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High Interest in Digital Technologies 

Wearables

The “Internet of Things”



A fundamental challenge of 
longitudinal research... The ability to 
detect meaningful change.

Cardinal features of change - slow 
decline punctuated with acute, 
unpredictable events - are 
challenging to assess with legacy 
tools and methods.



Assessment Challenges 

Example: High variability in 
baseline and progression of 
cognitive tests (ADNI data from 

Dodge et. al. Biomarker progressions 
explain higher variability in stage-specific 
cognitive decline than baseline values in 
Alzheimer disease, Alzheimer’s & 
Dementia, 2014)

Example: High variability in self-report 
measures -- UCLA Loneliness Scale 
Austin et al. Smart-Home System to Unobtrusively 
and Continuously Assess Loneliness in Older Adults. 
IEEE Journal of Translational Engineering in Health 
Medicine, 2016

• Current paradigms  (brief, 
sparsely spaced queries,  
self-report methods) do not 
optimally identify  
meaningful, ecologically 
valid change. 



How may new technologies advance 
longitudinal research?



Early detection

Improving detection of change: The case for more 
continuous, objective, multi-domain measures

Baseline 3 years 6 years

Symptoms Reported

Functional range

Change



Device / Sensor
“X”

Activity, Sleep, Mobility 
Time & Location

Computer ActivityDoors Open/CloseDriving

Kaye et al. Journals of Gerontology, 2011; Lyons et al. Frontiers in Aging Neuroscience, 2015 

Platform for Continuous Remote Assessment: ORCATECH 
‘Agnostic’ Pervasive Computing Platform
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Illustrative Examples & Principles:
Assessment of key functional and wellness domains -
motor function, mobility, medication adherence, sleep 
behaviors, mood, cognition 

“Don’t Panic. It’s only a prototype”



Hayes et al. Alzheimer's & Dementia, 2008; 4(6): 395-405.

MCI

NL

Hayes et al. Alzheimers Dement, 2008

Trajectories of gait 
speed over time
Dodge, et al. Neurology, 2012

Activity patterns 
associated with MCI

Early 
MCI 

Late 
MCI 

Physical Activity and Mobility Behaviors: 
Differentiation of early MCI



Physical Activity and Mobility Behaviors

Room activity distributions differentiating MCI vs not MCI (n=85)

Akl et al. Journal of Ambient Intelligence and Smart Environments, 2015

Room Bedroom Bathroom Kitchen Living Room Combined

F0.5 Score* 0.842 0.829 0.813 0.826 0.856

*F0.5 Scores window size ω = 20 weeks; slide size = 4 weeks (with leave-one-subject-out cross validation)



Dyad Analysis 

Christy Reynolds, 2017, unpublished

Together

Separate

Out of Home

Together: 1285 minutes (21.4 hrs/day)
Apart: 155 minutes (2.6 hrs/day)



Night-time Behavior & Sleep
Differentiation of MCI

Hayes, et al. Alzheimer Dis Assoc Disord. 2014
Hayes, et al. IEEE Eng Med Biol Soc, 2010

No Differences Between Groups in Self-Report Measures

Self-Report 
Measure

Intact aMCI naMCI P value

Subjective 
Daytime
Sleepiness

1.8 ± 0.2 1.5 ± 0.3 2.0 ± 0.3 0.69

Subjective
Insomnia

1.3 ± 0.2 0.8 ± 0.3 1.6 ± 0.3 0.21

Subjective 
Restlessness

1.0 ± 0.1 0.4 ± 0.3 0.7 ± 0.2 0.34

Times up at 
night

1.1 ± 0.1 1.0 ± 0.3 1.0 ± 0.2 0.77

Objective
Measure

Intact aMCI naMCI P value

Movement in 
Bed (sensor 
firings) 

9.4 ± 0.4 7.8 ± 0.9 10.9 ± 0.7 p < 0.05 
(aMCI < naMCI)

Wake After 
Sleep Onset 
(mins)

27.2 ± 1.2 13.5 ± 2.6 20.6 ± 2.0 p < 0.001 
(aMCI < intact, 

naMCI)

Settling Time 
(mins)

2.5 ± 0.07 2.3 ± 0.15 3.1 ± 0.11 p < 0.001 
(naMCI > intact, 

aMCI)

Times up at 
night (# times)

2.1 ± 0.04 1.6 ± 0.10 1.9 ± 0.08 p < 0.001 
(aMCI < intact, 

naMCI)

Total Sleep 
Time (hrs)

8.3 ± 0.04 8.5 ± 0.09 8.5 ± 0.07 NS

NA-MCI -

Normal -

A-MCI -



Cognition: Prospective Memory  (Medication Adherence) 

Austin, et al. Alzheimer’s & Dementia: Diagnosis, Assessment & Disease 
Monitoring, 2017

• Individuals with lower 
cognitive function have 
more ‘spread’ in the 
timing of taking their 
medications (p < .014)

• Increase over time in the 
spread of timing of 
taking their medications 
(P < .012)
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Continuous monitoring of medication adherence may 
identify patients experiencing cognitive decline 
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Months of Continuous Monitoring

Intact MCI

Cognition, Behavior, Motor Function: 
Computer Use 

Kaye, et al. Alzheimers Dement. 2014; Silbert et al., Alzheimers Dement, 
2015; Seelye et al. Alzheimers Dement.: Diagnosis, Assessment & 
Disease Monitoring, 2015; Seelye et al. Alzheimer’s Disease & Assoc. 
Disorders, 2015

Some 
Self-

Report 
Data is 

Necessary



Time of Day Completed: Longitudinal 
scatter plot of differences in median 
questionnaire start time of day 
(minutes from 5 AM) by week for 
MCI (Black) and cognitively intact 
(gray) participants. Points are the 
median start time of day for the 
group during each week.
Seelye et al. Alzheimer’s Disease & Assoc. Disorders, 2015
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Longitudinal change in survey 
completion time by group

Stable Intact Incident MCI

Seelye et al. under review, 2017

Time to Complete: Longitudinal Change in 
Survey Completion Time (in seconds) by 
Group in the 12 month period before MCI 
diagnosis (calculated regression lines from 
the mixed effect model)

Cognition: Computer Use 



Time spent outside home
Phone use (time on 

phone; number of calls

Computer use (time on 
computer; computer 

sessions)

In-home activity levels 
(mobility, walking speed)

Objective in-home monitoring to identify meaningful 
behaviours changing during a loneliness intervention

Austin et al. IEEE Journal of Translational Engineering in Health Medicine 2016

Intervention: “Capturing Time: Journaling 
Your Journey” -- designed to improve negative 
emotions such as loneliness, depression, 
anxiety, and low self-esteem. 



Capturing Time: digital biomarker results

•  Loneliness 
(p<0.05) by an 
average of 2.2 ± 3 
points. 

•  Time out-of-
home (β=0.96, 
p<0.01)

•  Number of 
computer sessions 
(IRR=1.196, p<0.01) 

•  Daily number of 
calls (IRR=0.84, 
p<0.05). 

• Total phone calls, 
after intervention 
(IRR=1.003, p<0.01)

•  Walking speed 
over time (β = 0.002, 
p<0.01). 

Austin, et al. 2017 (under review)

Start

End



High dimensional multi-domain data fusion model 
predicting care transitions

Model Care
Transition

Outcome

63,745,978 observations

Austin et al. 2014 GSA

24/7 Behavioral - Activity 
Data:

Computer use, time out of 
home, etc.

Research 
Assessments:

Cognition, Physical 
Function, Genetics, 

Biomarkers, etc.

Weekly Self-Report:
Mood, Pain, Falls, ER Visits, 

Visitors, etc…

Context:
Weather, Consumer 

Confidence Index, etc.

Health Records:
EHR, Pharmacy, Home 

Care, etc.



Predicting Care Transitions: Sensitivity Analysis

• Likelihood of a person transitioning within next six 
months – ROC AUC under curve= 0.974

19Austin et al. 2014 GSA



Future Considerations



Future Directions: CART - Collaborative Aging (in Place) 
Research Using Technology

• Interagency initiative with NIH 
and VA (U2C AG054397)

 NIA, NIBIB, NCI, NINDS, NCATS, 
OBSSR, NINR

• To develop and validate the 
infrastructure for rapid and 
effective conduct of future 
research utilizing technology to 
facilitate aging in place, with a 
special emphasis on people from 
underrepresented groups.

• Ultimately scale to 10,000 homes

• PI: J. Kaye, ORCATECH

• Chief Science Officer: N. 
Silverberg, NIA

• Intel, Rush, U. Miami, U. Penn. 
OSU



Thank you!

“This really is an innovative approach, but I’m afraid 
we can’t consider it. It’s never been done before.

kaye@ohsu.edu
orcatech.org

mailto:kaye@ohsu.edu
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Cognitive Function Affected by Sleep History



Cognition: Online (Computer/Internet-based) Testing
Survey for Memory, Attention, and Response Time (SMART)

Problem Solving

Mouse/touchscreen movements

Typing speed

Face-valid cognitive tasks

Movement hesitation = “thinking time”

Image Memory



Behavioral/Functional Fingerprinting by Treatment Status

Values are odds ratios. 1 is the reference value, and is ‘normalized’ to placebo.
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EVALUATE - AD
Ecologically Valid, Ambient, 
Longitudinal and Unbiased 
Assessment of Treatment 
Efficacy in Alzheimer’s Disease

• Longitudinal naturalistic 

observational cohort study 

spanning up to 18 months

• Goal: Establish Digital 

Biomarkers that are sensitive to 

clinical change associated with 

conventional AD TXs 

• ORCATECH platform

• Sixty subjects: 30 patients/30 

care partners (30 households)

• NIA / Merck Funding



Circular plots of medication 
taking patterns from two 
individuals over the same 3 
month period. 



MCI Prevention Trial – Sample Size Estimates

Transforming Clinical Trials with High Frequency, 
Objective, Continuous Data: “Big Data” for Each Subject

Current
Method

Continuous
Measures

LM Delayed 
Recall*

Computer
Use**

Walking 
Speed**

SAMPLE SIZE 
TO SHOW
50% EFFECT

688 10 94

SAMPLE SIZE 
TO SHOW 40% 
EFFECT 

1076 16 148

SAMPLE SIZE 
TO SHOW 30% 
EFFECT 

1912 26 262

SAMPLE SIZE 
TO SHOW 20% 
EFFECT

4300 58 588

Dodge, et al., PLoS One, 2015 
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Treatment Fingerprints • Meaningful, ecologically valid, 
and integrated outcomes

• Reduce required sample size 
and/or time to identify 
meaningful change.

• Reduce exposure to harm (fewer 
needed/ fewer exposed)

• More precise estimates of the 
trajectory of change; allow for 
intra-individual predictions.

• Provide the opportunity to 
substantially improve efficiency 
and inform go/no-go decisions 
of trials.



Digital Biomarkers in ADCS PEACE-AD RCT: Prazocin for 
Agitation in AD RCT: BMDs in Agitation  

Digital Agitation Assessment -
Wrist-worn devices with long battery life, H2O-proof and 
pulse measurement. Activity levels monitored 
continuously during entire 12-week titration study using 
wrist actigraphy. Continuous monitoring critical as study 
employs a flexible dose titration schedule, and the use 
of rescue medication for agitation (lorazepam). 

Outcome measures -
Motor activity (total activity counts/steps  over a 24 
hour period (MA24), and the 12 hour period from 6 PM 
to 6 AM for each wk (MA12), for the 12 wk study.  
Percent change in total activity counts at wk 1 (pre-TX) 
compared to wk 12 (post-TX) will be calculated (DMA24

and DMA12). 

Exploratory analyses -
Value of heart rate with movement metrics, activity 
counts in subjects receiving lorazepam and in those 
discontinuing prazosin. Sleep disruption/continuity.



The “Social Engagement Study” (H. Dodge, PI)

Active, Frequent Assessments & Interventions Can be 
Delivered Everyday - an RCT to Increase Social Interaction in 
MCI Using Home-based Technologies 

• 6 week RCT of daily 30 min video chats 
using Internet connected personal 
computers with a webcam vs. weekly brief 
phone interview

• N = 86; 80.5 ± 6.8 years; MCI & Normal 
Cognition

• 89% of all possible sessions completed; 
Exceptional adherence – no drop-out

Dodge et al. Alzheimer's & Dementia: Translational 
Research & Clinical Interventions, 2015
Dodge et al., Current Alzheimer’s Disease, 2015



Computer Use:

MCI?
#$!@$

Dodge et al. Current Alzheimer Res. 2015
Asgari et al. Alzheimer’s & Dementia: Translational Research & Clinical Interventions, 2017

• MCI participants generate a greater 
proportion of words (2985 vs. 2423 
words on average) out of the total 
number of words during the 
conversation sessions (controlling for 
age, gender, interviewer and time of 
assessment; p=0.03). 

• Logistic regression models showed 
the ROC AUC of identifying MCI (vs. 
normals) was 0.71 (95% Confidence 
Interval: 0.54 – 0.89) when average 
proportion of word counts spoken by 
subjects was included in the model. 

Social Markers of 
Cognitive Function



I-CONECT:  Internet-based 
Conversational Engagement 
Clinical Trials (PI: Dodge NIA R01AG051628; 

NIA R56AG056102) 

MCI
n=90

Healthy
n=90

MCI
n=90 

Healthy
n=90

TX
n=45

Control
n=45 

TX
n=45

Control
n=45

TX
n=45

Control
n=45

TX
n=45

Control
n=45

TX: Video Chat, 4 times/week: 6 months, 2 times/ week: 6 months 
Control: 1/wk phone check.Novel Outcome Measures: MedTracker memory,
Conversational Speech & Language Quantification; vMRI, DTI, fMRI 

Isolated 80+ yrs, 50% African American 



Considerations for pervasive computing and 
remote sensing in longitudinal research

Some Advantages -

• More frequent (continuous) assessment (vs. episodic, 
sparsely spaced query)

• More objective data

• More ecologically valid

• More reliable data (e.g., reduce rater biases)

• Greater analytic insight - integration (value of uniformly 
time-stamped data across multiple domains); greater 
time domain precision



Considerations for pervasive computing and 
remote sensing in longitudinal research

Some Challenges -

• If obtrusive, requires technology acceptance

• Technology deployment and related scalability

• Technology advances/changes – hard to “future-proof”

• Data handling

• Data security and privacy


