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Abstract 

Background Discomfort and distressing symptoms are common at the end of life, while people in this stage are 
often no longer able to express themselves. Technologies may aid clinicians in detecting and treating these symp-
toms to improve end-of-life care. This review provides an overview of noninvasive monitoring technologies that may 
be applied to persons with limited communication at the end of life to identify discomfort.

Methods A systematic search was performed in nine databases, and experts were consulted. Manuscripts were 
included if they were written in English, Dutch, German, French, Japanese or Chinese, if the monitoring technology 
measured discomfort or distressing symptoms, was noninvasive, could be continuously administered for 4 hours 
and was potentially applicable for bed-ridden people. The screening was performed by two researchers indepen-
dently. Information about the technology, its clinimetrics (validity, reliability, sensitivity, specificity, responsiveness), 
acceptability, and feasibility were extracted.

Results Of the 3,414 identified manuscripts, 229 met the eligibility criteria. A variety of monitoring technologies 
were identified, including actigraphy, brain activity monitoring, electrocardiography, electrodermal activity monitor-
ing, surface electromyography, incontinence sensors, multimodal systems, and noncontact monitoring systems. The 
main indicators of discomfort monitored by these technologies were sleep, level of consciousness, risk of pressure 
ulcers, urinary incontinence, agitation, and pain. For the end-of-life phase, brain activity monitors could be help-
ful and acceptable to monitor the level of consciousness during palliative sedation. However, no manuscripts have 
reported on the clinimetrics, feasibility, and acceptability of the other technologies for the end-of-life phase.

Conclusions Noninvasive monitoring technologies are available to measure common symptoms at the end of life. 
Future research should evaluate the quality of evidence provided by existing studies and investigate the feasibility, 
acceptability, and usefulness of these technologies in the end-of-life setting. Guidelines for studies on healthcare 
technologies should be better implemented and further developed.
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Introduction
Discomfort and distressing symptoms in the last two 
weeks of life are common [1–6]. Based on reviews of 
people dying with dementia and cancer, many may expe-
rience pain (12%-96%), difficulty breathing (8%-83%), 
fatigue (22%-93%), incontinence (32%-65%), and anxi-
ety (6%-57%) [2, 6]. Studies in intensive care units (ICU), 
hospital general wards, nursing homes, and among the 
general public reported similar percentages of these 
symptoms, with the addition of agitation (12%—71%) 
[4, 5, 7], sleep disturbances (18%—56%) [7, 8], nausea 
(9%—59%) [4, 8], delirium (75%—91%) [3, 9, 10], fever 
(16%—61%), and [4, 8] pressure sores (16%—42%) [3, 4]. 
To relieve health-related suffering at the end of life, which 
is a core task of palliative care [11], it is essential to iden-
tify these distressing symptoms in a timely manner.

However, timely recognition of discomfort and dis-
tressing symptoms may be challenging at the end of life. 
People who are dying may have difficulties expressing 
their discomfort due to fatigue, sedation, delirium, cog-
nitive impairment, loss of consciousness or communi-
cation problems such as aphasia [6, 12, 13]. In current 
practice, the identification of discomfort and distressing 
symptoms relies upon observations of professional car-
egivers and family [14]. However, observation may not be 
the most accurate measurement of discomfort [15, 16], 
and continuous observation of discomfort by staff is not 
feasible [17], so alternatives are needed. Implementing 
noninvasive monitoring technologies may aid in the early 
detection of discomfort and distressing symptoms at the 
end of life.

Various technologies that monitor distressing symp-
toms have already been developed, for example, actig-
raphy to monitor agitation [18], systems to detect 
stress based on facial expressions [19], and various 
devices to monitor nociception [20]. In addition to 
directly monitoring distressing symptoms, monitor-
ing technologies such as the bispectral index (BIS) 
may also help detect discomfort by monitoring the 
level of consciousness of people who receive palliative 
sedation due to refractory distress [21–23]. However, 
knowledge about which technologies may be useful in 
the end-of-life context is lacking because most of these 
technologies have not been specifically developed for 
this setting, and previous reviews mainly focused on 
populations that were still mobile [24–27] and could 
self-report their symptoms [28, 29].

This review aims to generate an overview of nonin-
vasive monitoring technologies that may be applied to 
people with limited communication at the end of life 
to identify discomfort and distressing symptoms. The 
results may provide a useful reference for clinicians who 
consider implementing technology in the end-of-life 

care of people with limited communication. Our main 
research question was: What noninvasive monitoring 
technologies are described in the literature that may be 
useful in identifying discomfort and distressing symp-
toms in persons with limited communication at the end 
of life? The subquestions were as follows: 1) What non-
invasive monitoring technologies are available or under 
development that identify discomfort and distressing 
symptoms which can occur at the end of life, 2) What 
is known about the clinimetric properties (e.g., validity, 
reliability, sensitivity, specificity, responsiveness) of these 
technologies, and 3) What is known about the acceptabil-
ity and feasibility of these technologies for persons with 
limited communication?

Methods
A scoping review was chosen since the goal was to pro-
vide a broad view of technologies to identify discomfort 
and distressing symptoms in persons with limited com-
munication at the end of life rather than to generate 
clinical guidance for a specific technology [30, 31]. This 
review was conducted in accordance with the Joanna 
Briggs Institute methodology for scoping reviews  and 
reporting followed the Preferred Reporting Items for Sys-
tematic Reviews and Meta-analyses extension for scoping 
review (PRISMA-ScR) checklist [32]. The protocol for 
this scoping review was registered in the Open Science 
Framework (24 February 2022, Registration number: 
E6M8B) [33].

Search methods
Manuscripts were included if they described a non-
invasive technology that may be used to continuously 
(i.e., for at least 4 h) monitor discomfort and distress-
ing symptoms in people at the end of life. The technol-
ogy needed to serve as a direct or indirect measure of 
discomfort, potentially distressing symptoms, or level 
of consciousness. In studies with human subjects, par-
ticipants must be at least 18 years old. The manuscript 
had to be written in English, Dutch, German, French, 
Japanese, or Chinese. The manuscript was excluded if 
the monitoring technology fully relied on self-report, 
was applied in the study to all participants during an 
invasive procedure only, was applied in infants or chil-
dren only, it was an animal study or a review, no infor-
mation on the technology was provided, or if the full 
text article was not available. Technologies that were 
judged by the screening researchers as not applicable 
to bed-ridden persons were also excluded, for exam-
ple technologies that require input from a GPS tracker 
or step counts. People with limited communication at 
the end of life include persons who have difficulties 
expressing their discomfort due to fatigue, sedation, 
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cognitive impairment, or communication problems 
(e.g. aphasia) [12]. This is operationalized in the search 
by also including populations in similar situations as 
people with limited communication at the end of life, 
where they are bedridden and noncommunicative, 
for example people with dementia, aphasia, profound 
intellectual disability, and people in critical care. Non-
invasive is defined in this review as no penetration in 
the body of the person with solid material, while weak 
electric currents, weak laser lights or ultrasounds may 
be used [34]. 

On 16 March 2021, a search was conducted in Pub-
Med, MEDLINE (OVID), Embase (OVID), Emcare 
(OVID), Web of Science, Cochrane Library, PsycINFO 
(EbscoHOST), Academic Search Premier (Ebsco-
HOST), and Google Scholar. On 23 February 2023, an 
update search was performed in the same databases. In 
cooperation with a trained librarian (JWS), a detailed 
search strategy was composed. The query consisted of 
the combination of the following three concepts:

• death, end-of-life phase, terminal care, elderly, criti-
cal care, profound disability, bedridden persons, non-
mobile persons, dementia, aphasia

• activity monitors, activity trackers
• (dis-)comfort, distress, agitation, pain assessment, 

pressure ulcers, quality of life, breathing difficulty, 
anxiety, sleep disturbances, fatigue, nausea, delirium, 
fever, incontinence, sedation depth

For these concepts, all relevant keyword variations 
were used, not only keyword variations in the controlled 
vocabularies of the various databases but also the free 
text word variations of these concepts. The search strat-
egy was optimized for all consulted databases, taking into 
account the differences in the various controlled vocabu-
laries as well as the differences in database-specific tech-
nical variations (e.g., the use of quotation marks). The 
complete search strategy is available as an appendix to 
the registered protocol [33]. After data extraction, six 
experts were consulted for additional, potentially missing 
information about new technologies under development. 
The experts were from the Interdem Taskforce Assistive 
Technologies and professional network of the authors.

Source of evidence screening and selection
After removing duplicates, each title and abstract was 
independently screened by two researchers. Full-text 
articles were retrieved after the first screening round, 
and each article was assessed for eligibility by two 

independent reviewers. Consensus meetings were held to 
discuss discrepancies.

Data extraction
Data extraction was performed using a form developed 
and pilot-tested by the research team. Extracted data 
were checked by a second researcher, and regular con-
sensus meetings were held to discuss doubts and dis-
crepancies. The following data were extracted from the 
included articles: author, year of publication, language, 
country, participants, type of technology, model and 
brand, and indicators of discomfort monitored by the 
technology. For studies that described the development 
of a technology, the aim of the study and the details 
of the technology (e.g., sensors, parameters) were 
extracted. For studies mentioning clinimetrics, accept-
ability, or feasibility of the technology, this informa-
tion was also extracted, together with the study design 
and other instruments that were used in the study. The 
extracted data were then synthesized into tables and 
narrative summaries for each type of technology. An 
often used threshold for acceptable clinimetrics is at 
least 70% for sensitivity, specificity, and area under the 
curve (AUC) [35, 36].

Results
The flow chart of the screening process is presented in 
Fig. 1. A total of 229 manuscripts were included. Table 1 
shows that most manuscripts were written in English 
by researchers in North America or Europe. The num-
ber of publications on this topic has shown exponen-
tial growth over the past 3 decades. Based on the bodily 
functions and signals that are measured, the monitor-
ing technologies included in this review were grouped 
into 8 categories, of which actigraphy and multimodal 
systems such as polysomnography accounted for more 
than half of the included manuscripts. Table 2 lists the 
identified monitoring technologies for each indicator 
of discomfort. Multiple technologies measured sleep, 
pain, and agitation. No technologies monitored diffi-
culty breathing, nausea, or fever. Many monitored sleep 
disordered breathing, but not the subjective experience 
of difficulty breathing.

We briefly illustrate each type of monitoring technol-
ogy and the main findings from the studies regarding the 
clinimetrics (see Supplement 1), acceptability, and fea-
sibility (see Supplement 2). Supplement 3  summarizes 
manuscripts that did not report clinimetrics, acceptability, 
or feasibility, mainly because the technology was imple-
mented as standard measurement instruments. The mod-
els and brands of the technologies, the settings and the 
study populations are listed in Supplements 1, 2 and 3.
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Actigraphy
Actigraphy uses accelerometers to measure move-
ments with a band or pads that are attached to the 
wrist, ankle, neck, mattress [37], or integrated in a 
garment [38]. The data are usually processed by built-
in software. Several researchers developed their own 
algorithms with machine learning to analyze the con-
struct of interest, for example, agitation, body position 
or sleep/wake states, using movement data [38–40]. In 
approximately half of the manuscripts, actigraphy was 
used as a standard measurement for sleep. When dis-
crepancies were observed between actigraphy results 
and observations or self-reports, authors of recent 
manuscripts favored actigraphy as a standard, objec-
tive measurement [41, 42].

Clinimetrics Although there were some mixed results 
for different models of actigraphy, showing that it could 
underestimate sleep time in the ICU [40] or overestimate 
this in people with Huntington’s or Alzheimer’s Disease 
compared to polysomnography [43, 44], and it could be 
less accurate when the participants had sleep disordered 
breathing [45], in general, it demonstrated acceptable 
sensitivity and specificity of identifying sleep–wake states 
in ICU patients [40], older adults in nursing homes [46] 
and people with dementia [47].

Actigraphy measurement could recognize agitated behav-
iors [39], distinguish between groups of higher and lower 
agitation in people with dementia in long-term care facil-
ities or hospital [48, 49], and was correlated with obser-
vational scales for agitation such as the Cohen-Mansfield 
Agitation Inventory in people with dementia [49, 50]. 
The correlation with the Neuropsychiatric Inventory was 
found only in some articles [49] but not in others [48]. 
Among nursing home residents with dementia, actigra-
phy demonstrated acceptable discriminant validity com-
pared with the Mini-Mental State Examination, which 
measured a different concept [51]. Most of these studies 
were performed in people with dementia who were still 
mobile. In one study among ICU patients, who may be 
more similar to people at the end of life, actigraphic data 
also correlated with observations of agitation using the 
Richmond Agitation Sedation Scale [52].

The devices had good precision and sensitivity when 
used to monitor the risk of pressure ulcers in the hospital 
[38] and could reduce the chances of patients developing 
pressure ulcers in the ICU [53]. Actigraphy could rec-
ognize stress in nursing home residents with acceptable 
accuracy but lower precision and sensitivity [54].

In summary, for populations that are similar to peo-
ple at the end of life, actigraphy has demonstrated good 

Fig. 1 Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) flow diagram. Note: n1= first search in 2021, n2 = update 
search in 2023
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Table 1 Typology of the included manuscripts

Number of manuscripts Percentage

Languages
 English 220 96%

 Chinese 4 2%

 Dutch 2 1%

 Japanese 2 1%

 German 1  < 1%

Countries
 United States of America 63 28%

 Canada 13 6%

 Netherlands 12 5%

 Italy 11 5%

 France 9 4%

 Germany 9 4%

 Japan 9 4%

 Australia 8 3%

 United Kingdom 8 3%

 Belgium 7 3%

 China 7 3%

 South Korea 7 3%

 Finland 5 2%

 Spain 5 2%

 Switzerland 3 1%

 Brazil 2 1%

 Denmark 2 1%

 India 2 1%

 Greece 2 1%

 Mexico 2 1%

 New Zealand 2 1%

 Portugal 2 1%

 Singapore 2 1%

 Other countries 8 3%

 Two or more  countriesa 29 13%

Year of publication
 1991–1995 4 2%

 1996–2000 13 6%

 2001–2005 15 7%

 2006–2010 31 14%

 2011–2015 41 18%

 2016–2020 79 25%

 2021-2023b 46 20%

Monitoring technologies
 Actigraphy 57 25%

 Brain activity monitors 25 11%

  Bispectral Index (BIS) 15

  Other Electroencephalography (EEG)-basedc, d 9

  Sedation monitor (concept) 1

 Electrocardiography (ECG)c 12 5%

 Electrodermal activity (EDA) monitor 8 3%

 Surface electromyogram (sEMG) 2 1%
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clinimetrics in monitoring sleep, agitation, and risk of 
pressure ulcers but is not precise in recognizing stress.

Feasibility and acceptability Actigraphy was feasible 
for multiday continuous measurement of older adults 
with intellectual disability [55] and people with dementia 
[49]. Although community-dwelling older adults found it 
easy to use [56], it can be confusing for some people with 
less cognitive capacity [57]. The battery life could also be 
improved [44, 56]. No manuscripts reported on the feasi-
bility and acceptability of actigraphy in bed-ridden par-
ticipants with limited communication.

Brain activity monitors
Electronic activity of the brain can be measured by 
electroencephalography. It traditionally uses electrodes 
with gel attached to the head. Portable versions with 
few electrodes have been developed [58].

Bispectral index (BIS)
BIS is a specific type of device that uses EEG signals to 
measure the depth of sedation. BIS consists of a sticker 
on the forehead with four EEG electrodes connected to 
a small monitor that displays a number ranging from 0 
to 100. It has been implemented in the ICU and pallia-
tive care units [21, 59].

Clinimetrics Sedation indices measured by BIS corre-
lated with those measured by standard EEG in the ICU 
[60]. BIS scores increased during painful procedures in 
patients with traumatic brain injury in the ICU [61]. It 
also correlated with PSG and could discriminate between 
deep and light sleep in healthy adults [62]; however, it 
was only weakly correlated with self-reported sleep qual-
ity in ICU patients [63]. BIS monitoring with density 
spectral was tested for the detection of delirium in hos-
pitals. Its accuracy was comparable to that of the 3-min 
Diagnostic Interview for Confusion Assessment Method 
and was more accurate in people with dementia than in 
those without cognitive impairment [64].

Table 1 (continued)

Number of manuscripts Percentage

 Incontinence sensors 11 5%

 Multi-modal  systemse 96 42%

  Polysomnography (PSG) 75

  With environmental sensors 6

  Other multi-modal systems 14

 Non-contact monitoring systems f 21 9%

  Pressure mats 9

  Video/facial expression analysis 4

  Infrared 2

  Radar 3

  Multiple sensors 3

Aim of studiesg

 No technology-related aims (the technology is applied as standard measurement) 91 39%

 Development of the technology 38 17%

 Feasibility/pilot study of the technology 51 22%

 Validation of the technology 65 28%

Total number of included manuscripts = 229
a The main countries involved were the USA (11 manuscripts), China (8 manuscripts), Finland (6 manuscripts), and the Netherlands (6 manuscripts). The countries 
involved in specific manuscripts can be found in etables 1–3 in the supplements
b Manuscripts published before March 13, 2023 were included
c 3 manuscripts used both Electroencephalography and Electrocardiography to monitor people under sedation
d Other electroencephalogram-based technologies refer to traditional EEGs and other technologies which use EEG electrodes
e Multi-modal systems use a combination of different technologies within one integrated system or algorithm
f Non-contact monitoring systems use sensors that do not have direct contact with the person being monitored
g 16 articles had multiple aims
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Table 2 Summary of monitoring technologies per indicator of discomfort

Indicator of discomfort Types of monitoring  technologya

Vital signs Multi-modal  systemsb – other multi-model systems

Non-contact monitoring  systemsc – radar

Arrhythmia Electrocardiography (ECG)

Consciousness/depth of sedation Actigraphy

Brain activity monitors—bispectral index scale (BIS)

Brain activity monitors – other electroencephalogram (EEG)-based technologies

Sleep, including sleep disordered breathing Actigraphy

Brain activity monitors—BIS

Brain activity monitors – other EEG-based technologies

ECG

Multi-modal  systemsb – PSG

Multi-modal  systemsb – with environmental sensors

Multi-modal  systemsb – other multi-model systems

Non-contact monitoring  systemsc – pressure mats

Non-contact monitoring  systemsc – infrared

Non-contact monitoring  systemsc – radar

Non-contact monitoring  systemsc – multiple sensors

(Risk of ) pressure ulcers Actigraphy

Non-contact monitoring  systemsc—pressure mats

Urinary incontinence Incontinence sensors

Multi-modal  systemsb – with environmental sensors

Pain Brain activity monitors—BIS

Brain activity monitors – other EEG-based technologies

ECG

Electrodermal activity (EDA) monitor

Surface electromyogram (sEMG)

Multi-modal  systemsb – other multi-model systems

Non-contact monitoring  systemsc – video/facial expression analysis

Agitation Actigraphy

Multi-modal  systemsb – with environmental sensors

Multi-modal  systemsb – other multi-model systems

Non-contact monitoring  systemsc – video/facial expression analysis

Non-contact monitoring  systemsc – multiple sensors

Anxiety ECG

Multi-modal  systemsb – with environmental sensors

Multi-modal  systemsb – other multi-model systems

Stress Actigraphy

Brain activity monitors – other EEG-based technologies

ECG

EDA monitor

Multi-modal  systemsb – other multi-model systems

Significant moments Multi-modal  systemsb – other multi-model systems

Emotions Non-contact monitoring  systemsc – video/facial expression analysis

(Motor subtypes of ) delirium Actigraphy

Brain activity monitors—BIS

Brain activity monitors – other EEG-based technologies

Multi-modal  systemsb – with environmental sensors

Multi-modal  systemsb – other multi-model systems

Thermal comfort Non-contact monitoring  systemsc – infrared

Mental fatigue Multi-modal  systemsb – other multi-model systems
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In summary, limited research has been performed on 
the clinimetrics of BIS. The preliminary results showed 
that it may have the potential to detect pain and delir-
ium, as well as to monitor sedation and sleep [60–64].

Feasibility and acceptability In a study in the ICU, 
BIS was deemed not possible to implement in a quar-
ter of the eligible participants due to delirium, other 
medical procedures, discomfort of the sensors or dis-
placement of the sensors [63]. One case study sug-
gested that BIS was helpful for nurses to titrate medi-
cation for palliative sedation in the ICU and to educate 
the family. It reassured the family that the patient died 
comfortably, and they were pleased to see BIS fluctua-
tions when talking to the patient [65]. Thus, BIS is not 
always feasible, but it can be acceptable and helpful 
when it is.

Other electroencephalography (EEG)‑based technologies
In recent years, EEG sensors have been developed into 
more user-friendly forms of dry electrodes [58], a head-
band [66] or an earplug [67]. In two older studies, EEG 
was used to objectively measure sleep [68, 69]. Two 
recent studies used EEG to objectively monitor the depth 
of sedation [16, 70].

Clinimetrics Compared to PSG, EEG-based technolo-
gies showed good accuracy in determining sleep stages 
in healthy adults [67] and could distinguish sleep and 
wake in ICU patients [71]. Good AUC was reported 
for delirium diagnosis in the ICU [72]. Preliminary 
results showed differences in EEG signals during stress 
in healthy adults [66] and pain in people with dementia 
residing in long-term care settings [58].

Feasibility and acceptability A portable device to 
measure sleep was deemed feasible in the ICU [71]. An 
EEG-based headband was acceptable for long-term care 
residents with dementia, while properly positioning the 
device was challenging [58]. No manuscript reported on 
the acceptability of other EEG-based technologies.

The concept of sedation monitors

Feasibility and acceptability An interview study 
showed that family and professional caregivers consid-
ered it acceptable to use monitors during palliative seda-
tion as an objective measurement of sedation and pain, 
which could reassure the family and guide titration [73].

Electrocardiography (ECG)
ECG is the measurement of the electronic activity of the 
heart. Traditionally, electrodes are attached to the torso 
and connected to a monitor. Among the manuscripts 
included in this review, the number of electrodes var-
ied between 3 and 12, and the devices could be portable 
[74, 75]. Heart rate data can also be extracted from smart 
watches [76]. ECG was used as a standard measurement 
for arrhythmia [77] and stress [76, 78, 79].

Clinimetrics Indices derived from ECG signals corre-
lated with self-rated pain among patients taking physical 
therapy after surgery [74] and sleep apnea among peo-
ple with suspected sleep disordered breathing measured 
by standard PSG [75]. When ECG indications of pain 
differed from observation, a recent study with patients 
under palliative sedation favored the ECG measurement 
and concluded that it was more objective [70]. No studies 
reported the clinimetrics of ECG in people at the end of 
life.

Feasibility and acceptability It was feasible to use ECG 
to monitor stress in the workplace [80]. After surgery, 
patients were more satisfied with ECG monitoring for 
atrial fibrillation than observation [81].

Electrodermal activity (EDA) monitors
By placing electrodes on the skin, electrodermal activity 
monitors measure the skin conductance, which drops as 
the sweat glands are activated by the sympathetic nerv-
ous system, indicating stress [82]. It is best measured at 
the palms and feet, where the sweat glands are dense. An 
older version of the portable EDA monitor included sen-
sors on two fingers and hardware bound to the arm [82], 
while newer versions can take the form of a ring [83] or 
a sock [84]. EDA monitors have been tested with healthy 
adults and people in the ICU.

Table 2 (continued)
a Cateogries and subcategories (if applicable) of technologies are presented
b Multi-modal systems use a combination of different technologies within one integrated system or algorithm
c Non-contact monitoring systems use sensors that do not have direct contact with the person being monitored
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Clinimetrics EDA measurement has been shown to be 
more sensitive than vital signs and BIS measurements 
in detecting pain in sedated patients in the ICU [85]. 
Among healthy volunteers, tt had good sensitivity, speci-
ficity and accuracy in detecting stress [84, 86] and could 
discriminate between stress and cognitive load [82].

Feasibility and acceptability EDA sensors integrated 
into the sock were feasible for most participants in a 
study with intellectual disabilities [86]. Factors that hin-
dered the implementation were other garments, such as 
compression socks, and the participants removing the 
device.

Surface electromyography (sEMG)
Surface electromyography monitors muscle activity by 
attaching electrodes on the surface of the skin. Sensors 
of an older version needed to be attached to a monitor, 
which hanged in a holster at the waist [87]. A new device 
integrated multiple sensors into one soft mask and used 
Wi-Fi to transfer data directly from the sensor nodes to 
the server [88]. Only two studies on sEMG were identi-
fied in this review.

Clinimetrics sEMG signals at the shoulder did not seem 
to be different for people experiencing cervical pain from 
those without pain [87]. However, facial expressions 
monitored by sEMG were different for neutral and pain-
ful faces in the laboratory setting [88].

Feasibility and acceptability No manuscripts have 
reported on the feasibility and acceptability of sEMG.

Incontinence monitors
Incontinence monitors are systems to monitor urinary 
incontinence events so that caregivers would only need 
to change the incontinence materials when an event 
takes place. Sensors measuring moisture or temperature 
change are attached to or built into incontinent materi-
als. One device integrated the sensors into the fabric of 
a mat on top of the mattress [89]. The more recent and 
commercially available sensors are usually disposable. 
Data can be transmitted wirelessly to a web portal or 
mobile app.

Clinimetrics Although there seemed to be high false 
positive and false negative rates in earlier systems tested 
in the laboratory and acute care rehabilitation wards for 
older adults [90, 91], more recent manuscripts reported 
favorable results in the laboratory setting [92]. The incon-
tinence monitors could also reduce urine leakage and the 

use of incontinence materials in nursing homes [93, 94]. 
However, some of these reports may need to be inter-
preted with caution since they were published by the 
manufacturers.

Feasibility and acceptability The incontinence sensors 
did not seem to disturb the patients since they reported 
not feeling the sensors in laboratory tests [90]. An ear-
lier system was challenging to implement due to several 
technical problems and the unwillingness of experienced 
staff to change their routine in rehabilitation wards [91]. 
A recent pilot study reported positive reactions of family 
caregivers and staff in nursing homes. They appreciated 
the fact that the device helped save time and reduced the 
occasions where the clients were disturbed unnecessarily 
[94].

Multimodal systems
Systems combining different sensors that monitor differ-
ent bodily functions are grouped into the category multi-
modal systems.

Polysomnography (PSG)
Standard polysomnography uses multiple parameters 
(EEG, electro-oculogram, EMG, ECG, oxygen saturation, 
body position, snoring, airflow and breathing measure-
ments) to monitor sleep [95]. It is considered the gold 
standard for diagnosing disordered breathing during 
sleep (e.g., obstructive sleep apnea), which is how it was 
used in most included manuscripts. Traditionally, PSG 
is administered by a technician at a sleep laboratory, but 
portable home monitoring systems have been developed, 
using only some of the sensors to monitor sleep qual-
ity or breathing [96–98]. New portable systems can take 
the form of a headband [99], a wristband [100], a collar 
around the neck [101], or a ring [102]. PSG has been used 
in diverse populations, including adults with sleep prob-
lems and nursing home residents with dementia.

Clinimetrics Portable PSG systems were reported to 
have good reliability, sensitivity and specificity in diag-
nosing obstructive sleep apnea among outpatients with 
heart or lung problems compared with standard PSG 
[96, 101, 103, 104] but may produce false positives when 
compared with clinician judgment in the post anesthe-
sia care unit [105] or may produce false negatives when 
compared with traditional PSG among people using 
positive airway pressure [106]. It was recommended to 
lower the cutoff score when using portable PSG to detect 
hypopnea events [106]. Minute ventilation, measur-
ing the tidal volume and respiration rates with only two 
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chest leads, was effective in detecting respiratory depres-
sion in the post anesthesia care unit [98]. With the help 
of machine learning models, new potable PSG systems 
have also demonstrated accuracy in measuring sleep 
stages in healthy adults [102]. In summary, portable PSG 
systems had good clinimetrics in monitoring sleep disor-
dered breathing and sleep stages.

Feasibility and acceptability Portable PSG systems may 
have occasional technical failure [107–109] but were 
evaluated as easy to use, comfortable, and did not inter-
fere with sleep among healthy adults, those with sleep 
apnea, and people with bipolar disorder [109–111].

With environmental sensors
In recent years, environmental sensors to assess light, 
sound, humidity, and barometric pressure have been com-
bined with actigraphy to monitor agitation and uncover 
its environmental determinants in people with dementia 
in their homes or institutions [112–114]. Sometimes cam-
eras [114, 115], door sensors, pressure mats, and EDA sen-
sors [114] were also used in the systems. Other systems 
monitored anxiety [116], delirium [115], sleep, and urinary 
incontinence [117]. In most of the included manuscripts, 
data from the various sensors were not yet integrated in a 
system and needed to be synchronized and processed by 
the researchers. These systems have been tested with people 
with dementia and older adults in the ICU.

Clinimetrics Factors associated with agitation or delir-
ium were identified. For people with dementia, environ-
mental factors (i.e., temperature, pressure, and humidity) 
strongly correlated with agitation annotated by nurses or 
family caregivers, although the predictors were specific to 
each participant [113]. Another study indicated that the 
combination of actigraphy, skin temperature, and EDA 
data predicted agitation the best for people with demen-
tia [114]. In the ICU, older adults with delirium differed 
from those without delirium in facial expressions, move-
ments, postures, visitation frequency, environmental 
light and sound at night [115].

Feasibility and acceptability Studies concluded that 
their systems were feasible for monitoring people with 
dementia at a rehabilitation institute [114] and critically 
ill patients in the ICU [115]. The challenges were Wi-Fi 
connections [112], trouble-shooting for the installation 
via the phone [117], and that people with dementia can 
take off the sensors when agitated [118].

Other multimodal systems
Several systems combined ECG, respiration monitors, 
EDA, sEMG, skin temperature, and breath tempera-
ture to monitor the activation of the sympathetic nerv-
ous system, which was indicative of pain [119], mental 
stress [120], anxiety [121], agitation [122], or significant 
moments [123] in different studies. In most studies, the 
sensors were implemented separately, but several studies 
integrated the sensors into a chest belt [122], a wristband 
[124], or a system worn on the fingertip [123]. New algo-
rithms for analyzing the data were proposed [125]. These 
multimodal systems have mainly been tested in the labo-
ratory with healthy adults [126, 127] but also with older 
adults with or without dementia [122, 123].

Clinimetrics The multimodals systems could pro-
duce accurate measurements of physiological signals, 
such as ECG, photoplethysmography and respiration 
signals, changes in heart rate, skin temperature, and 
EDA, similar to conventional instruments in adults 
and older adults tested in the laboratory setting [122, 
127]. Compared with self-report, the systems had an 
acceptable accuracy in classifying pain into three sever-
ity categories in healthy adults in the laboratory [119], 
had good clinimetrics in detecting moderate to severe 
pain among patients in the ICU, but the results were 
not optimal when the pain was milder [128]. They could 
detect significant moments [123], agitation and aggres-
sion in people with dementia [124, 129], and correlated 
with mental fatigue [130] and stress in healthy adults 
[120, 126]. One system could indicate anxiety with high 
precision but low specificity compared to self-report 
and observation in healthy adults [121]. In summary, 
multimodal systems had good clinimetrics in detecting 
pain and had some preliminary positive results in moni-
toring agitation and stress.

Feasibility and acceptability A chest belt integrating 
EDA, heart rate, and skin temperature measurements 
was rated by community-dwelling older adults with a 
score of 2.7 out of 3 for appearance and 2.8 out of 3 for 
comfortability [122]. In another study with healthy adults 
in the laboratory, the authors reported EEG signals to be 
poor when participants moved [121].

Noncontact monitoring systems
Pressure mats
Pressure mats are mattresses or films with integrated 
sensors (e.g., piezoelectric sensors [131]) to measure 
pressure. They do not need to have direct contact with 
the person since they can be used under a mattress top-
per or sheet. Pressure mats can be used to measure the 
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body position and movement on the bed, which can be 
useful for preventing pressure ulcers [132]. Micromove-
ments measured by pressure mats can be used to moni-
tor sleep stages and sleep disordered breathing [133, 134]. 
Pressure mats have been tested with healthy adults in the 
laboratory and were implemented as standard measure-
ments in nursing home residents with dementia, people 
with sleep apnea, and patients in the ICU and intermedi-
ate care units.

Clinimetrics While older models of pressure mats 
needed the addition of a percutaneous oxygen saturation 
sensor to accurately detect sleep disordered breathing 
[135], a new model was very accurate on its own com-
pared to PSG in the laboratory among outpatients with 
sleep problems [131]. Clinimetrics of the pressure mats 
in measuring other indicators of discomfort were not 
reported in the included manuscripts.

Feasibility and acceptability A study in 2009 showed 
that pressure mats were feasible to use in the ICU for 
48 h [136].

Video/facial expression analysis
Several algorithms have been developed to recognize agi-
tation, emotions, and pain by analyzing videos taken by 
commercially available cameras. Using remote photop-
lethysmography (rPPG), some systems can also estimate 
heart rhythm based on the change in light transmission and 
reflection of the skin due to changes in blood flow [137].

Clinimetrics The systems could detect faces and facial 
expressions most of the time, even when they were mov-
ing, as in simulated videos [138], or partially covered, as 
during group activity with people with Mild Cognitive 
Impairment [139]. They could recognize grimaces in sim-
ulated videos and emotions in people with mild cognitive 
impairment and were moderately to highly correlated 
with manual scoring of pain based on facial expressions 
in community-dwelling older adults and nursing home 
residents with dementia [137, 140].

Feasibility and acceptability No manuscripts have 
reported on the feasibility and acceptability of these 
systems.

Infrared
Infrared sensors register the infrared waves emitted by 
warm objects. It can be used to monitor skin temperature 
and motion, which are further analyzed by researchers 

to indicate thermal comfort [141] and sleep stages [142]. 
The sensor can be installed in front of the participants or 
above their beds. The systems have been tested in healthy 
adults and nursing home residents.

Clinimetrics A model to analyze the thermal comfort 
of nursing home residents was reliable. A lower tempera-
ture of the nose indicated feeling cold [141]. Compared 
to a commercially available bed sensor, the infrared sys-
tem was able to detect waking states better than other 
stages of sleep in healthy adults [142].

Feasibility and acceptability No manuscripts have 
reported on the feasibility and acceptability of these 
systems.

Radar
Radar systems monitor the shape and position of 
objects by emitting radio frequency waves and receiv-
ing reflections. By monitoring the small movements of 
the chest, radar systems can detect vital signs such as 
heart rate [143] and respiration rate [144]. Breathing 
and location can be used to monitor sleep quality [145]. 
The radar system can be installed on the wall or above 
the person being monitored. The systems have been 
tested in healthy adults.

Clinimetrics Radar systems have demonstrated high 
accuracy in monitoring respiration rate [144], heart rate 
[143], sleep time, and sleep efficiency [145] in healthy 
adults.

Feasibility and acceptability No manuscripts have 
reported on the feasibility and acceptability of these 
systems.

Multiple sensors
Only a few studies have experimented with the use of 
multiple noncontact sensors. Sleep or agitation was 
monitored using (infrared) cameras, acoustic sen-
sors, and pressure mats in healthy adults, people with 
COVID-19, community-dwelling older adults, and peo-
ple with dementia [146–148].

Clinimetrics The clinimetrics of systems using multiple 
noncontact sensors were not yet optimal. Radar and pres-
sure mats overestimated total sleep time and sleep accu-
racy in the laboratory among community-dwelling older 
adults [147]. The reliability of the measurements of heart 
rate and respiration rate of healthy adults and people 
with dementia differed depending on the setting [146]. 
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Infrared cameras and a pressure mat complimented each 
other in their registration of movement of patients with 
COVID-19 [148].

Feasibility and acceptability In the study with people 
with dementia in the emergency department and a ger-
iatric-psychiatric ward, few disruptions occurred during 
the measurements, and one out of 19 participants with 
dementia refused to be monitored [146].

Discussion
A variety of monitoring technologies are available to 
monitor discomfort and distressing symptoms that 
can occur at the end of life, including actigraphy, brain 
activity monitoring, ECG, EDA monitoring, surface 
EMG, incontinence sensors, multimodal systems, and 
noncontact monitoring systems. Although there were 
no validation studies in the end-of-life setting, the clini-
metrics of selected technologies, especially actigraphy 
and portable polysomnography, have been researched 
and were satisfactory in other settings. Relatively 
few manuscripts have reported on the feasibility and 
acceptability of these technologies, and even fewer have 
been conducted in the end-of-life setting, except for 
brain activity monitors, which have been reported to be 
acceptable for palliative sedation. In the other settings, 
the technologies were deemed feasible most of the 
time. Challenges for feasibility included positioning of 
the device, signal quality during movement, problems 
with Bluetooth or Wi-Fi connections, battery life, and 
the device being taken off due to agitation.

This review demonstrated the rapid development of 
monitoring technologies, and we share the expectations 
of others that user-friendly systems with small, wireless, 
and noncontact sensors or smart garments will soon be 
available as minimally invasive options to monitor a wide 
range of discomfort and distressing symptoms in end-of-
life care [26, 149, 150]. Currently, promising research is 
being conducted on the monitoring of a variety of indi-
cators of discomfort with technology. Specifically, the 
depth of sedation may be monitored using brain activity 
monitors; sleep/wake states using actigraphy, brain activ-
ity monitors, portable PSG, infrared sensors, and radar; 
sleep disordered breathing using portable PSG, actig-
raphy, pressure mats, and ECG; risk of pressure ulcers 
using actigraphy; urinary incontinence using inconti-
nence monitors; agitation using actigraphy and multi-
modal systems; pain using brain activity monitors, ECG, 
EDA, multi-modal systems, facial expression analysis; 
delirium using brain activity monitors, and multimodal 
systems with environmental sensors; stress using brain 
activity monitors, EDA, multi-modal systems; fatigue 

using multi-modal systems; and thermal comfort using 
infrared sensors. However, we are not yet able to make 
recommendations for clinical practice due to limited 
research in this setting. Many studies included in this 
review contained a small sample, some technologies were 
only validated by the development team, and previous 
reviews on specific types of technologies, such as urinary 
incontinence monitors and BIS, reported very low qual-
ity of evidence [151, 152]. The included feasibility studies 
only focused on technical aspects and employed diverse, 
often unclear endpoints, which was also the case in a pre-
vious review on e-health in geriatric rehabilitation [153].

More attention is needed to examine the clinimetrics, 
feasibility, and acceptability of the technologies with solid 
study designs, a sample to generate enough power for 
the proposed analyses, and standardized outcome meas-
urements. The Health Technology Assessment (HTA) 
core model may be a useful tool to guide future studies 
in systematically evaluating technologies from multiple 
dimensions. It provides a list of relevant research ques-
tions, corresponding outcome measurements and pos-
sible sources of information [154]. However, this model 
primarily guides the synthesis of evidence instead of pri-
mary research. For the latter, more detailed instructions 
would be needed. For example, with the note that the cut-
offs for good clinimetrics should not be fixed but depend 
on the goal of the technology [155], more information is 
needed on how to determine these standards. With the 
accelerated development in the field of healthcare tech-
nology, we recommend better implementation of exist-
ing evaluation guidelines and further development of the 
guidelines to directly guide the design of primary studies.

This review has a few limitations and strengths. Many 
of the included manuscripts were not about the end-of-
life setting, and we did not evaluate the quality of the 
studies. Commercially available technologies without sci-
entific studies were also not systematically searched for. 
These were beyond the aim of our scoping review. Since 
the search terms were in English, manuscripts in other 
languages without an English title or abstract were not 
included. Despite these limitations, the authors believe 
that this review identified most monitoring technolo-
gies that were already applied or developed for settings 
similar to the end of life. We implemented an elaborate 
search strategy consisting of broad search terms, includ-
ing manuscripts in multiple languages and gray literature, 
and conducted an expert consultation to include technol-
ogies that are still under development. To the best knowl-
edge of the authors, this is the first review on noninvasive 
monitoring technologies that may be applied to the end 
of life, where people are often bed-ridden and have lim-
ited communication abilities. Future research is needed 
to assess the methodological quality of the studies, to 
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identify potentially useful technologies for the end of life, 
to further develop them and validate them in this setting 
and to compare different technologies measuring the 
same symptoms.

Conclusions
This review provides an overview for clinicians, 
researchers and technology developers of noninvasive 
technologies that can potentially be used to monitor 
discomfort and distressing symptoms in persons with 
limited communication at the end of life. A variety of 
technologies are available to monitor symptoms such 
as sleep, level of consciousness, risk of pressure ulcers, 
urinary incontinence, agitation, and pain. Clinimetrics 
and feasibility in non-end-of-life settings were prom-
ising, while acceptability studies were scarce. Future 
research should evaluate the usefulness, acceptability 
and feasibility of the identified technologies in end-of-
life care, further develop the technologies and validate 
them in this setting. Guidelines for studies on health-
care technologies should also be developed.
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