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Abstract. In this paper, we propose the use of an agent-based architecture to
enhance workflow system capacity to support interprofessional, patient-centred
palliative care delivery. This paper outlines the concept of palliative care and de-
scribes how agents can be used to assist care providers to address the needs of the
patient and family. Agents are described in terms of the services they provide, and
the dependencies among them (which determine the information flow, facilitating
the communication and collaboration among the patient and care providers). We
present how this architecture integrates with a healthcare workflow system and
discuss the issues of work assignment, scheduling and monitoring.
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1 Introduction

The work described in this paper is part of a large research and development project
that is being conducted by our interdisciplinary research team, and involves ongoing
collaboration with healthcare stakeholders and a software engineering industry partner.
The project is developing an information and workflow management system for two
community-based healthcare programs, namely, Patient-centred Palliative Care, and
Senior Care. This paper focuses on the first program and elaborates on the approach
announced in [[16].

Palliative care refers to the physical, psychological, spiritual and practical care given
to patients and their families when they are dealing with the issues associated with se-
rious illness. As patients are usually part of a family, when care is provided, the patient
and family are treated as a unit. The main focus of palliative care is to ease the suffer-
ing of the patient and his or her family and to help them to cope with their difficulties.
The patient’s needs and priorities for care are at the core of care provision; therefore,
it is called patient-centred care. This contrasts with traditional models of care that are
typically illness focused, provider driven, or determined by the care setting. Palliative
care is ideally delivered by an interdisciplinary care team with the requisite knowledge
and expertise required to address the many domains of issues that are commonly expe-
rienced by patients/families experiencing a serious illness. The composition of the team
varies and is determined by the nature of the patient/family needs and issues, which
often fluctuate over the course of the illness. Fig. [l gives a view of many of the care
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Fig. 1. A Patient-Centred Palliative Care Team

providers who may compose a palliative care team, where the patient/family is at the
centre of care.

In arecent study [8]] by our team, palliative care professionals identified the following
needs desirable for a palliative care information system: (1) streamline work processes
and reduce manual steps; (2) effectively manage communication and information flow
among the patients and caregivers; (3) offer flexible scheduling and calendaring ca-
pability; (4) monitor patients’ health status and care delivery; and (5) provide remote
network access and offline mode. To address these needs and to facilitate better access
to knowledge for decision-making during the care, we propose the use of autonomous
agents. Isern et al. [7] summarized some key benefits of agents applied to healthcare: (1)
offering a natural way of tackling inherently distributed problems with heterogeneous
sources; (2) offering advanced platforms for building expert systems to assist individual
clinicians in their work; and (3) having the potential to improve the operation of health-
care organizations, where failures of communication and coordination are important
sources of error.

In this article, we present an agent-based architecture to facilitate patient-centred
palliative care. The novelty of our work lies in the integration of workflow management
systems, structured knowledge bases (i.e., ontologies) to capture background informa-
tion, and techniques from formal methods with agents for enhancing health services
deliveries, focusing on the needs of a specific community-based and patient-centred
program. Section [2] gives an overview of the agent-based architecture and how it en-
hances patient-centred palliative care. Section 3] discusses three important services in
more detail: work assignment, scheduling and monitoring. Section Hl discusses related
work and concludes the paper with directions for further work.

2 An Agent-Based Architecture

We illustrate our agent-based architecture in Fig. 2l There are two layers: a Careflow
Management System (CfMS) and a network of interacting agents. RESTfull web ser-
vices APIs provided by the CfMS support communications between the layers.

The CfMS is largely based on [[L1]]. It integrates the following components: a Work-
flow Management System (WfMS), which is a system that defines, creates and manages
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Fig.2. An Agent-based Architecture for Patient-centred Palliative Care

the execution of workflows; a Data Management System (DMS), which stores the data
that are produced during the execution of healthcare workflows and supplies it to the
WIMS as necessary for decision support; and a Knowledge Base (KB) which man-
ages ontologies that store healthcare knowledge and guides the execution of workflows.
Currently our team has developed methods to represent and verify the correctness of
workflows [[L0], and has implemented ontologies (e.g., an access control ontology [4])
for the KB. Our industry partner is developing the DMS.

In the agent layer, we divide agents into two categories: agents that interact with
humans directly (e.g., patient agent, coordinator agent), and agents that interact only
with other agents (e.g., monitoring agent, scheduling agent). Various stakeholders have
“agent assistants” which they can access via a web interface or specialized software
client in mobile devices such as cellphones, netbooks etc. Communication between
users and agents is indicated by dotted lines; communication among agents is indicated
by single lines; arrows indicate directions of information flow. These software agents
can support patient-centred palliative care delivery as follows:

To facilitate personalized workflow execution.

To facilitate communication and collaboration among stakeholders.

— To enhance data and privacy protection.

To facilitate scheduling and monitoring in reactive or proactive manners.

We now describe the services that agents provide and how they facilitate collaboration
in patient-centred palliative care.

— Patient/Family Agents: Upon a patient’s intake to the palliative care program, an
agent is created for this patient. The patient agent provides the following services:
(1) maintaining all the relevant information related to this patient including the
personal and health status information, and patient/family’s specific preferences
and priorities; (2) communicating and collaborating with other agents, e.g., to set up
appointments with caregiver agents via a scheduling agent, or to send health status
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information to a monitoring agent; (3) sending reminders to the patient/family with
scheduled appointments, medications, etc.
Caregiver Agents: As there are many types of caregivers (see Fig. [I), we need
different types of caregiver agents as well. Some of the common services provided
by caregiver agents include: (1) obtaining tasks from the care coordinator agents
(described below); (2) scheduling appointments with patient agents, and meetings
with other caregiver agents via the scheduling agent; (3) receiving information from
patient agents and the monitoring agent; (4) sending reminders to caregivers regard-
ing scheduled appointments, meetings, and workflow tasks. A caregiver agent can
be configured to fit a specific caregiver. For instance, an oncologist may only need
information related to the patient’s cancer status, while a spiritual or social worker
would only require information relevant to their specific domain; agents help to
filter out irrelevant information to prevent information overload.
Care Coordinator Agents: This agent is a special type of caregiver agent, and in
addition to the common services described in the caregiver agent, it provides two
essential services to assist the human care coordinator:
1) Assigning work requests (from workflows in the CfMS) to caregivers via agents.
2) Automatically managing the agents for a care team. For instance, a patient
may need a physiotherapist during the course of care. The care coordinator
decides to bring a physiotherapist into the patient/family’s care team. Corre-
spondingly the care coordinator agent automatically establishes links between
the physiotherapist’s agent and the agents for other caregivers already on the
team, thereby giving the physiotherapist access to information and enabling
communication with other team members.
Scheduling Agent: A scheduling agent helps other agents to schedule work items,
such as, lab tests, appointments, meetings, etc. Each agent has its own calendar,
and it can be accessed by the scheduling agent. The goal of the scheduling agent is
to meet numerous requirements (such as temporal dependency and priority among
the work items) as well as to improve the overall efficiency of care delivery.
Monitoring Agent: Caregivers’ work is guided by certain requirements to ensure
safe, quality care and prevention of errors. A monitoring agent processes informa-
tion from patient agents and caregiver agents and then checks whether the require-
ments are being followed. If not, the monitoring agent can automatically generate
and send alerts to relevant caregiver agents, and then these agents remind the care-
givers they are assisting.
Administrator Agent: This agent supervises the overall performance of the sys-
tem, and communicates only with care coordinator agents. For instance, the ad-
ministrator agent gathers statistical information from the care coordinator agents to
assist budgeting and strategic planning for the organization.

Work Assignment, Scheduling and Monitoring

We now describe how caregivers get work items from the CfMS through agents. Fig.[3|
shows a high-level palliative care workflow built on the National Principles and Norms
of Practice from Canadian Hospice Palliative Care Association (CHPCA) [5]. Work-
flows are composed of units of work called tasks. A workflow specification can define
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which tasks should be performed, under which conditions and in which order, which
data, documents and resources are required to perform each task, etc. It should be
noted that tasks can include the important and less tangible aspects of quality care,
such as emotional and spiritual support. Being able to manage tasks is an important fac-
tor in effective, efficient use of resources and efficient care delivery. There are two kinds
of tasks: atomic tasks and composite tasks. For example, in Fig. Bl Referral and Dis-
charge, represented as single-lined boxes, are atomic tasks; while Intake, represented
as a double-lined box, is a composite task, and it can be decomposed to a lower-level
workflow.

A workflow can be instantiated as a result of an event. For example, a pain manage-
ment workflow is instantiated every time a new issue of pain arrises from a patient. A
work item is a particular instance of a task that needs to be performed as part of a given
workflow instance. When a patient is referred to a palliative care program, a caregiver
creates a case for this patient in the CfMS. The first work item is to process the referral,
i.e., an instance of the Referral task in Fig. [3l After this work item is finished by the
caregiver, he or she will make a decision on whether to accept the patient into the pal-
liative care program. In the case of ‘No’, a new work item of an instance of Explanation
is available, and subsequently the case is closed. In the case of ‘Yes’, a new work item
of an instance of Intake is available. In this step, a care coordinator starts to handle this
case, and his or her agent maintains the information related to this case.

When a patient enters the start point (the triangle), the care coordinator starts to
assign the instances of these tasks to appropriate caregivers. The care coordinator may
consider numerous things including:

the type of caregiver for the identified patient/family issue of need;

the caregivers’ current workload;

the temporal dependency specified in the workflow, e.g., care planning must be
performed before care delivery;

the priority levels, e.g., ‘urgent’ means “responding in 1 working day”, ‘normal’
means “responding in 3 working days”;

AT
_ Intake
> ‘
Start Referral
“ho.___ I K"—
s | Thegipedtic

Explanation | frlcounter .
4 S T
_.'I = /

/
Assesfment |
| Dafhy '
= 2N

Evaluation

// P / o infarrhation
@— o —CQ—O—O——0

End  Discharge \ Confiemation  Care Dclivery Decision
anning

N, |

Fig. 3. A High-level Palliative Care Workflow Model
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— the location of this work to be performed. In palliative care, patients often move
across a variety of settings during their illness, e.g., hospital, hospice unit, home,
etc.

Note that the assignment is not complete in the beginning as information during the
course of care will affect assignment later in the workflow. The care coordinator agent
communicates with caregiver agents to obtain the relevant information and make rec-
ommendations to the care coordinator and vice versa. There are general rules that can be
applied to the selection process: the caregivers’ workloads should be balanced; concur-
rent work items can be used to improve the efficiency by contacting the most appropriate
caregiver for the work to be done; the travel of caregivers, particularly in a rural area,
should be minimized. The following example explains how a care coordinator agent
facilitates the assignment of work items. Fig. [l (left) shows a workflow that consists of
5 atomic tasks, among which, P1 and P5 are located in the same place, and P2, P3, and
P4 can be executed concurrently.

To minimize the travel distance and improve work efficiency, a coordinator agent
may give the following recommendation: task instances of P1, P2 and P5 are assigned
to caregiver 1, and task instances of P2 to P4 are assigned to caregiver 2 to 4 respectively
(see Fig.[H). Note that caregivers 1 and 2 are jointly involved in the work item of P2, such
as when a home care nurse and a palliative care coordinator perform a joint assessment
of a patient at home.

The care coordinator can review the recommendations and make adjustments if nec-
essary, then his or her approval triggers the coordinator agent to distribute these work
items to other agents, and the agents subsequently start to schedule work items with the
scheduling agent.

The complexity of scheduling lies in the dynamic, variable and frequently unpre-
dictable nature of the healthcare processes, and in the numerous temporal and resource
constraints, especially in community-based healthcare program such as palliative care.
With the availability of rich information (e.g., calendars, preferences), and the automatic
and reactive nature of agents, this complexity can be well addressed.

After a work item related to a patient/family issue has been assigned, a schedul-
ing agent gets relevant information such as caregivers associated with this work item,
temporal dependency with other work items, priority level, location, etc. In addition,
patients and caregivers’ own preferences can be considered by the scheduling agent.

PZto
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and
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Plio

. ]
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Caregiver 1

Pito / PS to
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P4 P4 to
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Fig. 4. Work assignment for a workflow with sequential and concurrent tasks
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For example, the patient can not come for appointments on certain days, when family
members are unavailable to drive him to the appointment. The goal of the scheduling
agent is to meet the requirements as well as to improve the overall efficiency of care
delivery.

The scheduling agent has to put the work items, such as contacts with the patient/-
family, team conferences, etc., into specific time slots in the caregivers’ calendars. The
temporal dependency of the work items should be kept. For example, in Fig. @ work
item P1 should be completed before work item P2 starts, and work item P5 can start only
if P2, P3, and P4 are all completed. To illustrate this, we use an example from actual
care delivery. On a home visit, the home care nurse discovers that a patient who wished
to remain at home for care has developed nausea and vomiting. He is unable to take
his regular pain medication orally. The home care nurse becomes aware of this during
a visit. She must then notify the patient’s family physician to report her assessment and
obtain a prescription for subcutaneous administration of the patient’s pain medication
and an anti-nauseant. Before she can place the subcutaneous catheter for administration
of the medications, the patient’s prescription must be filled by the pharmacist and taken
to the patient’s home by a family member. Once the medication is available in the home,
the nurse can implement the subcutaneous catheter and instruct the family members on
how to give the medication through the catheter. This must all take place in a sequence
within a few hours so that the patient does not experience a pain crisis.

Priority is an important consideration, especially for different patient cases. For ex-
ample, suppose there is another instance of the workflow in Fig. 4] (for a different pa-
tient), and its work item of P1 is more urgent than the work item of P1 in Fig. @} then
this instance of P1 should be scheduled before the one in Fig.[dl The scheduling agent
should also consider placing the work items that are physically close into adjacent time
slots as much as possible. If, in a work item, a caregiver needs to meet the patient or
other caregivers, then the scheduling agent needs also to contact the patient agent or
appropriate caregiver agents to find a common free time slot in their calendars.

Rescheduling is another important issue. If for some reason, a work item is delayed,
then rescheduling should occur which may affect the schedules of other work items.
The scheduling agent wants to make sure that minimal changes are made. For example,
suppose P2, P3 and P4 are scheduled to start 1 hour after P1 is completed, and P5 is
scheduled to start 5 hours after P1 is completed (of course also after P2, P3 and P4
are completed); if the work item of P1 is delayed by 2 hours, then the work items
of P2 to P4 have to be rescheduled, and the scheduling agent will try to reschedule
without affecting the start of P5. When an alternative schedule can not be found for the
same caregiver, the care coordinator agent is notified and the work item is reassigned to
another caregiver.

Monitoring is an essential part of our system and autonomous monitoring agents will
provide this service. Two kinds of information are recorded in the CfMS:

1. Information pertaining to a patient’s health status. For example, the Edmonton
Symptom Assessment System (ESAS) is used as a tool to assist in the assess-
ment of nine symptoms common in patients experiencing serious illness: pain,
tiredness, nausea, depression, anxiety, drowsiness, appetite, wellbeing and short-
ness of breath. Patients often need to have regular assessments, including ESAS,
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by caregivers. The assessment data should be monitored continuously and be sent
to relevant caregivers, such as the patient’s family physician and any nurses, or
other care providers who are regularly involved in the care. When abnormal health
status occurs, such as a sharp increase in pain, the monitoring agent generates and
sends alerts to the agents of appropriate care providers, so that the severe pain or
other noxious symptom can be promptly addressed. The conditions of alerts can be
pre-determined by the patient/family and/or the care providers.

2. Information pertaining to care delivery. Caregivers’ work is guided by certain
requirements to ensure safe, quality care and prevention of errors. In Canada, pallia-
tive care is guided by national principles and norms of practice [5] and the Accredi-
tation Standards [3]]. E.g., one norm states: “The patient’s decision-making capacity
is assessed regularly”. As this assesment information can be recorded by caregiver
agents, the monitoring agent can check whether the actual healthcare practice con-
forms to the norms of practice and alert healthcare provider(s) when necessary.

The logic-based framework proposed in [[15] can be used to monitor the above-
mentioned information. The ideas are, in brief, (1) to build linear-time models of health
status and care delivery information, then (2) to express specifications to be monitored
in the logical language we proposed, called FO-LTL-K, which is a combination of a
first-order linear temporal language and a description logic language, and then (3) to
use the monitoring agent to validate whether specifications hold in such models; the re-
sults of checking are then used to generate reminders and alerts. The use of this formal
language reduces the ambiguity in the natural language description of the norms and
standards, and interfaces well with healthcare knowledge organized in ontologies.

The norms [3]] and the standards [3]] are used in our system in two ways. First, we
use them to design workflows for the CfMS (see Fig.[3). Second, we use them to spec-
ify properties to be monitored. The precise specifications of norms and standards are
usually dependent on the settings of care. Following discussions with caregivers in the
Guysborough, Antigonish, Strait Health Authority (GASHA) of Nova Scotia, in [15]
we specified some of the norms and represented them in FO-LTL-K. Here we extend
this treatment to the standards from [3]] and user defined properties.

— Standard 1: The team reconciles the client’s medications upon admission to the or-
ganization, and with the involvement of the client. (Indicator: the process includes
a timely review of this prior-to-admission medication list with the list of new med-
ications ordered at admission.)

This standard outlines a requirement for medication reconciliation, and the indicator
gives details on how to monitor compliance with this standard. Medication compatibil-
ity knowledge is kept in the KB, and is consulted in every medication reconciliation
process. This standard can be specified and represented as follows:

dx13xe.(PM (1) A NM(x2) A =((21,22) : MedCompatible))
— X(ActionTaken(g,p))

where, the predicate PM (z) denotes “medication x is in the list of the prior-to-
admission medications”, the predicate N M (x) denotes “medication z is in the list of
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new medications”, MedCompatible is a medication compatibility role in the KB, the
constant g denotes “Revise Medication”, and p denotes a patient.

Apart from specifying these norms and standards, we can also allow caregivers to
specify some properties by themselves. For example, a User Defined Property “Use
medication Med1 until pain level is less than 3” can be represented as follows:

Medication(Medl) U z.(Pain(z) Az < 3)

4 Related and Further Work

Recent work shows much interest and progress in applying agent technologies to facil-
itate communication and collaboration among healthcare stakeholders, and to support
decision-making and patient monitoring.

The PalliaSys project [13]] outlined an agent-based system for improving the manage-
ment of palliative care. We are addressing similar issues but use different methods such
as workflow management systems, knowledge bases, and logic-based formal methods.
In [12]], the authors provided an agent-based alarm management system for a palliative
care unit. They showed how intelligent agents can continuously monitor the evolution
of the health status of palliative patients using two kinds of alarms: basic alarms (e.g.,
(Hunger < 3) and Extreme weakness : Dangerous weakness), and evolution alarms
(e.g., Number of evaluations: 2. A Weakness > 2 : Fast weakness increase). We can
specify these alarms in our monitoring agent. Moreover, our data model and language
are more expressive for supporting complex temporal and knowledge reasoning.

Other work also considered the use of autonomous agents in different areas of health-
care. For example, the SAPHIRE project [9] provided a Clinical Decision Support sys-
tem for remote monitoring of patients at their homes, and at the hospital to decrease the
load of medical practitioners and healthcare costs. The K4ACARE platform [2]] offered
a Knowledge-Based system to support services for individuals living in their houses,
namely Home Care services. [[17] presented an approach for dynamically generating a
customized clinical pathway according to a patient’s evolving status. Moreover, recent
work [[1l6] presented some agent-based scheduling mechanisms, which give hints on
how we should realize our scheduling agent.

We conclude that an agent-based architecture can be a useful tool for supporting
collaborative, patient-centred palliative care delivery. An early pilot is currently under
development in collaboration with our industry partners and GASHA. The purpose is to
develop electronic documentation and communication tools, to provide a proof of con-
cept for the monitoring agent, and to interface with an access control ontology. Ongoing
close working relationships with palliative care clinicians and managers at GASHA and
information from this early pilot will inform a second pilot where we implement a fully
functional CfMS (cf. [[14] for a prototype) with the agent-based features described here.
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Agency, and the clinicians and mangers at GASHA. We are grateful for discussions and
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