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Abstract

The continuing HIV pandemic calls for broad, multi-sectoral responses that foster commu-
nity control of local prevention and care services, with the goal of leveraging high quality
treatment as a means of reducing HIV incidence. Service system improvements require
stakeholder input from across the care continuum to identify gaps and to inform strategic
plans that improve HIV service integration and delivery. System dynamics modeling offers a
participatory research approach through which stakeholders learn about system complexity
and about ways to achieve sustainable system-level improvements. Via an intensive group
model building process with a task force of community stakeholders with diverse roles and
responsibilities for HIV service implementation, delivery and surveillance, we designed and
validated a multi-module system dynamics model of the HIV care continuum, in relation to
local prevention and care service capacities. Multiple sources of data were used to calibrate
the model for a three-county catchment area of central Connecticut. We feature a core mod-
ule of the model for the purpose of illustrating its utility in understanding the dynamics of
treatment as prevention at the community level. We also describe the methods used to vali-
date the model and support its underlying assumptions to improve confidence in its use by
stakeholders for systems understanding and decision making. The model’s generalizability
and implications of using it for future community-driven strategic planning and implementa-
tion efforts are discussed.

Introduction

As the HIV pandemic approaches four decades, nations, states, and communities increasingly
seek broad, multi-sectoral responses to prevent new infections while caring for those infected
in order to achieve the goal of controlling the epidemic [1-3]. Community health outcomes
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depend on a coordinated, highly effective local HIV testing, treatment, and care service system
to find, treat, and maintain viral suppression in all people living with HIV (PLWH) [4, 5]. To
reduce or eliminate the epidemic, this healthcare delivery and support system must address
the “treatment cascade,” in which PLWH fall out of care [6-8], and effectively stop new infec-
tions through both primary prevention and treatment-as-prevention (TasP) [9, 10].

System improvements require stakeholders from across the care continuum to identify ser-
vice gaps and develop and carry out strategic plans to improve HIV service integration and
delivery [11-13]. However, such plans may suffer from stakeholders’ incomplete “mental mod-
els,” that is, their internal conceptual representation of the HIV care system [14, 15], and their
insufficient recognition of system complexity and limited understanding of system dynamics
that affect population health outcomes [16, 17]. They need tools to help them recognize inter-
dependence, engage together to envision possible solutions, and plan the most promising set
of strategies to avoid misdirecting limited resources or proposing simple solutions for complex
problems.

Participatory system dynamics (SD) modeling brings stakeholders together to examine
complex problems at the community level [18, 19]. The approach has been used to examine
various public health concerns [20-24], including HIV/AIDS [25-27]. Participatory SD
modeling engages stakeholders in an iterative “systems thinking” process that contributes to
model building by diagraming, critiquing, seeking data to quantify and calibrate, and simulat-
ing interactive systems-level dynamics with the aid of computer tools [28-30]. It also allows
community stakeholders to learn about system complexity and service gaps from each other
and through the modeling process, in order to identify mechanisms likely to lead to or impede
system improvements. SD simulation models that have been developed and validated through
a participatory stakeholder model building process offer conceptual, methodological, and ana-
Iytical tools to support identification of system-level strategies to achieve public health goals
[31-34]. Stakeholders can generate hypothetical single, multiple, or sequential evidence-based
and locally generated interventions and other actions expected to attain optimal outcomes.
They can then test these strategies virtually through simulation before expending effort and
resources to implement them [20, 27, 35].

We used group model building (GMB) [36-39] to develop, calibrate, and validate a compu-
tational tool [40] representing the HIV health and social services care continuum (CC). The
overarching purpose of the tool is to use it to inform effective, community-driven ways of
leveraging TasP, which can be visualized as an omnipresent (although not always apparent)
feedback loop. In this loop, improvements in viral suppression among PLWH serve to decrease
likelihood of HIV exposure and infection, theoretically to the point of any further new cases in
the total population. Our resultant model is organized into nine interdependent modules (A-I,
see Table 1 and Fig 1). Modules that illustrate interdependencies among Basic Services (such
as HIV medical care and access to substance use treatment, Modules B-E) and Action Strate-
gies (such as peer outreach and community initiatives, Modules F-I) shape patterns of HIV
infection, diagnosis, access to care, and viral suppression in a given community or targeted
catchment area over time (HIV Infection and Treatment as Prevention, Module A).

This article provides an overview of the full HIV CC SD model, with a more detailed focus
on the structure and behavior of Module A, and implications of using the full model for future
community-driven strategic planning and implementation efforts. Full documentation of each
module’s equations, parameter estimates, and other supportive materials are available at
https://github.com/mweeks56/ICR_HIV_Care_SDM (the project’s on-line repository) and at
the protocols website dx.doi.org/10.17504/protocols.io.bcm6iue.
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Table 1. Modules of the HIV Care Continuum (CC) System Dynamics (SD) simulation model.

Module Name

A. HIV Infection and Treatment as
Prevention (TasP)

B. HIV Testing and Prevention Services

C. Medical Care Services for People
Living with HIV (PLWH)

D. Ryan White Case Management
Services

E. Housing, Substance Use Treatment,
& Mental Health Services for PLWH

F. Peer Outreach to Promote HIV
Testing

G. Peer Advocacy to Support PLWH

H. Expanding HIV Testing & Sexual
Health Screening in Primary Care

Module
Type
TasP

Basic
Service

Basic
Service

Basic
Service

Basic
Service

Action
Strategy

Action
Strategy

Action
Strategy

Module Description

This is the central HIV test, treat, and retention in care
module representing the stages of the care continuum and
the “treatment cascade,” from HIV exposure and infection,
to diagnosis, linkage to care, initiation of anti-retroviral
treatment (ART), and viral suppression, or lost to care and
mortality. In this module, the effectiveness of TasP impacts
the rate of new HIV infections at the population level,
thereby representing the primary TasP balancing feedback
loop.

This module aggregates all community HIV testing and
prevention programs including: “General HIV Testing in
Low Prevalence Settings,” “General HIV Testing in High
Prevalence Settings,” “Targeted HIV Testing Services” to
reach high-risk groups (who often do not use other testing
services), “PrEP Referral and Implementation for HIV-
negative people at high risk,” and “Partner Services Referral
for HIV-positive People” to seek their partners for HIV
testing. People who test HIV-positive also link to the
“Medical Care Services” module to enter medical care for
HIV.

This module links newly diagnosed people with HIV to
medical care and simulates their repeated medical
appointments, missed appointments, and lost to care
dynamics. Outcomes of Medical Care Services link to the
central “HIV TasP” module to increase viral suppression in
PLWH.

This module represents case management needs among
PLWH and provision and limitations of Ryan White (RW)
case management services. Unmet case management needs
link to the “Medical Care Services” module as an effect on
the linked to care and lost to care rates.

This module includes three designated service models,
including: 1) “Housing Needs and Services,” 2) “Substance
Use Treatment Needs and Services,” and 3) “Mental Health
Care Needs and Services.” Unmet needs for these services
link to the “Medical Care Services” module to affect the lost
to care rate.

This module represents a program to increase the
community HIV testing rate by engaging people who get
tested for HIV to recruit their peer network members to get
tested as well. Effects of this program increase the monthly
HIV testing rate in the “HIV Testing and Prevention”
module in all three test settings.

This module represents a program to train and deploy Peer
Advocates (sometimes called Peer Navigators) to support
and empower other PLWH to access and stay in medical
care and adhere to their HIV medications. Effects of this
program link to the “Medical Care Services” module to
reduce the lost to care rate.

This module represents expanded HIV testing and
comprehensive sexual health screenings by primary care
providers to their patients. Effects of this action strategy
increase HIV testing in all general testing settings and
increase PrEP implementation and potential uptake.

(Continued)
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Table 1. (Continued)

Module Name Module Module Description
Type
I. Mobilizing Community Programming | Action | This module represents implementation of programs to
to Support PLWH Strategy | reach community members broadly as well as to target high

risk individuals and families of PLWH with HIV
information and supportive programs. The module
simulates impacts of those programs to increase
community-level HIV knowledge, and to reduce HIV
related stigma and medical mistrust in the community.
Effects of these programs link to the “Medical Care
Services” module to reduce the lost to care rate, and to the
“HIV Testing and Prevention” module to increase the HIV
testing rate in all test settings.

https://doi.org/10.1371/journal.pone.0230568.t001

Methods

Overview of system dynamics (SD) model building

SD models specify interdependencies among key constructs that define complex feedback
structures for a given problem of interest. Feedback structures, or loops, are of two types,
namely, reinforcing, which generate an acceleration effect, and balancing, which generate a
buffering effect or equilibrium. SD models explicitly identify time delays that underlie sys-
tems-level processes, which often help explain problematic or counterintuitive patterns of sys-
tem behavior (outcomes) [41, 42].

SD modeling projects often begin by sketching qualitative causal loop diagrams (CLD) [37,
43] and by formulating a quantitative computational model, or “scoping” model [40], applying
stakeholders’ knowledge of the focal problem and relevant available quantitative and qualita-
tive secondary sources of evidence. CLDs are used to develop stock-and-flow diagrams, which
are coded using graphical software (we used Stella Architect 1.9.4®). Stock-and-flow diagrams
hold a set of algebraic and differential equations, with key parameter estimates chosen from
the highest quality empirical and historical data [40]. Stocks specify accumulations of units,

Basic HIV Action
Services Strategies
R Y
B PEER
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AND PREVENTION
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MENTAL HEALTH SUPPORT PLWH

SERVICES FOR PLWH

Fig 1. Modules comprising the system dynamics model of the HIV care continuum. Treatment as Prevention
(Module A, center); Basic Services (Modules B-E, left); Action Strategies (Modules F-I, right).

https://doi.org/10.1371/journal.pone.0230568.g001
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such as people, things, or information. Flows specify rates of change of units from one stock,
or condition or state, to another.

The behavior of the model is assessed, in part, by comparing simulated output to major
“reference modes,” which are typically historical trends and future anticipated outcomes over
a specific time horizon for important constructs in the model (e.g., HIV incidence or preva-
lence). Reference modes may also depict hypothesized patterns or behaviors over time for
unmeasured constructs, such as the level of stigma in the community. Once the model is
deemed adequate in terms of its scope and purpose by participating stakeholders, and once it
passes fundamental structural and behavioral (pattern) tests, it can be used to compare and
contrast various simulated policy or intervention solutions [40].

Study design

Our research team conducted a 3-year study (R01-MH103176; 2015-2018) using mixed meth-
ods and GMB to examine barriers and facilitators to HIV prevention and care in a three-
county area in central Connecticut [39]. Study methods included group and individual inter-
views with HIV medical and social service providers and PLWH about barriers and facilitators
to HIV care delivery, and repeated surveys (baseline, 6-month, 12-month) with a cohort of
PLWH (N = 200) and high risk uninfected persons (N = 56) about their HIV service utilization
and the community context that affects their interactions with the HIV CC. They also included
a series of GMB sessions (described below) to conceptualize and design the SD model of the
HIV CC system. Data from qualitative interviews and surveys informed several components of
the SD model structure [39]. A concurrent 2-year study (R21-MH110335; 2016-2018) pro-
vided resources to translate stakeholders’ visual models (CLDs) into validated stock-and-flow
structures [15, 44, 45], which formed our full computational model of the HIV CC [39].

To design and test the model structure, we engaged a 25-member group representing HIV
community organizations in the region, public and private health institutions, and PLWH in
an iterative, GMB process of systems thinking and SD model development. This “SD Modeling
Task Force” included 5 HIV-positive peer advocates, 5 direct medical service providers, 4 case
managers, 7 directors of community-based service organizations or HIV prevention or sup-
port programs, 3 public health HIV program directors at the state and city levels, and a local
pharmaceutical company community liaison. We conducted an iterative sequence of sixteen
2%-hour monthly GMB sessions over an 18-month period (2017-2018). Stakeholders were
tasked with critiquing and mapping the regional HIV CC system using SD visual modeling
and qualitative narrative [39] to identify both effective services and gaps or disconnects in ser-
vice delivery and to inform model parameterization. Throughout the SD model development
period, we retained all but two Task Force members, and session attendance ranged from 70%
-100% [39].

All protocols for the protection of human subjects in research were followed during these
studies, which received full review and approval by the Institutional Review Board of the Insti-
tute for Community Research. All study participants and the SD Modeling Task Force mem-
bers provided written informed consent before initiating research activities on this study.

Model conceptualization, calibration and validation

Designing and calibrating the model. Prior to initiating the GMB sessions with the SD
Modeling Task Force, the project’s primary SD modeler (second author) developed an initial
computational (scoping) model of the HIV treatment cascade to represent the HIV CC for the
purpose of demonstration and to initiate the modeling effort. The structure of the scoping
model included the stages of the care continuum, from HIV incidence and undiagnosed status,
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to testing and diagnosis, linkage of PLWH to medical care, engagement in care and on ART,
and achievement of viral suppression. This initial scoping model was parameterized using data
from the CT Department of Public Health (DPH) 2015 HIV Surveillance Report [46] and cali-
brated to reproduce the subsequent two years of epidemiological patterns in the three-county
area.

During GMB sessions, we distilled and refined Task Force members’ narratives and concept
maps to specify and integrate services, programs, and other system contributors [39]. The
structure of the initial HIV CC scoping model was expanded to incorporate the commonly
available healthcare and social service resources (Basic Services, Modules B-E in Table 1 and
Fig 1) and potential or hypothesized community intervention programs (Action Strategies,
Modules F-I in Table 1 and Fig 1) that contribute to system dynamics and health outcomes.
After modifying the initial scoping model and updating initial parameters, we chose start and
end points for a 60-month time horizon (5 years; corresponding to calendar months t, = 01/
01/2018 and ts = 01/01/2023). Stakeholder input and deliberation was elicited regarding the
values assigned to initial parameter estimates of stocks and flows, as well as other ancillary var-
iables or cofactors used to formulate model equations. To demonstrate effective SD model per-
formance, we compared base case scenario simulated output for the prior calendar year (2017;
t.12 =01/01/2017 to t., = 12/31/2017) with reported trends over the same period in the catch-
ment area (described more fully below). This technique was also used to resolve any computa-
tional anomalies due to initial parameter values [47].

Model validation process. SD model validation occurs through an iterative process of
model conceptualization, calibration, and simulation, via cycles of deliberation, data input,
review, and decision-making by key stakeholders [24, 45, 48-53]. Our iterative model develop-
ment and revision process focused on four types of model validity.

Structural validation determines that the model has been formulated with accuracy and
adequately represents the model developers’ conceptual description of the system. This was
achieved during iterative GMB sessions for model conceptualization and revision, with sup-
port from the theoretical and empirical literature. Specifically, as we developed the model
designs of each of the subsystems (modules in Table 1), which we derived from Task Force

narratives and from known relationships supported by extant literature on TasP, we presented
them at subsequent meetings for Task Force member deliberation and feedback on model
components and the causal relationships among those elements. Our research team also itera-
tively rechecked variable parameters and formulations for inaccuracies, redundancies, and
omissions to discuss and resolve them during weekly modeling sessions.

Behavioral validation involves assessing the model’s simulated behavior and assuring that it
has sufficient accuracy for its intended purpose over the scope of its intended applicability.
Behavioral validity supports the model’s credibility with stakeholders and others. This was ini-
tiated during the GMB process by comparing simulated reference modes (output graphs) with
epidemiological trend data to assure correct initial calibration to the local context. We exam-
ined preliminary simulation runs iteratively in sessions with the SD Modeling Task Force to

check and re-check the extent to which the model’s behavior (simulated output) conformed to
key assumptions and sources of evidence guiding the study [39]. For example, we compared
simulated output of new infection rates to historical 5-year trends in the catchment area, as
well as state-wide trends in the epidemic as appropriate, both of which have plateaued into a
steady state during the past 4-6 years. Other TasP outcomes calibrated to replicate effective-
ness of the regional HIV CC included the numbers of PLWH engaged in and lost to care over
time and the percent virally suppressed. Parameter estimates derived from these sources were
evaluated by running the model. (We present and discuss this comparison of our base case
simulation to epidemiological reference modes more fully below.)
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Construct validation involves assessing the extent to which the model is supported by rele-
vant theories, frameworks and assumptions underlying the problem of interest. In this case,
we relied on a growing body of literature regarding the concept of TasP, which posits that
infections at the community level can be reduced by identifying all PLWH in the community
and providing them continuous ART to achieve and permanently maintain viral suppression,

thereby reducing “community viral load” [54, 55]. This literature focuses on community, orga-
nizational, and individual level factors that facilitate moving PLWH quickly through all stages
of the HIV CC (i.e., minimizing delays in achieving viral suppression), and retaining them in
medical care over time [4, 8, 56, 57].

Data validation ensures that the data (and/or special knowledge) necessary for model for-
mulation and calibration (capturing past trends), evaluation (predicting future trends), and
application (virtual experiments and policy analyses) are adequate and reliable for the intended
purpose of the model. Use of primary and secondary data, literature review, and stakeholders’
best estimates are common practices in the parameterization of SD model components [58].
This was assured through our use of key regional epidemiological and health services utiliza-
tion data, including CT DPH surveillance data (e.g., state reportable viral load counts of
PLWH in care, treatment cascade data, linked to care and late testing rates, etc. [46, 59]) and
Ryan White health services data (e.g., case management, housing, and transportation needs,
and gaps in substance use treatment and mental health services [60]). These sources generally
use metrics commonly used state-wide and nationally [61-63], thereby increasing generaliz-
ability and potential applicability of the SD model beyond the geographic region in which it
was developed.

We also analyzed qualitative and quantitative data from our concurrent study to identify
variables for the model and parameters for some variables. For example, data from the study’s
cohort provided estimates for some transition rates of PLWH through care continuum stages
and global measures of perceived external stigma. Task Force members’ experiential knowl-
edge of the service delivery process and other contextual factors that have no known or stan-
dard metrics provided a means to parameterize initial (starting) values of other variables, such
as time delays, caseloads, missed appointment rates, and community attitudes like medical
mistrust and HIV knowledge, among others.

HIV Infection and treatment as prevention (Module A)
Causal Loop Diagram (CLD)

Module A reflects the main structure of the HIV CC model. It represents the significance of
delays and feedback loops in the HIV CC system that could diminish or improve community-
level health outcomes over time. The conceptual design of this structure, which reflects TasP
[4, 8], is represented by the CLD in Fig 2.

This SD conceptual model comprises five feedback loops evident in the CLD. The “Risk/
Infection Loop” (R1) is a reinforcing feedback loop representing the rate of infection of people
in the local population who are at risk. As more of the at-risk population is infected but has
not yet achieved viral suppression, HIV incidence rises. This, in turn, increases the likelihood
of people being at risk of exposure and infection. This reinforcing feedback loop can only be
slowed by reducing HIV incidence through prevention efforts, including TasP. The “HIV
Treatment as Prevention Loop” (B1) is a balancing feedback loop. In this loop, undiagnosed
HIV infected people become diagnosed, linked to care, in medical care, on ART, and adherent
to ART, thereby achieving viral suppression, resulting in lower HIV incidence [4, 56, 64]. The
reinforcing “HIV Treatment Cascade Loop” (R2) begins with HIV incidence and undiag-
nosed PLWH being diagnosed and linked to care, but then becoming lost to care and non-
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Fig 2. Causal loop diagram: HIV treatment as prevention. This CLD shows two reinforcing feedback structures (R1
and R2) and three balancing feedback structures (B1, B2 and B3) that collectively represent HIV burden in the
community, in relation to basic services and action strategies that serve to foster access to HIV care, use of
antiretroviral therapy (ART), and HIV testing. Positively associated connections (+) indicate variables that change in
the same direction as each other; negatively associated connections (-) indicate variables that change in the opposite
direction as each other.

https://doi.org/10.1371/journal.pone.0230568.9002

adherent to medication. This likely results in high “community viral load” [54, 55] and high
potential for increased HIV incidence. Preventing this treatment cascade is the goal of the
whole HIV CC system and community efforts to support and care for PLWH. The balancing
“Lost to Care Loop” (B2) reduces the total number of PLWH in the care system, as does the
balancing “Mortality Loop,” (B3) representing the death rate of PLWH.

The CLD additionally depicts two kinds of community resources outside direct HIV medi-
cal care services that contribute to system outcomes. These include Basic Services, such as
Ryan White medical case management, housing, substance use treatment, and mental health
services. These community resources are expected to increase the rate of PLWH being linked
to medical care and the number who achieve and maintain viral suppression by keeping them
on their medications and preventing them from becoming lost to care. In addition, many com-
munities conduct evidence-based and other community interventions to supplement and
improve the HIV CC system. These may include community and peer programing designed to
support PLWH and their families by increasing HIV awareness and reducing stigma and med-
ical mistrust at the community level. These hypothetical Action Strategies are expected to keep
PLWH on their medication and reduce the number lost to care, as well as increase overall
community support for and improve wellness of PLWH and their families.

Stock-and-flow diagram

Two linked computational stock and flow components of the HIV Infection and Treatment as
Prevention Module are shown in Figs 3 and 4. In these diagrams, stocks are represented by
boxes, and flows are represented by uni-directional or bi-directional pipes with valves symbol-
izing regulators of speed or volume into or out of the stock. Converters, or auxiliary variables,
(circles) are linked to stocks, flows, and each other (indicated by directional arrows) in under-
lying equations that generate the inter-relational system dynamics over time, such as rates of
flow, delays, and accelerators or decelerators that contribute to dynamic system outputs.
Every stock has an initial value based on data or information used to define that variable at
a specific starting time point for the catchment area. All model parameters are held constant
throughout the simulated time horizon. Each flow in the model is calibrated with a formula
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Fig 3. Stock-and-flow diagram: Population and HIV incidence (Module A, partial). Depicts total population in the
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infection, or incidence, over time.

https://doi.org/10.1371/journal.pone.0230568.9003

that factors in either a time variable (e.g., number of persons per month) or a proportion vari-
able (e.g., proportion of PLWH in a particular state who move to the another state), or both,
and may also include other factors assumed to affect those rates of change.

The full set of initial parameters and formulas for Module A is included in the S1 Table in
the supplemental materials of this article. Some factors have been imported into this module
from other modules in the full HIV CC SD model listed in Table 1, where they are being gener-
ated by the complex dynamics in those subsystems. These and all variables in the stock and
flow models in each of the nine modules are available in similar tables in our online repository
(https://github.com/mweeks56/ICR_HIV_Care_SDM) and on the project’s protocols website
at dx.doi.org/10.17504/protocols.io.bcm6iu9e.

To begin the flow of people through the HIV Infection and Treatment as Prevention mod-
ule, the Population and HIV Incidence subsection (Fig 3) generates the HIV incidence rate
from the total population in the catchment area. Because of the greater likelihood of having a
transmission encounter where HIV is more prevalent, we divided the total population into
those living in a locale with high HIV prevalence (defined as >500 PLWH per 10,000 resi-
dents) and those living in low HIV prevalence areas. In our catchment area, two cities met the
criterion of high prevalence (16.2% of the total population in the catchment area), and the
remainder of the population lives in low prevalence areas. These two stocks have the same in-/
out-migration rates as the total population for the purpose of our base case scenario.

An additional outflow from these stocks calibrates the monthly rate of infection, which is
driven by three key variables in the model: the “risky contacts per month” in high and low
prevalence areas, the “per contact risk of HIV infection,” and the “proportion of PLWH who
are VS [virally suppressed] among all PLWH.” Risky contacts per month is set at .009 in high
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prevalence areas and .003 in low prevalence areas (per 10,000 risky encounters, in a ratio of 3:1
high: low; risky contacts in high prevalence areas is discussed in more detail below.) Per con-
tact risk of infection is set at .0049 in both types of settings, calibrated as the mean likelihood
of infection from any kind of sexual and injection risk, as developed by the CDC [65]. The pro-
portion of all PLWH who are VS is a dynamic variable generated by model simulation, formu-
lated as diagnosed PLWH known to be virally suppressed in the numerator (initial value in the
catchment area is 0.65 of diagnosed PLWH by 2017 [59], see S1 Table) and the total number of
diagnosed plus estimated undiagnosed PLWH as the denominator. Taken together, the HIV
infection rates in high plus low prevalence areas generate the HIV infection rate for the total
model (see Fig 4).

The flows in Fig 4, the HIV Treatment Cascade subsection of Module A, represent the
number of PLWH per month who transfer from one status along the cascade to another. The
HIV infection rate, generated in the Population and HIV Incidence subsection (Fig 3), begins
the flow of PLWH into the treatment cascade. HIV incidence in our base case scenario was cal-
ibrated to produce the number of new cases in the catchment area documented in state surveil-
lance, with the addition of the estimated rate of undiagnosed infected. To estimate
undiagnosed PLWH, the CT DPH uses a procedure adopted by the U.S. CDC based on sur-
veillance data and CD4 counts [66, 67]. By the end of 2016 in CT, the annual estimated diag-
nosed PLWH was 90.2% (CI 77.9-100%), and preliminary data through 2018 indicated 90.7%
(CI 78.8-100%) [67]. Therefore, we applied the state estimate of 10% undiagnosed to produce
the total number of new infections for our catchment area (see S1 Table).

Incidence feeds into the stock of undiagnosed PLWH, who are then separated into two
important outflows, the HIV late test positive rate and the HIV early test positive rate. Late
testing is defined as having received an AIDS diagnosis concurrent with or within 12 months
of an HIV diagnosis, reported as 22% of newly diagnosed in CT in 2017 [46]. Late testing is a
significant problem for the HIV CC because of the high likelihood that late testers will unwit-
tingly spread the virus over a longer period of time and because their burden of disease and
mortality outcomes are significantly worse than for early testers [68]. We used the “ghosting”
tool in Stella Architect®), whereby a variable in one module can be brought into a formulation
in another, in order to import the HIV testing rate in the catchment area from Module B, HIV
Prevention and Testing. This rate was approximately 8.1 persons per month, or 97-100 new
diagnoses per year matching the 2012-2017 average number of annual new infections in the
area (range: 73-120, M = 97.33/year).
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Linking diagnosed PLWH to their initial medical appointment is a significant transition in
the HIV care continuum, and one subject to substantial delays in the past. However, new CDC
“test and treat” protocols to start medication for newly diagnosed PLWH immediately [69,
70], coupled with U.S. HRSA-funded social supports such as Ryan White medical case man-
agement, have dramatically reduced wait time between HIV diagnosis and an initial medical
visit in Connecticut and many other states over the past two decades. Case management ser-
vices have long been demonstrated to reduce time between HIV diagnosis and linkage to care
and facilitate retention in care [63, 71]. The linked to care rate (defined by the CDC as having
had an initial CD4 and VL count reported to the state DPH), is generated by dynamics pro-
duced in Module C, Medical Care Services, and imported into this module. This linked to care
rate was applied to both early and late testers, which were divided according to the proportion
of late testers in the catchment area. These in-flows feed the stock of PLWH Engaged in HIV
Medical Care, the primary goal of the care continuum needed to achieve viral suppression in
all infected persons. PLWH who pass through all earlier stages of the treatment cascade cannot
return to a previous stage, though they might remain in any one stage (stock) for a significant
period of time. Death (mortality rate) is the only way PLWH are permanently removed after
having been engaged in care. The number in the Engaged in Care stock is generally expected
to rise for some time to come, with more newly infected coming in and efficacious ART treat-
ment significantly extending the lifespan of infected persons, thereby slowing the outflow
through mortality.

A portion of those engaged in care are also represented in the stock of PLWH using ART,
the inflow into which is determined by the expected number of PLWH using ART multiplied
by the time it takes to start ART. Further, a proportion of the PLWH Engaged in Care who are
using ART is represented in the stock of virally suppressed (VS) PLWH. The rate of flow into
that stock is determined by the estimated proportion who are adherent to their medication
regimen and the time it takes to become VS after starting ART (see S1 Table for all these
parameters and formulas).

However, despite initial engagement in care, many PLWH do not achieve or cannot main-
tain VS. Protocols for when to initiate ART and protocol implementation continue to vary
despite CDC recommendations to begin treatment immediately upon diagnosis, as well as
increasingly popular state and community campaigns to promote TasP (e.g., U= U:
Undetectable = Untransmittable) [72] and setting the goal of treating 100% of PLWH. Further,
patients face many challenges and limitations to lifelong consistent adherence to ART [73].
Bidirectional flows represent net change of PLWH using ART and PLWH who are VS. Signifi-
cant federal, state and local resources are brought to bear on keeping patients on their medica-
tion and attending medical appointments to achieve and sustain VS. This component of the
HIV CC illustrates the fundamental assumption of TasP, i.e., that medical engagement and
treatment adherence contribute to the goal of achieving VS in all PLWH, which is expected to
reduce new HIV incidence at the community level.

The biggest challenge to achieving the benefit of the HIV care continuum on TasP is the
problem of patients being lost to HIV medical care and therefore assumed to be non-adherent
to ART and likely to increase community viral load. The two opposing flows between the
stocks of Engaged in Care and Lost to Care represent the potential for someone who has been
linked to care initially to move back and forth between these two states. The lost to care rate
that feeds the stock of lost to care patients, the rate of their return to care, and the dynamics
associated with these processes, are imported here from Module C, Medical Care Services.
There, they are driven by several factors, including the “Effect of unmet service needs on risk
of being lost to care” (imported from the four Basic Services Modules B-E) and the “Effect of
action strategies on the risk of being lost to care” (imported from Module G, Peer Advocacy,
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and Module I, Mobilizing Community Initiatives). (Details on these inputs from each of these
modules can be found on our on-line repository and protocol websites indicated above.)
Taken together, these positive and negative dynamics have significant impact on the success of
the HIV CC to achieve viral suppression in all PLWH by keeping them in medical care over
time.

TasP dynamics

As shown in the stock-and-flow diagram (Fig 4), the primary HIV TasP balancing feedback
loop (B1 in Fig 2) can be seen in the flow of the newly infected (HIV incidence rate) into the
stock of undiagnosed PLWH, through early or late diagnosis and linkage to care into the stock
of PLWH engaged in HIV medical care and viral suppression. Success of the system contrib-
utes to a higher proportion of VS PLWH in the community and ultimately a reduction in the
HIV incidence rate. We represent the proportion of VS PLWH in two ways. One is described
above, in which PLWH in the Virally Suppressed stock provides the numerator and all stocks
of diagnosed and undiagnosed PLWH along the care continuum form the denominator, the
full circle of the balancing HIV CC feedback loop. We also represented the proportion VS of
those diagnosed with HIV (absent the undiagnosed), which is the figure reported by state
departments of health, to assist with validation of our model in comparison to known trends
in VS.

Also evident is the reinforcing treatment cascade feedback loop (R2 in Fig 2). This is the
result of the “vicious cycle” of being lost to care on ART adherence and the number of PLWH
who are VS. This contributes to an overall reduction in the proportion VS among all infected
persons, and potentially to increased HIV incidence.

Pattern tests: Comparison of reported to simulated reference
modes for key variables

The computational model structure allows for user specification of key epidemiological
parameters and other conditional variables in the model to reflect local conditions at the start
of the intended time horizon. As indicated above, our SD model parameters and equations
were calibrated to simulate the base case scenario over a time horizon of 60 months (5 years;
corresponding to calendar months to = 01/01/2018 and to = 01/01/2023). The prior calendar
year (2017;t.1, =01/01/2017 to t.; = 12/31/2017) was used to confirm model production of
local HIV CC outcomes by comparing base case simulated output with reported data trends
over the same period. As indicated above, the prior year was also used to resolve any computa-
tional anomalies due to initial parameter values ahead of T,. All initial parameter values were
derived from publicly available demographics and CT HIV surveillance data for 2015-2017
[46].

Fig 5 presents line graphs in four panels for: (a) HIV infection rate, (b) Undiagnosed HIV
positive persons, (c) HIV test positive rates, and (d) HIV-related mortality. By observation,
simulated HIV infection rates at T_; differ from reported HIV incidence by 0.7 persons/
month, with simulated output at 9.3 persons/month and reported data at 8.6 persons/month.
The flat pattern and minor difference in magnitude suggest that the model performs well for
incidence, with the slightly higher simulated output reflecting inclusion of those persons who
are living with HIV but who have yet to be diagnosed. Applying CT reports indicating that
estimates of the number of undiagnosed persons is approximately 10% of all know PLWH, our
model is well calibrated, showing no difference in pattern or magnitude for this category. Like-
wise, simulated data for both early and late HIV positive test rates is negligibly dissimilar.
Notably, our model over simulated HIV mortality relative to reported data (+3 persons/
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https://doi.org/10.1371/journal.pone.0230568.9005

month). This over-estimate may reflect that our model includes deaths among persons still
undiagnosed whose cause of death may have been misclassified.

Fig 6 presents line graphs in four additional panels for: (a) PLWH engaged in HIV medical
care, (b) PLWH engaged and virally suppressed, (c) PLWH lost to HIV medical care, and (d)
the proportion of PLWH who are virally suppressed (among diagnosed only). Again by obser-
vation, we see that simulated to reported data trends are negligibly different in pattern and
magnitude for all featured variables.

Sensitivity analysis: Proportion of PLWH who are virally suppressed

To further validate model behavior associated with the effect of TasP, we conducted a sensitiv-
ity analysis comprising three key parameters for which there is limited evidence, namely: (1)
Risky Contacts per Month in High Prevalence Communities, (2) the Proportion of PLWH

(a) 35 (b) 3s00
3000 3000
2500 2500
g 2000 é 2000
S 1500 S 1500
& &
1000 1000
500 500
0 €2017]2018 > o €2017]2018 >
121109 8 7 6543210123456 1211109 8 7 6543210123456
Month (T.1; to Te) Month (. to Te)
...... Sim: PLWH ENGAGED in HIV medical care «sseee Sime PLWH Engaged in Care whoare virally suppressed
e Rep: PLWH ENGAGED in HIV medical care e Rep: PLWH Engaged in Care who are virally suppressed
(c) 3500 (d) 100
3000
080
2500
2 S 060
é 2000 g
& 1500 € 040
&
1000
020
500
5 €2017] 2018 > o €2017]2018 >
-12-11-109 8 -7 -6 5 4 -3 2 -1 0 1 2 3 4 5 6 12-11-109 8 -7 6 -5 4 -3 -2-1012 3 456
Month (.1, to Te) Month (T.5; to T)
...... Sim: PLWH Lost to HIV medical care seeeee Sim: Proportion virally suppressed PLWH (Diagnosed)
= Rep: PLWH Lost to HIV medical care = Rep: Proportion virally suppressed PLWH (Diagnosed)
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https://doi.org/10.1371/journal.pone.0230568.g006
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Engaged in Care who are adherent to ART, and (3) the Initial Proportion of No Shows Lost to
Care (see Table 2). The first variable is in the Population and HIV Incidence segment of Mod-
ule A (Fig 3), the second is in the HIV Treatment Cascade segment of Module A (Fig 4), and
the third is in Module C, Medical Care Services (not shown).

Our base case value for “Risky Contacts per Month in High Prevalence Areas” (.009 per-
sons/person/month) is the rate of HIV exposure among residents living in a high HIV preva-
lence community within our targeted catchment area. The base case estimate was determined
via model calibration to reflect known historical HIV diagnosis rates for the total catchment
area (8.6 persons/month) and known difference in diagnosed cases of HIV in high to low prev-
alence communities (we used a 3:1 ratio for high: low HIV prevalence communities). Our base
case value for the “Proportion of PLWH Engaged in Care who are Adherent to ART” (95%) is
the expected proportion of virally suppressed PLWH out of all PLWH who were engaged in
care in the catchment area (Hartford TGA) in 2017. This estimate is reported by the CT DPH
[59]. Finally, the base case value for the “Initial Proportion of No Shows Lost to Care” was esti-
mated to be 60% by our Task Force members. This stakeholder-estimated proportion applies
HRSA’s definition of lost to care (not having seen a medical provider within a 12-month
reporting period) as well as local medical provider protocols and clinical experiences (fre-
quency of missed appointments of PLWH patients who have been scheduled for 6-month or
12-month clinical visits).

We selected upper and lower bounds for each parameter included in the sensitivity analysis
around our base case estimate (see Table 2). The upper and lower bounds for “Risky contacts
per month in high prevalence areas” (contacts/person/month) was set to +/- 10% of the base
case value. For the “Proportion of PLWH Engaged in Care who are ADHERENT to ART,” the
upper bound was set to 100% and the lower bound was set to -10% of the base case value
(85%). Similarly, for “Initial Proportion of No Shows Lost to Care,” upper and lower bounds
were set to +/- 10% of the base case value. Decisions regarding the range for each parameter
were based upon available reports and opinion of participating public health experts.

Fig 7 displays a 95% confidence interval based upon N = 27 sample runs (3 parameters x 3
values [low, base case, high] x 3 combinations per value) for the variable “Proportion of
PLWH who are Virally Suppressed (VS) among Diagnosed PLWH.” Results indicate that sim-
ulated outcomes are relatively stable across this set of sample runs, with base case values rang-
ing between 63.7% and 78.2% (Mean = 70.9%) by Month Tq.

Discussion and model applications

A growing body of literature affirms the benefits of using participatory SD modeling and GMB
in partnership with relevant stakeholders to examine and seek strategies to address complex
problems like the HIV epidemic [32, 74-76]. As described above, we followed best practice
protocols widely acknowledged by the SD modeling community for iterative model develop-
ment and validation in partnership with our community stakeholder SD Modeling Task Force
[45, 48, 51]. Our GMB sessions were designed to systematically build segments of the model
structure, based on group narrative of the HIV CC system and healthcare and service delivery

Table 2. Parameters selected for sensitivity analysis of proportion of PLWH who are virally suppressed.

Parameter Lower Base case estimate Upper
Risky contacts per month in high prevalence areas .008 .009 .010
Prop of PLWH Engaged in Care who are ADHERENT to ART .850 .950 1.0
Initial Prop of No Shows Lost to Care .500 .600 .700

https://doi.org/10.1371/journal.pone.0230568.t002
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processes, and to critique that model structure as it was being built [39]. As Task Force mem-
bers gained more SD modeling knowledge and insight over time, their input into model
conceptualization improved greatly. GMB scripts solicited their input and critiques of draft
models and the need for and utility of adding or removing specific variables, defining new
feedback structures, or checking equation dimensions and parameter estimates. Reliability of
model behavior was tested through repeated simulations of the base case scenario until it
approximated current epidemiological trends in the catchment area and other system dynam-
ics that resonated with participants and their experiences with the HIV care and support
system.

An important aspect of model construct validity hinges on acceptance of underlying
assumptions about TasP, which is an increasingly accepted framework, both in the public
health literature and in communities, for understanding and improving community level
efforts to control the HIV epidemic [77]. The HIV CC SD model is designed to include all key
constructs relevant to the concept of TasP, including those that define the basic care contin-
uum and treatment cascade, as well as typically available basic services for HIV testing, medical
care, case management, and supportive housing, substance use treatment, and mental health
care. It also includes Task Force identified and commonly available community level interven-
tions designed as optional action strategies, which can be left inactive or turned on to simulate
the effects of these types of programs when implemented in the local area.

Data validity was assured by relying heavily on DPH surveillance reports and available data
on Ryan White and other resources that support PLWH in the catchment area, as well as our
own primary data of local HIV care service utilization, time delays, and experiences of stigma
from our study’s cohort participants. A series of tests of our base case scenario against known
epidemiological and service utilization trends and patterns provided confidence in our model
structure and behavior. Variables with no known data were deliberated to seek a method of
calibration that was consistent with Task Force members’ real world experiences. Selected
parameters with greater uncertainty were used in sensitivity analyses; these analyses indicated
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that the model performed well for a wide range of plausible values for the catchment area. This
comprehensive approach to model data validation helped our research team and the commu-
nity SD Modeling Task Force to feel confident in the content, structure, parameters, and out-
puts of the model.

The significance and value of a validated SD model hinges on its usability and usefulness by
community stakeholder groups. In general, SD models can be used for three main purposes: 1)
for stakeholders to learn about system complexity; 2) to identify drivers of system dynamics
and leverage points expected to generate desired system change; and 3) to test strategies and
seek optimal resource allocations through simulation in order to deliberate priorities and pref-
erences for improving system outcomes.

The construction and validation of the HIV CC SD model makes it possible for stakehold-
ers to propose, run simulations of, and test potential impacts of various hypothetical scenarios
representing intervention strategies and other leverage expected to increase viral suppression
in PLWH and reduce HIV incidence at the population level. An unlimited number of scenar-
ios can be hypothesized and simulated. Some could include modifying parameters of the basic
epidemiological variables, revising time estimates of moving PLWH through stages of the HIV
care continuum, or changing other proportional variables set by the community (e.g., those
listed in S1 Table in the appendix and other variable tables on the project’s online repository
and protocol websites indicated above). These allow tailoring the base case scenario to later
time points in the same catchment area or local conditions in other communities. Other simu-
lations are done for the purpose of generating “what if” scenarios [27, 32, 78, 79] to examine
the effects of changes expected to achieve system improvements. These could include pro-
grammatic changes, such as increasing available human resources for provision of basic ser-
vices, like case managers, early intervention specialists, or medical providers, in the basic
services modules. Or they could include initiating (“turning on”) or strengthening peer and
community programs and other hypothetical “action strategies” to increase support for
PLWH and reverse the impacts of stigma and other negative community norms, among other
possibilities. “What if” scenarios can be initiated at the start of the run, part way into the run,
concurrently, or sequentially to examine impacts on key health indicators or test various strat-
egies or combinations anticipated to improve health outcomes. Decisions on which scenarios
to simulate are best achieved through deliberation by a stakeholder group, whose common
goal it is to improve system functioning [80, 81].

With the option of locally tailoring key modifiable variables in the model, the whole HIV
CC SD model is designed to be used in other communities besides the one in which it was
developed. Further, our systematic comparison of simulated output with reported trend data
on key HIV CC metrics provides a viable method to assess the degree to which model tailoring
can improve applicability and generalizability of the whole model structure to other communi-
ties. The primary benefit of the model is to foster deeper understanding about the feedback
that drives complex community-based HIV care delivery in any community.

Nevertheless, generalizability of the model has several limitations. First, confirmation of the
model’s behavioral validity is limited until it can be tested in a setting other than the one in
which it was originally calibrated. Additionally, this model focuses on the HIV CC service sys-
tem at the community and total population level. Many communities and potential model
users are interested in specific experiences of subpopulations with disproportionate risk or
rates of infection and other disparities. Though it may be possible to calibrate the model to
examine one or another specific subpopulation, it is not intended for that purpose, but rather
to illustrate and simulate the dynamics of the whole community’s effectiveness in achieving
TasP and overall care for PLWH in that community. Further, as indicated above, some vari-
ables have no known metric, and are informed by best estimates provided by the literature or
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community experiences and perceptions. Our initial tests of the model through comparison of
the DPH documented HIV epidemiological trends with our simulated base case scenario and
the sensitivity analyses we conducted have helped to affirm that many of these “soft” variables
(e.g., risky contacts per month in high/low prevalence areas, proportion of PLWH adherent to
ART, proportion of no-shows who are lost to medical care, etc.) are within reasonable approxi-
mation of real world conditions in the local setting. Finally, simulation runs can forecast likely
trends and changes in direction of key system variables, but the number of interacting factors
and potential for exogenous factors to impact system dynamics suggests caution for predicting
future system changes.

Model application is often limited by the technical complicatedness of its use and complex-
ity or ambiguity of modeling results. User friendly tools, such as apps, dashboards, and other
model interfaces designed to facilitate layperson use of the simulation model, are often needed
to make SD models available to publics that can benefit from their use. At the time of this writ-
ing, we were in the initial phase of developing a user interface with features built into Stella
Architect®) to help streamline public use of our HIV CC SD simulation model. We were also
testing application of the model in collaboration with a regional planning council to assist
them with their priority-setting and strategic planning needs. We anticipate learning more
about the process, benefits, and limitations of using this model in a community group plan-
ning process and its potential applications for others.

Our experiences with building, validating, and testing the use of this SD simulation model
of the HIV CC service system has demonstrated the importance of engaging diverse stakehold-
ers in a process of visualizing, critiquing, and seeking ways to comprehend the vast complexity
of a healthcare delivery system. Such broad and deep vision is necessary to identify game
changing actions to achieve the elimination of an epidemic like HIV.

Supporting information

S1 Table. HIV care continuum system dynamics model variables, definitions, and calibra-
tions: HIV infection and treatment as prevention module.
(DOCX)

Acknowledgments

We are extremely grateful to the project’s research team members who contributed to concep-
tualization of this system dynamics model, including Maryann Abbott, Emily Baert and Mat-
thew Hartman. We also wish to thank the members of the HIV System Dynamics Modeling
Task Force who contributed their time, ideas, expertise, and experiences to this effort, includ-
ing Merry Bajana, Christina Cipriani, Angelique Croasdale-Mills, Ricardo Cruz, Robin
Deutsch, Linda Estabrook, Alice Ferguson, Nilda Fernandez, Seja Jackson, Heidi Jenkins, Jen-
nifer Krebsbach, Clifford Lumpkin, John Merz, Jairo M. Montezuma-Rusca, Fernando Mora-
les, Tung Nguyen, Bill Petrosky, Janette Rodriguez, Romario Roper, Ashley Rosario, Carol
Steinke, LaToya Tyson, Yolanda Velez, and Danielle Warren-Dias. We also thank Jean J.
Schensul for reading an earlier version of this article.

Author Contributions

Conceptualization: Margaret R. Weeks, David W. Lounsbury, Jianghong Li, Jairo M. Monte-
zuma-Rusca, Seja Jackson.

Data curation: Margaret R. Weeks, David W. Lounsbury, Jianghong Li, Marcie Berman,
Helena D. Green, Lucy Rohena, Rosely Gonzalez, Seja Jackson.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230568 March 19, 2020 17/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0230568.s001
https://doi.org/10.1371/journal.pone.0230568

PLOS ONE

Simulating system dynamics of the HIV care continuum

Formal analysis: Margaret R. Weeks, David W. Lounsbury, Jianghong Li, Gary Hirsch.
Funding acquisition: Margaret R. Weeks, David W. Lounsbury, Jianghong Li.

Investigation: Margaret R. Weeks, David W. Lounsbury, Jianghong Li, Marcie Berman,
Helena D. Green, Lucy Rohena, Rosely Gonzalez.

Methodology: Margaret R. Weeks, David W. Lounsbury, Jianghong Li, Gary Hirsch, Jairo M.
Montezuma-Rusca, Seja Jackson.

Project administration: Margaret R. Weeks, Helena D. Green.
Resources: Margaret R. Weeks.

Software: Margaret R. Weeks, David W. Lounsbury, Gary Hirsch.
Supervision: Margaret R. Weeks, Helena D. Green.

Validation: Margaret R. Weeks, David W. Lounsbury, Jianghong Li, Gary Hirsch, Jairo M.
Montezuma-Rusca, Seja Jackson.

Visualization: Margaret R. Weeks, David W. Lounsbury.
Writing - original draft: Margaret R. Weeks.

Writing - review & editing: Margaret R. Weeks, David W. Lounsbury, Jianghong Li, Gary
Hirsch, Marcie Berman, Helena D. Green, Jairo M. Montezuma-Rusca, Seja Jackson.

References
1. Joint UN Programme on HIV/AIDS. Getting to Zero: 2011-2015 strategy. UNAIDS, Geneva; 2010.

2. Joint UN Programme on HIV/AIDS. 90-90-90: An ambitious treatment target to help end the AIDS epi-
demic. Geneva: UNAIDS. 2014.

3. Fauci AS, Redfield RR, Sigounas G, Weahkee MD, Giroir BP. Ending the HIV Epidemic: A Plan for the
United States Ending the HIV Epidemic Editorial. 2019. https://doi.org/10.1001/jama.2019.1343 PMID:
30730529

4. Granich RM, Crowley S, Vitoria M, Smyth C, Kahn JG, Bennett R, et al. Highly active antiretroviral treat-
ment as prevention of HIV transmission: review of scientific evidence and update. Current opinion in
HIV and AIDS. 2010; 5(4):298-304. https://doi.org/10.1097/COH.0b013e32833a6c32
1S1:000295508200006. PMID: 20543604

5. Montaner JSG, Hogg R, Wood E, Kerr T, Tyndall M, Levy AR, et al. The case for expanding access to
highly active antiretroviral therapy to curb the growth of the HIV epidemic. Lancet. 2006; 368
(9534):531-6. 1S1:000239569000037. https://doi.org/10.1016/S0140-6736(06)69162-9 PMID:
16890841

6. Gardner EM, McLees MP, Steiner JF, Del Rio C, Burman WJ. The spectrum of engagement in HIV care
and its relevance to test-and-treat strategies for prevention of HIV infection. Clin Infect Dis. 2011; 52
(6):793-800. Epub 2011/03/04. https://doi.org/10.1093/cid/ciq243 PubMed Central PMCID:
PMC3106261. PMID: 21367734

7. Valdiserri R. HIV/AIDS Treatment Cascade Helps Identify Gaps in Care, Retention 2012. Available
from: http://blog.aids.gov/2012/07/hivaids-treatment-cascade-helps-identify-gaps-in-care-retention.
html.

8. HullMW, Wu ZY, Montaner JSG. Optimizing the engagement of care cascade: a critical step to maxi-
mize the impact of HIV treatment as prevention. Current opinion in HIV and AIDS. 2012; 7(6):579-86.
https://doi.org/10.1097/COH.0b013e3283590617 WOS:000310416100013. PMID: 23076123

9. CohenMS, Chen YQ, McCauley M, Gamble T, Hosseinipour MC, Kumarasamy N, et al. Prevention of
HIV-1 infection with early antiretroviral therapy. The New England journal of medicine. 2011; 365
(6):493-505. Epub 2011/07/20. https://doi.org/10.1056/NEJMoa1105243 PMID: 21767103; PubMed
Central PMCID: PMC3200068.

10. ChenYY. Treatment-related optimistic beliefs and risk of HIV transmission: a review of recent findings
(2009-2012) in an era of treatment as prevention. Curr HIV/AIDS Rep. 2013; 10(1):79-88. https://doi.
org/10.1007/s11904-012-0144-6 PMID: 23239272; PubMed Central PMCID: PMC3567224.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230568 March 19, 2020 18/22


https://doi.org/10.1001/jama.2019.1343
http://www.ncbi.nlm.nih.gov/pubmed/30730529
https://doi.org/10.1097/COH.0b013e32833a6c32
http://www.ncbi.nlm.nih.gov/pubmed/20543604
https://doi.org/10.1016/S0140-6736(06)69162-9
http://www.ncbi.nlm.nih.gov/pubmed/16890841
https://doi.org/10.1093/cid/ciq243
http://www.ncbi.nlm.nih.gov/pubmed/21367734
http://blog.aids.gov/2012/07/hivaids-treatment-cascade-helps-identify-gaps-in-care-retention.html
http://blog.aids.gov/2012/07/hivaids-treatment-cascade-helps-identify-gaps-in-care-retention.html
https://doi.org/10.1097/COH.0b013e3283590617
http://www.ncbi.nlm.nih.gov/pubmed/23076123
https://doi.org/10.1056/NEJMoa1105243
http://www.ncbi.nlm.nih.gov/pubmed/21767103
https://doi.org/10.1007/s11904-012-0144-6
https://doi.org/10.1007/s11904-012-0144-6
http://www.ncbi.nlm.nih.gov/pubmed/23239272
https://doi.org/10.1371/journal.pone.0230568

PLOS ONE

Simulating system dynamics of the HIV care continuum

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Roussos ST, Fawcett SB. A review of collaborative partnerships as a strategy for improving community
health. Annu Rev Publ Health. 2000; 21:369-402. https://doi.org/10.1146/annurev.publhealth.21.1.369
WOS:000087921400017. PMID: 10884958

Foster-Fishman PG, Berkowitz SL, Lounsbury DW, Jacobson S, Allen NA. Building collaborative capac-
ity in community coalitions: A review and integrative framework. American journal of community psy-
chology. 2001; 29(2):241-61. https://doi.org/10.1023/A:1010378613583 WOS:000169591800008.
PMID: 11446279

Weeks MR, Abbott M, Hilario H, Radda K, Medina Z, Prince M, et al. Structural issues affecting creation
of a community action and advocacy board. Health Education Research 2013; 28(3):375-91. https:/
doi.org/10.1093/her/cyt051 PMID: 23660461; PubMed Central PMCID: PMC3649213.

Scott RJ, Cavana RY, Cameron D. Evaluating immediate and long-term impacts of qualitative group
model building workshops on participants’ mental models. Syst Dynam Rev. 2013; 29(4):216-36. 2014-
13970-002.

Sterman JD. Learning from evidence in a complex world. American journal of public health. 2006; 96
(3):505—14. https://doi.org/10.2105/AJPH.2005.066043 WOS:000235691300024. PMID: 16449579

Northridge ME, Metcalf SS. Enhancing implementation science by applying best principles of systems
science. Health Research Policy & Systems. 2016; 14(1):74. https://doi.org/10.1186/s12961-016-0146-
8 PMID: 27716275.

Sterman JD. Learning in and About Complex-Systems. Syst Dynam Rev. 1994; 10(2-3):291-330.
https://doi.org/10.1002/sdr.4260100214 WOS:A1994NU87200013.

Richardson GP. Reflections on the foundations of system dynamics. Syst Dynam Rev. 2011; 27
(3):219-43. https://doi.org/10.1002/Sdr.462 1S1:000295793700001.

Mabry PL, Marcus SE, Clark PI, Leischow SJ, Mendez D. Systems Science: A Revolution in Public
Health Policy Research. American journal of public health. 2010; 100(7):1161-3. https://doi.org/10.
2105/AJPH.2010.198176 WOS:000278756000007. PMID: 20530757

Maglio PP, Sepulveda MJ, Mabry PL. Mainstreaming modeling and simulation to accelerate public
health innovation. Am J Public Health. 2014; 104(7):1181-6. Epub 2014/05/17. https://doi.org/10.2105/
AJPH.2014.301873 PMID: 24832426; PubMed Central PMCID: PMC4056212.

Gillen EM, Hassmiller Lich K, Yeatts KB, Hernandez ML, Smith TW, Lewis MA. Social ecology of
asthma: engaging stakeholders in integrating health behavior theories and practice-based evidence
through systems mapping. Health Educ Behav. 2014; 41(1):63-77. https://doi.org/10.1177/
1090198113486804 PMID: 23709516.

Hirsch G, Homer J, Evans E, Zielinski A. A System Dynamics Model for Planning Cardiovascular Dis-
ease Interventions. Am J Public Health. 2010; 100(4):616—22. https://doi.org/10.2105/AJPH.2009.
159434 1S1:000275937200011. PMID: 20167899

Lounsbury DW, Hirsch GB, Vega C, Schwartz CE. Understanding social forces involved in diabetes out-
comes: a systems science approach to quality-of-life research. Quality of life research: an international
journal of quality of life aspects of treatment, care and rehabilitation. 2014; 23(3):959-69. https://doi.
org/10.1007/s11136-013-0532-4 PMID: 24062243.

Stave KA. Participatory system dynamics modeling for sustainable environmental management: Obser-
vations from four cases. Sustainability. 2010; 2:2762—-84. https://doi.org/10.3390/su2092762

Lounsbury DW, Schwartz B, Palma A, Blank A. Simulating patterns of patient engagement, treatment
adherence, and viral suppression: A system dynamics approach to evaluating HIV care management.
AIDS Patient Care and STDs. 2015; 29(S1):S55-S63.

Martin EG, MacDonald RH, Smith LC, Gordon DE, Tesoriero JM, Laufer FN, et al. Mandating the offer
of HIV testing in New York: simulating the epidemic impact and resource needs. J Acquir Immune Defic
Syndr. 2015; 68 Suppl 1:559-67. https://doi.org/10.1097/QAI.0000000000000395 PMID: 25545496.

Kok S, Rutherford AR, Gustafson R, Barrios R, Montaner JS, Vasarhelyi K, et al. Optimizing an HIV
testing program using a system dynamics model of the continuum of care. Health Care Management
Science. 2015; 18(3):334—62. https://doi.org/10.1007/s10729-014-9312-0 PMID: 25595433.

Foster-Fishman PG, Behrens TR. Systems change reborn: rethinking our theories, methods, and
efforts in human services reform and community-based change. Am J Community Psychol. 2007; 39
(3—4):191-6. Epub 2007/05/19. https://doi.org/10.1007/s10464-007-9104-5 PMID: 17510793.

Sterman JD. Business dynamics: systems thinking and modeling for a complex world: Irwin/McGraw-
Hill Boston; 2000.

Leischow SJ, Milstein B. Systems thinking and modeling for public health practice. Am J Public Health.
2006; 96(3):403-5. Epub 2006/02/02. https://doi.org/10.2105/AJPH.2005.082842 PMID: 16449572;
PubMed Central PMCID: PMC1470500.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230568 March 19, 2020 19/22


https://doi.org/10.1146/annurev.publhealth.21.1.369
http://www.ncbi.nlm.nih.gov/pubmed/10884958
https://doi.org/10.1023/A:1010378613583
http://www.ncbi.nlm.nih.gov/pubmed/11446279
https://doi.org/10.1093/her/cyt051
https://doi.org/10.1093/her/cyt051
http://www.ncbi.nlm.nih.gov/pubmed/23660461
https://doi.org/10.2105/AJPH.2005.066043
http://www.ncbi.nlm.nih.gov/pubmed/16449579
https://doi.org/10.1186/s12961-016-0146-8
https://doi.org/10.1186/s12961-016-0146-8
http://www.ncbi.nlm.nih.gov/pubmed/27716275
https://doi.org/10.1002/sdr.4260100214
https://doi.org/10.1002/Sdr.462
https://doi.org/10.2105/AJPH.2010.198176
https://doi.org/10.2105/AJPH.2010.198176
http://www.ncbi.nlm.nih.gov/pubmed/20530757
https://doi.org/10.2105/AJPH.2014.301873
https://doi.org/10.2105/AJPH.2014.301873
http://www.ncbi.nlm.nih.gov/pubmed/24832426
https://doi.org/10.1177/1090198113486804
https://doi.org/10.1177/1090198113486804
http://www.ncbi.nlm.nih.gov/pubmed/23709516
https://doi.org/10.2105/AJPH.2009.159434
https://doi.org/10.2105/AJPH.2009.159434
http://www.ncbi.nlm.nih.gov/pubmed/20167899
https://doi.org/10.1007/s11136-013-0532-4
https://doi.org/10.1007/s11136-013-0532-4
http://www.ncbi.nlm.nih.gov/pubmed/24062243
https://doi.org/10.3390/su2092762
https://doi.org/10.1097/QAI.0000000000000395
http://www.ncbi.nlm.nih.gov/pubmed/25545496
https://doi.org/10.1007/s10729-014-9312-0
http://www.ncbi.nlm.nih.gov/pubmed/25595433
https://doi.org/10.1007/s10464-007-9104-5
http://www.ncbi.nlm.nih.gov/pubmed/17510793
https://doi.org/10.2105/AJPH.2005.082842
http://www.ncbi.nlm.nih.gov/pubmed/16449572
https://doi.org/10.1371/journal.pone.0230568

PLOS ONE

Simulating system dynamics of the HIV care continuum

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

Foster-Fishman PG, Nowell B, Yang H. Putting the system back into systems change: a framework for
understanding and changing organizational and community systems. Am J Community Psychol. 2007;
39(3—4):197-215. Epub 2007/05/19. https://doi.org/10.1007/s10464-007-9109-0 PMID: 17510791.

Hirsch G, Levine R, Miller RL. Using system dynamics modeling to understand the impact of social
change initiatives. Am J Community Psychol. 2007; 39(3—4):239-53. Epub 2007/04/05. https://doi.org/
10.1007/s10464-007-9114-3 PMID: 17406970.

Homer JB, Hirsch GB. System dynamics modeling for public health: background and opportunities. Am
J Public Health. 2006; 96(3):452—8. Epub 2006/02/02. https://doi.org/10.2105/AJPH.2005.062059
PMID: 16449591; PubMed Central PMCID: PMC1470525.

Zimmerman L, Lounsbury DW, Rosen CS, Kimerling R, Trafton JA, Lindley SE. Participatory System
Dynamics Modeling: Increasing Stakeholder Engagement and Precision to Improve Implementation
Planning in Systems. Administration and policy in mental health. 2016; 43(6):834—49. https://doi.org/10.
1007/s10488-016-0754-1 PMID: 27480546.

Tozan Y, Ompad DC. Complexity and dynamism from an urban health perspective: a rationale for a sys-
tem dynamics approach. Journal of Urban Health. 2015; 92(3):490-501. https://doi.org/10.1007/
511524-015-9963-2 PMID: 25952137.

Luna-Reyes LF, Martinez-Moyano IJ, Pardo TA, Cresswell AM, Andersen DF, Richardson GP. Anat-
omy of a group model-building intervention: building dynamic theory from case study research. Syst
Dynam Rev. 2006; 22(4):291-320. https://doi.org/10.1002/Sdr.349 1S1:000244736300001.

Hovmand PS. Community Based System Dynamics. New York: Springer; 2014.

Vennix JAM. Group Model Building: Facilitating Team Learning Using System Dynamics: John Wiley &
Sons; 1996.

Weeks MR, Li J, Lounsbury D, Green HD, Abbott M, Berman M, et al. Using participatory system
dynamics modeling to examine the local HIV test and treatment care continuum in order to reduce com-
munity viral load. Am J of Community Psychology. 2017; 60(3—4):584—-98.

Arquitt S, Johnstone R. A scoping and consensus building model of a toxic blue-green algae bloom.
Syst Dynam Rev. 2004; 20(2):179-98. https://doi.org/10.1002/sdr.292 WOS:000222872200006.

Richardson GP. Feedback thought in social science and systems theory. Waltham, MA: Pegasus
Communications, Inc.; 1999.

Meadows DH. Thinking in Systems: A Primer. Wright D, editor. White River Junction, VT: Chelsea
Green Publishing; 2008.

Macmillan A, Davies M, Shrubsole C, Luxford N, May N, Chiu LF, et al. Integrated decision-making
about housing, energy and wellbeing: a qualitative system dynamics model. Environmental Health: A
Global Access Science Source. 2016; 15 Suppl 1:37. https://doi.org/10.1186/s12940-016-0098-z
PMID: 26961081.

Richardson GP, Andersen DF. Teamwork in Group Model Building. Syst Dynam Rev. 1995; 11:1-14

Qudrat-Ullah H. On the validation of system dynamics type simulation models. Telecommun Syst.
2012; 51(2-3):159-66. https://doi.org/10.1007/s11235-011-9425-4 WOS:000311792900008.

CT Department of Public Health. Connecticut HIV Statistics Through 2014. 2015 [updated 01/19/2016
cited 2016 April 15]. Available from: http://www.ct.gov/dph/cwp/view.asp?a = 3135&q = 393048.

Oliva R. Model calibration as a testing strategy for system dynamics models. Eur J Oper Res. 2003; 151
(3):5652-68.

Barlas Y. Formal aspects of model validity and validation in system dynamics. Syst Dynam Rev. 1996;
12(3):183-210.

Forrester JW, Senge PM. Tests for building confidence in system dynamics models. TIMS Studies in
the Management Science 1980; 14:201-28.

Barlas Y. Multiple Tests for Validation of System Dynamics Type of Simulation-Models. Eur J Oper Res.
1989; 42(1):59-87. https://doi.org/10.1016/0377-2217(89)90059-3 WOS:A1989AN92700005.

Qudrat-Ullah H, Seong BS. How to do structural validity of a system dynamics type simulation model:
The case of an energy policy model. Energ Policy. 2010; 38(5):2216—-24. https://doi.org/10.1016/j.
enpol.2009.12.009 WOS:000276289500019.

Sterman JD. Appropriate summary statistics for evaluating the historical fit of system dynamics models.
Dynamica. 1984; 10((Winter)):51-66.

Peterson S, Bush B, Inman D, Newes E, Schwab A, Stright D, et al. Lessons from a large-scale systems
dynamics modeling project: the example of the biomass scenario model. Syst Dynam Rev. 2019; 35
(1):55-69.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230568 March 19, 2020 20/22


https://doi.org/10.1007/s10464-007-9109-0
http://www.ncbi.nlm.nih.gov/pubmed/17510791
https://doi.org/10.1007/s10464-007-9114-3
https://doi.org/10.1007/s10464-007-9114-3
http://www.ncbi.nlm.nih.gov/pubmed/17406970
https://doi.org/10.2105/AJPH.2005.062059
http://www.ncbi.nlm.nih.gov/pubmed/16449591
https://doi.org/10.1007/s10488-016-0754-1
https://doi.org/10.1007/s10488-016-0754-1
http://www.ncbi.nlm.nih.gov/pubmed/27480546
https://doi.org/10.1007/s11524-015-9963-2
https://doi.org/10.1007/s11524-015-9963-2
http://www.ncbi.nlm.nih.gov/pubmed/25952137
https://doi.org/10.1002/Sdr.349
https://doi.org/10.1002/sdr.292
https://doi.org/10.1186/s12940-016-0098-z
http://www.ncbi.nlm.nih.gov/pubmed/26961081
https://doi.org/10.1007/s11235-011-9425-4
http://www.ct.gov/dph/cwp/view.asp?a
https://doi.org/10.1016/0377-2217(89)90059-3
https://doi.org/10.1016/j.enpol.2009.12.009
https://doi.org/10.1016/j.enpol.2009.12.009
https://doi.org/10.1371/journal.pone.0230568

PLOS ONE

Simulating system dynamics of the HIV care continuum

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Castel AD, Befus M, Willis S, Griffin A, West T, Hader S, et al. Use of the community viral load as a pop-
ulation-based biomarker of HIV burden. AIDS. 2012; 26(3):345-53. https://doi.org/10.1097/QAD.
0b013e32834de5fe PMID: 22008660.

Das M, Chu PL, Santos G-M, Scheer S, Vittinghoff E, McFarland W, et al. Decreases in community viral
load are accompanied by reductions in new HIV infections in San Francisco. PLoS ONE. 2010; 5(6):
e11068. https://doi.org/10.1371/journal.pone.0011068 PMID: 20548786; PubMed Central PMCID:
PMC2883572.

Holtgrave DR, Maulsby C, Wehrmeyer L, Hall HI. Behavioral factors in assessing impact of HIV treat-
ment as prevention. AIDS & Behavior. 2012; 16(5):1085-91. https://doi.org/10.1007/s10461-012-0186-
1 PMID: 22491813.

Walensky RP, Ross EL, Kumarasamy N, Wood R, Noubary F, Paltiel AD, et al. Cost-effectiveness of
HIV treatment as prevention in serodiscordant couples. The New England journal of medicine. 2013;
369(18):1715-25. https://doi.org/10.1056/NEJMsa1214720 PMID: 24171517

Sterman JD. All models are wrong: reflections on becoming a systems scientist. Syst Dynam Rev.
2002; 18(4):501-31. https://doi.org/10.1002/Sdr.261 1SI:000180858900004.

CT Department of Public Health. Epidemiological Profile of HIV in Connecticut. 2018.

Hartford Department of Health and Human Services. Unpublished Report: Ryan White Priority Setting
Data: Priorities and Allocations. 2016.

Centers for Disease Control & Prevention. Using Viral Load Data to Monitor HIV Burden and Treatment
Outcomes in the United States. National Center for HIV/AIDS, Viral Hepatitis, STD and TB Prevention,
Division of HIV/AIDS Prevention. Atlanta, GA2012.

Terzian AS, Bodach SD, Wiewel EW, Sepkowitz K, Bernard M-A, Braunstein SL, et al. Novel use of sur-
veillance data to detect HIV-infected persons with sustained high viral load and durable virologic sup-
pression in New York City. PLoS ONE. 2012; 7(1):e29679. https://doi.org/10.1371/journal.pone.
0029679 PMID: 22291892; PubMed Central PMCID: PMC3265470.

Zetola NM, Bernstein K, Ahrens K, Marcus JL, Philip S, Nieri G, et al. Using surveillance data to monitor
entry into care of newly diagnosed HIV-infected persons: San Francisco, 2006—2007. BMC Public
Health. 2009; 9. Artn 17 https://doi.org/10.1186/1471-2458-9-17 1S1:000263273400002. PMID:
19144168

Cohen MS, McCauley M, Sugarman J. Establishing HIV treatment as prevention in the HIV Prevention
Trials Network 052 randomized trial: an ethical odyssey. Clin Trials. 2012; 9(3):340—7. https://doi.org/
10.1177/1740774512443594 WOS:000305158200007. PMID: 22692805

Centers for Disease Control & Prevention. HIV Risk Behaviors: Estimated Per-Act Probability of Acquir-
ing HIV from an Infected Source, by Exposure Act. December 2015.

Song R, Hall HI, Green TA, Szwarcwald CL, Pantazis N. Using CD4 data to estimate HIV incidence,
prevalence, and percent of undiagnosed infections in the United States. JAIDS Journal of Acquired
Immune Deficiency Syndromes. 2017; 74(1):3-9. https://doi.org/10.1097/QAI.0000000000001151
PMID: 27509244

CT Department of Public Health. Estimated HIV prevalence among persons aged > = 13 years, by
selected characteristics, Connecticut, 2016 Hartford, CT2018. Available from: https://portal.ct.gov/-/
media/Departments-and-Agencies/DPH/AIDS—Chronic-Diseases/Surveillance/statewide/CT _
plwhivaids_estimate.pdf.

Schwarcz S, Hsu L, Dilley JW, Loeb L, Nelson K, Boyd S. Late diagnosis of HIV infection: trends, preva-
lence, and characteristics of persons whose HIV diagnosis occurred within 12 months of developing
AIDS. JAIDS Journal of Acquired Immune Deficiency Syndromes. 2006; 43(4):491—4. hitps://doi.org/
10.1097/01.qai.0000243114.37035.de PMID: 17031318

Centers for Disease Control & Prevention. Background Brief on the Prevention Benefits of HIV Treat-
ment: Division of HIV/AIDS Prevention; 2013 [updated January 10, 2013]. Available from: http://www.
cdc.gov/hiv/topics/treatment/resources/factsheets/tap.htm.

Zolopa AR. The evolution of HIV treatment guidelines: current state-of-the-art of ART. Antiviral
research. 2010; 85(1):241—4. https://doi.org/10.1016/j.antiviral.2009.10.018 PMID: 19883695

Department of Public Health SF, California, USA. Prevalence and predictors of unmet need for support-
ive services among HIV-infected persons: Impact of case management. Med Care. 2000; 38:58—69.
https://doi.org/10.1097/00005650-200001000-00007 PMID: 10630720

Eisinger RW, Dieffenbach CW, Fauci AS. HIV Viral Load and Transmissibility of HIV Infection: Unde-
tectable Equals Untransmittable. JAMA: the journal of the American Medical Association. 2019.

Holtzman CW, Brady KA, Yehia BR. Retention in care and medication adherence: current challenges to
antiretroviral therapy success. Drugs. 2015; 75(5):445-54. https://doi.org/10.1007/s40265-015-0373-2
PMID: 25792300

PLOS ONE | https://doi.org/10.1371/journal.pone.0230568 March 19, 2020 21/22


https://doi.org/10.1097/QAD.0b013e32834de5fe
https://doi.org/10.1097/QAD.0b013e32834de5fe
http://www.ncbi.nlm.nih.gov/pubmed/22008660
https://doi.org/10.1371/journal.pone.0011068
http://www.ncbi.nlm.nih.gov/pubmed/20548786
https://doi.org/10.1007/s10461-012-0186-1
https://doi.org/10.1007/s10461-012-0186-1
http://www.ncbi.nlm.nih.gov/pubmed/22491813
https://doi.org/10.1056/NEJMsa1214720
http://www.ncbi.nlm.nih.gov/pubmed/24171517
https://doi.org/10.1002/Sdr.261
https://doi.org/10.1371/journal.pone.0029679
https://doi.org/10.1371/journal.pone.0029679
http://www.ncbi.nlm.nih.gov/pubmed/22291892
https://doi.org/10.1186/1471-2458-9-17
http://www.ncbi.nlm.nih.gov/pubmed/19144168
https://doi.org/10.1177/1740774512443594
https://doi.org/10.1177/1740774512443594
http://www.ncbi.nlm.nih.gov/pubmed/22692805
https://doi.org/10.1097/QAI.0000000000001151
http://www.ncbi.nlm.nih.gov/pubmed/27509244
https://portal.ct.gov/-/media/Departments-and-Agencies/DPH/AIDSChronic-Diseases/Surveillance/statewide/CT_plwhivaids_estimate.pdf
https://portal.ct.gov/-/media/Departments-and-Agencies/DPH/AIDSChronic-Diseases/Surveillance/statewide/CT_plwhivaids_estimate.pdf
https://portal.ct.gov/-/media/Departments-and-Agencies/DPH/AIDSChronic-Diseases/Surveillance/statewide/CT_plwhivaids_estimate.pdf
https://doi.org/10.1097/01.qai.0000243114.37035.de
https://doi.org/10.1097/01.qai.0000243114.37035.de
http://www.ncbi.nlm.nih.gov/pubmed/17031318
http://www.cdc.gov/hiv/topics/treatment/resources/factsheets/tap.htm
http://www.cdc.gov/hiv/topics/treatment/resources/factsheets/tap.htm
https://doi.org/10.1016/j.antiviral.2009.10.018
http://www.ncbi.nlm.nih.gov/pubmed/19883695
https://doi.org/10.1097/00005650-200001000-00007
http://www.ncbi.nlm.nih.gov/pubmed/10630720
https://doi.org/10.1007/s40265-015-0373-2
http://www.ncbi.nlm.nih.gov/pubmed/25792300
https://doi.org/10.1371/journal.pone.0230568

PLOS ONE

Simulating system dynamics of the HIV care continuum

74.

75.

76.

77.

78.

79.

80.

81.

Atkinson JA, Wells R, Page A, Dominello A, Haines M, Wilson A. Applications of system dynamics
modelling to support health policy. Public Health Research & Practice. 2015; 25(3):e2531531. hitps://
doi.org/10.17061/phrp2531531 PMID: 26243490.

Marshall DA, Burgos-Liz L, MJ 1J, Osgood ND, Padula WV, Higashi MK, et al. Applying dynamic simula-
tion modeling methods in health care delivery research-the SIMULATE checklist: report of the ISPOR
simulation modeling emerging good practices task force. Value in Health. 2015; 18(1):5-16. https://doi.
org/10.1016/j.jval.2014.12.001 PMID: 25595229.

Van Olmen J, Criel B, Bhojani U, Marchal B, Van Belle S, Chenge M, et al. The health system dynamics
framework: the introduction of an analytical model for health system analysis and its application to two
case-studies. 2012.

Cohen MS, Holmes C, Padian N, Wolf M, Hirnschall G, Lo YR, et al. HIV Treatment As Prevention: How
Scientific Discovery Occurred And Translated Rapidly Into Policy For The Global Response. Health
Affairs. 2012; 31(7):1439-49. https://doi.org/10.1377/hlthaff.2012.0250 WOS:000306642400009.
PMID: 22778333

Martin EG, MacDonald RH, Smith LC, Gordon DE, Tesoriero JM, Laufer FN, et al. Mandating the offer
of HIV testing in New York: simulating the epidemic impact and resource needs. Journal of Acquired
Immune Deficiency Syndromes: JAIDS. 2015; 68 Suppl 1:S59-67. https://doi.org/10.1097/QAl.
0000000000000395 PMID: 25545496.

Lounsbury DW, Schwartz B, Palma A, Blank A. Simulating patterns of patient engagement, treatment
adherence, and viral suppression: a system dynamics approach to evaluating HIV care management.
AIDS Patient Care STDS. 2015;29 Suppl 1:S55-63. PMID: 25561309.

Stave KA. Using system dynamics to improve public participation in environmental decisions. Syst
Dynam Rev. 2002; 18(2):139-67. https://doi.org/10.1002/Sdr.237 1S1:000177147000007.

Van den Belt M. Mediated modeling: a system dynamics approach to environmental consensus build-
ing. Washington, DC: Island press; 2004.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230568 March 19, 2020 22/22


https://doi.org/10.17061/phrp2531531
https://doi.org/10.17061/phrp2531531
http://www.ncbi.nlm.nih.gov/pubmed/26243490
https://doi.org/10.1016/j.jval.2014.12.001
https://doi.org/10.1016/j.jval.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25595229
https://doi.org/10.1377/hlthaff.2012.0250
http://www.ncbi.nlm.nih.gov/pubmed/22778333
https://doi.org/10.1097/QAI.0000000000000395
https://doi.org/10.1097/QAI.0000000000000395
http://www.ncbi.nlm.nih.gov/pubmed/25545496
http://www.ncbi.nlm.nih.gov/pubmed/25561309
https://doi.org/10.1002/Sdr.237
https://doi.org/10.1371/journal.pone.0230568

