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Summary

Objective: This paper summarizes the recent frends and highlights the
challenges and opportunities in decision support and knowledge man-
agementfor patient-centered, personalized, and personal health care.
Methods: The discussions are based on a broad survey of elated refer-
ences, focusing on the most recent publications. Major advances are
examined in the areas of i) shared decision making paradigms, if) con-
finuity of care infrastructures and architectures, i) human factors and
system design approaches, iv) knowledge management innovations,
andv) practical deployment and change considerations.

Results: Many important inifiatives, projects, and plans with
promising results have been identified. The common themes focus
on supporting the individual patients who are playing an inreasing
central role in their own care decision processes. New collaborative
decision making paradigms and information infrastructures are re-
quired to ensure effective continuity of care. Human factors and usabil-
ity are crucialfor the successful development and deployment of the
relevant systems, fools, and aids. Advances in personalized medicing
can be achieved through integrating genomic, phenotypic and other
biological, individual, and population level information, and gaining
useful insights from building and analyzing biological and other mod-
els af multple levels of abstraction. Therefore, new Information and
Communication Technologies and evaluation approaches are needed
fo effecively managethesculeand complexty ofbiomedical and healthinfor-
mation, and adaptto the changing nature of dinicaldecision support
Conclusion: Recent researchin dedision support and knowledge man-
agement combines heterogeneous information and personal data fo
provide cost-effective, calibrated, personalized support in shared dedi-
sion making at the point of care. Current and emerging efforts concen-
frate on developing o extending conventional paradigms, fechniques,
systems, and architectures for the new predictve, presmptive, and par-
ficipatory health care model for pafient-centered, personalized medicine.
There is also an increasing emphasis on managing complexity with
changing care models, processes, and seftings.
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1 Introduction

Decision support and knowledge man-
agement in health care involve tech-
niques, systems, and tools that would
help clinicians and patients make in-
formed decisions in disease prevention,
diagnosis, treatment, and prognosis.
Despite more than 50 years of
progress, many challenges remain in
the characterization, differentiation,
and control or management of bio-
medical knowledge and health care
processes for improving health out-
comes and lowering costs. Recent ad-
vancements in distributed and mobile
sensors, monitoring devices, electronic
repositories, knowledge portals, and
network sources have led to new di-
mensions of information explosion that
complicate patient-centered, personal-
ized decision making. The increasing
popularity of personal health records
and untethered care portfolios have also
necessitated a paradigm shift in
analyzing, developing, and evaluating
care processes and decision aids from
the individual patient’s perspective.
Patient-centered care, as coined by
the Picker Institute in 1988, empha-
sizes respecting the patient’s values,
preferences, and needs in integrated
and coordinated care. Participation
from family and friends, education
and communication to support in-
formed and shared decision making
are essential in the process, which
also focuses on physical comfort,
emotional support, continuity of care,
and access to care [1, 2]. The Institute
of Medicine, in its landmark report

“Crossing the Quality Chasm”, identi-
fied patient-centered care as a key ap-
proach to improve the quality of health
care in the US [3].

The U.S. National Institute of
Health envisioned the future health
model as “the 4-P’s of Medicine™:
medicine that will be Personalized,
Predictive, Preemptive, and Participa-
tory'. The main idea is to use all the
information relevant to the individual
- including genomic make-up, personal
and family history, images and labo-
ratory test data, symptoms and signs,
values and preferences — together with
personalized biological and physi-
ological models to predict the possi-
ble courses of disease progression and
to select the best care options for the
patient. In the personalized approach,
preemptive measures could be taken as
early prediction is possible; the deci-
sion making process is necessarily par-
ticipatory due to the pervasive avail-
ability of relevant information in
different care settings, including that
patient’s home [4].

Personal health systems (PHS), on
the other hand, are a new genre of
health information technologies (HIT)
that supports patient-centered and per-
sonalized care. PHS complement ex-
isting institutional-based HIT with
patient-initiated and patient-managed
information collection, access and com-
munication controls. The European
Commission Framework Program 7

' "ANew Strategic Vision for Medicine", excerpted

from the NIH website: http://www.nih.gov/
strategicvision.htm (accessed 31 March 2012).



project on Personal Health Systems
(the PHS 2020 project)* defined PHS
as systems and tools that provide con-
tinuous, quality controlled, and per-
sonalized health services to the indi-
viduals. PHS consist of body and
environmental devices for individual
and contextual information collection
and communication, information
storage and analytic capabilities, and
feedback mechanisms that help in life-
style management, and preventive,
diagnosis, and treatment processes of
patient care.

This paper first examine the grand
challenges for clinical decision support
and biomedical knowledge management,
highlighting the main solutions and in-
novations required to support cost-effec-
tive patient-centered, personalized, and
personal health care. This is followed by
a summary of the major research trends
in the past two years.

2 The Grand Challenges

The main challenges and opportuni-
ties for the next generation clinical de-
cision support systems are examined
in a number of recent review and po-
sition articles. Coeira et al [5], for ex-
ample, discussed the recent develop-
ment of evaluation methods, consumer
informatics, public health informatics,
translational bioinformatics, and pa-
tient safety. The consumers or patients
are increasingly taking charge of their
own health and making important
health-related decisions. There has also
been marked progress in integrating
genomic and phenotypic information
to develop personalized medicine and to
enhance patient-centered care. Hence, a
new set of design principles and evalu-
ation metrics is needed to empower
personal choices, facilitate predictions,
enhance usability, and ensure safety in
future clinical decision support systems.

2 Personal Health Systems. http://ec.europa.eu/

information_society/activities/health/research/
fp7phs/index_en.htm (Accessed 31 March 2012)
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A commemorative volume celebrat-
ing the 50™ year publication anniver-
sary of Methods of Information in
Medicine [6] sketched the vision for
health and biomedical decision support
research in the next fifty years. Deci-
sion support is characterized as an
evolving science, where new tech-
niques, methodologies, and paradigms
need to be developed with the chang-
ing needs, processes, and settings. A
major focus is on managing complexi-
ties at the domain, system, and usage
levels in the decision support process.
Continuing efforts are needed to inte-
grating genomic, phenotypic, and other
system related information to support
personalized decision making. Im-
proved care can be facilitated by iden-
tifying enablers and barriers to the
practical application of decision sup-
port technologies in the care settings,
including access to information, access
to care, and education.

Graham et al. [7] examined the ma-
jor information and communication
technologies (ICT) challenges from
discovery to delivery in personalized
health care. These challenges include:
i) enabling evidence-based health care
by gaining insights from data to
knowledge to action; ii) improving
healthcare quality by empowering peo-
ple, including providers and consum-
ers; iii) enhancing human capabilities
by computer-based augmentation of
human learning, reasoning, decision
making, and physical motion; iv) man-
aging health care processes as a com-
plex, large-scale, adaptive distributed
evolving system; and v) identifying
major research enablers and inhibitors.

Ohno-Machado [8], on the other
hand, summarized the critical techni-
cal, methodological, systemic, and
infrastructure issues in combining pub-
lic resources to build accurate predic-
tive models and decision support tools.
Such resources include online ge-
nomic, proteomic data repositories and
biomedical literature collections, and
personal information across different
biological levels — cells, tissues, indi-
viduals, and populations.

At a more general scale, the National
Academies’ Report on “Computational
Technology for Effective Health Care:
Immediate Steps and Strategic Direc-
tions” [9] described the opportunities
for improving healthcare processes and
enhancing health in general through
leveraging the growing avalanche of
data relevant to healthcare, and the per-
vasive availability of these data to the
providers, payers, and patients. Recent
research in data analysis, machine learn-
ing and data mining aims to address
these issues [10]; active investigations
are on-going for direct solutions in the
patient-centered, personalized, and per-
sonal care settings.

Reflecting the multidisciplinary na-
ture of the issues, at least 4 out of 14
“Grand Challenges for Engineering in
the 21* century” identified by the U.S.
National Academy of Engineering [11]
are related to health and biomedical
informatics: Advance health infor-
matics; Engineer better medicines;
Reverse-engineer the brain; and Engi-
neer the tools for scientific discovery.
Hence, future health informatics sys-
tems “must be engineered for seam-
less sharing of data”, including bio-
logical data, and these must be
“trusted systems that offer relevant
decision support to clinicians and pa-
tients ... (by allowing access to) in-
formation to treat specific patients
and decision support systems to of-
fer ‘just in time, just for me’ advice
at the point of care.”

The common themes identified,
therefore, focus on supporting the in-
dividual patients who are playing an
increasing central role in their own care
decision processes. New collaborative
decision making paradigms and infor-
mation infrastructures are required to
ensure effective continuity of care.
Human factors and usability are cru-
cial for the successful development and
deployment of the relevant systems,
tools, and aids. Advances in personal-
ized medicine can be achieved through
integrating genomic and phenotypic
information — often from multiple
sources and in heterogeneous modalities
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— and gaining useful insights from
building and analyzing biological and
other models at multiple levels of ab-
straction. Therefore, new ICT and
evaluation approaches are needed to
effectively manage the scale and com-
plexity of biomedical and health in-
formation, and adapt to the changing
nature of clinical decision support.

In accordance with these chal-
lenges, current research efforts con-
centrate on developing or extending
conventional paradigms, techniques,
systems, and architectures for the pre-
dictive, preemptive, and participatory
health care model for patient-
centered, personalized medicine.
Major advances are found in the ar-
eas of 1) shared decision making para-
digms, ii) continuity of care infrastruc-
tures and architectures, iii) human
factors and system design approaches,
iv) knowledge management innova-
tions, and v) practical deployment and
change considerations.

3 Shared Decision Making

Shared decision making, also called
“informed decision making” or “evi-
dence informed patient choice”, is
considered the corner stone of pa-
tient-centered care. Information about
the alternatives and risks is shared be-
tween the clinicians and patients, who
then jointly decide on the optimal
course of actions or interventions [12].
While the concept is deemed impor-
tant, actual adoption and implementa-
tion of shared decision making in clini-
cal practice is limited. Most recent
efforts focus on understanding the
challenges and issues in the model, and
finding solutions to overcome the bar-
riers for adoption.

The US Preventive Services Task
Force (USPSTF) [13] defined shared
decision making as comprising 5 stages
where an individual i) understands the
nature of the disease or condition, ii)
evaluates the services, alternatives,
risks, benefits, and uncertainties in-
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volved, iii) considers his preferences,
iv) participates in the decision making
process at a personally desirable level,
and v) makes a decision consistent with
his or her preference and values.

Power et al [14] argued that based
on psychological and behavioral evi-
dences, the mood and emotion of the
patients should also be considered in
share decision making. They imple-
mented the idea in a cognitive-emo-
tional decision making (CEDM) frame-
work of patient medical decision
making.Zikmund-Fisher et al and oth-
ers [15] reported on the National Sur-
vey of Medical Decisions (the DECI-
SIONS study), which was a survey of
3010 adults over the age of 40 years in
the US that used a consistent measure-
ment approach and a nationally rep-
resentative sample to gather data on
how patients actually make decisions.
The DECISIONS study highlighted
the decision patterns, as well as back-
ground assumptions, patient-provider
communications, and potential pit-
falls in the process.

In a related effort, Pauker [16] sum-
marized 5 models of decision making
— classical, passive informed consent,
active informed consent, shared deci-
sion making, and normative shared de-
cision making. The DECISIONS study
and the classification of decision mak-
ing have illuminated important chal-
lenges and opportunities in introduc-
ing decision aids, in the form of
infrastructures, systems, and tools, to
facilitate each model in the decision
making spectrum in general, and each
stage of the shared decision making
process in particular.

Barry et al [1] advocated for the
common adoption of shared decision
making in the health care settings. The
effective use of decision aids, in the
form of software tools and models,
would help the decision makers access
the relevant information and insights,
and visualize the options available in
the shared decision making process. A
Cochrane review of 86 trials published
through 2009 showed that the use of
patient decision aids helped to increase

knowledge and improve accuracy of
risk perceptions, and led to more de-
cisions consistent with the patient’s
values and preferences. These in turn
reduced internal decisional conflict for
the patient, and as a result fewer pa-
tients remained passive or undecided.
Share decision making could thus help
address the problems of overdiagnosis
and overtreatment [17]. Moreover,
timely information access and proper
decision support could help clinicians
identify patients who are facing diffi-
cult decisions and efficiently elicit their
preferences [1].

Similarly, Coylewrite et al [18§]
identified the goals of shared deci-
sion making and highlighted how
decision aids could help contextualize
the background conditions and facili-
tate in the communication process.
They also described the potential
barriers, such as time pressure and
negative reward incentives, to adopt-
ing the shared decision making
model from the providers’, payers’,
and patients’ perspectives.

4 Continuity of Care Infra-
structures and Architectures

Development of the information infra-
structures and architectures for conti-
nuity of care center around the con-
cept of “patient-centered medical
home” (PCMH). Finkelstein et al [19]
defined PCMH as a framework that
supports a “well-organized, proactive
clinical team” working with “well-in-
formed” patients to address “preven-
tive and disease management in guide-
line-concordant manner.” This approach
is a fundamental shift from the epi-
sodic, hospital-based health care model
to provide seamless support for con-
tinuous, collaborative care for the pa-
tients. Various roadmaps and ap-
proaches to implementing the concept
in practice have been proposed.
These are based on the current and
future landscape for combining



multiple information sources to sup-
port decision making at the point of
care, through different care sites, in-
cluding the patients’ home [20-23].
The model is shown to be promis-
ing; on-going efforts are investigat-
ing different ways to enhance the pos-
sibility of acceptance by clinicians
in different specialties and sub-
specialties [24, 25].

In a more general setting, current
information storage and communi-
cation models in eHealth and
telemedicine are evaluated for their
effectiveness in supporting patient-
centered, personalized, and personal
care [26, 27]. Blobel [26] proposed
that personalized health is necessar-
ily a multidisciplinary approach that
calls for developing or adapting a
unifying framework for communica-
tion, modeling, and implementation.
Pinciroli et al [27], on the other
hand, predicted that the modern con-
sumer and personalized technologies
such as iPad and avatars will make
big impact in biomedical and health
informatics. These personalized de-
vices would complement the ad-
vancements in PHR to drive the next
generation institutional and personal
health information infrastructures.

Personal Health Information Systems

The American Medical Informatics
Association (AMIA) College of
Medical Informatics Symposium de-
fined personal health records (PHR)
as electronic applications through
which individuals can access, manage,
and share their health information in a
safe and secure environment [28]. PHR
are usually part of PHS, but can be
implemented as components of an in-
stitutional based electronic health
record system.

Three main areas of PHS research
are reported in the literature: instru-
mentation and sensors for cost-effec-
tive monitoring, information process-
ing and classification techniques via
embedded intelligence, and platforms
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for integrating information, data, and
knowledge to support clinical care plans
and ensuring patient safety [29].

A number of recent efforts have
summarized the current implementa-
tions and remaining challenges [30,
31], and documented new techniques
and approaches to improve PHR [32,
33] and PHS [29]. Brennan et al [31],
for example, reported on the Project
HealthDesign approach to developing
personal health records as a platform
for action in support of personal health.
A uniform data collection, integration,
and analytic infrastructure is shown to
facilitate user-centered design and de-
velopment of decision aids that utilize
the recorded personal health data,
includig patient-generated “observa-
tions of daily living.”

There are many technical issues in
modelling, designing, and imple-
menting family-based health record
for personalized decision support [34,
35]. The main difficulties stem from
the “open nature” of the records, the
heterogeneous encoding formats and
communication protocols used for
different platforms, and the lack of
an authoritative co-ordinator to help
streamline accessibility to the per-
sonal information. Hence, new stand-
ard formats are developed for infor-
mation encoding in PHR [36]. New
policies are put in place for control-
ling patient access to clinical data via
PHR [37, 38].

Similarly, new networking and
communication protocols and tech-
niques are defined to meet the com-
munication, integration, and security
challenges in the distributed, mobile,
and heterogeneous PHS. Such inno-
vations include body and environ-
mental sensors, online information
and knowledge portals and repositor-
ies, and simple decision aids and ana-
lytical tools. Massey et al [39], for
example, leveraged social system net-
works, which are mobile networks
that can extract patterns in interde-
pendent social relations to improve
system design, in ubiquitous high-
data-rate health systems. They pro-

posed techniques and models to deal
with the limited storage resources and
connection bandwidth in applying
such networks in mobile PHS.
Martinez-Espronceda et al [40], on
the other hand, implemented and
evaluated interoperable personal
health devices with low-voltage low-
power constraints.

Many PHR and PHS are being
developed, applied, and evaluated in
specific disease domains to support
monitoring, assessment, or self-man-
agement functions. These mobile or
web-based systems include portable
pain, treatment and activity diaries
[41], management tools for assessing
and preventing comprehensive risks for
critical conditions such as cardiovas-
cular diseases [42] and diabetes [43],
personal health companions to enhance
self-care management of chronic health
conditions [44], or medication man-
agement for multi-morbidity [45].
There are also patient portals for
triaging patients at risk of common
conditions such as influenza [46], and
community  forums  such  as
PatientsLikeMe for sharing health data
for better outcomes [47].

5 Human Factors and
System Design Approaches

Human factors and usability are criti-
cal for the success of PHS and PHR in
practical deployment. Different con-
sumers’ attitude toward PHRs [48] and
the factors affecting acceptance of
web-based self-referral systems [49]
have been carefully analyzed. Other
efforts focus on developing methods
for discounting or grading user-
centered e-health designs [50], for
studying complacency and bias in hu-
man use of automation [51], and for
improving consumer health IT appli-
cation development in general [52].
Research evidence in e-health and
implications for future policy [53],
as well as qualitative studies of pa-
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tient factors in the implementation
of decision aids in general practice
[54] have also been reported.

Design and Effectiveness of
Decision Aids

Recent studies have shown that deci-
sion aids, when designed properly,
could improve the effectiveness [17]
and hence the adoption [55] of the
shared decision making model for pa-
tient care. To improve usability, there
is a recent debate on how decision aids
should be characterized and classified
[56, 57]. Stigglebout and Timmermans
[57] argued that decision aids should
aim at facilitating informed decisions
for the patients (and clinicians). Such
aids should be defined along the lines
of whom and what to support, stage(s)
to be addressed, and contextual factors.

Bekker [58] examined the suitabil-
ity of using gold standards to guide
the development of effective decision
aids. Such guidelines are based on a
conceptual review integrating the sci-
ence of human decision making and
the design criteria for complex, health
care interventions. The usage of inter-
active media, including graphs and
game-like settings, have also been ex-
plored to communicate with patients
about risks and preferences. Such tools
would enhance the conceptual clarity
of the various information components
in the shared decision making stages,
thereby facilitating the decision proc-
ess and standardizing the evaluation
approaches [59].

6 Knowledge Management
Innovations

Current research efforts in personal-
ized medicine focus on new techniques
or approaches for modeling and analy-
sis to provide context-sensitive, point-
of-care decision support. These tech-
niques usually combine population
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based data in different modalities, from
multiple sources, and integrated with
personal profiles, preferences, and
values to build personalized predictive
and prognostic models [60]. The top-
ics addressed in integrating multiple
source of information span a wide
range from taking care of inter-indi-
vidual variability in patient-specific
predictions [61], calibrating predictive
model estimates to support personal-
ized medicine [62], to constructing
patient records from distributed pro-
viders [63]. New evaluation ap-
proaches are developed to compare per-
sonalized treatment effectiveness based
on electronic health records [64]. Data
privacy and safety are ensured by prop-
erly anonymizing longitudinal elec-
tronic medical records for generating
personalized clinical decision support
protocols [65], and for enabling per-
sonalized telepathology [66].

Some state of the art machine learn-
ing and data mining techniques are
motivated by various attempts to learn
useful knowledge from biomedical
data for personalized decision making.
Examples include discovering low-sup-
port discriminative, biologically mean-
ingful patterns from dense and high-
dimensional data of cancer genes [67],
and simulating disease processes or sur-
gical procedures in patient-specific
dynamic model computed automati-
cally from 4D images [68].

Similarly, many advances in
knowledge extraction, integration
and representation are brought about
by applying or developing ontologi-
cal and semantic technologies in per-
sonalized medicine. Examples include
automated cancer history classification
from free-text clinical reports [69],
applying semantic technologies on the
PHR to match patients for clinical tri-
als for personalized medicine [70],
leveraging semantic web technologies
on phar-macoeconomics data to facili-
tate integration of genomic and
phenotypic information [71], and de-
riving disease concepts for family
health histories using multi-source
sampling [72].

Infegration of Genomic and
Phenotypic Knowledge in

Personalized Medicine

Individual based biological profiles
are integrated with population based
health data and evidences to derive
optimal interventions for targeted dis-
ease management and personalized
care. The challenges and future trends
of personalized medicine and
genomics, including the cost-effective-
ness assessments and future research
priorities, have been carefully exam-
ined [73]. Recent research also ad-
dresses the technical considerations in
inter-operational semantics encoding,
and the emerging landscape of inte-
grating genomic and health knowledge
into decision models or health infor-
mation systems such as EHR for per-
sonalized medicine [74] and continu-
ity of care [75, 76]. The application
domains include pharma-cogenomic
decision support [77], functional
genomics, and personalized medicine
research [78]. The increasing availabil-
ity of interpretation engines for per-
sonal genome is likely to further fa-
cilitate such integration [79].

On clinical application, personal
information such as biomarkers and
PHR is used to match patients for
clinical trials to develop more tar-
geted and personalized treatments
[80]. The trend continues in shifting
from population wide to personalized
prognosis for specific diseases with
microarrays [81].

On scientific discovery, biologi-
cal information such as protein in-
teraction networks is used to under-
stand complex diseases [82]. Multi-
modal approaches are applied in net-
work induction for identifying mean-
ingful biomarker-phenotype com-
plexes spanning multiple levels of
granularity [83]. There are also more
general investigations on transla-
tional bioinformatics and systems
biology approaches for personalized
medicine [84].

In addition, the feasibility, experi-
ences, and ethical and social implica-



tions of personalized decision support
are studied in the context of combin-
ing genomic, proteomic, and infor-
matics innovations in specific domains
such as chronic degenerative diseases
[85], diabetes [86] and cancer [87, 88].

7 Practical Deployment and
Change Considerations

The heterogeneity, complexity, and
constant changes in health and biomedi-
cal settings pose major challenges to
providing individualized care. Many
recent efforts focus on developing in-
novative solutions for managing com-
plex systems and conditions such as
multi-morbidity and evolving disease
mechanisms [82, 89], and assessing
their effectiveness [90].

An active research topic is on ex-
amining human decision making in
complex environments to avoid errors.
Diagnostic errors are being increas-
ingly recognized as preventable prob-
lems that computing technologies can
help to reduce cost and improve pa-
tient safety [91, 92]. Decisions are
made at multiple levels of detail in
different contexts, e.g., policy genera-
tion, outcome prediction, user inter-
action, and tactical adaptation, etc.
Unexpected occurrences abound, dif-
ferent cognitive biases may arise, and
both strategic and real-time reactions
and interventions are needed. It is of-
ten difficult to generate decision rules
or guidelines to steer the doctors away
from cognitive biases that would lead
to diagnostic errors [93]. Recent efforts
in this area include studying the relation
between error recovery and cognitive
modeling [94], and the unconscious
thought effects in the diagnosis stage of
clinical decision making [95].

With a recent update to the landmark
articles by Eddy on the significance
of clinical practice guidelines [96] and
the many years of research efforts on
computerized guideline models and
frameworks, there are now active on-
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going efforts to actually put such
guidelines into use in personalized
decision support [97]. These include
work on software environments and
frameworks for design and execution
of self-adaptive clinical pathways [98]
and distributed guidelines [99], and
case studies on creating or applying
clinical practice guidelines and patient
pathways in different domains such as
cancer [100] and dementia [101].

8 Discussion

While there is a plethora of research,
development, and evaluation activities,
the actual effectiveness and impact
of the shared decision making model
and the related technologies to sup-
port personalized medicine are still
unclear. The current limitations and
future directions can be characterized
by potential answers to the main
questions below:

1. How to measure cost-effectiveness
of the shared decision model and im-
prove its impact on health outcomes?
Suitable evaluation metrics are needed
to measure success in the unstructured
process in different settings. The par-
ticipants’ under-standings and skills
should be improved for effective shar-
ing and collaboration. A rebalancing of
“power structure” in the shared deci-
sion making process is also needed.

2. How to ensure uniform information
access and privacy control in the conti-
nuity of care infrastructures and
architectures?

Many difficulties persist in distribut-
ing institutional and personal control
of data encoding and exchange stand-
ards, and privacy management in the
care continuum. Uniform, scalable and
efficient approaches are required to
develop tools and applications that can
make best use of the personal health
data, including patient-generated data
that are not normally captured in medi-
cal records, to improve health outcomes
in heterogeneous environments.

3. How to design and develop decision
aids that would facilitate shared deci-
sion making in the continuum of care?
Human factors are often subjective and
varying. Recent advances in judgmen-
tal decision making [102] and health
literacy [103] could contribute to re-
ducing biases and improving commu-
nications. Behavioral patterns, cogni-
tive abilities, and observations on daily
living activities could guide the design
of both communication aids and self-
management tools.

4. How to integrate, organize, and work
with biomedical and health care knowl-
edge at different levels of abstraction,
from heterogeneous sources, and in
multiple modalities to support person-
alized decision making?

Continuing development of advanced
knowledge acquisition, representation,
and reasoning techniques is needed to
support a wide range of decisions in
increasingly complex biomedical and
health care settings. A multidisciplinary
approach is crucial for deriving inno-
vative solutions at the technical, social,
and policy levels.

5. How to implement patient-centered,
personalized, and personal decision sup-
port in complex, changing real-life en-
vironments?

A new generation of “sustainable” tech-
nologies that can adapt to changes are
needed. New design paradigms and
operating assumptions should be incor-
porated as mobile devices and person-
alized tools continue to evolve and in-
tegrate with legacy infrastructures to
deliver health care decision support.

9 Conclusion

While far from being complete and
exhaustive, this survey highlights the
main research and development activi-
ties in decision support and knowledge
management in the past two years.
Many recent efforts focus on identify-
ing the requirements, developing the
infrastructures, and evaluating the us-
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ability of the relevant techniques, tools
and systems for supporting shared de-
cision making in patient-centered care.
There is also increasing emphasis on
the technical solutions and methodologi-
cal issues in combining heterogeneous
information and personal data to pro-
vide cost-effective, calibrated, person-
alized support at the point of care. Ad-
vanced decision support, knowledge
representation, and machine learning
techniques are being invented, adapted,
or applied in biomedical informatics
in general, and in personalized medi-
cine in particular. There is also an
emerging trend on managing complex-
ity with changing care models, proc-
esses, and settings.

Many challenges still remain. From
the research activities and results shown
in the area, however, strong and steady
progress is being made toward improv-
ing outcomes and lowering costs
through better patient-centered, person-
alized, and personal decision support
and knowledge management.
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