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Abstract—Chronic diseases are on the rise, increasing in
number and complexity. Consequently, the needs of patients with
chronic diseases are increasing and becoming more complex and
multi-faceted; they require addressing not only the physical body,
but also behavioral, emotional, spiritual health.

The current healthcare delivery system organically developed
to address acute conditions, primarily injury and infection during
the mid-19th century, a time when the body was viewed as a
machine. This led to the organization of the healthcare deliv-
ery system by organ systems into specialties and departments.
However, the healthcare delivery system today needs to provide
healthcare services that span multiple systems to provide the
care patients need. Such care requires services from multiple
specialties (e.g., podiatry and endocrinology for diabetes, primary
care and psychiatry for behavioral health, and palliative care
MDs and chaplains & social workers for end-of-life care) that
each effectively functions as its own system.

There are currently several limitations and difficulties in
designing patient-oriented healthcare services utilizing systems of
systems. First, clinical models describe the service with a focus on
resources. Second, the description tends to be at a high-level of
abstraction, leaving the details to the implementer. Finally, the
patient is generally modeled as an operand non-participatory
agent, being pushed and pulled through the system.

This paper describes the use of engineering and systems
principles to design patient-oriented healthcare services that
provide detail and quantification that classic services do not
model. In doing so, these designed system of system models
incorporate the detail, data quantification and implementation
level information to allow for the success of the clinical aspect of
the model to be achieved. This paper presents a medical based
description of a system of systems and the engineered system
based description of an integrated patient oriented service.

I. INTRODUCTION

Chronic conditions on the rise, increasing in number and
complexity. In the first time in history, our children’s genera-
tion are expected to lead shorter life spans than our own [1].
Chronic conditions, unlike acute conditions, are particularly
complex in that they tend to involve multiple factors with
multiple interactions between them [2]. It is now established
that combating chronic disease requires treating the patient
more holistically [2]-[9]. This is currently a challenge given
that the science of clinical medicine is fundamentally reduc-
tionist [2]. Clinical medicine needs to evolve and shift to
specifically provide needed services that address the growing
chronic disease epidemic.
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The current healthcare delivery system organically devel-
oped to meet "one-off" acute conditions. In doing so, it evolved
and expanded based on a reductionist view of the physical
body, based on organs and organ systems (i.e. cardiology,
endocrinology, podiatry, etc.). Current chronic conditions how-
ever, make up over 78% of total healthcare costs in the United
States [10]. Many published work are recognizing the value,
especially in terms of patient outcomes, when these services
are restructured to focus on a patient-oriented experience and
needs rather than the classically acute care based separation
of specialty []. Therefore, more and more healthcare systems
have recognized the need to provide single-point services clas-
sically provided by multiple different healthcare departments
or systems (e.g., primary care and behavioral health, palliative
care and cancer).

Now that healthcare recognizes the need to provide services
tailored to patients with chronic diseases, it uses classical
clinical constructs typical in medicine to design such services.
The first is based on classic description of models in healthcare
and the second is based on how the patient is perceived.

The first clinical construct is based on clinical models that
describe services with a focus on resources from a high-
level of abstraction. Given the resource focus in healthcare,
designing services typically describes services from a human
personnel resource perspective at the expense of describing
the function of these human resources. This is a problem for
three reasons.

First, by describing a human resource, clinical medicine
alludes to the functions that personnel resource can provide.
This is based on the classic Medical Degree (MD) education,
training and certification processes which provides a clear
description of scope of work for such a personnel. However,
some of the fastest growing resources in healthcare are non-
MD personnel [11]. While many of these non-MD clinicians
(i.e., nurses, medical assistant, behavioral specialist, social
worker) also have education programs and certifications, they
do have a much wider of scope of work.

Second, creating services by bringing together personnel
from different systems brings together individuals to a team
where clinical language, culture and operations may differ
significantly. By not specifically addressing scope of work
or tasks of each personnel, leaves the large possibility for



misunderstanding and leaves the behavioral dynamics of the
team to be reduced to the individual personalities. Bringing
together human resources from different systems requires the
explicit description of not only individual scope of work, but
also team scope of work.

Finally, while some integrated services may describe general
tasks for allocated resources, system of system boundaries
are not defined. At the system boundary is where many
key functions needed to allow the team to function well are
not defined and if defined, not allocated to resources at the
appropriate value (i.e., value in terms of time to perform
task or payment for tasks). For example, curbside consults
of primary care physicians with integrated behavioral health
specialists is key for helping identify the best decisions for
patient care needs. It also serves as a teaching and educational
moment, that is in many cases underutilized. Similarly in
palliative care, the interactions of palliative care providers,
specialists such as oncologists and other service providers
such as chaplancey or social services amongst others, are key
to helping identify the best decisions that most appropriately
conform with patient’s needs and wishes.

The second clinical construct models the patient as an non-
participatory operand agent, being pushed and pulled through
the system. There have been significant efforts to shift the
discussion of clinical decision making from the clinician to a
shared-decision between the patient and clinician. Research in
shared-decision making [12] shows significant improvements
in patient reported outcomes with such an approach. While
clinical medicine is slowly adopting shared-decision making
for critical conditions or severe-illness, the focus of shared-
decision making is made at specific times rather than for every
healthcare system interaction with the patient. By taking into
account patient choice at each level of the modeling, the model
is developed to allow for quantification of not only the services
provided but to which patients and with what outcomes.

A. Paper Contribution

This paper presents an application of systems of systems
engineering using a system model framework [13] and model-
based systems engineering [14] to design a patient-oriented
integrated healthcare service. A behavioral health integration
into primary care is presented first with the original clinical
model and then presented and described using the developed
emphsystem model.

B. Paper Outline

The background in Section II presents a system model
for personalized healthcare delivery as a systems of systems
framework. Next, the methodology for designing an integrated
behavioral health in primary care healthcare service as a
system model is described in Section III. The resulting system
model and original clinical model are described in Section I'V.
Finally, conclusions are presented in Section V.

II. BACKGROUND

Designing Patient-Oriented Healthcare Services as Systems
of Systems rests upon the developed architecture for per-
sonalized healthcare delivery and managed individual health
outcomes [15]. That work drew upon a hetero-functional graph
theory rooted in the Axiomatic Design for Large Flexible
Engineering Systems and Petri nets. The healthcare delivery
system form is described by its resources in Section II-A, and
its system function is described by processes in Section II-B.
The processes are allocated to resources in the system concept
as described by the system knowledge base in Section II-C.

A. System Form

The healthcare delivery system is composed of resources
representing system form. Four types of resources R = Ry U
Rp UR, URp have been defined [15] :

Definition 1. Transformation Resource: A resource rp € Ry
capable of a transformative effect on its operand (e.g. the
health state of an individual). They include human transfor-
mation resources rr € Rp (e.g. surgeon, cardiologist, psy-
chologist) and technical transformation resources »r € R
(e.g. operating theaters, chemotherapy infusion room, delivery
room). Transformation resources are the set union of human
and technical transformation resources, Ry = Rp U Zf.

Definition 2. Decision Resource: A resource rp € Rp
capable of advising the operand, an individual, on how to
proceed next with the healthcare delivery system. They in-
clude human decision resources r, € Rp (e.g. oncologist,
general practitioner, surgeon) and technical decision resources
#p € Rp (e.g. decision support systems, electronic medical
record decision tools). Decision resources are the set union of
human and technical decision resources, Ry = Rp U % p.

Definition 3. Measurement Resource: A resource 1y, € R,
capable of measuring the operand: here the health state of
an individual. They include human measurement resources
ry € Ry (e.g. MRI technician, sonographer, phlebotomist)
and fechnical measurement resources 7, € X, (e.g. mag-
netic resonance imaging scanner, ultrasound machine, holter
monitor). Measurement resources are the set union of human
and technical measurement resources, Ry, = Ry, U Zy,.

Definition 4. Transportation Resource: A resource
ry € Ry capable of transporting its operand: the individual
them self. They include human transportation resources
ry € Ry (e.g. runners, emergency medical technician,
clinical care coordinator) and technical transportation
resources »y € Xy (e.g. ambulance, gurney, wheelchair).
Transportation resources are the set union of human and
technical transportation resources, Ry = Ry U Ry

It is useful to define the set of non-transportation related
resources.



Definition 5. Buffer Resource: A resource r € Ry, denoting
specified locations as a set union of transformation, decision
and measurement resources, where

The healthcare delivery system resources described thus
far allows specific instances to be non-uniquely classified. In
the cases where a specific resource is capable of performing
several processes, it is must be uniquely classified. In order
to create a unique classification of these resources, a set of
ordered classification rules are implemented.

Definition 6. Rules for Classification of Healthcare System
Resources:

Rule 1: If r € R can Transform; then r € Rp. If » € & can
Transform; then » € R 4.

Rule 2: If r € R can Decide; then r € Rp. If » € R can
Decide; then » € Rg,.

Rule 3: If » € R can Measure; then r € Ry,. If » € & can
Measure; then » € R .

Rule 4: Otherwise r € Ry and » € % 4

B. System Function

The healthcare delivery system is composed of processes
P = Pp U PpU Py, U Py representing the system Function.
Four types of processes have been defined [16]:

Definition 7. Transformation Process: A physical process
Pr € Pr that transforms the operand: specifically the internal
health state of the individual (i.e. treatment of condition,
disease or disorder).

Definition 8. Decision Process: A cyber-physical process
Pp € Pp occurring between a healthcare system resource and
the operand: the individual, that generates a decision on how
to proceed next with the healthcare delivery system.

Definition 9. Measurement Process: A cyber-physical pro-
cess pyps € Py, that converts a physical property of the operand
into a cyber, informatic property to ascertain health state of
the individual.

Definition 10. Transportation Process: A physical process
py € Py that moves individuals between healthcare
resources (e.g. bring individual to emergency department,
move individual from operating to recovery room).

The introduction of the set of buffer resources Rp (in
Definition 5) implies that there are UZ(RB) transportation
processes where the o() notation is introduced to give the
size of a set. As a matter of convention, a healthcare process
PNy transports an individual from resource r, € Rp to
resource r, € Rp according to the index convention [17]-
[23]: u = o(Rp)(y; — 1) + »,.

Definition 11. Non-Transportation Process: A combination
of non-transportation processes representing transformation,
decision and measurement process, pg € Pg that is a set union
of non-transportation processes. Pp = Pr U Pp U P),.

C. System Concept

The system concept is defined as an allocated architecture
composed of a bipartite graph between system processes and
resources, that can be mathematically described as [17]-[23].
P =Jg OR, where Jg is the system knowledge base.

Definition 12. System Knowledge Base [17]-[23]: A binary
matrix Jg of size 6(P) X c(R) whose element Jg(w,v) €
{0,1} is equal to one when event e,,, € £ (in the discrete
event systems sense [24]) exists as a system process p,, € P
being executed by a resource r, € R. It may be calculated
directly as

Jrm Jom Iu 0
Jrn  Ipn Jun  IN

Js

The healthcare delivery system knowledge base J¢ represents
the elemental capabilities that exist within the system. These
capabilities may not always be available and therefore such
constraints can be described in a similar structure called the
system events constraints matrix.

Designing patient-oriented healthcare services as Systems of
Systems for the integration of behavioral health into primary
care is an example of care for a chronic condition. In the
situation of chronic care, the duration of a chronic episode
is much longer than a duration of a facility visit. For that
reason transportation resources and processes are abstracted
out as insignificant relative to the time-frame of the chronic
condition.

III. METHODOLOGY

At a local hospital, a team was assembled and tasked with
determining a model for integrating behavioral health into
primary care for an initial implementation at a test site, to
be further rolled out in the future as a system-wide model to
several other sites. The team included a systems engineering
researcher and personnel from the Departments of Psychiatry
and Internal Medicine.

The team proceeded to develop the integrated behavioral
health service as they typically would, with a heavy focus on
the clinical aspect of the model followed by the operational
aspect of the service model. During this time a system model
of the service from an engineering perspective was developed.

First, the healthcare service model was described from a
system Form and Function by identifying the resources and
processes using the methodology presented in Section II and
described in more detail in prior work [13]. Next, the system
knowledge base was constructed, describing the resources
performing each function at several clinically appropriate
levels. This included a high-level description of the model as
is typically presented in healthcare. Next, more specified levels
describing the details of the operations were constructed. This
was prepared so as to highlight specific pros of integration.

Next, the model-based systems engineering tool, SysML,
was used to graphically represent the system of systems
service.



Finally, the model was presented and validated through
individual and group feedback.

IV. RESULTS
A. Clinical Model Description

There are several clinical models describing varying levels
of integration of behavioral health into primary care. One
of the typically referenced models is the Collaborative Care
Model based on the IMPACT trial [25]. It is typically visually
presented using the Collaborative Care Team Structure, pub-
lished initially in 2015, shown in Figure 1, [26] and updated
in 2017 with a newer figure, shown in Figure 2, [27].

The functional model has several figures that describe
different aspects of the model, such as the stepped care aspect
of the model [28], a tasks check-list [29], or the step-by-step
guide to implementing the model described as a one-page
document of high level tasks [30]. The tasks as the closest
description of functions or activities are shown in Figure 3.

B. System Model Description

Modeling healthcare functions and tasks was performed
based on the published Healthcare Functional Model Concept
of healthcare system processes [13]. These functions are based
on a clinical diagnostic model [31] that first examines the
patient’s complaint or concern (measure), second, decides on
the cause of the issue or how to proceed next (diagnose &
decide) and third, applies a treatment regiment to that cause
(treat or transform). A high level functional model is adapted
here for Integrated Behavioral Health in Figure 4.

SysML figures representing the highest level of System
Form and System Function are presented in Figures 5 and
6, respectively. The multi-level system model incorporates 3
levels of the model. An example third level (lowest level)
description of providing ongoing measurement and followup
of behavioral health levels is shown in Figure 7. It includes
the closest part of the distinguishing "stepped care aspect" of
the IMPACT trial, where if the patient is not improving, they
are moved to a higher level of treatment in a stepped fashion.

V. CONCLUSION

In conclusion, this paper presents a description of inte-
grating behavioral health into primary care using a systems
engineering framework and model-based systems engineering
tools to describe a typical clinical model as a system model.
By doing so, it alleviates many of the clinical methods lim-
itations by describing the system from a systems perspective
detailing system form and function, detailing the descriptions
in multiple levels and describing the model from a patient-
perspective, thus allowing the model to be quantified.

Future work utilizes the described modeling methodology
and framework to enumerate both the healthcare delivery
system and individual patient trajectories. This is a key missing
feature which is undoubtedly needed and typically requested
by healthcare delivery systems as evaluations.
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Fig. 1. Collaborative Care team structure figure published in 2015 [26].
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Fig. 2. Collaborative Care team structure figure published in 2017 [27].
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