International Journal of Information Technology Vol. 25 No. 12019

SAIF: a System for Long-term Assessment and
Intervention of Frailty with Gamification

Zhiwei Zeng?, Zhigi Shen?, Di Wang!, Wee Shiong Lim?, Kalene Pek Siling?, Yang Qiu?, Jun Jit,

Robin Chan!, Huiguo Zhang!, Yongmei Yuan', Bo Huang®, Wei Wang?, Yong Liu!, Jing Jih Chin?

LJoint NTU-UBC Research Centre of Excellence in Active Living for the Elderly,
Nanyang Technological University
2Institute of Geriatrics and Active Ageing (IGA), Tan Tock Seng Hospital

1160001 @e.ntu.edu.sg, {zqshen, wangdi, yongmei}@ntu.edu.sg
{wee_shiong_lim, kalene_sl_pek, jing_jih_chin}@ttsh.com.sg

Abstract

Frailty refers to a state of high vulnerability to adverse health-related outcomes, in particular,
disability, hospitalization, institutionalization, and mortality. It is a common condition in the ageing
population that is increasingly prevalent and represents a public health priority for multiple reasons.
Besides affecting the quality of life of the individual, frailty also severely threatens the long-term
sustainability of health care systems. It is necessary to redesign models of care to render them more
responsive to the unmet clinical needs of the growing frail population worldwide.

Frailty may represent a transition phase between successful ageing and major negative health-related
outcomes, and a condition to target for restoring robustness in the individual at risk. Early
intervention has the potential to improve frail individuals' quality of life, and reduce healthcare and
social costs. Given its syndromic nature, targeting frailty in its early state at a population-level
requires a comprehensive approach. However, most current frailty assessment and intervention
programs are conducted in clinical settings, which is neither scalable nor sustainable. Their costs

may also be unaffordable to a significant portion of the older adults.
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In this paper, we propose a first-of-its-kind System for Assessment and Intervention of Frailty
(SAIF) to reduce the risk, and at the same time delay or decelerate the progress of frailty. SAIF is an
end-to-end system that covers both frailty assessment and intervention. It provides a range of multi-
domain computerized assessments, which can help to unobtrusively assess the potential risk of
prefrailty and frailty in home and community environments. Based on the risk assessments, SAIF
delivers holistic and individualized interventions, including physical exercise, nutrition
recommendation, and polypharmacy management. In interviews and focus group studies conducted
with health professionals, caregivers, and older adults, we received positive feedback on the design
of the SAIF system. We plan to evaluate its reliability and effectiveness in real-world community
settings in subsequent studies.

Keyword: frailty; early detection; intervention; computerized tests; gamification.

l. Introduction

Frailty refers to a multi-dimensional syndrome which may include physical, psychological,
cognitive, and social impairments. It is a strong predictor of major negative health-related outcomes
in older adults, in particular, disability, dependency, hospitalization, institutionalization, and
mortality [14]. The challenges in finding a generally accepted definition for frailty makes it hard for
estimating its accurate prevalence. However, the American Medical Association has reported that
more than 40% of adults aged 80 years and older are frail [1]. The prevalence of prefrailty and frailty
among community-dwelling older adults worldwide is reported to be 42.3% and 17%, respectively
[4]. There is consistent evidence across studies for an increasing prevalence of frailty with older age
[27]. The number of frail people is expected to rise rapidly due to population ageing, highlighting its
salience as a public health priority.

Frailty is believed to represent a transition phase between healthy ageing and adverse negative
health-related outcomes, and is therefore an attractive target condition for restoring robustness in at-

risk individuals [4]. Early intervention has the potential to improve the quality of life of frail



International Journal of Information Technology Vol. 25 No. 12019

individuals and to reduce healthcare and social costs [10]. Prior studies have demonstrated the
effectiveness of intervention programs to improve health outcomes in prefrail and frail patients [3, 5,
17, 25]. However, many of the current frailty assessment and intervention programs are conducted in
clinical settings, which is neither scalable nor sustainable. Their costs may also be unaffordable to a
significant portion of the older adults.

In this paper, we propose an end-to-end System for Assessment and Intervention of Frailty (SAIF) to
reduce the risk, and at the same time delay or decelerate the progress of frailty. Leveraging on
Internet-of-Things (IoT) devices and human-machine interactions to gather user behavior data as
well as data-driven artificial intelligence (Al) technologies, SAIF can help to unobtrusively assess
the potential risk of prefrailty and frailty in home and community environments, which can
complement existing clinical assessments. Based on such risk assessments, SAIF can then produce
customizable, adaptable, and personalized intervention plans, including physical exercise, nutrition,
and polypharmacy management, to maximize their effectiveness. As the first step in evaluating
SAIF, we conducted interviews and focus group studies to evaluate it. The participants include
professionals, caregivers, and older adult users. The participants generally hold positive attitudes
towards the SAIF and believe that it has the potential to help predict the risk of frailty and decelerate
the progression of frailty.

To the best of our knowledge, the proposed solution is the world's first community- and home-based
system for both assessment and intervention of frailty. Owing to its cost-effectiveness, SAIF is more
accessible and affordable, enabling frailty assessment and intervention at home and in communities
in a scalable manner. It can also help to deliver more personalized interventions and introduce a
paradigm shift from traditional reactive intervention to predictive and proactive intervention.

The rest of the paper is organized as follows. Section Il reviews the relevant background on frailty
and existing assessment tools and interventions for frailty. Section Il introduces the design of SAIF
and the modules in it. Section IV outlines the plans to evaluate SAIF and presents the results from

interviews and focus groups. Finally, section V concludes the paper.
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I1. Literature Review

Despite attracting great attention in the geriatrics field, there is no generally accepted definition of
frailty [2]. Frailty, a state of high vulnerability for adverse health outcomes, is not considered a
disease, but rather a syndrome requiring a multidomain and multidisciplinary approach. This is
because the presence of frailty may represent the manifestation or consequence of multiple
concurrent factors rather than resulting from a single cause [4]. Fried et al. proposed a definition of
frailty that characterizes it as an independent phenotype differing from co-morbidity and disability
[15]. According to their definition, frailty is a clinical syndrome constituted by the co-occurrence of
at least three of the following five criteria: unintentional weight loss, exhaustion, weakness, slow
walking speed, and low physical activity.

The predictive value of frailty for negative outcomes is consistently confirmed across assessment
instruments, target populations, and settings. The increased risk of negative health-related events
includes falls, hospitalizations, disability, institutionalization, and mortality [6, 13]. However, the
progression of frailty varies from individual to individual and it is capable of change. Evidence from
previous studies suggests that frailty (especially at its very earliest stages) might present
characteristics of reversibility. In a study by Gill et al., among the 754 participants, 57.5% had at
least 1 transition between any 2 of the 3 frailty states (robust, prefrail, and frail) during the 54-month
follow-up period [17]. In the first 18 months of the study, among participants with frailty at baseline,
63.9% remained frail, 23.0% improved to a state of prefrailty, 13.1% died, and none reversed to
robustness; 11.9% of prefrail participants at the baseline regained a robust state by the end of the
follow-up. Similar findings were reported in another study by Borrat et al. [3], where 32.4% of
prefrail participants recovered to a robust state after 2 years of follow-up. These study results support
that the identification of frailty at its early stage is pivotal for implementing effective interventions to

restore robustness in the individual at risk.
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We first review existing approaches to the assessment and identification of frailty. Nowadays, a
plethora of frailty assessment tools exist, from short screening instruments to sophisticated, time-
consuming assessments. Despite a lack of agreement on reference standards for measuring frailty
[7], there are some instruments that are more commonly adopted than others. The landmark Frailty
Phenotype instrument was devised by Fried et al. [15]. It assesses frailty by measuring five
components in the definition of frailty: unintentional weight loss, exhaustion, weakness, slow
walking speed, and low physical activity. Another rapid screening tool is the FRAIL, which screens
for frailty using 5 simple questions [24]. Another popular tool is the Frailty Index (FI) of
accumulative deficits by Rockwood, Mitnitski and colleagues. FI incorporates the multi-dimensional
nature of frailty into an operational definition [23]. Although widely used for research purposes, it
requires information from a fairly comprehensive geriatric assessment to compute the FI and hence
may not be feasible in certain settings. An alternative to the FI which was developed by the same
group is the Clinical Frailty Scale (CFS) [26]. This is a well-validated global assessment scale that
allows frailty to be graded using simple clinical descriptors synthesized from routine clinical
assessment. Another simple yet effective predictive tool for frailty proposed by Verghese et al. is the
Walking While Talking (WWT) test, which is a motor-cognitive divided attention task requiring
individuals to walk while reciting alternate letters of the alphabet [29].

There are a number of issues with existing frailty screening and assessment tools. First, most of them
are conducted by medical professionals in clinical settings such as hospitals or outpatient clinics,
which are resource intensive. Second, most tools are reactive rather than proactive, i.e. the
assessments are only conducted if the elderly is already exhibiting some symptoms.

Once a prefrailty or frailty diagnosis is confirmed, different interventions can be offered to the
patient. The critical time window for interventions that target frailty has not yet been clearly
established. On a spectrum from prefrailty through frailty to disability, it is often assumed that early
intervention to prevent the onset of disability is crucial and optimal; however, that is not to say that

established disability cannot be reduced, or its progression slowed, or its impact on the older person
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and his or her caregivers mitigated [4]. In the past, many studies have shown consistent evidences
that different interventions can improve health outcomes in prefrail and frail patients [3, 5, 17, 25].
However, there is still a lack of scientific agreement on “gold standard" interventions for frailty. A
first step towards that was made through the recently released Asia-Pacific clinical practice
guidelines for the management of frailty, in which five evidence-based interventions are
recommended: (i) physical exercise (including resistance training), (ii) reduction of polypharmacy,
(iii) screening for reversible causes of fatigue, (iv) caloric and protein support, and (v) vitamin D
supplementation [7].

However, these interventions still mostly rely on the medical professionals' instructions and
guidance. One exception is Geraedts and colleagues' personalized home-based exercise program for
frail elderly [16]. This continues to be an active area for research, exploring the role of home- and
community-based models of care, individual-tailored multi-component interventions, and various
approaches to integrated case management.

Based on our literature review, we summarize the key desirable characteristics of an effective frailty
assessment and intervention system as follows:

e Providing multi-domain and multidisciplinary approach assessment: since it is unlikely that a
single cause underlies the presence of frailty, a comprehensive assessment should follow the
initial suspicion to identify and treat the underlying causes of frailty.

e Providing personalized intervention: the progression of frailty varies from individual to
individual and it is capable of change. Interventions for frail older adults need to include
treatment of progressive weakness, weight loss, decreased exercise tolerance, slowed task
performance (i.e., walking speed), and/or low activity. Training activities, such as resistance and
muscle strength exercises, often involve physical components, which needs to be individualized
to ensure safety and effectiveness.

e Supporting long-term and self-administered assessment and intervention: frailty is characterized

by wide fluctuations of health status and high risk of acute complications that can interrupt the



International Journal of Information Technology Vol. 25 No. 12019
recovery program and negatively impact the functional progress. Intensive and frequent
assessments in long-term, aimed at monitoring acute fluctuations in health status, may allow

more effective intervention and strongly affect the prognosis of frail older adults.

I11. The Components of SAIF

In this paper, we propose an end-to-end system, named System for Assessment and Intervention of
Frailty (SAIF), to reduce the risk and to delay or decelerate the progress of frailty. Specifically,
SAIF provides a set of comprehensive multi-domain assessments. By performing predictive
analytics on performance trajectory data collected from the assessments, SAIF would predict the risk
of an older adult in transiting between any 2 adjacent frailty states, i.e. transitions from robust state
to prefrail and/or from prefrail to frail. Based on the identified risk, SAIF would subsequently
formulate personalized adaptive intervention plans based on best medical practices and patient
profile. SAIF explores a new model-of-care for at-risk and frail older adults, through providing
assessment and intervention at home and in the community, thereby reducing the burden on existing

healthcare infrastructures.
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Figure 1 Key technologies powering SAIF
Figure 1 provides an overview of the key technologies employed by SAIF. SAIF makes use of

Internet-of-Things (IoT) devices and human-machine interaction technologies to gather user

behavior data. Such data would then be analyzed with data-driven artificial intelligence (Al)
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technologies, enabling SAIF to unobtrusively assess the potential risk of frailty and prefrailty and to
provide personalized interventions.

SAIF comprises 8 modules, as shown in the conceptual diagram in Figure 2, which are split across

three overarching categories: interface modules, assessment modules, and intervention modules.
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System for Assessment and Intervention of Frailty (SAIF)
Figure 2 Conceptual framework for the proposed SAIF

The interface modules act as the gateway between users and other modules. The Virtual Nurse
module, acting like a human nurse, interacts with older adults to schedule assessments, deliver
interventions, provide all-round care, and offer suggestions. The Caregiver Gateway module
interacts with caregivers, including medical professionals, family members, and community workers,
as a tool for monitoring the status of older adult users and managing their intervention plans.

The assessment modules provide a range of multi-domain assessments, aiming at assessing each
and every physical component of frailty. The Computerized Screening module digitalizes well-
established frailty screening instruments for easy self-administration. It comprises a number of
assessments, such as weight measurement, grip strength, and activity questionnaires. The Gamified
Walking While Talking is a self-administered version of the Verghese's Walking While Talking

(WWT) test. The user can perform this test alone instead of being assessed by a medical
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professional. The data collected by Computerized Screening and Gamified WWT is used by the
Predictive Analysis module to generate frailty risk predictions.

The intervention modules deliver holistic interventions from different aspects, including physical
exercises, medication management, and nutrition recommendation. The Physical Exercise Kiosk
module is a kiosk housing two serious games, Taichi for exercising upper limbs and balance and
Cycling for training strength of lower limbs. The Nutrition Recommendation module helps to record
users' daily nutritional intake and provide individualized nutrition recommendations. The
Polypharmacy Management module helps users to manage their medication and supplement intake,
aiming at improving medication adherence and monitoring adverse drug events. In the remaining

part of this section, we will introduce each of the modules in greater details.

A. Interface modules

Virtual Nurse

The Virtual Nurse module is the main interface for interactions with the older adults. Through its
embodiment as a human-like virtual nurse, it provides more natural, familiar, and elderly-friendly
human-agent interactions. This module is in charge of coordinating and facilitating the assessment
and intervention offered by the other modules in SAIF. To maximize overall effectiveness of SAIF,
the Virtual Nurse employs Al planning strategies [8] and is equipped with situation awareness
capabilities [9]. Based on motivation and persuasion theories such as Elaboration Likelihood Model
(ELM) [18], the Virtual Nurse also acts as a motivating companion to provide positive and
encouraging messages to promote participation in the assessment and intervention plans. The Virtual
Nurse is also empowered by artificial curiosity [31] to detect unusual interaction patterns and
behavioral abnormalities, and to delve deeper into identified problems (e.g. inquiring about potential
reversible causes of fatigue).

To support smooth and effortless human-agent interactions, the Virtual Nurse is designed with
consideration of important human factors such as familiarity [28] and age-friendliness [22]. One

major challenge is to design user interfaces the older adults can comfortably interact with, including
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to provide suitable communication medium and language support. Following the advises from
healthcare professionals, speech is used as the primary medium and text as the secondary medium
due to the relatively low literacy among the local older adults. All conversations are conducted in
speech, accompanied by the corresponding text displayed on the screen of smartphones and tablets.
In addition, users can press buttons and type text (optional) on the screen to interact with the Virtual
Nurse. In terms of language support, the Virtual Nurse supports Mandarin in addition to English.

Careqgiver Gateway

The Caregiver Gateway module is the main interface for caregivers (including medical professionals,
community caregivers, and family members) to interact with the platform. It has three main
purposes: 1) enable caregivers to view information about a patient (e.g. intervention regimen
adherence, assessment results, etc.), 2) enable caregivers to input parameters for intervention
planning purposes (e.g. a medical professional may wish to specify parameters based on a patient's
particular condition, or a family member may wish to include objective information about a patient's
routine), and 3) automatically provide alerts to caregivers in case an abnormal situation is detected
(e.g. a patient is suspected of suffering from frailty). Data visualization techniques [30] are used to
clearly display relevant data in a simple and informative manner.
B. Modules for Frailty Assessment

Computerized Screening

The Computerized Screening module aims to transpose standard frailty screening instruments into a
self-manageable process. Following the Frailty Phenotype and FRAIL instruments [24], it measures
six distinct physical components of frailty: fatigue, weak strength/resistance, difficulty in
ambulation, illnesses, low physical activity, and loss of weight.

By leveraging both the literature review findings and discussions with healthcare professionals, a set
of multi-domain assessments are carefully selected and designed for the Computerized Screening
module, as shown in Table 1. For objective measures such as weight and grip strength, smart

Internet-of-Things (10T) devices are designed and developed to automatically send measurements to
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the back-end server. These 10T devices are placed in home and/or community settings to ensure ease
of access as well as automatic and reliable data collection. For walking time measurement, a mobile
application tapping into the device's embedded sensors is designed and developed to track the

walking time within a designated distance.

Table 1 Design of the Computerized Screening Module

Component of frailty How to evaluate N

Shrinking, loss of weight ~ Smart weight scale e

Weakness, resistance Smart grip scale P
Questionnaire by / & ) o 1m

Poor endurance, fatigue .
g Virtual Nurse >

Mobile App with e

Slowness, ambulation st
Sensors

Low physical activity Questionnaires by

level Virtual Nurse

Questionnaires by

IIness .
Virtual Nurse

Figure 3 Wearable system designed for Gamified WWT

For subjective measures such as fatigue, physical activity level, and illness, relevant questions will
be intelligently delivered through the Virtual Nurse. The older adults could answer questionnaires
using traditional methods (e.g. text-based entry) but also using natural language (through speech
processing powered by Natural Language Processing techniques) as if talking to a human nurse.
Moreover, to make the evaluation procedures less tedious and more entertaining, all assessments are
wrapped into a game scenario, which can transform the repetitive and tedious evaluation procedure
into a more entertaining and engaging experience.

Gamified Walking While Talking (Gamified WWT)

The Gamified WWT module is a gamified version of the Verghese's Walking While Talking (WWT)
test for predicting frailty conditions. It aims to embed the Verghese's WWT test within a game
scenario and environment, thereby enabling unobtrusive assessment of the potential risk of frailty
and pre-frailty in the community settings, instead of clinical settings, in a fun and engaging manner.

The Verghese's WWT normally comprises two trials. The test subjects first walk at a normal pace

11
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through a walkway of at least 5 meters, after which walk through the same walkway again while
performing a cognitive task, such as counting numbers or naming animals. The Gamified WWT is
also designed with these two trials.

The Gamified WWT uses wearable sensing devices together with a smart phone to measure and
record the performance of both walking and cognitive tasks. The wearable sensing devices form a
wearable system which is embedded in a pair of knee sleeves and can be worn on the legs. The
system measures the motion of lower limbs in high accuracy and frequency to obtain the users' gait
patterns. More specifically, the wearable system comprises 2 three-axis accelerometers and three-
axis gyroscopes on each leg as in Figure 3 and measures angles and speed of joint movements of
each leg. The smart phone provides detailed instructions for users to perform the Gamified WWT.
Moreover, the smart phone measures the walking distance in real-time using Near Field
Communication (NFC) chip sensors and records voice input when elderly users provide answers to
the given cognitive tasks.

To cover both entertainment and assessment purposes, serious game design methodologies [21] are
adopted for designing and developing the Gamified WWT module. Over time, multi-dimensional in-
game data will be collected and fed into the Predictive Analytics module for predicting frailty status.

Predictive Analysis

The Predictive Analytics module aims to predict the risk that a user would progress from a robust
state to pre-frail and/or from pre-frail to frail. To increase the accuracy of the predictive analytics,
we adopt a hybrid model that combines the domain expert knowledge provided by medical
professionals and advanced Al analytic techniques such as deep learning [20] and explainable Al
[11, 12].

The inputs to this module include the following four data sources: 1) users' activity data captured by
the Internet-of-Things (1oT) devices and through self-reports, 2) users' health-related data captured

by the Computerized Screening module and through self-reports, 3) users' game-play performance
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captured by the Gamified WWT module, and 4) the domain knowledge adopted from healthcare
professionals.

After data collection, the Predictive Analytics module first cleans the heterogeneous and conducts
data fusion. Furthermore, high-level features will be extracted and used for the identification of
differences in stratified user groups. Such stratification is not predefined (such as robust, pre-frail,
and frail), but autonomously performed using unsupervised clustering techniques by comparing the
individual difference. Supervised classification methods will also be used to build the frailty
prediction model. The importance of different data sources in the generated frailty prediction model
will be studied. In addition, we also plan to incorporate doctors' domain knowledge into our frailty
prediction model to improve its accuracy. To help users, health professionals and caregivers better
understand the prediction results, explainable artificial intelligence (XAl) techniques will also be

integrated into the predictive analytics framework.

C. Modules for Frailty Intervention

Physical Exercise Kiosk

The Physical Exercise Kiosk module is a kiosk housing two serious games, Taichi for exercising
upper limbs and balance and Cycling for training strength of lower limbs. The kiosk is designed to
be used in community settings with minimal supervision. The game themes have been carefully
selected to cover comprehensive physical exercises purposes and designed to provide both fun and
therapeutic efficacy. Moreover, various human factors design elements, such as popularity,
familiarity, efficacy, motivation, and preference, have been considered during game design. The
kiosk also supports multi-player modes to promote social engagement and peer competition, thereby
increasing user engagement and enjoyment.

Taichi is a Kinect-based game promoting resistance and aerobic physical exercises. TaiChi is
popular among older adults with Chinese cultural background. More importantly, it is an appropriate
and safe balance exercise for frailty intervention. Kinect is a camera-based motion sensor which can

sense the position and motion of different body parts and support full-body gaming experiences.
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Kinect provides a more friendly game interface to the older adults and powerful motion capture
capability that allows rich body motion data to be collected. The users practice Taichi movements by
following the virtual Taichi master in the game. Users' movements are captured by Kinect and used
to provide feedback and determine their game performance. The resistance exercises are carried out
with the assistance of weights and elastic bands.

Cycling wraps cycling exercises into a tablet-based game, which provides virtual contexts for the
cycling activity. The user is represented by an avatar in the game environment and can navigate the
environment by paddling the exercise bike, e.g., a fox wandering in an exotic desert landscape.
Sensors are mounted on the exercise bike to track the speed of cycling, which controls the speed of
navigation in the game environment. The tablet-game provides an interactive virtual environment
which allows the user to received immediate feedback (e.g. paddle faster to navigate faster in game)
and makes cycling less tedious but more interesting (e.g. changing landscape, picking game items).

Nutrition Recommendation

The Nutrition Recommendation module aims to provide suitable dietary health suggestions to users
based on the analysis of their daily food intake and the nutrition intake recommended by health
professionals. Users' food preferences are learned by the module and subsequently used to make
personalized food recommendations that may simultaneously appeal to their palate and satisfy
nutritional expectations.

The Nutrition Recommendation module is divided into three sub-modules according to the data flow
pipeline, namely data inputs, recommendation model and recommendation results. Data inputs can
be both internal and external data. Internal data include but not limited to 1) users' personal profiles,
2) users' food intake history, 3) unobtrusively collected daily living and behavioral data, and 4)
frailty assessment data collected from Virtual Nurse, Computerized Screening and Gamified WWT
modules. External data mainly comprise well-established relevant datasets. The major benefit of
using external data is that the recommendation model can be built based on ample training samples

instead of having a cold start.
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In the recommendation model, the rule-based approach and the knowledge graph approach are
combined to make nutrition recommendations. In addition, the domain knowledge provided by
health professionals will be added to the recommendation model as prior information.

As for the intermediately obtained nutrition recommendation results, they are in the raw format such
as a list of ranked nutritious food for individual users. Moreover, Explainable Artificial Intelligence
(XAI) techniques are used to provide more natural and hopefully more persuasive recommendations.

Polypharmacy Management

The Polypharmacy Management module is a personalized system for managing medication and diet
supplement intake. It comprises a software-based smart pillbox solution for tracking and managing
adherence, as well as a diary function and a query engine for monitoring and managing side effects
and inappropriate medication.

A software-based smart pillbox solution is designed to help users manage their medication and
supplement regimen. Instead of relying on a single smart medicine dispensary machine, RFID
technology is used for convenient tracking of medication consumption. To cater to the problem of
unintentional non-adherence, a prospective memory agent is designed to provide personalized
reminding services. It can autonomously determine the optimal settings for important aspects and
variables in the process of reminding (e.g., the frequency of reminders, the type of messages to
display, and the lead time before the event by when the first reminder should be initiated). To reduce
intentional non-adherence, a persuasive agent [19] and an incentive agent are designed to motivate
and persuade users. The reminders, persuasive and motivating messages generated will be delivered
through Virtual Nurse.

The Polypharmacy Management module also includes an app-based diary for the users to record and
self-report any side effects they experience before/after taking their medication and/or diet
supplement. A comprehensive polypharmacy database is constructed based on information pooled
and extracted from various common medicine and diet supplement databases. This polypharmacy

database serves as an information repository, which archives necessary but simplified information
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understandable to older adult users. The users can initiate queries to check for possible
contraindications between medications and/or diet supplements. Information collected by the diary
and user queries could be shared with the associated healthcare professionals for their advice and
guidance.

Virtual Health Coach

Virtual Health Coach

Hi, remember to takedrug_B. it reduces high blood pressure

Here are some drug reminders, check them out
v

Here is the questionnaire to evaluate last week's amount of activity

We recommend you to have these food
to meet your daily nutrition needs.

Pl S |

‘ Breakfast Q‘il /

Lunch

Dinner

Physical Assessment Exercise Intervention Nutrition Recommendation

Figure 4 Interfaces of the SAIF modules

V. User Study
A. Study Design

As our primary aim is to reduce the risk and delay and/or decelerate the progress of frailty, the main
target population for the SAIF system is pre-frail older adults. Such a population is at risk of
transitioning to a frail state and can thus benefit from predictive assessment and proactive
intervention tools. Frail older adults may also use the SAIF system, provided that they are mobile,
which is a necessary condition to be able to interact with the system. In their cases, the game
performance collected by the assessment modules would not be used to predict the risk of frailty, but
rather to track improvements following interventions. Finally, robust older adults may also benefit
from using the proposed system, especially those who are close to clinical pre-frailty, as it can
predict the risk that they would transit to a pre-frail status, and provide them with interventions in

order to avoid such undesirable outcome.
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In our study, participants will be recruited with the following inclusion criteria:
e Age 60 and above,
e Clinical Frailty Scale (CFS) [26] score of 4 or 5, or CFS score of 3 combined with a FRAIL
score of at least 1.
CFS is a well-validated 9-point global assessment tool for frailty. A CFS score of 4 or 5 indicates
that the screened subject is at the state of pre-frailty and mild frailty, respectively. A CFS score of 3
combined with a FRAIL score of at least 1 identifies robust subjects at higher risk of frailty.
Selecting participants in this manner will ensure that we are targeting those who have the most to
gain from our system, and thus more likely to demonstrate observable changes over a 12-month
study. Robust participants (i.e. those with a CFS score from 1-3 and a FRAIL score of 0) may not

demonstrate much change over a 12-month study. Similarly, frail participants (i.e. those with a CFS

score of 6 or higher) may be too physically impacted to benefit from our system.

Table 2 Metrics used to evaluate the effectiveness of the SAIF system

Metrics | Target

Assessment: appropriate and efficient identification of pre-frail and frail older adults

Concurrence with the Fried Frailty | Pearson's correlation coefficient of 0.8 or higher between SAIF and the
Phenotype instrument for identification of | Fried Frailty Phenotype for identification of frailty and pre-frailty
frailty and pre-frailty

Concurrence with the Clinical Frailty
Scale (CFS) instrument for identification
of frailty and pre-frailty

Pearson's correlation coefficient of 0.6 or higher between our system and
the CFS for identification of frailty and pre-frailty

Intervention: reduce the risk, delay and/or decelerate the progress of frailty

Progression of frailty as measured by the | The change in Fried Frailty Phenotype scores is at least 0.3 points higher in
Fried Frailty Phenotype instrument the intervention group compared to the control group on average

Physical performance as measured by the | The change in physical performance score measured by the SPPB
Short Physical Performance Battery | instrument is at least 0.5 point higher in the intervention group compared to
(SPPB) instrument the control group

Cost-effectiveness: incurring fewer financial or manpower costs than traditional assessment and intervention tools

Manpower savings for community | Reduction of time needed for community screening of
screening frailty by 20% (with concomitant reduction in first-line manpower costs)

Quality: improving the quality of life of the

target population

Patient activation, measured using the
Patient Activation Measure (PAM-13)
instrument

Intervention group participants have an average improvement in PAM-13
scores of at least 4 points higher compared to control group participants

Health-related quality of life, measured
using the EQ-5D-5L instrument

Improvement in quality of life measured through EQ-5D-5L of the
intervention group is at least 4 points higher on average compared to the
control group
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In order to evaluate the effectiveness of the SAIF system, a number of metrics will be tracked at
different phases of the system design and development, covering both objective and subjective
measures. The SAIF system will be assessed in four aspects, as shown in Table 2: 1) assessment:
appropriate and efficient identification of pre-frail and frail older adults, 2) intervention: reduce the
risk, delay and/or decelerate the progress of frailty, 3) cost-effectiveness: incurring fewer financial or
manpower costs than traditional assessment and intervention tools, and 4) quality: improving the
quality of life of the target population. The scores obtained using well-recognized frailty assessment
scales will be used as references to establish the reliability of the assessments made by SAIF and to
measure the improvements in frailty conditions due to interventions in SAIF.

The proposed metrics will be collected through interviews and/or focus groups, a small-scale pilot
study, and a larger-scale pilot study, as follows:

e At the end of the design phase, short interviews and focus groups were arranged to evaluate
the proposed designs for each of the system's modules. The feedback was used to refine
designs of the SAIF system before entering the development phase. 10 participants were
jointly recruited by the Project Team and Implementation Partner, including medical experts,
caregivers, and senior end users.

e A small-scale pilot study involving around 20 participants will be organized towards the end
of the development phase. This pilot study will evaluate the system's usability and
effectiveness in frailty assessment. Feedback gathered during this pilot study will be utilized
to refine the developed system.

e A larger-scale pilot study involving no less than 100 participants will be conducted during
the test-bedding phase. To validate the effectiveness of the developed system, participants
will be divided into control and intervention groups. Control group participants will receive
standard care as well as an educational package covering the Asia-Pacific guidelines for the
management of frailty [7]. During the study, data for proposed metrics will be unobtrusively

collected from all participants at baseline, 6 months, and 12 months. At the end of the study,
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the data from the control group will be compared with the data from the intervention group
for all valid participants.
B. Results from interviews and focus groups
As described in the previous section, short interviews and focus groups were conducted at the end of
the design phase to evaluate the proposed designs for each of the system's modules. 10 participants
were jointly recruited by the Project Team and Implementation Partner. Among the 10 participants, 5
were caregivers and older adult users aged above 60, among which 4 were females and 1 was male.
The other 5 participants were healthcare professionals, including 1 nutritionist, 1 pharmacist, 1
physical therapist and 2 doctors from the Geriatrics department.
The 10 participants were interviewed for their opinions on whether and how they think the SAIF
system would help with the assessment and intervention of frailty. The participants also rated the
effectiveness of the modules in SAIF on a Likert scale of 1 to 7. The numerical results were briefly

tabulated in Table 3.

Table 3 Interviews and focus group results

Contents Mean SD Median
Healthcare Professionals 5.2 0.84 5
Caregivers and Older Adults 6 1 6
Overall 5.6 0.97 55

Generally, we received positive feedback on the design of the SAIF system. Using a 7-point Likert
scale, the SAIF system received an average score of 5.6 from all the participants, with a standard
deviation of 0.97 and a median of 5.5. The overall scores indicate that the participants generally hold
positive attitudes towards the SAIF and believe that it has the potential to help predict the risk of
frailty and delay and/or decelerate the progression of frailty.

The caregivers and older adult users seem to be more positive than the healthcare professionals. The
average score of the caregivers and older adults' group is 6 (SD = 1, median = 6), slightly higher than

that of the healthcare professionals' group which is 5.2 (SD = 0.84, median = 5). During the
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interviews, some healthcare professionals expressed concerns that older adults might have difficulty
coping with the SAIF system and would need the support of a technical person in order to use it.
While the healthcare professionals showed worries about leaving multi-domain assessments and
interventions of frailty completely self-administered, the older adult users demonstrated their
confidence that they can learn and use the SAIF system by themselves without hassle. Nonetheless,
the concerns of the healthcare professionals highlight the importance of the usability of the SAIF
system and should be considered in the subsequent development and testing of the system.

C. Discussion
Although positive feedback was received on the design of the SAIF system from the interviews and
focus groups, there are some adaptations of the SAIF prototype to specific real-world contexts that
merits consideration.
Our study results with the focus group participants may not be necessarily generalizable to other
population groups with lower educational levels, less tech-savviness, and lower self-efficacy.
Moreover, the acceptance and utilization of smart devices among seniors vary across different
populations, while most of the modules of SAIF are in the form of a phone or tablet application.
Hence, in terms of design, SAIF would benefit from simple and intuitive interfaces and clear
instructions. It is recommended that SAIF should use simple and direct languages for instructions,
augment textual instructions with audio, and provide realistic and detailed video tutorials for each
module. In terms of modes of delivery, SAIF would benefit from supporting both centralized and
decentralized assessment and intervention. These two delivery modes will be further elaborated in
the discussion on the scalability of SAIF subsequently.
With the plans of conducting pragmatic effectiveness studies in broader Singaporean populations, it
IS important to appreciate that Singaporean populations are vastly heterogeneous with regard to
language, culture, religious beliefs, socioeconomic status, and social setting. Multiple languages
should be supported by SAIF, at least in full English and Chinese versions. Most assessments and

interventions in SAIF can be deemed to be relatively ubiquitous and non-culturally-biased, for
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example, the physical assessments, WWT and polypharmacy components. In contrast, components
pertaining to food and nutrition are more contextually dependent on the local culture. Representative
cuisines for different ethnic groups should be included as food options in Nutrition Recommendation
module.

To deploy SAIF in large-scale pragmatic studies and in broad populations, the combination of
decentralized and centralized delivery modes in conjunction could be a viable strategy for home- and
community-based frailty assessment and intervention. For seniors with better socioeconomic status
and living with their children, SAIF could be installed on their personal devices to support
assessment and intervention at home. Portals can be provided to their children for assistance and
monitoring. On the other hand, SAIF could be deployed at central locations, such as community
centers, senior homes, and geriatrics centers to provide centralized assessment and intervention. The
devices at these locations could be centrally managed and shared, offering a cost-effective option for

large-scale implementation.

V. Conclusion

Frailty is a highly and increasingly prevalent condition in the ageing populations. It not only
deteriorates the quality of life of frail individuals, but also threatens the sustainability of existing
health care systems. To confront this challenge at a population-level, early identification and
intervention of frailty is pivotal. However, as discussed previously, there are a number of key
problems with current model of care for frailty:
e Commonly used assessment tools are reactive and are not used to proactively predict the risk
of frailty, thereby missing a window of opportunity for effective intervention;
e Existing assessment tools and intervention methods are mostly carried out by medical
professionals, which is resource intensive;
e Frailty assessment and intervention costs may be unaffordable to a significant portion of the

elderly population.
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We propose, to the best of our knowledge, the world's first home- and community-based system for

both assessment and intervention of frailty. The novelty and advantages of SAIF can be summarized

as follows:

It uses an end-to-end system architecture, enabling periodic (re)-assessment to track the
individual's progress and personalized adaptations to the interventions to improve health
outcomes.

It is cost effective, enabling assessment and intervention at home and in the community in a
scalable manner. Nonetheless, it does not aim to replace medical professionals' expert input
in frailty management.

It is predictive and proactive instead of reactive, using data to identify the risk that a person
may go from robust to pre-frail and/or from pre-frail to frail, and proactively intervening to
reverse such undesirable trends.

It is personalized, using data-driven approaches combined with medical domain knowledge

in order to customize interventions based on patients' profiles.

Acknowledgement

This research is supported by the Singapore Ministry of Health under its National Innovation

Challenge on Active and Confident Ageing (NIC Project No. MOH/NIC/HAIG03/2017).

References

[1]

[2]

American Medical Association et al. 1990. Council on Scientific Affairs: American Medical
Association white paper on elderly health. Arch Int Med 150 (1990), 2459-2472.

Howard Bergman, Luigi Ferrucci, Jack Guralnik, David B Hogan, Silvia Hummel, Sathya
Karunananthan, and Christina Wolfson. 2007. Frailty: an emerging research and clinical
paradigm — issues and controversies. The Journals of Gerontology Series A: Biological

Sciences and Medical Sciences 62, 7 (2007), 731- 737.



International Journal of Information Technology Vol. 25 No. 12019

(3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

23

Carmen Borrat-Besson, Valérie-Anne Ryser, and Boris Wernli. 2013. Transitions between
frailty states — a European comparison. Active ageing and solidarity between generations in
Europe: First results from SHARE after the economic crisis 175 (2013), 175-185.

Matteo Cesari, Martin Prince, Jotheeswaran Amuthavalli Thiyagarajan, Islene Araujo De
Carvalho, Roberto Bernabei, Piu Chan, Luis Miguel Gutierrez-Robledo, Jean-Pierre
Michel, John E Morley, Paul Ong, et al. 2016. Frailty: an emerging public health priority.
Journal of the American Medical Directors Association 17, 3 (2016), 188-192.

Mei Sian Chong, Laura Tay, Mark Chan, Wee Shiong Lim, Ruijing Ye, Eng King Tan, and
Yew Yoong Ding. 2015. Prospective longitudinal study of frailty transitions in a
community-dwelling cohort of older adults with cognitive impairment. BMC geriatrics 15,
1 (2015), 175.

Andrew Clegg, John Young, Steve lliffe, Marcel Olde Rikkert, and Kenneth Rockwood.
2013. Frailty in elderly people. The Lancet 381, 9868 (2013), 752—-762.

Elsa Dent, Christopher Lien, Wee Shiong Lim, Wei Chin Wong, Chek Hooi Wong, Tze Pin
Ng, Jean Woo, Birong Dong, Shelley de la VVega, Philip Jun Hua Poi, et al. 2017. The Asia-
Pacific clinical practice guidelines for the management of frailty. Journal of the American
Medical Directors Association 18, 7 (2017), 564-575.

Minh Binh Do and Subbarao Kambhampati. 2001. Planning as constraint satisfaction:
Solving the planning graph by compiling it into CSP. Artificial Intelligence 132, 2 (2001),
151-182.

Mica R Endsley. 2017. Toward a theory of situation awareness in dynamic systems. In
Situational Awareness. Routledge, 9-42.

Nicola Fairhall, Colleen Langron, Catherine Sherrington, Stephen R Lord, Susan E Kurrle,
Keri Lockwood, Noeline Monaghan, Christina Aggar, Liz Gill, and lan D Cameron. 2011.

Treating frailty-a practical guide. BMC Medicine 9, 1 (2011), 83.



Z. Zeng, Z. Shen, D. Wang, WS. Lim, et al.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Xiuyi Fan, Siyuan Liu, Huiguo Zhang, Cyril Leung, and Chunyan Miao. 2016. Explained
Activity Recognition with Computational Assumption-Based Argumentation. In ECAI.
1590-1591.

Xiuyi Fan, Huiguo Zhang, Cyril Leung, and Chunyan Miao. 2016. Comparative study of
machine learning algorithms for activity recognition with data sequence in home-like
environment. In 2016 IEEE International Conference on Multisensor Fusion and
Integration for Intelligent Systems (MFI). IEEE, 168-173.

Linda P Fried, Jonathan Darer, and Jeremy Walston. 2003. Frailty. In Geriatric Medicine.
Springer, 1067-1076.

Linda P Fried, Luigi Ferrucci, Jonathan Darer, Jeff D Williamson, and Gerard Anderson.
2004. Untangling the concepts of disability, frailty, and comorbidity: implications for
improved targeting and care. The Journals of Gerontology Series A: Biological Sciences
and Medical Sciences 59, 3 (2004), M255-M263.

Linda P Fried, Catherine M Tangen, Jeremy Walston, Anne B Newman, Calvin Hirsch,
John Gottdiener, Teresa Seeman, Russell Tracy, Willem J Kop, Gregory Burke, et al. 2001.
Frailty in older adults: evidence for a phenotype. The Journals of Gerontology Series A:
Biological Sciences and Medical Sciences 56, 3 (2001), M146-M157.

Hilde AE Geraedts, Wiebren Zijlstra, Wei Zhang, Sjoerd Bulstra, and Martin Stevens.
2014. Adherence to and effectiveness of an individually tailored home- based exercise
program for frail older adults, driven by mobility monitoring: design of a prospective
cohort study. BMC Public Health 14, 1 (2014), 570.

Thomas M Gill, Evelyne A Gahbauer, Heather G Allore, and Ling Han. 2006. Transitions
between frailty states among community-living older persons. Archives of Internal
Medicine 166, 4 (2006), 418-423.

Pamela M Homer and Lynn R Kahle. 1990. Source expertise, time of source identification,



International Journal of Information Technology Vol. 25 No. 12019

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

25

and involvement in persuasion: An elaborative processing perspective. Journal of
Advertising 19, 1 (1990), 30-39.

Yilin Kang, Ah-Hwee Tan, and Chunyan Miao. 2015. An adaptive computational model
for personalized persuasion. In Twenty-Fourth International Joint Conference on Artificial
Intelligence.

Yann LeCun, Yoshua Bengio, and Geoffrey Hinton. 2015. Deep learning. Nature 521,
7553 (2015), 436.

Bertrand Marne, John Wisdom, Benjamin Huynh-Kim-Bang, and Jean-Marc Labat. 2012.
The six facets of serious game design: a methodology enhanced by our design pattern
library. In European Conference on Technology Enhanced Learning. Springer, 208-221.
Verena H Menec, Robin Means, Norah Keating, Graham Parkhurst, and Jacquie Eales.
2011. Conceptualizing age-friendly communities. Canadian Journal on Aging/La Revue
canadienne du vieillissement 30, 3 (2011), 479-493.

Arnold B Mitnitski, Alexander J Mogilner, and Kenneth Rockwood. 2001. Accumulation
of deficits as a proxy measure of aging. The Scientific World Journal 1 (2001), 323-336.
John E Morley, TK Malmstrom, and DK Miller. 2012. A simple frailty questionnaire
(FRAIL) predicts outcomes in middle aged African Americans. The Journal of Nutrition,
Health & Aging 16, 7 (2012), 601-608.

Martine T E Puts, Samar Toubasi, Melissa K Andrew, Maureen C Ashe, Jenny Ploeg,
Esther Atkinson, Ana Patricia Ayala, Angelique Roy, Miriam Rodriguez Monforte,
Howard Bergman, et al. 2017. Interventions to prevent or reduce the level of frailty in
community-dwelling older adults: a scoping review of the literature and international
policies. Age and Ageing 46, 3 (2017), 383-392.

Kenneth Rockwood, Xiaowei Song, Chris MacKnight, Howard Bergman, David B Hogan,

lan McDowell, and Arnold Mitnitski. 2005. A global clinical measure of fitness and frailty



Z. Zeng, Z. Shen, D. Wang, WS. Lim, et al.

[27]

[28]

[29]

[30]

[31]

in elderly people. CMAJ 173, 5 (2005), 489-495.

Brigitte Santos-Eggimann, Patrick Cuénoud, Jacques Spagnoli, and Julien Junod. 2009.
Prevalence of frailty in middle-aged and older community-dwelling Europeans living in 10
countries. The Journals of Gerontology: Series A 64, 6 (2009), 675-681.

P Turner and G Van De Walle. 2006. Familiarity as a basis of universal design. Journal of
Gerontechnology 5, 3 (2006), 150-159.

Joe Verghese, Roee Holtzer, Richard B Lipton, and Cuiling Wang. 2012. Mobility stress
test approach to predicting frailty, disability, and mortality in high-functioning older adults.
Journal of the American Geriatrics Society 60, 10 (2012), 1901-1905.

Matthew O Ward, Georges Grinstein, and Daniel Keim. 2015. Interactive data
visualization: foundations, techniques, and applications. AK Peters/CRC Press.

Qiong Wu, Xiaogang Han, Han Yu, Zhiqi Shen, and Chunyan Miao. 2013. The innovative
application of learning companions in Virtual Singapura. In Proceedings of the 2013
International Conference on Autonomous Agents and Multi-agent Systems. International

Foundation for Autonomous Agents and Multiagent Systems, 1171 1172.



