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Abstract. Diabetes mellitus is a common but serious chronic disease that kills
thousands of patients worldwide each year. While there are several useful regi-
mens that can be followed to manage the disease, elderly adult patients have
particular difficulties in self-managing the disease. In this paper we present a
novel approach to self-management — persuasive sensing — that uses environ-
mental and body-wearable sensors that continuously detects activities and phy-
siological parameters. Our system sends persuasive text messages and a weekly
health newsletter aimed to alter the subject’s behavior. We present the findings
from an in-home monitoring implementation. The results obtained are quite en-
couraging. We discuss the challenges and lessons learned from such a field ex-
periment and how we can improve upon the technology.

1 Introduction

Diabetes mellitus is the most common and serious chronic disease in the United
States. There are nearly 26 million Americans with diabetes of which 10.9 million (or
26.9%) are aged 65 and older [1]. California in particular has the highest incidence of
new diabetes cases and nearly 4 million people estimated to be suffering from the
disease [2]. The costs of caring for this disease are astronomical and are estimated to
exceed more than $24 billion in California and $174 billion nationally [1, 2].

Diabetes remains a major health problem being responsible for up to 8% of national
health care expenditure. Diabetes mellitus is a chronic disease characterized by a sus-
tained elevated blood glucose level, caused by a reduction in the action of insulin se-
cretion where related metabolic disturbances generate severe, acute and long-term
complications that are responsible for premature death and disability [10]. The World
Health Organization projects that diabetes deaths will increase by more than 50% in
the next ten years without urgent action. Most notably, diabetes deaths are projected to
increase by over 80% in low-middle income countries between 2006 and 2015 [18].

Despite the availability of effective treatment, diabetes remains poorly controlled.
Fewer than 7% of diabetic patients meet treatment goals for lipids, blood pressure,
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and glycosylated hemoglobin Alc [3, 4]. Elderly patients with diabetes have higher
rates of mortality, congestive heart failure, myocardial infarction and stroke as com-
pared to age-matched controls without the disease [5]. Moreover, despite evidence
that the mortality rate is decreasing over time, the rate of complications is remaining
the same [6]. As a result, the average number of lifetime complications per patient is
increasing as patients are living longer. With the incidence of diabetes rapidly rising,
this is a fatal combination for the economic wellbeing of our health system.

Poor adherence to recommended self-management guidelines is well-recognized as
a significant barrier to effective glycemic control. Improved outcomes have been
associated with better adherence to medications, blood sugar self-monitoring, diet and
lifestyle changes, and appointment attendance [7 - 9]. Barriers include time con-
straints, knowledge deficits, denial, limited social support, inadequate resources, and
low self-efficacy.

Many of the elderly adults have difficulty achieving tight control because of the
high degree of cognitive resources needed to manage diabetes. A major challenge in
chronic disease self-management, particularly in elderly Americans, is social isolation
[15]. Elderly diabetic patients with poor social support have twice the mortality rate
of those with adequate support [16]. Furthermore, though families and friends want to
help their loved ones better manage their conditions they often do not know how to
act or when to act. Studies consistently show that patients with empowered caregivers
or peers have better outcomes [16].

Mobile phones are an ideal platform for supporting chronic diseases like diabetes
because they are ubiquitous, low-cost, reliable, real-time, and versatile; and unlike
most technologies, actually enjoy greater usage amongst racial/ethnic minorities. In
self-management, mobile phones can help individuals remember to do various health-
related activities and record them, and also help others in their personal wellness eco-
system to review ongoing health patterns and respond quickly to changes in health
status [11, 12]. Using wireless sensor networks within the home can help to remotely
monitor activity of daily living (ADL) which can then be used to send effective re-
minders and feedback [13, 19].

In this paper we describe the design, implementation and evaluation of such a mo-
bile and wireless sensor system. In particular we describe a novel approach that we
call “persuasive sensing”, in which elderly patients with diabetes receive customized
text messages based on their sensor data to motivate them towards a healthier life-
style. They also receive a customized health newsletter (weekly) that is aimed to in-
form and educate them on their various daily activities. The prototype implementation
and its evaluation show tremendous positive results.

2 System Architecture and Prototype

Any at-home healthcare solution must detect and respond to the activities and/or cha-
racteristics of the older person. A network of sensors (worn, carried, or environmen-
tal) is an ideal technology platform for detecting and responding to health-relevant
parameters such as movement, sleep, weight, physiological data and social activity
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[14]. In designing our system, the following key principles were kept in mind
throughout the process:

e This is a healthcare problem, not a technology problem. At the center is the
patient, not the technology. That also means as the experiment progresses,
we must adapt based on patient’s feedback.

e  The simpler the technology, the better. Patients must comprehend what is be-
ing sent as feedback.

e  Wireless Sensor Networks (WNSs) for healthcare are mission-critical; relia-
bility is of paramount importance.

e The daily feedback persuasive messages must be kept fresh and not boring so
the patient is eager to receive them and learn how to change his/her behavior.

e It has to work in the home, not just in the lab.

A WSN device is a packaged data collecting or actuating component, which includes
a sensor and/or actuator, a radio stack, an enclosure, an embedded processor, and a
power delivery mechanism [14]. The sensor interacts with the environment and sends
an appropriate signal (analog or digital) to the embedded processor (also called mi-
crocontroller unit). We used Iris Mote technology developed by Intel and UC Berke-
ley labs. The mote hardware platform consists of a microprocessor and radio chip
(MPR). Sensors connect directly to the mote processor radio boards via various inter-
faces. This combination gives the mote the ability to sense, compute and communi-
cate. The mote enables raw data collected by the sensors to be analyzed in various
ways before sending it to an aggregator (in our case a laptop) that we placed within
the home. The aggregator then uploads daily activity data to the cloud through se-
cured channels via the Internet. The following different types of sensors were imple-
mented in this project:

e A simple on/off switch that detects open/close of garage door (through which
subject leaves homes).

e A simple on/off switch that detects the back porch door for open or close.

e A blood glucose monitor device that can connect easily to the laptop via USB and
which can upload Blood Glucose values daily.

e Aninfra-red analog sensor that detects presence in the bedroom.

e A photo sensor connected to the TV to detect television viewing.

e A pressure pad sensor (from Colonial Medical) placed in the couch in the living
room in front of TV.

e A simple on/off switch to detect opening and closing of medication cabinet.

e A simple on/off switch to detect open/close of cabinet containing insulin.

e A wireless weight machine (from Tanita Corporation) that sends value via
Bluetooth.

e A commercial body-wearable sensor from BodyMedia Inc. which is an arm-band
that the patient wears 24 hours. This multi-sensor senses number of steps walked,

quality of sleep, and many other physiological parameters. Data is sent to the
cloud via USB upload.
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The subject was shown how to log into BodyMedia website where he could input
diet/nutrition information. Our system would then fetch daily diet data and compute
total calories consumed. We also provided the patient with bottled water and asked
him to only drink that during the course of the experiment. This was a simple way for
us to monitor water intake.

The overall architecture schematic is shown in Fig. 1, while actual photos taken
from the implementation site are shown in Fig. 2. The on/off switches were not wire-
less, so we had to run wires from them to the microcontroller. We originally had plans
to sense the kitchen microwave and refrigerator usage also. But as the long wires
would disturb the subject’s mobility and accessibility in the kitchen, we abandoned
that idea.

— Bedroom Presence »| Motion Sensor —
— Porch Door Opening P On/Off Switch —
— Couch Sitting > Pressure Pad |
MEMSIC Data
q — IRIS Motes —>
Collection Board
— TV Vieweing > Light Sensor —
— Medicine Cabinet > On/Off Switch |
Base Station
L Insulin Usage > 0On/Off Switch - (Windows XP
laptop)
—{ Sleep Data }—»‘ Bodymedia }—
—{ Steps Walked }—b{ Bodymedia } > BodyMedia Web Client —>
—{ Food Diet Intake }—b‘ Bodymedia website APls }7
—{ Weight }—»‘ Tanita Scale }—»‘ Bluetooth }—»
—{ Blood Glucose }—»‘ Blood Glucose Monitor } >

Water Consumption }—»‘ Manual Entry

Fig. 1. Overall system architecture

3 Intervention Design and Persuasive Messaging Algorithms

Patients with type 2 diabetes can manage their chronic conditions by following certain
recommended strategies. Prevention strategies for Type 2 diabetes include:

e Lose weight and keep Body Mass Index (BMI) under control
e 30 minutes or more of exercise or physical activity (brisk walking every day
is fine)
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e Develop a low calorie low fat diet. Nutrition guidelines include recommen-
dations for a diet rich in whole grains, fruits and vegetables.
e Take necessary medications and measure their blood sugar regularly

Most elderly patients are challenged to adhere to these regimens due to lower cogni-
tive abilities and lack of resources to maintain the lifestyle. Hence with technology, it
is now possible to help these patients.

Our intervention has multiple components.
e System sends daily SMS text message on the cell phone using persuasive
messages targeting behavior change.
e A tailored newsletter that summarizes healthy living parameters is presented
to subject once a week and is jointly read by family member or one of our
research team members.

Note our intervention (through the prototype persuasive sensing system) is aimed to
engage patients in diabetes self-management through interactive SMS and newsletter
approaches.

Weight machine Door on/off switch medicine cabinet

Laptop with USB ports BodyMedia Arm-band Pressure pad

Fig. 2. Actual implementation photos from site (best viewed in color)

3.1 Primary Hypothesis

Hypothesis #1. Subject after the experimental intervention will show 5% reduction in
blood glucose measurement (HbA1c measures 90-day average blood sugar).
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Hypothesis #2. Subject will demonstrate more physical activity (measured by number
of steps walked daily) after intervention and show trends that reach target goals set up
before experiment.

Hypothesis #3. Subject will lower their daily calorie consumption and increase their
intake of fruits and vegetables.

3.2  Secondary Hypothesis

Hypothesis #4. At end of intervention, subject will show improvement in BMI.
Hypothesis #5. At end of intervention subject will show weight loss.

Hypothesis #6. At end of intervention, subjects will demonstrate greater success in
self-efficacy of diabetes management as measured by DES (Dissociative Experiences
Scale).

Hypothesis #7. At follow up subject will show better quality of life.

It was important to ensure that daily text messages sent to the subject were fresh and
relevant. Each day the subject received up to 3 text messages that were delivered to
him over an LG smart phone. Below we show two examples of how messages were
varied for physical activity and calorie consumption (Tables 1 and 2). The physical
activity is measured by the number of steps obtained from the BodyMedia sensor.

Table 1. Messaging algorithm for physical activity

Case Steps >= 8000 Steps < 8000
Mon | Great Job! Keep up the good work. Don’t give up on physical activity. Try
walking a mile each day.
Tue | You have exceeded your goal. Congra- | Don’t give up on physical activity.
tulations. Have you taken the stairs?
Wed | You are doing very well. Keep it up! Have you reached your goal of 8000
steps?
Thu | You are a super hero. You have ex- You fell short of your goal. Don’t wor-
ceeded your goal. ry. Try to walk a mile after dinner.
Fri | You have exceeded your goal. Super | Never say never. You can do it.
job!
Sat | Steps graph for past 5 days
Sun | Great Job. Enjoy the Sunday with | Itis a beautiful day. Go out and do brisk
friends and family. walking for 30 mins.

To obtain diet/nutrition measures, the subject entered information into BodyMedia
website. Using their APIs we were able to calculate total calorie consumed every day.

4 Subject Recruitment and Experiment Design

We obtained approval from our university Institutional Review Board (IRB). After
IRB approved us to proceed, we distributed announcements to recruit subjects via
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hospitals, diabetes clinics and through personal contacts. The basic eligibility criteria

that we included in our recruitment efforts were:

®  Subject must have Type 2 diabetes
® Age can be between 45-85
® Gender and race — no preference
® Have familiarity with cell phone and texting
e Have a broadband internet connection at home
Table 2. Messaging algorithm for food and nutrition
Case cal <= 2500 cal > 2500
Mon | Your careful diet is going to help you Try to eat reduced portions today!
reduce weight.
Tue | Great job. You are watching your diet Avoid takeaways and snack foods that
and will results soon. are high in fat.
Wed | Enjoy green vegetables and salads and | Try 10 baby carrots and a tablespoon of
you are on your way to lose weight. fat-free dressing for a 100-calorie snack.
Thu | Your diet calorie intake is under control. | Did you know that obesity is one of the
Congratulations! leading causes of death in this country?
Fri | Very well done. If you can walk 5000 Have you tried low calorie drinks such
extra steps, then treat yourself a Star- as diet sprite?
bucks Frappuccino.
Sat | Your diet trend is looking very good. Add variety of colorful vegetables to
Keep it up. your meal today.
Sun | Show calorie graph for past 6 days. Choose low-fat dairy foods and lean
meat.

We met with and interviewed prospective candidates who expressed interest. From
the pool we selected our first subject. This subject is an 82 year old white male who is
retired and lives in the Vista community near San Diego. He has type 2 diabetes, and
a combination of other health problems. He agreed to the consent form and we started
our project implementation.

We specifically designed a pre-post type of intervention.

Starting Sur-
vey

Pre-Study Post-Study
Intervene
Set Up Observe and Observe and Exit Survey
Measure Measure
1 week 2 weeks 4 ~ 5 weeks
\ J \ J\ J
Y Y Y
Testing Baseline Intervention

Fig. 3. Experiment design for intervention
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We started our installation on October 18, 2011. Actual intervention through daily
text messaging and weekly newsletter started from October 28, 2011. The experiment
ended on November 25, 2011. All sensors and other equipment’s were removed from
the subjects’ home after that. We thanked the subject and gave him a token honora-
rium for participation.

5 Results and Evaluation

As shown in Fig. 4A and Fig. 4B, the subject’s blood glucose levels and weight is on
decline trend. If subject can continue to reduce these physiological parameters, he will
be in control of his chronic condition. Hypothesis #1 and #5 are supported. Both Fig.
4C and 4D demonstrate that subject has steadily increased physical activity and re-
duced his idle time throughout the intervention period. Hypothesis #2 is supported.
Fig. 4E shows that the subject’s quality of sleep is improving in course of the in-
tervention. Fig. 4F also shows that the sleep efficiency is getting better over time.

204 4

T>' 202 —&— Daily data
3
3 200 4 = = -Linear trend
2 =198 -
s < 196
5] . < 1
—o— Daily data -
i 2 S194 | - --oo_
;‘? 0 ‘ = = Linear Trend 2
1 6 11 16 21 190
Number of days 0 5 Numbelroof days 15 20
14000 —— Daily data
& 12000 — = Linear Trend . 2500 D )
£ 10000 & 2000 —O—Eally d.?ta |
‘6 8000 g 1500 = = Linear Tren
=
& 6000 £
E 4000 2 1000
2 2000 = 500
’ ‘1 6 1‘1 16 = 0 !
Number of days 5 10 \ 1b5 f 20
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700
2 600 - E a 0.9
2 500 - -- - z
g 400 508
£ 300 g
2 200 - —&— Daily data & 07
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1 6 11 16 21 0.5 T T
Number of days 0 5 10 15 20

Number of days

Fig. 4. Experiment results from the subject’s home. (A) Blood glucose levels; (B) Weight
trends; (C) Physical activity; (D) Idle time; (E) Minutes of good sleep; (F) Sleep efficiency

HbAlc is a lab test that shows the average amount of sugar in your blood over 3
months. It shows how well you are controlling your diabetes. An HbAlc of 6% or less
is normal. Pre-experiment our subject’s HbAlc was 12.9%. Post experiment HbAlc
came to 6.6%. This is a significant improvement and validates hypothesis #1.
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We also conducted a post-experiment exit survey in which we used the Diabetes
DES scale to inquire about the subject’s ability to manage the disease. Table 3. shows
that subjects’ ability to manage diabetes is improving (validates hypothesis #6) there-
by improving his quality of life (hypothesis #7).

Table 3. Diabetes DES exit survey results

Pre-Persuasive-sensing care | Post Persuasive-sensing
care
I feel confident in my ability to | agree agree
manage my diabetes
I feel capable of handling my | agree agree
diabetes
I am able to do my own routine | agree Strongly agree
diabetes care.
I am able to meet the challenge | neutral neutral
of controlling my diabetes.

6

Analysis and

Lessons Learned

The weekly health newsletter was customized for the subject. A snapshot of one page
from the newsletter delivered on 11/24/2011 is shown below:

—

11/25/2011 —y n-g-pj‘(ou Ate Well!

Nutrition

complimentary approsch to reduciny
with reguiar exercise—is key to imp
Jobl See the encouraging results beiow.

Continued perseverance through increased exercise
and changing of your dist will continus 1o yield 00
oxcollent results.

s you can imagine,

hea! na
to help you ta lose

esght, which in turn
will lower your BMIL

Your Meal Plan Diet

factors to

Catorie Intake 1571 200

Battie Water
Consumption

Protain 1L00%  1200%  1400%  140m
carts AS00%  SAOMK  GLOON  6200%
Fat 400N OUK  2700%  22.00%

w2 1o

Fig. 5. Nutrition section of the newsletter

After each briefing of the newsletter with the subject, we received several useful
feedbacks which helped us to customize the next version. During the implementation,
we faced the following challenges:

The Iris mote sensor system wasn’t functioning sometimes and had reliability
problems. A member of the team had to fix the errors several times before it

became stable.
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e  Since on/off switches were not wireless, running wires from different parts of
the home to the base station area was problematic. This can only be solved
with wireless sensors and switches which we are deploying in the next im-
plementation.

e The BodyMedia arm-band needs to be tight around the skin. However as our
subject was elderly, it would not connect properly sometimes. Also at times
it would give some skin rashes to the subject. A solution was to place the
Body Media on his leg, and under his sock, which anchors the device against
his leg, delivers a better measurement than placing the device on his arm.

e The base station being a Windows XP machine rebooted itself probably due
to a security update and that killed many of the processes that we were using.
A manual intervention was required in-between deployment to bring every-
thing back to normal state.

The main feedback we received from each iteration of the newsletter was the
following:

e Subject clearly understands the metrics associated with Physical Activi-
ty; but, does not have a clue as to what the “other key factors” mean.
Suggestion: we should have a legend on this page to define the results,
and better explain what they mean and how they correlate with Subject
test objectives.

e Subject felt it did not capture the true amount of water consumed, and,
he reiterated that he drinks voluminous amounts of water per day. Sub-
ject raised a question: is there something else you want me to take from
this page in terms of this experiment?

e The Subject felt the Newsletter is a good tool for gathering relevant in-
formation important during physician visits/follow-ups; and, could be
the basis for more meaningful dialog between Subjects and physicians.

e The ‘persuasive’ text messages are not bad; but, if a Subject like him
sees the same ones time-and- time again, he gets numb and bored; so,
the Subject recommends that messages should be specific — more perso-
nalized, catchy, and engaging in a narrative way to motivate the Subject
to continue to modify behaviors and activities.

e The Subject observes that the food groups used in our study may be
based on prepared food charts; and, does not account for naturally pre-
pared food cooked fresh every day. With the exception of rice and pas-
ta, the subject very rarely eats restaurant prepared food, or packaged
meals.

As shown in Fig 6, we noticed that the subject’s calorie intake increased steadily. For
the demographic profile of the subject the goal calorie value should be around 2500
per day. So even though our hypothesis #3 was not supported, we felt that the subject
was eating quite well and within the acceptable calorie levels.

A limitation of our project so far is that we are presenting results from one home
and one subject. But we argue that there is a lot to be learned from this case study.
The feedback we have received is invaluable. While the positive behavior change that
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has resulted isn’t statistically significant, we feel that our “persuasive sensing” idea
has merit for further investigation. We have just completed a second home implemen-
tation (new subject is a 60 year old woman) whose HbAlc lowered from 8.9% to
8.5%. She has an iPhone and instead of a newsletter we used the smart phone capabil-
ities and displayed the newsletter in a PDF format.

2500

2000

Calorie Intake

O T T T
1 6 11 16

Day

Fig. 6. Food/nutrition calorie trend

A concurrent activity of this project is to design artificial neural networks and ma-
chine learning algorithms that can mine the activity data and detect abnormal health
conditions. Preliminary results were recently presented in [17] but we will report de-
tailed results of that endeavor in a separate paper.
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