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Abstract Syndemic risk is an ecological construct,
defined by co-occurring interdependent socio-environ-
mental, interpersonal and intrapersonal determinants. We
posited syndemic risk to be a function of violence, sub-
stance use, perceived financial hardship, emotional distress
and self-worth among women with and at-risk for HIV in
an impoverished urban community. In order to better
understand these interrelationships, we developed and
validated a system dynamics (SD) model based upon peer-
reviewed literature; secondary data analyses of a cohort
dataset including women living with and at-risk of HIV in
Bronx, NY (N = 620); and input from a Bronx-based
community advisory board. Simulated model output
revealed divergent levels and patterns of syndemic risk
over time across different sample profiles. Outputs gener-
ated new insights about how to effectively explore multi-
component multi-level programs in order to strategically
develop more effective services for this population.
Specifically, the model indicated that effective multi-level
interventions might bolster women’s resilience by
increasing self-worth, which may result in decreased per-
ceived financial hardship and risk of violence. Overall, our
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stakeholder-informed model depicts how self-worth may
be a major driver of vulnerability and a meaningful addi-
tion to syndemic theory affecting this population.
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Introduction

A syndemic is a set of mutually reinforcing health and
psychosocial problems that generate increased health risk
and burden on vulnerable populations (Singer 1996).
Although many studies have documented the presence of
comorbidities, those applying a syndemics framework seek
to assess the added risk or burden attributable to interac-
tions among selected comorbid conditions, which often
include medical, behavioral, and social factors (Menden-
hall 2015). Syndemic theory has been applied to assess the
co-occurrence of psychosocial forces affecting HIV-related
high-risk behavior and HIV-status in men who have sex
with men (e.g., Stall et al. 2003; Mustanki et al. 2007) and
impoverished women (Meyer et al. 2011; Pitpitan et al.
2013). Current understanding of syndemic risk is mainly
based on statistical modeling that demonstrates bivariate
and additive associations with HIV infection, substance use
and violence. How these forces interact over time and
shape individual risk levels, however, has not been asses-
sed and is challenging to present, due to the inherent
dynamic complexities of human attitudes, emotions and
behaviors.

Syndemic theory closely aligns with a social ecological
framework (e.g., Singer 1996; Gonzalez-Guarda et al.
2011). This framework supports conceptualization of syn-
demic risk as: (1) rarely a function of a single cause; (2)
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likely to be effected by combinations of factors at multiple
levels of influence; (3) subject to dramatic, non-linear
variations due to even small changes in one or more fac-
tors, over time; and (4) derived from both socio-environ-
mental and individual-level processes (Lounsbury and
Mitchell 2009). Moreover, per Ecological Systems Theory
(Bronfenbrenner 1979), we see individuals as active agents
who constantly shape, and are shaped by, their environ-
ments. Both syndemic theory and a social ecological
framework are consistent with the conceptualization of
syndemic risk being complex and dynamic.

The HIV-epidemic affecting women in the US involves
complex and dynamic relationships between socio-envi-
ronmental, interpersonal and intrapersonal factors.
Women’s acquisition of HIV has been associated with
interrelated socio-environmental factors such as poverty
and interpersonal factors such as history of violence and
abuse, particularly intimate partner violence (Brier and
Runts 1993; CDC 2013; Cook et al. 2007; Zierler and
Krieger 1997; Simoni and Ng 2000, 2002; Somalai et al.
2000). In turn, these conditions have been linked to
intrapersonal psychological and behavioral variables,
including emotional distress, substance use and high-risk
behaviors (e.g., transactional sex) as well as challenges
engaging in condom use negotiation and obtaining infor-
mation about a partner’s HIV-status (Arriola et al. 2005;
Crosby et al. 2013; El-Bassel et al. 2000, 2011; Lane et al.
2004; Schiff et al. 2002; Ward 1993).

Sexual self-care continues to be important in addressing
the HIV epidemic among women, as the vast majority of
the close to 300 thousand estimated women living with
HIV/AIDS in the United States (CDC 2013) are thought to
have acquired the virus from heterosexual contact (84 % of
new cases; CDC 2013). However, sexual acquisition of
HIV among women is dynamically related to socio-envi-
ronmental problems such as poverty, interpersonal prob-
lems such as violence and individual level variables
including substance use.

Consistent with syndemic theory and an ecological
framework, a disproportionate number of the estimated
32,500 women living with HIV in New York City are in the
Bronx, one of the poorest urban counties in the country (US
Census Bureau 2010). In New York City, intimate partner
violence-related hospitalizations and emergency room visit
rates are both associated with living below the poverty line
and neighborhood median household income (NYC
DOHMH 2013). The Bronx has the highest rate of intimate
partner violence-related hospitalizations and emergency
room visits as well as the highest percentage of uninsured
and individuals on Medicaid in New York City (NYC
DOHMH 2013). To effectively understand and intervene
on this complex ecological problem among women with
and at-risk for HIV, we must take a closer look at syndemic

@ Springer

theory by exploring the dynamically related socio-ecolog-
ical, interpersonal and intrapersonal problems.

System dynamics (SD) modeling methodology is finding
a place in the growing number of comparative effective-
ness methodologies with utility in health intervention
development and implementation science (Homer and
Hirsch 2006; Mabry et al. 2008; Milstein 2008; Lounsbury
et al. 2015; Palma et al. in press; Trochim et al. 2006). SD
models are mathematical simulation tools that have great
potential for fostering deeper understanding of complex
public health problems (Hirsch et al. 2007). The hallmark
of the SD approach is the study of feedback structures, or
causal loops (Forrester 1971; Richardson 1991; Wolsten-
holme 1983). We applied SD modeling to visualize and
assess the interdependent relationships among selected
constructs that contribute to, and explain the effects of
‘syndemic risk.’

We first present our conceptualization of syndemic risk,
expressed in terms of multiple causal loops of selected
contributing constructs, as informed by three sources of
evidence (described below). Causal loop diagramming is a
useful technique for illustrating how specified constructs are
linked together and how they change over time. Every causal
link has a polarity, either positive (+) or negative (—). A
positive (+) link indicates that an incremental increase in the
input (antecedent) variable causes the output (dependent)
variable to also increase by a specified amount over each
time increment. Similarly, an incremental decrease in the
input variable would cause the output variable to decrease by
a specified amount over each time increment. A negative (—)
link indicates the opposite relationship between two vari-
ables, such that an incremental increase in the input variable
causes the output variable to decrease by a specified amount
over each time increment and vice versa. The sign given to
each bivariate relationship in our model is assigned based
upon a variety of sources of evidence, including pertinent
findings in the peer-reviewed scientific literature and primary
data and/or secondary data. Note that linking arrows between
variables infer causality, not correlation.

Each feedback loop has a polarity, labeled to be either
reinforcing (4) or balancing (—). The number of negative
links in the loop determines the polarity of the feedback
loop. An even number of negative links makes the loop
reinforcing. An odd number of negative links makes the
loop balancing. Reinforcing loops promote or accelerate
the growth, often generating instability in the system. In
contrast, balancing loops are stabilizing, or goal seeking,
creating a homeostatic (steady-state) condition. The inter-
active effects of the loops over time produce the overall
dynamics of the problem of interest. When reinforcing
(positive) and balancing (negative) loops are combined, a
variety of simulated patterns of change are possible. For
example, two reinforcing loops may interact to bring a
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particular construct into a steady state, or, alternatively,
may generate an oscillating pattern over time, with one
loop dominating the other in an alternating manner.

SD transforms the problem of interest into interacting
structures that are specified mathematically as a set of
linear or non-linear differential and algebraic equations. SD
uses calculus to integrate feedback structures at simulated
frequencies, thus enabling the simulation of the derivation
and integration of equations over the simulated time hori-
zon, thus simulating both the structure and dynamics of the
system. The epistemology of SD enables the development
of equations based on quantitative and qualitative sources
of evidence, including stakeholder insight and feedback.
These unique capacities of SD enable the exploration of
syndemic theory as well as intended and unintended con-
sequences of changes in syndemic problems over time.
While human behaviors are complex and cannot be pre-
dicted with certainty, tools such as SD can elucidate ten-
dencies and patterns of expected behavior, based on
evidence. SD modeling has been used to explore interre-
lated health and behavioral problems in the past (e.g.,
Miller et al. 2011; Lounsbury et al. 2014). However, we are
not aware of another SD modeling project used to display
syndemic risk, as we have defined it, prior to this project. A
detailed technical account of the methods used in this
modeling project is described in Batchelder and Lounsbury
(in press).

We aimed to apply SD modeling to define and under-
stand the structure and behavior of syndemic risk affecting
women with and at-risk for HIV in impoverished urban
communities to increase our theoretical understanding of
the social ecological drivers and inform intervention
strategies. We used the model to produce scenarios to
identify dynamic patterns related to syndemic risk among
urban women with and at-risk for HIV to reach these goals.

Methods

SD model building is an iterative process involving three
major steps: (1) system conceptualization, (2) model for-
mulation, and (3) model simulation, inclusive of model
evaluation and calibration (Richardson and Pugh 1981;
Oliva 2003). System conceptualization is largely qualita-
tive, whereby the model-building team names constructs of
interest and drafts hypothesized causal influences and
interrelationships. This step is typically presented as a
causal loop diagram (CLD; Fig. 1), which exhibits closed
feedback pathways among a set of purposefully selected,
interrelated constructs. Formulation involves translating
the system conceptualization into a set of equations using
SD modeling software followed by structural validity
checks of these equations. Model simulation involves

running the SD model and examining its simulated output
to achieve plausible and/or expected behavior in a process
of trial-and-error. Model simulation also includes sensi-
tivity analyses to evaluate behavioral performance in which
a range of variable values is simulated to generate effects
on selected outcomes. Finally, model simulation includes
comparing simulated outputs to identify and assess the
utility or effectiveness of various possible simulated poli-
cies or interventions. Following procedures described by
Richardson (1998), we used Vensim® modeling software to
create the CLD (Fig. 1) and the final SD model. (Methods
for developing our model of syndemic risk are described in
greater technical detail in Batchelder and Lounsbury in
press).

Sources of Evidence

We used three sources of evidence to inform the devel-
opment and validation of our model: (1) review of the
published literature related to the identified syndemic
socio-environmental, interpersonal and intrapersonal vari-
ables and women’s health; (2) secondary analysis of cohort
data among women with and at-risk for HIV in the Bronx
and (3) qualitative feedback from the Bronx Community
Research Review Board (BXxCRRB).

Literature

Prior to embarking on the model-building process, a
systematic literature review was conducted exploring
psychosocial syndemics among women with and at-risk
for HIV. Subsequently, we turned to the literature mul-
tiple times to develop and refine our system conceptual-
ization and build equations (Richardson and Pugh 1981).
We first conducted a systematic literature review, priori-
tizing meta-analyses and systematic reviews when avail-
able, to identify initial “syndemic” constructs of interest
including emotional distress, substance abuse, perceived
financial hardship, violent encounters, and HIV status
(e.g., Arriola et al. 2005; Cook et al. 2007; El-Bassel
et al. 2000; Logan et al. 2002; Meyer et al. 2011). Lit-
erature searches were then conducted for each bivariate
relationship between constructs included in the theoretical
model. We conducted an additional literature review to
finalize the causal pathways depicted in the CLD, focus-
ing on longitudinal relationships between the proposed
syndemic variables and rates of change, when available.
After the final CLD was completed, we revisited the lit-
erature again to confirm equations representing the
bivariate relationships between constructs and to investi-
gate relationships identified by the other sources of evi-
dence. See Table 1 for literature review of bivariate
relationships.
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Fig. 1 Causal loop diagram of
syndemic affecting women with
and at-risk for HIV in the
Bronx. The arrows show the
hypothesized causal pathways
between variables
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Cohort Study

We conducted secondary analyses of a 4-year cohort study
that recruited women living with and at-risk for HIV/AIDS
in the Bronx (described in Howard et al. 2005; PI
Schoenbaum; n = 620). Women in the cohort had a med-
ian age of 45 years (range 35-71); 50 % were Black and
39 % were Hispanic; 54 % were confirmed HIV + at
baseline; and all endorsed past HIV-related high-risk
behaviors (i.e., injection drug use, sex with known or
suspected HIV infected male, >4 partners in the last
5 years, and transactional sex for money or drugs). Self-
reported emotional distress, illicit substance use, violent
encounters, perceived financial hardship, history of child-
hood sexual abuse, and HIV-status were all collected in
interviews at baseline and then 6 month intervals. Sub-
stance use, violent events, history of childhood sexual
abuse and perceived financial hardship were asked as sin-
gle questions. Emotional distress was measured using the
Center for Epidemiologic Studies Emotional distress Scale
(CES-D; Radloff 1977; Coyne 1994). Sexual self-care was
operationalized using a composite score including: sex
with >1 partner in past 6 months, transactional sex, vaginal
sex without a condom and anal sex without a condom.
HIV-status was based on self-report and confirmed with
viral load or CD4 testing. Data from all nine time-points
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were used to compute indicators, annualized and semi-
annualized average frequency counts and to evaluate
bivariate relationships between constructs over time. The
cohort data were also used to inform the calibration of
produced scenarios of syndemic risk dynamics.

The Bronx Community Research Review Board (BxCRRB)

The BxCRRB is a community-academic partnership made up
of approximately 10 Bronx community members who work to
increase the benefits of research to their community. Members
were demographically similar to the population of interest.
We met with the BxCRRB three times and obtained qualita-
tive feedback about our problem conceptualization and the
dynamics of syndemic risk, by presenting our initial CLD and
later simulated scenarios. During our first meeting, we pre-
sented our list of initial syndemic constructs (history of
childhood sexual abuse, distress, substance abuse, violence,
and financial hardship as identified in our systematic literature
review) without conveying our hypothesized relationships.
Members were asked if the identified constructs were mean-
ingfully related to sexual self-care and how they felt the
constructs were related to one another. The members affirmed
that the identified constructs were related to sexual self-care
and confirmed our hypothesized interrelationships. By con-
sensus, the members suggested we add “self-worth” to our
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Table 1 Support from published literature for bivariate relationships represented in the system dynamics model®

Bivariate relationship

Listing of supportive peer-reviewed published literature

Endogenous constructs

Self-worth and perceived financial
hardship (Loops I and 3)

Self-worth and drug use (Loop 2)

Violence and self-worth (Loops 2 and 3)

Dietz (1996), Leary and Baumeister (2000), Lundberg and Kristenson (2008), Orth et al. (2012),
Selenko and Batinic (2011)

Dietz (1996), Golder and Logan (2011), Gutierres and Puymbroeck (2006) (review), Orth et al.
(2012)

Dietz (1996), Golder and Logan (2011), Gutierres and Puymbroeck (2006) (review), Orth et al.

(2012)
Drug use and risk of violence (Loop 2)

Risk of violence and violent events (Loops
2 and 3)

Perceived financial hardship and risk of
violence (Loop 3)

Exogenous inputs

Poverty and risk of violence

Poverty and perceived financial hardship

HIV-status and risk of violence Gielen et al. (2007)

Childhood sexual abuse and self-worth

Indicator constructs

Emotional distress and self-worth

Emotional distress and perceived financial
hardship

Emotional distress and violent events

Sexual self-care and self-worth

Campbell et al. (2009), El-Bassel et al. (2005), Testa et al. (2003)
Catalano et al. (2009), Sonis and Langer (2008)

Jewkes (2002), El-Bassel et al. (2005), NYC DOHMH (2009), Sonis and Langer (2008)

Jewkes (2002), NYC DOHMH (2013), Sonis and Langer (2008)
Adler et al. (2000), Lundberg and Kristenson (2008)

Bagley and Ramsay (1986), Golder and Logan (2011), Lalor and McElvaney (2010) (review)

Orth et al. (2008) (review), Orth et al. (2012), Sowislo and Orth (2013)
Heflin and Iceland (2009), Miech and Shanahan (2000), Muntaner et al. (2004)

Golder and Logan (2011) (among women who endorsed substance use)
El-Bassel et al. (1997), Ethier et al. (2006), Forna et al. (2006), Gutierres and Puymbroeck (2006),

Jacobs and Kane (2011), Sterk et al. (2004), Somalai et al. (2000)

Sexual self-care and drug use

Sexual self-care and violence (not
depicted in CLD)*

Gutierres and Puymbroeck (2006), Sterk et al. (2004), Stockman et al. (2010)
Golder and Logan (2011), Gutierres and Puymbroeck (2006)

# Two bivariate relationships included in the model were exclusively informed by the cohort data: HIV-status and perceived financial hardship
and the pattern of drug use and drug use. The latter relationship was a function of the modeling (e.g., L2 is only activated for women who are

active drug users)

conceptualization of syndemic-risk. In a subsequent literature
review, we found that self-worth, defined as a person’s eval-
uation of self and conceptualized as a part of self-esteem
(Rosenberg 1979), was independently associated with all of
the proposed syndemic constructs (Dietz 1996; Golder and
Logan 2011; Logan et al. 2002; Orth et al. 2012; Selenko and
Batinic 2011). We returned to review our revised CLD as well
as simulated output from six calibrations (scenarios) of our SD
model (4 depicted in Fig. 2).

Model Formulation

Model formulation involves translating a CLD into a
working simulation tool. For the current project, we used
Vensim® modeling software to accomplish this. Model
equations are programmed using Vensim’s stock-and-flow
graphical interface. Equations are formulated to compute
rates of change and accumulation over time, and typically

include algebraic expressions and/or pre-programmed
functions to process information delays, invoke periodic
discrete events, or integrate other specified effects.

Information Delays

The information delay was a central structure in equations
we used to define key constructs of syndemic risk. In our
model, all of our primary constructs, that were not discrete
events (i.e., drug use and violent events), could be treated
as ‘delays in perception,” which are most expediently
simulated using an information delay. We used the infor-
mation delay for all of our major constructs of syndemic
risk (i.e., emotional distress, perceived financial hardship,
risk of violence, self-worth and sexual self care), with the
exception of drug use and violent events, for which we
utilized a pre-programmed pulse function. Formulation of
each information delay and its parameter values was
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Fig. 2 Simulated scenarios of syndemic risk (1-4)

informed by the three sources of evidence: published lit-
erature, trend analyses of our women’s cohort data, as well
as feedback from the BxCRRB. Further explanation and
specifics regarding how we formulated our SD model,
including formulation of information delays, are available
in (Batchelder and Lounsbury, in press).

Managing Uncertainty of Discrete Events

Although SD models generally simulate continuous processes,
as opposed to discrete events, our representation of syndemic
risk is linked to specific events, such as a violent incident in the
community. We utilized the Vensim pulse train function to
manage uncertainty about the probability of occurrence of a
discrete event happening. Based on cohort data and literature
on substance abuse and violent events among similar popula-
tions, including large national samples of frequency of violent
events based on previous experience of violence, we developed
equations to estimate the pulse rates.

Time Horizon

In the current project, we formulated our SD model to rep-
resent the hypothesized behavioral and psychosocial
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dynamics of an individual woman affected by syndemic
risk, over the course of a 2-year period (Time horizon =
104 weeks).

Quantification of Model Constructs

We can classify the constructs included in our model of
syndemic risk as endogenous or primary, exogenous, Or
indicator. Endogenous or primary constructs are those that
form a feedback structure, or loop. These include: drug use,
violent events, risk of violence, perceived financial hardship,
and self-worth. Exogenous constructs are those that have a
direct effect on one or more constructs in the model, but are
not part of a feedback structure. These include history of
childhood sexual abuse, which has a fixed effect on initial self-
worth; HIV-status, which has fixed effects on risk of violence
and perceived financial hardship; and pattern of drug use,
which was programmed to be either a non-user or an active
user. When an active pattern of drug use is selected, incidents
of drug use vary over time depending on level of self-worth.
Like exogenous constructs, indicator constructs are not part of
a feedback structure, but can be computed as an outcome of
the effect or influence of one or more constructs in the model.
These include sexual self-care and emotional distress.
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Emotional distress, perceived financial hardship, risk of vio-
lence, self-worth, and sexual self-care were all formulated on
a 100-point scale, ranging from 0 to 100 units, allowing for
ease of comparison of simulated output.

Model Validation Tests

Procedures for SD model-building and validation are orga-
nized around the purpose of the model. The validation process
occurs as the model is designed, tested and finalized. For the
current project, the central validation step was to define and
understand the structure and behavior of syndemic risk
affecting women with and at-risk for HIV in an impoverished
urban community. Structural validity involves determining
that the model has been formulated with accuracy and ade-
quately represents its intended conceptual description. Be-
havioral validity refers to determining that the model’s
simulated behavior has sufficient accuracy for its intended
purpose. Equally important, and central to the current project,
is affirmation of construct validity, which ensures that theories
and assumptions underlying the conceptual problem, or pur-
pose of the model, are correct and reasonable. Additionally, an
evaluation of the type and quality of the sources of evidence
available to support model parameterization and calibration,
or data validity, is also an important aspect of SD model
validation (Habbema et al. 2014; Oliva 2003). Data validity
involves evaluating whether sufficient information for model
formulation and calibration are available, and whether they
are adequate and reliable for model evaluation and application
(i.e., conducting virtual experiments and policy analyses; J.
W. Forrester 1992; Martis 2006).

The structural validity was iteratively assessed, as the
model was formulated. This included ensuring that each
equation conformed to basic tests of dimensional consis-
tency and was properly initialized and calibrated. Struc-
tural validity tests, including parameter values, extreme-
condition tests, and dimensional consistency tests were
used to confirm that the equations used to construct the
model followed commonly accepted mathematical princi-
ples, namely that the model was dimensionally valid (i.e.,
the units of measurement or quantification of the constructs
or variables on each side of the equation were the same).
The model was then calibrated to ensure replication of
associations identified in the literature, consistency with
trends derived from the cohort study data and feedback
from community stakeholders (BxCRRB).

Results

Our analyses of the dynamics of syndemic risk are sum-
marized in Fig. 1, shown as a CLD. Three causal loops are
shown (L1-L3). These loops are comprised of five

endogenous constructs (drug use, perceived financial hard-
ship, risk of violence, violent events, and self-worth). Two
indicator constructs derived as a function of the feedback
structure (emotional distress and sexual self-care). Reported
childhood sexual abuse, HIV-status and poverty are included
as exogenous inputs, or contextual characteristics or envi-
ronmental conditions that are not influenced by the SD of
focus. These inputs change due to conditions external to the
looped (endogenous) dynamics of a social problem of
interest.

Feedback Structure Analysis

All three causal loops are reinforcing feedback structures.
The first loop (L1) includes self-worth and perceived
financial hardship. Incremental changes in one lead to
incremental changes in the opposite direction in the other
(i.e., as self-worth increases perceived financial hardship
decreases and visa versa). This loop is reinforcing as it
contains two negative relationships, resulting in a positive
or reinforcing feedback structure.

The second loop (L2) involves three syndemic con-
structs: self-worth, drug use, and violence, which we
operationalize as risk of violence and violent events. Given
that drug use was conceptualized as a binary construct or
initial “switch” (active substance user versus non-user),
this loop is only activated when “active substance user” is
selected as an initial value. This loop demonstrates that
incremental changes in self-worth lead to incremental
changes in drug use, in the opposite direction (i.e., as self-
worth increases drug use decreases). As drug use increases,
risk of violence also increases. As risk of violence
increases, the rate of violent events increases. Finally, as
violent encounters increase, self-worth decreases.

The third loop (L3) involves four constructs: self-worth,
perceived financial hardship, risk of violence and violent
events. This structure demonstrates how an incremental
change in self-worth leads to an incremental change in the
opposite direction in perceived financial hardship (as in
L1). It is of note that we are not suggesting that actual
financial hardship is caused by level of self-worth; rather,
we suggest level of self-worth incrementally contributes to
perception of the severity of financial hardship. An incre-
mental change in perceived financial hardship then leads to
an incremental change in the same direction in risk of
violence (e.g., as perceived financial hardship increases
risk of violence increases). An incremental change in risk
of violence then leads to an incremental change in the same
direction in violent events (e.g., as risk of violence
decreases the number of violent events decreases), which
then leads to an incremental change in the opposite
direction in self-worth (e.g., as the number of violent
events increases self-worth decreases).
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Emotional distress and sexual self-care are derived
effects from the three feedback structures described above,
referred to as indicator constructs. Emotional distress is
conceptualized as a function of violent events, self-worth
and perceived financial hardship. As violent events and
perceived financial hardship increase, emotional distress
also increases. As self-worth increases emotional distress
decreases. Sexual self-care is conceptualized as a function
of self-worth and drug use. As self-worth increases sexual
self-care also increases. As drug use increases sexual self-
care care decreases.

We included three exogenous constructs for which
baseline values are set prior to running the model and serve
as drivers of selected endogenous constructs. Childhood
sexual abuse decreases baseline self-worth. HIV-status and
baseline poverty affect both perceived financial hardship
and risk of violence. Being HIV + slightly decreases
baseline perceived financial hardship (based on the cohort
data) and results in higher baseline risk of violence. Pov-
erty is associated with higher perceived financial hardship
and initial risk of violence values.

Behavior Pattern Analysis

Based on our three sources of evidence, we formulated the
model to simulate various scenarios over 104 weeks
(2 years). We first used the model to conduct a preliminary
sensitivity analysis, where we simulated output for each
construct in our CLD, testing the effects of different values.
We examined these results and used them to identify
meaningful patterns and dynamics between syndemic
constructs.

In order to convey the dynamic variability of syndemic
risk, we selected four demonstration scenarios that differ
by one socio-environmental construct and one intraper-
sonal initial variable values: Scenario 1 shows the
dynamics of a “non-drug user” with low perceived finan-
cial hardship, Scenario 2 shows the dynamics of a “non-
drug user” with high perceived financial hardship, Scenario
3 shows the dynamics of an “active user” with low per-
ceived financial hardship and Scenario 4 shows the
dynamics of an “active user” with high perceived financial
hardship. Initial values for all other endogenous variables
and exogenous outputs in the model were not varied for
these scenarios. All scenarios presented here did not
include an effect of childhood sexual abuse or being HIV+.
These scenarios were chosen from a multitude of possible
scenarios because they depict patterns seen throughout
other model outputs.

We saw consistent patterns including violent events
coinciding with decreases in self-worth, sexual self-care and
increases in emotional distress across scenarios. Scenarios 3
and 4 are indicative of patterns identified across scenarios
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including active substance use, in that substance use coin-
cided with decreases in sexual self-care and increases in
emotional distress. Further, the interrelationships between
violence, drug use, sexual self-care, emotional distress and
self-worth became increasingly complex when perceived
financial hardship increased, as evidenced in scenarios 2 and
4 compared to 1 and 3, respectively. Additionally, self-worth
was a central construct, responding to changes in other
constructs across scenarios, as exemplified in all four sce-
narios. There was substantial variability in the time it took
for self-worth and emotional distress to return to initial levels
after violent events and substance use occurred across sce-
narios, demonstrated in the four scenarios in Fig. 2.

Discussion

Our application of SD modeling (1) synthesizes the extant
literature, insight from a relevant cohort study and stake-
holder feedback related to the ecological factors con-
tributing to syndemic risk among women with and at-risk
for HIV; and (2) uses a demonstration SD model to convey
how the identified constructs comprising syndemic risk are
dynamically interrelated. Applying a SD approach enabled
us to build upon findings from prior statistical modeling
studies by effectively synthesizing multiple sources of
evidence, including feedback from community members
that led to inclusion of self-worth as central element of
syndemic risk. Our final demonstration model is offered as
a tool to improve our understanding of how the identified
syndemic constructs are interrelated, in order to explore
syndemic theory and strategies for concurrently addressing
these dynamic processes. Moving forward, this and other
SD models can be used to explore multicomponent multi-
level intervention strategies to address syndemic risk.
Presented as feedback loops and as simulated patterns of
change over time, our model shows the interdependencies
among socio-environmental, interpersonal and intraper-
sonal level constructs in a manner that supports the
importance and utility of applying an ecological framework
to the study of complex psychosocial phenomena. The
patterns simulated by the model convey and expand on the
proposed synergy between syndemic problems and their
impact on women living with and at risk of HIV poor urban
communities (Singer 1996; Meyer et al. 2011). While a
multitude of scenarios are possible by varying any of the
syndemic constructs, the four scenarios we presented
convey patterns seen throughout our model outputs. For
example, violent events were consistently followed by
change in intrapersonal, including behavioral and psy-
chosocial sequela (e.g., reductions in sexual self-care and
self-worth and increases in emotional distress). Generally,
the simulated patterns we saw across scenarios were
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consistent with published literature (e.g., Catalano et al.
2009; El-Bassel et al. 2005; Jewkes 2002; Meyer et al.
2011; NYC DOMHM 2013; Smith and Romero 2010).

The features of the SD methodology offer unique
insights into dynamic patterns beyond what can be gleaned
from purely statistical methods based on the general linear
model, such as structural equation modeling and path
analysis. These benefits include the iterative integration of
feedback over a simulated period of time, accounting for
the rate of change of variables as well as linkages between
equations. We believe this project makes an important
contribution to the syndemic literature by demonstrating
that we were able to effectively use calculus and algebraic
equations to build and validate a SD model utilizing three
sources of evidence to simulate syndemic risk among an
identified population.

Given the capacity of SD methodology to be consistent
with a range of epistemologies, from logical empiricism to
relativist, constructivist, and perspectivism philosophies of
science, SD modeling projects are a promising way to
conduct stakeholder engaged research. This was illustrated
by our ability to incorporate the perspectives and lived
experiences of community members serving on the
BxCRRB (Trickett and Beehler 2013). Their community-
level insight enriched our understanding of how to define
and explore syndemic risk. Specifically, the BxCRRB
members identified self-worth as a highly relevant con-
struct and a potential point of leverage (Kellogg Founda-
tion 2005), which we confirmed was associated with all of
the initially identified syndemic problems (e.g., Dietz 1996;
Jacobs and Kane 2011; Sowislo and Orth 2013). Based on
our second literature review, we now hypothesize it to be in
the causal pathways linking the initial syndemic constructs
together, as indicated in the CLD (Fig. 1). The involvement
of BXCRRB in our study exemplifies how key stakeholders
and qualitative methods can strengthen the SD modeling
process. This is consistent with calls for greater support of
research strategies that emphasize relational processes in
which knowledge is generated via cycles of reflective
exchange and deliberation among researchers and public
stakeholders (Tebes et al. 2014).

Consistent with systems theory, the interrelationships
between the identified syndemic constructs indicate a need
for multi-level intervention strategies that concurrently
target interrelated problems (Trickett and Beehler 2013).
To date, few interventions have concurrently focused on
addressing intrapersonal, interpersonal and socio-environ-
mental problems (e.g., substance abuse, distress, and
financial hardship; Trickett and Beehler 2013; Logan et al.
2002). Interventions that include elements of drug treat-
ment while addressing risk factors such as traumatic stress
and low self-esteem have demonstrated efficacy in reduc-
ing engagement in high-risk behaviors (Amaro et al. 2007,

Exner et al. 1997). This model emphasizes the potential
utility of SD as a tool for development and simulated
assessment of such interventions.

Together, our conceptualization of syndemic risk, inclu-
sive of self-worth, emphasizes the need to cultivate resi-
lience and ultimately empowerment within women with and
at-risk for HIV, consistent with Brodsky and Cattaneo’s
transconceptual model of empowerment and resilience
(2013). We propose that Brodsky and Cattaneo’s (2013)
emphasis on the need to start with intrapersonal resilience, or
the process that leads to adaptive outcomes, in contexts
where the disparity between reality and needed change is
great (e.g., women with and at-risk for HIV) may be a way to
increase self-worth within the presented CLD. According to
this theory, initial focus on intrapersonal resilience enables
individuals to adapt, withstand or resist negative or risky
patterns and be more equipped to successfully pursue
empowerment goals in the future. After resiliency has been
cultivated, providers can work with individual women to
shift power dynamics that impact their current life contexts
(e.g., pursuing economic empowerment or seeking safe
housing away from an abusive partner). For example, a
multi-level intervention that first improves self-worth and
focuses on substance use, thus building resiliency, and
subsequently works to increase economic freedom (e.g.,
through housing or vocational training), thus building
empowerment, may be more effective than addressing
intrapersonal after or concurrently with interpersonal and
socio-environmental (Brodsky and Cattaneo 2013). Notably,
this theory does not preclude others from working toward
systematic shifts in empowerment opportunities through
advocating for policy, structural and system changes to
reduce social and economic disparities and hardship. We
believe this and other SD models can be used to assess the
dynamic effects and unintended consequences of multi-
component and multi-level intervention strategies, including
adjusting the order of simulated treatment effects (e.g.,
James et al. 2003; Trickett and Beehler 2013).

In order to effectively implement multicomponent
multi-level interventions, multidisciplinary partnerships are
needed between clinicians, public health and community
practitioners, researchers and policy makers (Smith and
Romero 2010). In addition to medical providers, clinical
and community psychologists, social workers and coun-
selors can play an important role in reducing interrelated
intrapersonal, interpersonal and socio-environmental level
problems (Carter et al. 2013). Case management, housing
support, and gender-specific programming have also
helped women with and at-risk for HIV improve access to
social services and health care (Kenagy et al. 2003).

While multicomponent multilevel interventions may
seem cost-prohibitive, the SD methodology includes
feedback structures that integrate equations over time,
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enabling cost-benefit analysis of complex interventions
without the resources necessary for longitudinal studies.
This and other SD models can be used to simulate the
effects and cost of different multicomponent multilevel
interventions over time.

This work has several limitations. To be as parsimonious
as possible while meeting the goal of the model, we sim-
plified our problem conceptualization (Homer and Hirsch
2006); nonessential contextual and historical qualifications
were excluded. Therefore, we opted to exclude several
potentially relevant constructs based on limited effect
identified in our three sources of evidence (e.g., race did
not have a significant impact on the syndemic constructs in
the cohort sample and was, therefore, removed). While the
three sources of evidence adequately informed the model’s
structure and the bivariate relationships, including enough
longitudinal data to calculate rates of change, longitudinal
data with shorter intervals between data points, such as
momentary ecological assessment, would enable a more
precise understanding of the dynamics of syndemic risk.
Further empirical work is needed to evaluate the longitu-
dinal relationships between self-worth and the other syn-
demic constructs. This sample may not be generalizable
beyond women with and at-risk for HIV in the Bronx.
Additionally, the cohort study’s inclusion criteria of pre-
vious engagement in HIV-related high-risk behavior may
have resulted in a lack of variability among the cohort.
Future work is needed to simulate the effects of multi-
component and multilevel intervention strategies to assess
the potential benefits, unintended consequences and cost.

Conclusion

As human behavior and psychology are complex and
therefore never perfectly predictable, SD modeling is one
methodology that can help provide insights about general
behavioral patterns or tendencies. Our work shows how SD
modeling is a distinctively flexible tool for exploring and
understanding social and behavioral complexity in public
health and community research projects, beyond what gen-
eral linear modeling has demonstrated. Additionally, our
work provides evidence that SD has the potential to aid in the
development of strategies for designing and implementing
multicomponent multilevel interventions that strategically
address socio-environmental, interpersonal and intraper-
sonal level problems. Future work is needed to continue to
identify the best intervention strategies for reducing the
synergistic burden on this vulnerable population, and SD
modeling has the potential to play a critical role.
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