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Abstract

Objectives –—To show the feasibility of using different unobtrusive activity-sensing 

technologies to provide objective behavioral markers of patients with dementia (PwD).

Design –—Monitored the behaviors of two PwD living in memory care unit using the Oregon 

Center for Aging & Technology (ORCATECH) platform, and the behaviors of two PwD living in 

assisted living facility using the Emerald device.

Setting –—A memory care unit in Portland, Oregon and an assisted living facility in 

Framingham, Massachusetts.

Participants –—A 63-year-old male with Alzheimer’s disease (AD), and an 80-year-old female 

with frontotemporal dementia, both lived in a memory care unit in Portland, Oregon. An 89-year-

old woman with a diagnosis of AD, and an 85-year-old woman with a diagnosis of major 

neurocognitive disorder, Alzheimer’s type with behavioral symptoms, both resided at an assisted 

living facility in Framingham, Massachusetts.

Measurements –—These include: sleep quality measured by the bed pressure mat; number of 

transitions between spaces and dwell times in different spaces measured by the motion sensors; 

activity levels measured by the wearable actigraphy device; and couch usage and breathing 

amplitudes measured by the Emerald device.

Results –—Number of transitions between spaces can identify the patient’s episodes of 

agitation; activity levels correlate well with the patient’s excessive level of agitation and lack 

of movement when the patient received potentially inappropriate medication and neared the end 

of life; couch usage can detect the patient’s increased level of apathy; and breathing amplitude 

can help detect risperidone-induced periodic limb motion. This is the first demonstration that the 

ORCATECH platform and the Emerald device can measure such activities.

Conclusions –—The use of technologies for monitoring behaviors of PwD can provide more 

objective and intensive measurements of PwD behaviors.

Keywords

unobtrusive activity-sensing technology; late-stage dementia; Alzheimer’s disease; technology; 
behavioral and psychological symptoms; agitation; apathy; end-of-life; potentially inappropriate 
medication

Objective

Behavioral and Psychological Symptoms of Dementia (BPSD), also called neuropsychiatric 

symptoms, are the wide range of non-cognitive symptoms and behaviors experienced by 

persons with dementia (PwD). BPSD can occur in all types of dementia and they include 

symptoms such as agitation, aggression, anxiety, apathy, depression, and sleep disturbances 

(1). BPSD often progresses over time, and they correlate with institutional placement, 

more rapid progression of dementia, and earlier mortality. Some of the symptoms, such 

as agitation and aggression, can also endanger patients themselves and/or their caregivers. 

This makes treatment and management of BPSD an important aspect of dementia research. 

Many different factors may contribute to BPSD, such as personal discomfort(2–4), social 
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interaction(5) or the physical environment(6, 7). Current treatment of BPSD follows both a 

non-pharmacologic (8–12) and a pharmacologic (13–16) approach. Many of the treatment 

options, especially the pharmacologic ones, have adverse side effects (17, 18). One needs 

to have a clear understanding and assessment of the patient’s BPSD to prescribe the most 

appropriate treatments.

In order to assess the appropriateness and effectiveness of treatments for BPSD, objective 

and intensive monitoring of PwD is needed. Currently, the behaviors of PwD are most often 

subjectively assessed by their caregivers through surveys and medical records, which can 

contain bias (19). In addition, formal caregivers are often time-constrained and cannot be 

expected to observe the patient continuously. This does not allow more reliable guidance 

for pharmacotherapy. Using passive environmental technologies promising advances have 

been made in the measurement and quantification of neuropsychiatric symptoms such 

as restlessness, wandering, vocalization, and sleep disturbances (20, 21). Some of the 

technologies presented in this paper have been used to assess sleep in PwD before, such 

as bedmat(22, 23) and actigraphy(24–26). However, one of the technologies presented in this 

paper, motion sensors, while they have been used in other published monitoring systems(27, 

28), their use is still in infancy and its feasibility for assessing nighttime behaviors have not 

been established. The advantages of motion sensors are that they cost less, are contactless 

unlike the actigraphy and would provide information such as lifespace of the participant 

which is not available from bedmat. Also, another technology presented in this paper, the 

Emerald device, is also very ambient and it can detect the location and motion of the 

participant within his living space. Participants presented in this paper all have late-stage 

and severe Alzheimer’s Disease and Related Disorders (ADRD) with varying behavioral 

characteristics. These participants are of particular interest as their behavioral symptoms are 

often most severe. The use of unobtrusive activity-sensing technology may help assess the 

severity and frequency of their symptoms. Also, these participants are near the end of their 

life and they receive numerous medications, the use of technology can potentially guide 

the pharmacological intervention and even palliative care so that the patients’ discomfort 

and the side effects from medication can be minimized. In this paper, we present case 

series evidence of the feasibility of using these technologies to provide objective behavioral 

markers of four PwD with varying behavioral characteristics and how they can be helpful in 

guiding the treatment of the participants.

Methods

The studies presented in this paper have been approved by the Oregon Health & Science 

University (OHSU) and Massachusetts Institute of Technology (MIT) institutional review 

boards (IRB) (OHSU IRB#18464 and MIT protocol #1910000025).

For the study approved by OHSU, the target population has moderate to severe dementia 

and is decisionally impaired who scores above 50 on the Cohen Mansfield Agitation 

Inventory (CMAI)(29). The participants may not be able to engage in the informed consent 

process depending on the severity of their conditions, therefore, it is also required that 

a legally authorized representative provides informed consent in addition to, or in place 

of, the participant. Legally authorized representatives for participants also sign a Health 
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Insurance Portability and Accountability Act (HIPAA) form upon enrollment, to authorize 

the disclosure of the participanťs current long-term care facility records to the Oregon Center 

for Aging & Technology (ORCATECH) (30) study team during the period of enrollment. 

ORCATECH has research agreements with two memory care facilities (both in Portland, 

Oregon) from which participants with dementia for Cases 1 and 2 were recruited. Diagnosis 

and stage of dementia was confirmed through chart review of their medical histories. The 

protocol was to also assess degree of cognitive impairment with the Mini-Mental State 

Examination (MMSE), but the assessment could not be conducted due to the severity of 

symptoms in both participants (aggression/agitation in Case 1, and non-verbal in Case 

2). A data capturing platform developed at the ORCATECH(30) was used to collect data 

from these two cases and the behavioral sensors incorporated were PIR motion sensors 

manufactured by NYCE Sensors (Vancouver, BC), bed pressure mats manufactured by Emfit 

(Finland) placed underneath the mattresses, and wearable actigraphy devices, Actiwatch 

Spectrum, manufactured by Philips Respironics (Murrysville, PA) (31). The PIR motion 

sensors included 1) three motion sensors (NCZ-3041-HA) with restricted-view (created 

using custom 3D printed covers that concealed part of the motion sensor lens) which were 

installed in the main living space for each patient to detect motion in subsections of the 

living space (one above the bed, one on the opposite wall from the one above the bed 

(over a futon), and one above the front door), 2) one motion sensor (NCZ-3041-HA) in 

each patient’s bathroom, and 3) four curtain sensors (NCZ-3045-HA) which were placed 

in a line on the ceiling of the main living space for measuring walking speeds (32, 33). 

The Emfit bed pressure mat was placed under each participant’s mattress and was able to 

detect the presence of the participant in their bed. The bed mat was also used to measure 

the participants’ physiological signals, such as respiratory rates and heart rate variability 

(34). Utilizing these signals, the bed pressure mat infers the sleep stages of the participants 

(35) and derives a sleep score based upon variables such as duration of sleep, number of 

bed exits, and duration spent in each sleep stage. Participants were asked to continuously 

wear the actigraphy devices, Actiwatch Spectrums, day and night during the study, and 

facility staff agreed to support continuous use. The wearable actigraphy devices measured 

the activity level of each patient using an activity count, which was collected every 15 

seconds (36).

Cases 3 and 4 were residents in an assisted living facility in Framingham, Massachusetts. 

For these patients, the research team utilized a novel sensor developed at the Massachusetts 

Institute of Technology called the Emerald (37). For both participants, consent was provided 

by the healthcare proxy, since clinicians determined that neither participant had the capacity 

to provide informed consent. Both participants provided assent to install the technology 

in their living areas. As with Cases 1 and 2, attempts to quantify cognitive status using 

standardized instruments (the Montreal Cognitive Assessment for Cases 3 and 4), were 

not successful because the subjects were not able to participate in a meaningful way. The 

Emerald device uses a radio-wave sensor and signal processing algorithms to track the 

position of users. The device requires no physical contact or direct interaction by the person 

being monitored. It also requires no charging. The device transmits radio signals that reflect 

off objects in the environment back to the device. The device processes variations in these 

reflections to infer changes in the 3-dimensional position of the user. Accuracy of the device 
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has been validated against a VICON Motion Tracking System in individuals aged 20–83 

in the lab and numerous residential settings. The device is wall-mounted and measures an 

individual’s position to within 15cm and gait speed to within 0.025m/s (38). It is able to 

track gait speed, spatial location, as well as the movement of individual limbs. Based on 

this motion mapping, the device has been validated for its ability to detect sleep patterns, 

respiratory rate and behavior such as pacing. We have established the feasibility of using this 

device in assisted living settings with patients with dementia (37).

Results

Case 1

Our first case was a 63 year old male with Alzheimer’s disease residing in a memory care 

unit in Portland, Oregon. He was given a standing order for administration of risperidone 

(0.25 mg in AM, 0.5 mg in PM) and lorazepam (0.5 mg in PM) for agitation related to 

dementia. The pro re nata (PRN) risperidone was only given for agitation as needed up to 

two times daily. This patient was normally very physically active and had frequent episodes 

of agitation. During an observation period of 115 night shifts (10 pm-6 am), there were 

15 occasions when the patient received PRN medication for treatment of agitation. Often 

agitation is manifested through pacing, excessive motor activity and disturbed sleep. Using 

the PIR motion sensors placed in this patient’s main living space, we were able to measure 

the number of times the patient transitioned between subsections within the living room and 

the bathroom. It was hypothesized that a high number of transitions between these sections 

would indicate pacing, and it was found that this feature was significantly associated with 

periods of agitation (Mann-Whitney U test: p<0.01). The subplot A in Figure 1 shows the 

boxplot of this feature on agitated nights versus non-agitated nights. The median number 

of transitions on agitated nights was 67 with an interquartile range from 51 to 130, while 

the median number of transitions on non-agitated nights was 27 with an interquartile range 

from 6 to 64.. In addition, the sleep score output by the Emfit bed pressure mat, which is 

a proxy for the sleep quality of the participant, was also a significant correlative feature for 

the occurrences of agitation (Mann-Whitney U test: p<0.01). This Emfit output, sleep score, 

ranges from 0 to 100. The higher the sleep score, the better the sleep quality. The sleep score 

was significantly lower on agitated nights. On agitated nights, the sleep score had a median 

of 68 with an interquartile range from 58 to 81 while the sleep score had a median of 98 

with an interquartile range from 79 to 100 on non-agitated nights. The subplot B in Figure 

1 shows a boxplot of sleep quality on agitated nights versus non-agitated nights. Figure 2 

shows the participant’s location within his main living space detected by the PIR motion 

sensors on agitated nights (A) versus non-agitated nights (B). It can be observed that the 

participant was in bed much less often and was outside of his main living space a lot more 

frequently during agitated nights. Also, the time periods spent in the different spaces were 

also more fragmented during agitated nights.

Case 2

Our second case was an 80-year-old female with frontotemporal dementia (FTD) who 

lived in a memory care unit in Portland, Oregon. She was not independently mobile and 

wore an actigraphy watch during the monitoring period of 79 days. The day before the 
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monitoring period began, the dosage of her standing quetiapine prescription started on a 

tapering regimen, with a new prescription of standing haloperidol initiated (0.5 mg twice 

daily), which she received as ordered. The patient’s quetiapine prescription was written as 

100mg each day (50mg at 8 am and 50 mg at 5 pm) for 5 days but she received 125mg 

each day (75mg at 8 am and 50 mg at 5 pm) for 5 days (a medication error). On day 6, 

she received 75mg of quetiapine in the morning and then none in the evening shift. On 

day 7, she received 75mg in the morning and 50mg in the evening. On day 8, the resident 

received 50mg in the morning and 25mg in the evening (instead of 25mg in the morning 

and 25mg in the evening as prescribed). She had 58 episodes of agitation, each treated with 

PRN-medication haloperidol, morphine sulfate, or lorazepam, over the monitoring period. 

Figure 3 shows daily total activity counts from the wearable actigraphy device worn by the 

participant. The daily total activity counts correlated well with the annotations of behavioral 

change and medication events. When medication errors involving quetiapine occurred, the 

participant exhibited very little activity (mean daily total activity count for the first 8 days 

is 17696 while the median daily total activity count for the entire monitoring period is 

121348). After the dosage was corrected, the actigraphy counts reflected increased activity 

and the participant’s medical records reflected a period of increasing agitation. On the day 

when the daily standing Haloperidol was increased due to the high level of agitation, the 

daily total activity count exhibited a 34.6% decrease from 237375 to 155306. On days 

with PRN medication administered, the median daily total activity count is 158680 with 

interquartile range from 120052 to 191683. On days without PRN medication administered, 

the median daily total activity count is 94338 with an interquartile range from 59784 to 

135443. The daily total activity count is significantly correlated with the occurrence of PRN-

treated agitation (Mann Whitney U test: p<0.001). Toward the end of the observation period, 

the participant entered the end of life phase, and the daily total activity counts showed a 

downward trend. These events demonstrate the effectiveness of wearable actigraphy device 

in measuring the activity levels of PwD.

Case 3

The third case was an 89-year-old woman with a diagnosis of Alzheimer’s disease who 

resided at an assisted living facility in Framingham, Massachusetts. She moved into 

this facility shortly after discharge from a geriatric psychiatry inpatient unit where she 

was hospitalized for management of worsening depressive symptoms. Upon arrival, the 

patients medication regimen included dronabinol 10 mg BID (for anxiety), trazodone, 

and mirtazapine (for insomnia and depression). Over the course of her stay, the patient 

demonstrated steadily worsening apathy and psychomotor retardation. She was monitored 

using the Emerald device for a 2-month period. During this time, we established that the 

time she spent sitting on her couch appeared to be the primary marker of her worsening 

neurovegetative status. The subplot A of Figure 4 shows changes in time spent on her couch 

over time. While there is variance on a day-to-day basis, aggregating this over time indicated 

that as her clinical condition worsened, total amount of time she spent sitting on her couch 

without any additional activity steadily increased. The subplot B of Figure 4 demonstrates 

that during the time when the patient was awake, the number of hours that she spent on 

her couch increased. This was initially attributed to worsening depression, and her treating 

team initiated a series of medication changes that included discontinuing dronabinol and 
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trazodone, given their potential for causing sedation and psychomotor retardation. She was 

started on bupropion with the goal of increasing activation. However, no appreciable change 

in her motor function was noted. The treating team considered other medications such as 

stimulants, but it was determined that her declining psychomotor function was related to 

progression of her Alzheimer’s disease, and ultimately aggressive psychopharmacological 

management was discontinued in favor of a more palliative care approach.

Case 4

The fourth case was an 85-year-old woman with a diagnosis of major neurocognitive 

disorder, Alzheimer’s type with behavioral symptoms. The patient moved into the assisted 

living facility in Framingham Massachusetts following an inpatient geriatric psychiatry 

hospitalization for acute behavior symptoms that included resistance to care, verbal 

aggression, and physical aggression towards her caregivers. Her behavioral symptoms 

stabilized on risperidone at a dose of 0.5 mg 3 times a day. Upon moving into the 

assisted living facility, we monitored her using the Emerald device over a 3-month period 

with the original goal of determining whether the medication was leading to increased 

sedation. The device was able to determine the time spent asleep and awake in bed by cross 

referencing degree of whole body movement against the spatial location of the patienťs bed. 

While her sleep pattern was determined to be stable and appropriate, the device identified 

unusual motion signals. The study team was able to isolate these signals as regular episodic 

movements of her lower limb (see Figure 5). These had never been reported previously 

according to the patienťs caregiver. The clinical team estimated that these may represent 

risperidone-induced periodic limb movements. Based on this information, the team initiated 

a decrease in her risperidone dose, which led to subsequent resolution of these periodic limb 

movements as well as an improvement in the patienťs overall motor function

Conclusions

Our primary goal with this case series is to provide proof of concept for monitoring PwD in 

situ in their living environment using unobtrusive activity-sensing technology. Our team of 

investigators utilized different technological approaches in two geographically distinct areas 

(Portland, Oregon and Framingham, Massachusetts), but with the same clinical and research 

goals - to characterize behavior patterns based on unobtrusive activity-sensing technology. 

As unobtrusive motion-sensing technologies become more sophisticated, they are also 

becoming more portable, affordable, user-friendly, and there have been rapid advances in the 

process of collecting, cleaning, and analyzing the vast amount of data that these technologies 

generate. This, in turn, has led to easier translation of these technologies towards clinical 

application. A major aspect of this case series is that all 4 patients were monitored in their 

natural living environments. The data were gathered continuously and processed remotely. 

Previously, such continuous monitoring would not have been possible without the use of 

cameras or direct in-person observation. These motion sensing approaches result in data 

that are inherently distinct from any personally identifying information and can therefore 

preserve privacy while also generating information that may be clinically useful, and once 

validated, hold the potential to shift the paradigm of aging care.
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The availability of these data, combined with clinical correlation led to the generation of 

information that had direct clinical implications. Across our cases we were able to detect 

behavioral activation (in the case of subject 1) as well as psychomotor retardation/apathy (in 

the case of subject 3). Moreover, we were able to detect medication—induced motor side 

effects. In the case of subject 2, actigraphy data combined with clinical correlation were able 

to identify quetiapine induced sedation. In the case of subject 4, radio wave sensing was able 

to localize individual limb movement that helped clinicians identify risperidone-induced 

periodic limb movement that had never been reported for this patient previously.

While the use of unobtrusive activity-sensing technology for clinically meaningful behavior 

monitoring remains in its infancy, we believe that our data may point the way for a 

substantial leap in the way care is provided and managed in long term care facilities. 

Integrating the ability to objectively identify behavioral and cognitive changes as well as 

medication effects in PwD without further adding staffing resources (and the resulting costs) 

can potentially achieve the sometimes-conflicting goals of more precise care that can also 

be scalable without further increasing cost and burden of care. To achieve this goal however 

much work remains. Larger studies with more diverse populations and other symptoms 

will be needed to understand the full range of behavioral symptoms that can be captured 

with in-residence motion sensing. Such large studies are also required for analyzing the 

sensitivity and specificity of potential behvaioral markers obtained via motion sensing. We 

believe that the potential to use changes in motor behavior to monitor medication effects 

and side effects may be especially promising. Smooth integration of these systems in care 

delivery and management requires realtime support and enhanced visualization. In order for 

such technology to scale, it will also be crucial to develop transparency around how data are 

collected, stored and accessed. The twin issues of privacy and security will be foundational 

for this field to realize their potential. For all four cases in this report, data were collected, 

stored and analyzed securely as mandated by the IRB. For cases 1 and 2, the ORCATECH 

platform did not record any videos or conversations so the patients’ privacy was preserved. 

For cases 3 and 4, the PwD, family members and staff all had the ability to disconnect the 

Emerald device for privacy reasons if it was determined necessary. When fully realized, we 

believe that activity-sensing will augment in-person care by providing objective information 

that can be put into clinical context by clinicians, care providers and staff to obtain a more 

individualized assessment of PwD longitudinally, as well as enable better palliative care.

Nonetheless, these technologies hold the potential to have a significant impact on both 

quality and cost of dementia care. They may facilitate early detection and intervention of 

behavioral symptoms, which in turn is likely to reduce acute clinical events that may lead to 

hospitalization. The ability to monitor behaviors using sensors may also eventually improve 

the effort in care required for in person support which is one of the primary drivers of the 

high cost of care for dementia.
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Highlights

• This study is to show the feasibility of using different passive environmental 

sensing approaches to provide objective behavioral markers of patients with 

dementia (PwD).

• Different behavioral and psychological symptoms experienced by four PwD, 

such as agitation and apathy, are detected by features from the data collected 

using passive environmental sensing approaches such as passive infrared 

motion sensors and the Emerald device. Some examples of these features 

include number of transitions between spaces and couch usage.

• These technologies may facilitate early detection and intervention of 

behavioral symptoms experienced by PwD, and the ability to monitor PWD’s 

behaviors using sensors may also eventually improve the effort in care 

required for in person support.
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Figure 1: 
A: Boxplot of the number of transitions between subsections within the main living space on 

nights with PRN medication treated agitation versus nights without PRN medication treated 

agitation. B: Boxplot of the sleep score from Emfit on nights with PRN medication treated 

agitation versus nights without PRN medication treated agitation.
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Figure 2: 
Participant’s locations in the main living space during the 15 nights with PRN medication 

treated agitation (A) vs participant’s locations in the main living space during 15 randomly 

selected nights without PRN medication treated agitation (B). Time periods highlighted red 

indicates that presence detected around the bed, blue indicates presence detected around the 

futon, green indicates presence detected around the front door, yellow indicates presence 

detected around the bathroom. The black diamonds indicate the times PRN medications 

were administered to the patient.
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Figure 3: 
Line chart of daily total activity counts from the wearable actigraphy device worn by the 

patient in case 2. Red vertical lines indicate days with occurrences of agitation. Notable 

events are annotated with green text.
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Figure 4: 
A: Daily couch usage over 0 to 57 days after baseline. On Day 8, trazodone reduced from 

50 to 25mg. On Day 22, dronabinol 2.5mg discontinued. On Day 36, mirtazapine increased 

from 7.5 to 15mg. On Day 50, mirtazapine discontinued and bupropion introduced. B: 

Couch usage over two months by time of day.
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Figure 5: 
A: Limb and vital signs motion captured from the bed area over time. B: Filtered motion 

signal to extract Periodic Limb Movements.
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