusing on wearables,
pain measurements, disability research and much more. Knowledge
and theories brought out by peer-reviewed research have been vital
to establish the foundation this project was built on. And just as the
research described in this publication flows from established works, it
has been carried out with the utmost care to be able to provide future
researchers with a foundation to build upon.

As far as practical research is concerned, no other study has yet
focused on developing and testing a physiological pain measurement
system specifically validated for adults with severe or profound
intellectual disability in daily situations. On that aspect, this project has
tried to pave the way to provide a caregiving aid for physiological pain 6
detection in the care for adults with a severe or profound intellectual
disability, both improving their quality of life and lessening the
uncertainty regarding the existence of pain for caregivers. Theoretically,
this will improve caregiving, giving professional and family caregivers an
early warning system for their client/charge’s wellbeing, as well as some
relief from worries accompanying caring for someone unable to clearly
communicate.

This study builds further on research on wearables for medical
purposes by introducing a group of wearers that is mostly unaware of the
wearable. Since the wearer with a severe or profound intellectual disability
cannot give informed consent, nor decide for themselves to wear or not
wear a wearable, decisions were made by (professional) caregivers and
medical personnel. Both for ethical purposes and just to make sure the
wearable measures the right signals, a wearable for someone unable
to communicate needs to be as non-invasive as possible. If a wearable
device causes stress by itself, either due to its invasiveness or by being
something different and new, using it to gather information about a client’s
wellbeing is nonsensical. The smart sock and mobile app introduced in this
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project serve the clients by being part of a regular occurrence - putting on
socks — as well as being wireless and as non-invasive as possible.

For design, this project gives examples of user involvement in
design phases that are based on necessity and opportunity. When is
it necessary for the research to involve a vulnerable user group such
as adults with a severe or profound intellectual disability and their
caregivers, and when will just the caregiver’s opinion be enough to
get the input needed? Especially, considering a system that contains
a wearable worn by the client with a severe or profound intellectual
disability and a mobile app that will be used by their caregivers,
involving vulnerable clients only during the project phases where
the wearable is tested, and not when the mobile app and pain
classification algorithm are being developed, protects them from
overload. Furthermore, creating designs to be used in the workplace of
caregivers will only be of practical use when designers are aware of the
constraints a workplace can put on a caregiver’s ability to work with a
mobile app, such as background noise and attention span. Both end-
user involvement and knowledge of workplace constraints will improve a
product’s practical and long-term use.

8.3.1. Lessons learned

The design, development and testing processes for this mobile pain
application encountered substantial challenges, that are not addressed
by current methodology. Most notably, designing for individuals with

a severe or profound intellectual disability poses practical and ethical
aspects that need to be conformed to fit the subject group’s specific
vulnerabilities. Furthermore, the interactive design methods used are
unspecific for the inclusion of Al-technologies, specifically ensuring the
integration of the AI system into existing workflows.

The ethical challenges of doing any type of collaborative research
among participants that are vulnerable due to a severe or profound
intellectual disability are summarised by Raskoff and colleagues
(2023). They are divided into the following subjects: (A) collaborative
partnership, (B) social or scientific value, (C) scientific validity, (D) fair
participant selection, (E) favourable risk-benefit ratio, (F) independent
review, and (G) informed consent. Each comes with ethical challenges
and imperatives which will be separately discussed hereafter.

Forming a collaborative partnership with participants with
a severe or profound intellectual disability (A) is challenging. Their
restricted ability to speak and understand limits the possibilities to
communicate with them. Though since they are going to be using,
wearing, or becoming a recipient of a measurement system or a form of
care, adjusting the eventual product to the specific needs of the target
group increases its usability and perspicuity in health care. Therefore,
adults with a severe or profound intellectual disability and their
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caregivers were involved in as many phases of the design, development,
and testing of the SID Pain App, while also considering the confines of
their time and attention level to invest in the project.

Hodson, Svandi, and Dadashi (2023) developed a map of
engagement to show in which phase of a project the vulnerable target
group was involved, and when and where proxies and secondary users
were used. This map, filled out for the project of developing the SID
Pain App, is shown in Table 8.1. When we consider adults with a severe
or profound intellectual disability, the wearers of the smart sock, the
primary users, this group was only involved in the final two phases
of the project: the evaluation of prototypes (6) and the presentation
of project deliveries (7). Secondary users and proxies, which are the
professional caregivers, parents, behavioural therapists and physical
therapists, the eventual users of the SID Pain App, were included in
every project phase, from its problem and user definition (1) to the
development (5), user testing (6) and final outcome (7) of the project.

TABLE 8.1. The Map of Engagement Template (Hodson, Svanda &
Dadashi, 2023).

Project phases

1. 2. 3. 4. 5. 6. 7
Problem and Pre- Problem Design Develop- User testing Final
user definition engagement redefinition ment

outcome

Design team and X X

primary users 6
Design team,

proxies, and X X X X X X X

secondary users

Stakeholder involvement

Design team only

Note. The map of engagement covers seven design phases: (1)
Conceptualisation of the project and user groups, background research,

funding and ethnic proposals, (2) First contact and recruitment of users, (3)
User engagement to focus project aims based on user needs and contexts, (4)
Ideation with users to develop design concepts in response to needs identified in
previous step, (5) Design development based on concepts generated in previous
step, (6) Evaluation of prototypes by users leading to further refinement, (7)
Presentation of project deliverables to service providers.

Once more returning to the ethical challenges described by
Raskoff and colleagues, any study involving people with a severe or
profound intellectual disability should have a high social and scientific
value (B), such as research on interventions aimed at improving health,
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wellbeing, and quality of life. Considering the health inequities that are
experienced by people with a severe or profound intellectual disability,
leading to longer illness and greater risk of hospital stays, research

on new diagnostic methods or treatments will have a great impact

on the lives of this target group. This project fits that description, as
the desired result is the creation of a physiological pain measurement
system for a group unable to communicate about their pain. Reliable
and timely pain signalling will lead to speedier recognition, treatment
and conclusion of the illness of injury causing the pain, bringing about a
safer environment, greater wellbeing and better quality of life for adults
with a severe or profound intellectual disability.

The aspect of scientific validity (C) is important in any study, but
more profoundly when involvement of a vulnerable group of people is
a necessity for a project. When asking for considerations of caregivers
with limited time and attention, and people with a severe or profound
intellectual disability with limited understanding, scientific principles
and methods should be solid to provide data that stands up to thorough
scientific review. In the current project, every effort was made to
adjust the research methods, so that the target group was protected,
for example providing online design contributions during the COVID-19
lockdown and gathering pain data on the adults with severe or profound
intellectual disabilities during a scheduled physical therapy appointment
expecting pain moments that were not induced. Simultaneously,
research methods and analyses were held to the highest standards and
were reviewed by expert researchers as well as a medical-ethical review
committee.

The involvement of an independent medical-ethical review
committee covers another aspect of ethical challenges: the independent
review (F). The research design, participant group and risk-benefit ratio
should be assessed by those independent of the project. On the other
hand, considering the specialised knowledge necessary to evaluate
risk-benefit ratios of research on people with a severe or profound
intellectual disability, the independent review committee would be
advised to involve an expert on the target group. To the researchers
of this project, the composition of the committee is not known at the
time of review, but the organisation overseeing the independent review
committees, the Central Committee on Research Involving Human
Subjects, present guidelines on this aspect. Each application is examined
by at least a legal expert, a medical expert and someone who represents
the participant group. This would mean that an expert on people with a
severe or profound intellectual disability was involved in the assessment
of the design, participant group involvement, and risk-benefit ratio (E).

As in any study, fair participant selection (D) is an important
aspect to consider, so that costs and benefits of research are not
carried by one particular group or by two different groups. Preferable,
research costs are carried by the participants that are the least
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vulnerable, for example experiments with induced pain are only carried
out on participants able to give informed consent, while results and
benefits of those pain experiments are enjoyed by all groups unable to
communicate about their pain experience. For this project, the medical-
ethical review committee thoroughly reviewed the study process and
minimised the amount of vulnerable and other participants who could be
involved in the pain research.

One of the most important aspects of conducting research on
vulnerable subjects is getting informed consent (G). Adults with a
severe or profound intellectual disability are considered incapable of
making decisions about their own lives. Therefore, informed consent is
gathered from a proxy, such as a parent or legal representative, and the
participant with a severe or profound intellectual disability is informed as
much as possible. For the legal representative asking to give consent, a
comprehensive participant information packet was provided, containing
information on the study design, study planning, data gathering, data
storage, and manner to withdraw from the study. A flyer, provided by
the government, on rights and responsibilities during medical research
was also provided (Ministry of Health, Welfare and Sport, 2020). This
way, the inability of getting informed consent of part of the participants
included is ethically resolved.

Regarding the interaction design method, the double diamond process
which was used in the design research for the SID Pain App provides
a very generic framework. The integration of artificial intelligence (AI)
in a health-related measurement comes with its own challenges, which
can be tackled in the design and implementation phase, as described 6
by Van Berkel and colleagues (2023). Their MAP-model covers an
overview of the three stages of a system, the Measurement, Algorithm
and Presentation, and the challenges for each of these stages. Table 8.2
covers all 13 challenges and whether they were sufficiently covered in
this project.

While some of the described challenges have been met in
this project, such as identifying valid measures to represent real-
world (pain) data and communicating proxy variables to end-users
in the measurement design, more attention should have been given
to integrate a wider set of data sources on which to train the pain
classification algorithm. The pain data that was used to train and test
the Random Forest models came from one group of participants, who,
in their mental and physical health, were quite dissimilar to the eventual
wearers of the pain measurement sock. When we assess the validity and
completeness of the data, we can conclude that a combination of pain
data from both healthy participants with no intellectual disability and
those with an intellectual disability and health problems would make for
a more valid pain measurement system.
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On the aspect of the Al-enabled algorithm, ensuring
representative training data is difficult when the eventual system’s
users are vulnerable and cannot give informed consent. Representation
could have been provided by gathering pain data from well-informed
pain patients, who suffer from similar medical disorders as the adults
with a severe or profound intellectual disability. On the other hand,
the algorithm models provided were inspectable and adaptable, and
computation used was relevant to the task at hand, for the computation
was a necessity to get a working SID Pain App wanted by caregivers
of adults with a severe and profound intellectual disability. Ensuring
replicability and generalisability is crucial for the support and continued
use of any product. Though replicability is somewhat ensured by the
algorithm’s reliability results, generalisability is not ensured as long as
the algorithm needs similar data from one person to correctly classify
new data from that one person.

The way pain data is presented in the SID Pain App is thoroughly
research among end-users of the app, which means several challenges
have been covered. The presentation has been adjusted to task context
of the professional caregivers, by the workplace walkthroughs and
the involvement of these end-user representatives in all the phases of
design. The timeliness of the presentation is ensured by the speed of
the skin conductance measurement and the simplicity of a classification
algorithm. The computations that must be made are not very complex
and can be done by a mobile device from up to ten years old. To
ensure the interpretability of the results, the system does need a clear
guideline, in which it will be stressed that team members need to
collaborate to ensure they agree on whether the wearer of the smart
sock is in actual pain, or perhaps highly stressed. Hopefully, this addition
will then make sure that confirmation bias and automation complacency
will be kept to a minimum during the use of the SID Pain App. While
the SID Pain App will provide information on the wellbeing of an adult
with a severe or profound intellectual disability, caregivers still need
to base their subsequent actions on more than just a physiological
measurement.
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TABLE 8.2. The 13 challenges of the MAP model (Van Berkel et al., 2023)
and whether these were sufficiently covered in this project.

Measurement challenges

Algorithm challenges

Presentation challenges

SID SID SID
MAP model Pain MAP model Pain MAP model Pain
App App App
Identifying
valid measures Ensuring Ensuring the
to represent v representative / interpretability of /
real-world training data. the results.
phenomena.
. Providing
Integrating a . S
. inspectable Adjusting to task
wider set of / v v
and adaptable context.
data sources. .
algorithms.
Assessing Ensuring Supporting
validity and computation is collaboration
/ v /
completeness relevant to the between team
of the data. task at hand. members.
Communicating Ensuring Ensuring
proxy variables v replicability and / timeliness of v
to end-users. generalisability. presentation. e
Minimising
confirmation bias X

and automation
complacency.

Note: v means this challenge is sufficiently met in this project, / means this
challenge was partly covered, and X means this challenge was not (yet) covered

in this project.

8.4. Future plans

This dissertation describes a thorough process of design, development,

and testing of a mobile physiological pain measurement system.

Nevertheless, both improvements and expansions can be made to the
existing system. This final part of the dissertation describes possible
further steps to take to execute these adjustments to the SID Pain App
and the smart sock system.

167



First, any system that provides real-time information of the health

or wellbeing status of someone unable to communicate needs clear
and simple guidelines for use. Especially if the interpretation of

the physiological data is done by artificial intelligence, without the
supervision of a medical expert, the guidelines should make sure that
caregivers know to keep using their own knowledge and expertise on
their clients or patients. In this project, these guidelines have not been
established, and it will be necessary to create them in collaboration
with the end-users, so guidelines and the way these are presented are
adapted to the end-users needs and caregiving tasks.

Furthermore, on the side of application software, improvements
need to be made to make the pain signalling system more sensitive
and valid. The current pain classification algorithm is only sensitive and
specific enough to be used in daily practice, if it can be trained on pain
data from the person that is wearing the smart sock. It cannot classify
a pain signal from ‘new’ data, which is preferred. Therefore, either the
algorithm needs to be re-trained with more data, among which pain data
from the participants in this study with a severe or profound intellectual
disability and perhaps chronic pain patients, or perhaps new machine
learning methods could be used to attempt to improve the validity of
each pain classification. Chapter 6 of this dissertation provides some
ideas for this next step.

FIGURE 8.1. The intermediate visualisation, to indicate GSR signs of
heightened arousal.

Moreover, this system for pain detection is further developed from a
similar system for detecting physiological signals of arousal in clients
with a severe or profound intellectual disability. At the moment, two
separate mobile applications receive input from a smart sock and

Shimmer™ unit and display their results in separate ways. For many
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adults with a severe or profound intellectual disability in any caregiving
situation, it would be desirable to combine these pain and arousal
presentations in one mobile application, to provide their caregivers with
more information about their wellbeing. It seems that a combination of
the two apps could increase the system’s usefulness in caregiving.
During the visualisation design process for the SID Pain App, the
possibility of combining the codes of the two mobile apps has already
been foreseen by creating an intermittent visualisation, between ‘no
pain’ and ‘pain, as shown in Figure 8.1, but since the pain measurement
has been proven to be more complex than an arousal measurement,
a simple combination may not be possible. Although parents and
professional caregivers will undoubtedly welcome a mobile app that will
provide them with information on both pain and arousal, the mobile app
will need to keep the speed of measurement and clarity of presentation
it has now. If that can be ensured, then such a mobile app will surely
be a benefit to the lives and safety of adults with a severe or profound
intellectual disability.

8.5. Conclusion

Within this project, researchers have (1) evaluated several physiological
pain detection methods on usability, invasiveness, and technological
readiness; (2) developed a physiological pain detection algorithm to
be programmed into a mobile application, the SID Pain App; and (3)
tested the SID Pain App on adults with a severe or profound intellectual
disability and assessed the user experience of the caregivers using the
SID Pain App. For Andy, who is described at the start of this dissertation, 6
and his parents, this pain classification app has unfortunately come
too late, but considering the many other children and adults unable to
communicate about pain, who also suffer from painful medical disorders
or run a higher risk of contracting infections, anything that will help
them communicate pain to their caregivers will be welcomed.

What this project has contributed, is a collaborative design
and development approach for a much-wanted caregiving aid, that
is specifically adjusted to the needs and constraints of professional
caregivers of adults with a severe or profound intellectual disability.
Nevertheless, the SID Pain App can be embedded in the caregiving for
any person unable to communicate about their pain, such as comatose
patients, people with severe dementia, or pre-term neonates. The
benefit of such a mobile app to the wellbeing and safety of those,
who run a higher risk of medical disorders and are unable to clearly
communicate about their pain, will be great. As for caregivers, for whom
timely recognition of pain in their patients or clients is a challenge,
providing them with an aid that will give them physiological information
on top of their observations, the SID Pain App will hopefully alleviate
some of their stress.
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With any automatic measurement, especially when artificial
intelligence is involved, it is important to have clear guidelines on how
it should be used. Caregivers are and will always be the experts on the
wellbeing of their client with a severe or profound intellectual disability.
A pain classification algorithm will not change that, but it may enhance
their observation skills and how caregivers will regard the behaviours
they observe. If the SID Pain App provides caregivers of people with
a severe or profound intellectual disability an aid for collaboration on
observing pain behaviour, discussion of, and, hopefully, timely detection
of pain, it will serve a great purpose.
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Pain is a common occurrence in

the life of a person with a severe
or profound intellectual disability
(SID). They often have comorbid

illnesses and run a higher risk of ’ S \

contracting infections or getting

injured. Due to the severity of pal n app
their intellectual disability, people

with SID have trouble expressing and communicating their pain, leading
caregivers to find pain assessment one of the most challenging parts of
caring for someone with SID. Pain can be missed, or detected too late,
which can lead to a worsening of an illness, hospital stays or premature
death.

Since self-report of pain is impossible and systematic pain
observations can miss subtle and idiosyncratic ways of pain expression,
a system was developed to measure pain physiologically. This system
consists of a smart sock measuring skin conductance, a transmitter that
sends the physiological data via Bluetooth®, and the SID Pain App on
a mobile device. This dissertation describes the design, development
and testing of the SID Pain App, with the aims to (1) evaluate several
physiological pain detection methods on usability, invasiveness and
technological readiness; (2) develop a reliable physiological pain
detection algorithm to be programmed into a mobile application, the
SID Pain App; and (3) test the SID Pain App on adults with a severe or
profound intellectual disability and assess the user experience of the
caregivers using the app.

To evaluate several physiological pain detection methods on
usability, invasiveness and technological readiness a systematic review
was conducted. From 29 review articles, describing results from 540
unique articles, 1,054 combinations were found of a physiological pain
detection method and a target group. Examples of physiological pain
detection methods were heart rate variability, magnetic resonance
imaging (MRI), and automatic facial recognition and examples of target
group were comatose patients, people with a moderate intellectual
disability, and children. The invasiveness of each physiological method
was measured on two scales with four levels (score from 0 to 6) and
the vulnerability of each target group on two scales with three levels
and one scale with two levels (score from 0-7). When vulnerability of
target group and invasiveness of measurement method was graphically
displayed, the trend showed that more invasive methods were mostly
used on the least vulnerable target groups, and vice versa.

The quality of each review, assessed with the Critical Appraisal
Skills Programme checklist, was generally high, and the technological
readiness of the most-used apparatus for nearly all physiological
pain detection methods was in the highest or second highest level.
Usability of the physiological pain detection methods varied, based on
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contradictory results, small sample sizes and confounding variables.
Reliable physiological pain detection methods for acute pain are
respiratory measures, muscle tension, and pupillometry, while brain
scans and genetic testing showed a clear difference between healthy
adults and those with chronic pain.

The physiological pain detection algorithm to be placed in
the SID Pain App was developed with pain data from thirty healthy
adult participants without intellectual disability, medical disorders, or
psychological concerns. Each participant had to put a hand in a tub of
ice-water, up to five times in a row, until the pain threshold was reached
Participants self-reported that they felt no pain, felt discomfort, or had
reached their pain tolerance threshold. This resulted in 68,900 data
points of pain and no pain, which were used to train and test models
using Random Forest Prediction, a form of machine learning.

In the Random Forest Prediction technique, independent decision
trees are made with a subset of the data, and these trees then classify
features and variables to vote for the final tree class. The tree with
the most votes was the one which made the best classifications based
on the pain data. While the reliability of the final tree model was
high, disbalance in the data cause the precision and accuracy to be
around 0.50. When 50% of pain data was interpolated, which means
that similar data was generated based on the test data, precision and
accuracy rose to 80%.

In order to make sure that this algorithm was the most accurate
based on the pain data that was gathered, other artificial intelligence
techniques were tried, such as Support Vector Machines and a Long
Short-Term Memory neural network model. Neither of these were
an improvement on the Random Forest Prediction model with 50%
interpolated data. The possibility of other ideas, that may improve
the algorithm, such as model assembling strategies and ChatGPT are
discussed on their merit in chapter 6.

To ascertain what a pain detection application would need to be
functional and useful in daily practice, the SID Pain App was designed in
collaboration with the end-users; caregivers and parents of adults with
a severe or profound intellectual disability. Via workplace walk-throughs,
interviews, questionnaires, and focus groups, wishes, needs, constraints
and opinions were gathered among caregivers, which led to three
distinct designs. In an online questionnaire, 115 caregivers and parents
judged each of the three designs on clarity, fitting, understanding,
ability to bring to action and visual stress. The design that was deemed
the best by caregivers was evaluated by a focus group of experts and
adjusted to be placed in the SID Pain App.

The usability of the SID Pain App was examined among twenty
end-users, who were asked to use the app with a client or colleague.
Answers on the user experience questionnaire demonstrated that the
SID Pain App had positive scores on the six aspects: attractiveness,
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dependability, efficiency, novelty, perspicuity, and stimulation. On every
aspect, besides perspicuity, the SID Pain App scored above average
compared to a benchmark of similar products. Since the participants
found the SID Pain App difficult to use and complex, the SID Pain App
had a lower-than-average score on perspicuity.

As a final step in this project, the SID Pain App and its pain
classification algorithm was tested on 14 adults with a severe or
profound intellectual disability during a scheduled physical therapy
appointment. The participants all experienced two to four painful
moments during their physical therapy session. Of the 40 physiological
pain moments measured by the SID Pain App, 35 were accompanied by
a systematic observation of pain made with a pain observation list for
adults with intellectual disabilities. The SID Pain app would detect the
painful moment at least 6 seconds before a pain observation was made.
There were no differences found between male and female participants,
and between mild, moderate, and severe pain.

This study is the first study to design, develop and test a
physiological pain detection method on adults with a severe or profound
intellectual disability. The results are promising, because timely pain
detection is very important in people who are unable to communicate
about their pain. Not only will accurate and quick pain treatment lead to
pain relief, better wellbeing, and a greater quality of life, but it will also
decrease the risk of exacerbated illness or injury, unnecessary hospital
stays and, possibly, avoidable death.
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In de zorg voor mensen met een
ernstige of zeer ernstige
verstandelijke beperking (mensen
met EMB) hebben begeleiders

veel uitdagingen. Mensen met

EMB kunnen vaak niet praten en p IJ n ap p
daardoor niet doorgeven hoe zij

zich voelen. Dit betekent dat

begeleiders goed op moeten letten als zij wat willen weten over de
gezondheid of over de emoties van mensen met EMB.

Een hele belangrijke taak van begeleiders is om te ontdekken of
iemand met EMB pijn heeft. Want deze mensen hebben niet alleen een
ernstige verstandelijke beperking, vaak hebben zij ook verschillende
ziektes, aan hun hart, hun darmen, hun botten, enzovoort. Een
aantal van deze ziektes zorgen voor pijn. Ook raken mensen met EMB
makkelijk gewond. Als begeleiders de pijn niet ontdekken, dan kan de
ziekte of de wond erger worden. Mensen met EMB moeten dan naar een
dokter, of het ziekenhuis.

Het is belangrijk om pijn bij mensen met EMB op tijd te
ontdekken, zodat de oorzaak opgelost kan worden, ze een pijnstiller
kunnen krijgen, of geholpen kunnen worden om de pijn op een andere
manier te verminderen.

Omdat het moeilijk is om te zien of iemand met een ernstige of zeer
ernstige verstandelijke beperking pijn heeft, willen we kijken of we de
pijn lichamelijk kunnen meten. Als iemand pijn heeft, dan gebeurt er
namelijk heel veel in het lichaam, en dat kunnen we meten op de huid.
Zo hoeft de persoon zelf niet te vertellen of te laten zien dat hij of zij
pijn heeft.

Als eerste stap hebben we gekeken op welke manieren de pijn
allemaal lichamelijk gemeten kan worden. Dat hebben we uitgezocht
door 29 artikelen te lezen van onderzoekers die hierover hebben
geschreven. Wat blijkt? Pijn werd op wel 18 verschillende manieren op
het lichaam gemeten. Het kan bijvoorbeeld door de hartslag te meten,
de snelheid waarmee het bloed stroomt, of in de hersenen. Sommige
van deze manieren meten pijn die net is gebeurd, en sommige manieren
meten pijn die al langer duurt. De beste manieren om snelle pijn te
meten zijn de ademhaling, spanning in de spieren, de grootte van de
pupil en hersenfoto’s.

We hebben ook gekeken bij wie pijn op welke manier lichamelijk
werd gemeten in andere onderzoeken. Was dat bijvoorbeeld bij
gezonde, volwassen mensen, of bij kinderen? Hadden de mensen
een verstandelijke beperking, of waren zij ziek? We hebben zeven
verschillende groepen ontdekt: gezonde volwassenen, zieke mensen die
kunnen praten, zieke mensen die niet kunnen praten, mensen met een
lichte verstandelijke beperking, mensen met een ernstige verstandelijke
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beperking, kinderen en baby’s.

Als we keken naar de kwetsbaarheid van de mensen en hoe
makkelijk of moeilijk de pijn lichamelijk gemeten kon worden, dan was
te zien dat de makkelijkere metingen vooral gebruikt werden bij de
kwetsbare mensen en de moeilijkere metingen bij mensen die minder
kwetsbaar zijn. En als we keken naar de meetapparaten, dan zagen
we dat er bijna geen nieuwe apparaten werden gebruikt. Onderzoekers
waren goed bekend met de meetapparaten die werden gebruikt om pijn
lichamelijk te meten.

Een makkelijke en bekende manier om pijn te meten op het lichaam

is om te kijken hoeveel iemand zweet. Als er iets spannends gebeurt,
zoals pijn, dan zweet je meer. Als je tot rust komt, dan zweet je minder.
Meten hoeveel iemand zweet kan op de handen of op de voeten.
Daarom is de slimme sok gemaakt. De slimme sok meet hoeveel iemand
zweet op de onderkant van de voet en stuurt dat dan draadloos naar
een app op een mobiele telefoon, de EMB Pijn App.

Nadat we hebben gekozen om pijn te meten met de slimme sok,
wilden we kijken wat er gebeurt als iemand pijn heeft. Dertig gezonde
volwassenen zonder verstandelijke beperking hebben meegedaan aan
een test. Zij deden een hand in een bak met ijswater totdat het pijn
deed. En ze vertelden aan de onderzoeker wanneer het wel en wanneer
het geen pijn deed. Ook droegen zijn allemaal een slimme sok die
verbonden was aan de EMB Pijn App. Zo zagen wij hoe het zweten bij
dertig mensen veranderde bij pijn en bij geen pijn.

Hierna hebben we een computerprogramma gebruikt om te
zorgen dat de EMB Pijn App pijn automatisch kan herkennen. Het
resultaat dat uit dat computerprogramma kwam, een algoritme, moet
van alle informatie over het zweten kunnen zeggen of het pijn is of geen
pijn. Dat blijkt moeilijk te zijn. Het algoritme kon wel goed zeggen dat
iemand pijn had, als er al eerder pijn bij die persoon was gemeten, maar
kon het niet goed zeggen van een nieuw persoon. Als het algoritme al
wist wat er verandert in het zweet als iemand pijn heeft, dan werd dat
daarna van 8 op de 10 keer goed voorspeld.

Om te kijken of het mogelijk was om de voorspelling
van pijn beter te maken, hebben we nog gekeken of we
andere computerprogramma’s konden gebruiken, of meer
computerprogramma’s samen. We hebben naar twee andere
programma’s gekeken en één combinatie. Die waren geen van allen
beter in het voorspellen van pijn dan het eerste programma. Er zijn nog
meer manieren en programma’s die we nog niet hebben geprobeerd,
dus wie weet kan er een beter algoritme worden gemaakt.

Het is belangrijk dat ouders en verzorgers, de mensen die later de EMB

Pijn App gaan gebruiken, meedenken over hoe de app werkt. Dat deden
ze in twee verschillende onderzoeken:

202



Eerst konden ouders en begeleiders van mensen met EMB
aangeven hoe de EMB Pijn App eruit moest zien. We hebben hen vragen
gesteld, vragenlijsten gemaakt voor iedereen, meegelopen op het werk
van begeleiders, over andere onderzoeken gelezen en het aan experts
gevraagd. Zo kwamen we uit met een lijst wensen, benodigdheden,
meningen en onmogelijkheden. Daarmee hebben we drie verschillende
ontwerpen gemaakt, die we weer aan begeleiders en ouders hebben
laten zien. Meer dan honderd mensen hebben meegedaan. We vroegen
ze om de ontwerpen te beoordelen op heel veel verschillende manieren,
en of ze de ontwerpen zouden willen veranderen. Uiteindelijk hebben
ouders, begeleiders en experts één ontwerp gekozen die in de EMB Pijn
App is gekomen.

Hierna konden begeleiders van mensen met EMB de EMB Pijn
App testen met een cliént of collega. Twintig mensen hebben hieraan
meegedaan. Ze hebben een vragenlijst ingevuld over hoe makkelijk ze
de EMB Pijn App in gebruik vonden. De deelnemers vonden de EMB Pijn
App aantrekkelijk om te gebruiken, betrouwbaar en nieuw, maar ook
moeilijk te leren. Vergeleken met andere apps, vonden deelnemers de
EMB Pijn App goed, maar ook lastig.

Als laatste stap hebben we de EMB Pijn App getest op mensen met
EMB. Dit gebeurde tijdens een geplande fysiotherapie behandeling.
Tijdens deze behandeling droegen 14 mensen met EMB een slimme sok
verbonden aan de EMB Pijn App. Ze hadden gemiddeld twee keer pijn
tijdens hun behandeling, en dat konden we terugzien in de EMB Pijn
App.

We hebben de fysiotherapie behandelingen ook gefilmd. Zo
konden we zien of de mensen met EMB ook in hun gezicht of lichaam
lieten zien of zij pijn hadden. Dat was meestal wel te zien. De EMB Pijn
App kon de pijn aangeven meer dan zes seconden voordat het te zien
was in het gezicht of lichaam. De EMB Pijn App ontdekt de pijn dus
sneller dan dat wij het kunnen zien aan iemand met EMB.

Er was geen verschil tussen de mannen en de vrouwen met EMB
die meededen, of tussen pijn die licht is, gemiddeld, of erg.

Dit onderzoek is heel belangrijk voor mensen met een ernstige of

zeer ernstige verstandelijke beperking, omdat naar een manier wordt
gekeken om pijn lichamelijk te meten. Het is belangrijk om pijn te
ontdekken bij mensen met EMB, omdat zij meer risico lopen op een
ziekte of een wond, en omdat een snelle behandeling van pijn zal
zorgen dat zij zich beter en veiliger voelen. Zo kunnen wij misschien
wel vermijden dat iemand met EMB pijn blijft houden, in het ziekenhuis
terechtkomt, of overlijdt.
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Application). Voor het lichamelijk meten van pijn bij volwassenen met
EMB of ZEMB (Unpublished mobile app). Amsterdam, Eindhoven. Vrije
Universiteit Amsterdam, Eindhoven University of Technology.

Korving, H., Calor, S., Schols, M. & Westbroek, H. (2024). Kijkkader
Inclusieve Digitale Didactiek (Framework for inclusive digital education).
Vrije Universiteit Amsterdam.

Expert panel EMB&ICT; A group of 8-15 parents of a person with a
severe or profound intellectual disability and professionals working with
clients with a severe or profound intellectual disability, to give advice on
the research and the planning of activities. From March 2019 until April
2023, three times a year, physically (Amsterdam, Amstelveen, Doorn) or
online. H. Korving, T. Doodeman & E. van Wingerden.

Newsletters: Nieuwsbrief van de Academische Werkplaats ‘sociale
relaties en gehechtheid’ (previous to 2021: nieuwsbrief ‘sociale relaties
en ICT’ en ‘EMB&ICT’), online edition four times a year. Currently on
https://affect-us.nl/actueel/

Website: https://www.embenict.nl
Website: www.kijkkaderinclusiviteit.nl

Vlog: Het onderzoek naar de EMB pijn app, 2020: De EMB pijn app
Vlog: De EMB pijn app testen in de praktijk, 2022: EMB Pijn App -
Experimenten

Vlog: Gesprek over pijn, 2022: https://youtu.be/BMFAN7CcI2s

Aanwezig met stand op de VEINEdagen (29-30 oktober 2021); een
beurs voor ouders en professionals in de zorg rondom kinderen met een
beperking. (6 afgevaardigden van de academische werkplaats).

Aanwezig met stand op de Kangoeroebeurs (11-12 maart 2022); een
beurs in Belgié voor ouders en professionals in de zorg rondom kinderen
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met een beperking. (3 afgevaardigden van de academische werkplaats).

Aanwezig met stand op de VEINEdagen (11-12 november 2022); een
beurs voor ouders en professionals in de zorg rondom kinderen met een
beperking. (5 afgevaardigden van de academische werkplaats).

Aanwezig met stand op de VEINEdagen (6-7 oktober 2023); een beurs
voor ouders en professionals in de zorg rondom kinderen met een
beperking. (6 afgevaardigden van de academische werkplaats).

Projectenwaaier Bartiméus (intern document).
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