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Abstract
School health programs are united by their desire to promote health and health-
related outcomes among youth. They are also united by the fact that their expected 
effects are contingent on successful program implementation, which is often 
impeded by a multitude of real-world barriers. Techniques used in management sci-
ence may help optimize school-based programs by accounting for implementation 
barriers. In this exploratory study, we present a detailed example of the first known 
application of linear programming (LP), which is an optimization technique, to Posi-
tive Action (PA). PA is a social emotional and character development program that 
includes a six-unit, teacher-delivered, classroom curriculum. We specify how we 
used LP to calculate the optimal levels of program implementation needed to mini-
mize substance use, subject to known levels of implementation barriers (e.g., disrup-
tive behavior, teacher education, teacher attitudes towards character development, 
school resources, and school safety). We found that LP is a technique that can be 
applied to data from a school health program. Specifically, we were able to develop 
a model that calculated the number of lessons that should be taught to minimize 
a specific health-compromising behavior, given expected levels of predetermined 
implementation barriers. Our findings from this exploratory study support the util-
ity of applying LP during the program planning and implementation processes of 
school health programs.
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Introduction

School-based health-promotion programs come in various forms (e.g., social 
skills training, behavior modification, mentoring) and have a variety of aims (e.g., 
reduced substance use, improved emotional development). What unites these pro-
grams is that their attainment of desired outcomes is often directly associated with 
implementation levels (Durlak & DuPre, 2008). One indicator of implementation, 
which broadly refers to program delivery, is dosage, which refers to the quantity 
of program delivery (Dane & Schneider, 1998). Implementation intensity, which 
includes dosage, can be influenced by a multitude of factors (Payne, Gottfredson, & 
Gottfredson, 2006), and accounting for these during the program planning stage for 
school-based programs may facilitate the attainment of desired outcomes.

Implementation is influenced by factors that can occur at various levels (e.g., 
teacher, school, student; Domitrovich, Gest, Gill, Jones, & DeRousie, 2009; Pas, 
Waasdorp, & Bradshaw, 2015). For example, provider characteristics, including 
whether teachers have the required skills (e.g., education level) and experience to 
deliver the program, and their attitudes towards the program, all influence implemen-
tation (Beets et al., 2008; Linnell et al., 2016; Wang et al., 2017). Barriers to imple-
mentation can also occur at the student level, and include issues related to behavioral 
disruptions and discipline (Botvin, 2004; Pas et al., 2015). At the school level, safety 
can influence implementation levels both directly and via its impact on classroom 
engagement (Cote-Lussier & Fitzpatrick, 2016; Pas et al., 2015). Characteristics of 
the organizational climate (e.g., school climate) can also influence implementation 
(Beets et al., 2008; Malloy et al., 2015). Specifically, schools with higher levels of 
resources (e.g., funds, materials, equipment) have been shown to achieve higher lev-
els of implementation (Domitrovich et  al., 2009). Thus, it is apparent that school-
based efforts to maximize health-promoting outcomes and minimize health-compro-
mising outcomes must take into account anticipated levels of such factors in order to 
calculate the minimum levels of implementation needed to achieve desired results. 
Optimization is an approach that allows for such resource allocation to take place.

Linear programming (LP) is an optimization technique which uses a mathe-
matical model of linear equations with the objective of planning the best possible 
allocation of scarce resources, under a set of constraints that serve as barriers 
to implementation (Massachusetts Institute of Technology, 1977). LP has three 
main components: an objective function, decision variables, and constraints. In 
the context of school-based programs, these represent the outcome of interest, 
implementation indicators, and barriers to implementation, respectively. The 
objective function/outcome of interest is a linear function of the decision vari-
ables subject to constraints (which are also linear functions of the decision vari-
ables). One advantage of this technique is that it allows for known or anticipated 
values of scarce resources to be incorporated into the model (Silver, Pyke, & 
Peterson, 1998), and is used to calculate the optimal way to allocate these limited 
resources (Hillier & Lieberman, 2005); this feature can be particularly helpful in 
settings where resources are limited and competing demands for resources exist 
(e.g., such as school-based programs implemented in low-income settings).
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Although the LP technique is rooted in the disciplines of management science, 
there are a growing number of examples of its use in health care research (e.g., Earn-
shaw, Hicks, Richter, & Honeycutt, 2007; Flessa, 2000; Kuo, Schroeder, Mahaffey, 
& Bollinger, 2003; Mulholland, Abrahamse, & Bahl, 2005; Tianviwat, Chongsuvi-
vatwong, & Birch, 2009). In addition, there is an emerging trend towards behavio-
ral intervention research using engineering- and resource management-rooted tech-
niques to optimize and evaluate interventions (Collins, Kugler, & Gwadz, 2015). To 
date, however, the application of the LP technique to school-based programs has 
been limited, even though program implementation is related to time allocation 
directly and, thus, to resource allocation indirectly. As such, it is possible that appli-
cation of LP to school-based programs could facilitate an understanding of imple-
mentation levels needed to optimize desired outcomes.

The purpose of our exploratory study was to apply LP to one specific, school-
based program, Positive Action (PA). PA is a social emotional and character devel-
opment (SECD) program in which lessons are delivered by the classroom teacher. 
From 2004 to 2010, PA was implemented via a randomized controlled trial in seven 
Chicago Public Schools in low-income settings. Our outcome of interest (i.e., the 
objective function) in this exploratory study was substance use, a health-compro-
mising behavior. Our goal was to employ LP to determine if it might be possible to 
obtain estimates of the specific amounts of implementation needed (i.e., number of 
weekly lessons for each of the units needed to be taught: the decision variables) to 
minimize a health-compromising behavior (i.e., substance use: the objective func-
tion), given pre-specified and expected levels of various implementation barriers 
(i.e., the constraints).

Methods

Data Source

The school-based (clustered), randomized controlled trial of PA set in Chicago was a 
longitudinal study conducted from 2004 to 2010. During the trial, a dynamic cohort 
of students was followed from grades 3–8. The study was approved by the Chicago 
Public Schools Research Review Board, as well as the respective entities of each 
participating university. Fourteen diverse low performing and high poverty schools 
were matched into seven pairs, and schools within each pair were randomized to 
treatment (receipt of the PA program) or control (business as usual). For our explor-
atory study examining the feasibility of LP, we used data from treatment schools 
during the last 2 years of the study.

To date, results from the Chicago trial of PA have shown an impact on substance 
use (Lewis et al., 2012) among PA versus control students, and have demonstrated 
that the implementation of the program curriculum varied across PA schools (Mal-
loy et al., 2015). Implementation data also showed that teachers from grades 7 and 
8 reported teaching lessons from all six units in their respective academic years, 
which deviates from the intended curriculum design (discussed below); one possi-
ble explanation for this action is that the funding timeline prevented PA from being 
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implemented in grade 6. As such, we proceeded with analyzing the data using the 
LP technique as the program was actually implemented, rather than how it was 
designed to be implemented.

The PA Curriculum

The six units of the PA curriculum focus on the following content: self-concept, Posi-
tive Actions for the body and mind (including refraining from substance use), self-
management, prosocial interactions, self-honesty, and self-improvement. The number 
of lessons in the six-unit PA curriculum, which is delivered by teachers during class-
room time, is approximately equal across the units; when delivered as intended, the 
maximum number of lessons per unit ranges from 24 (Units 2 and 4) to 31 (Unit 3). For 
each of grades 7 and 8, 20-min interactive lessons per grade are supposed to be taught 
twice a week; grade 7′s 82 lessons should focus on Units 1–3 and grade 8′s 83 lessons 
should focus on Units 4–6. As mentioned above, however, during the Chicago trial, all 
six units were taught during grade 7, and we proceeded with our analyses accordingly.

Study Participants

We utilized data from treatment schools only. We applied the linear program to min-
imize substance use at wave 8 (i.e., the spring of grade 8). At wave 8, we had 218 
students in PA schools. Of these students, 61.5% identified as girls; and 55.2% iden-
tified as African American, 29.0% as Latinx, 8.7% as White, and 7.1% as Other.

Instrumentation, Procedure, and Data Analysis

We combine descriptions of the measures, procedures, and the analytic plan (includ-
ing equations) to elucidate how we used LP to calculate the optimal levels of pro-
gram implementation (i.e., the decision variables) needed to minimize substance 
use (i.e., the objective function), subject to known levels of implementation barriers 
(i.e., the constraints). The three main components of the LP model used in this study 
were the decision variables, objective function, and constraints.

Decision Variables

The decision variables reflected lesson delivery by unit (e.g., Unit 1: Self-con-
cept to Unit 6: Self-improvement). At the end of the grade 7 academic year (Fall 
2008-Spring 2009), PA teachers (n = 50; ~ 70% female) completed an implementa-
tion survey. Implementation surveys were completed by the teachers who actually 
delivered the program (i.e., homeroom teachers). Six items (one item per each of 
the six units) on the survey asked the teacher, “On the average week during Unit i 
(i = 1…6), how many lessons did you teach?” Response options ranged from “0” to 
“5 or more.” Each of these six variables had a normal distribution.
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Objective Function

The objective function (i.e., outcome of interest) was substance use (SU) at wave 8. 
We used this time point as the objective function to better establish a temporal rela-
tionship with the decision variables. We measured substance use using an adapted 
version of the CDC’s Risk Behavior Survey (Centers for Disease Control & Preven-
tion, 2016). The five-item composite (which we created as an average of five items to 
stay consistent with past studies) asked students (i.e., grade 8 PA students, n = 218) 
to report their experience with cigarettes, alcohol, marijuana, and other drugs. The 
response items were based on frequency of use, where 1 = no use, 2 = once, 3 = 2 
to 5 times, and 4 = more than 5 times. Program effects on SU at the end of grade 8 
were previously reported (Lewis et al., 2012); we focused this exploratory study on 
determining the feasibility of using LP to calculate optimal levels of lesson imple-
mentation needed per unit during the 2008–2009 academic year to minimize sub-
stance use (a health-compromising behavior) during the 2009–2010 academic year, 
subject to constraints present during the 2008–2009 academic year; again, we took 
this this approach to better establish temporality (see Fig. 1). Therefore, our objec-
tive function represents a minimization problem.

Constraints

In the context of a school-based program, constraints represent factors that could 
hinder implementation. In this exploratory study, we considered the following con-
straints, all of which were reported by all PA teachers during the 2008–2009 (grade 
7) academic year (n = 42 teachers): one student-related constraint was reported (dis-
ruptive behavior); two teacher-related constraints were reported (level of education, 
perceived responsibility to teach SECD); and two school-related constraints were 
reported (adequate resources, safety).

Fig. 1  This figure shows the temporal flow for the information which contributed to the constraints, deci-
sion variables, and objective function
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Analytic Steps

Developing and solving the optimization model, with the objective of minimizing 
substance use, required a series of steps. We first created one merged dataset that 
combined students’ reports of substance use at the end of grade 8, that is, spring 
2010 (for the objective functions); 2008–2009 teacher report of PA curriculum 
implementation (for the decision variables); and teacher reports from all PA school 
teachers that reflected different school context indicators during 2008–2009 (for the 
constraints).

We derived the objective function coefficients and the constraints using sim-
ple regression analyses. We estimated (using Stata v14) six simple regressions; in 
each regression, substance use ( SU) at wave 8 served as the dependent variable, and 
the number of lessons during Unit i (i = 1…6) at wave 7 served as the independ-
ent variable. We chose to estimate six simple regressions rather than one multiple 
regression with all six units (and potential covariates such as prior substance use) 
as we were interested in observing the individual effect of each unit’s lesson deliv-
ery. Additionally, although students were nested within schools, the intraclass cor-
relation by schools for substance use at wave 8 was 0.04; this further supported our 
use of a simple (as opposed to hierarchical) model. Given the skewed nature of the 
dependent variable, Stata’s ‘tobit’ command was used for the analyses. Let u1,… , u6 
represent the decision variables (i.e., “On the average week during Unit i, how many 
lessons did you teach?”). The six regression equations yield the following objective 
function:

The coefficients of the decision variables in the above equation come from the 
coefficients of u1,… , u6 in the regression equations.1 The y intercept of the six 
regression equations are not included as those constants did not have any effect on 
the optimal decision variables values. Equation  (1) minimized substance use as a 
function of the number of lessons taught during each Unit.

The following constraints, reported by teachers during the grade 7 academic year, 
were considered for their literature-supported relationship with program implemen-
tation. The items were created by the original research team.

(1)Min − 0.123u1 − 0.128u2 − 0.138u3 − 0.152u4 − 0.152u5 − 0.152u6

1 Simple linear regression equations used to form the objective function (Eq. 1):

SU = −0.123u1 + 1.141

SU = −0.128u2 + 1.145

SU = −0.138u3 + 1.175

SU = −0.152u4 + 1.214

SU = −0.152u5 + 1.214

SU = −0.152u6 + 1.214
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Student Constraints

Teachers rated their level of agreement (1 = Strongly Disagree to 5 = Strongly Agree) 
with seven items that represent disruptive behavior of their students. Sample items 
included “There are many disruptive, difficult students in the school” and “There are 
many noisy, badly-behaved students.” We reverse coded four of the items, created a 
composite in which a higher score reflected more disruptive behaviors by students 
(Cronbach’s alpha: 0.91). To form each constraint, we ran a simple linear regression, 
in which the number of lessons during Unit i (i = 1…6) served as the dependent var-
iable and the teacher report of student disruptive behavior served as the independent 
variable. We then substituted the actual mean of the student disruptive behavior at 
wave 7 (2.88) in the simple linear regression equations. Since we expected lower 
amounts of disruptive behavior to be associated with greater lesson delivery (i.e., an 
inverse relationship), we developed the equations with student disruptive behavior 
as being less than or equal to its mean in wave 7. Six constraints2 were obtained for 
each Unit 1 through 6. These constraints for Units 1 to 6 were due to student disrup-
tive behavior. Note that we selected all six units because the direction of the slope 
in the simple linear regression models was in the hypothesized direction. In other 
words, we expected that disruptive behavior and the number of lessons taught dur-
ing each week would have an inverse relationship, and therefore expected a negative 
slope.

Teacher Constraints

Teachers indicated their level of education; we recoded this item as binary (0 = Less 
than a Master’s Degree; 1 = Master’s Degree and above). To form each constraint, 
we ran a simple linear regression, in which the number of lessons during Unit i 
(i = 1, 2, 3, 6) served as the dependent variable and the level of education served as 
the independent variable. We then substituted the actual proportion of teachers with 
at least a Master’s degree/the “mean” of the level of education at wave 7 (0.76) in 
the simple linear regression equations. Since we hypothesized that there should be a 
direct relationship between level of education and implementation, we developed the 
equations with level of education to be more than or equal to its “mean” in wave 7. 

2 Constrains related to student disruptive behavior: u1 ≤ 3.3562 (obtained from nonequality 1u1 ≤ 0.7672 
× 2.88 + 1.1462 = 3.356)

u2 ≤ 3.197

u3 ≤ 3.197

u4 ≤ 3.213

u5 ≤ 3.182

u6 ≤ 3.112
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We specified four constraints3 for Units 1, 2, 3, and 6. These Constraints for Units 1, 
2, 3, and 6 were due to teacher’s various levels of education. Note that we selected 
Units 1, 2, 3 and 6 because their slopes in the simple linear regression models were 
as hypothesized.

Teachers rated how often they thought 15 different components of SECD should 
be taught (e.g., character education; being thoughtful to others; goal setting skills), 
on a scale of 1 = Never to 5 = Always. We created a composite in which higher scores 
represented more of a teacher’s perceived responsibility to teach SECD (Cronbach’s 
alpha: 0.98). To form each constraint, we ran a simple linear regression, in which 
the number of lessons during Unit i (i = 1, 2, 3) served as the dependent variable 
and the teacher’s responsibility to teach SECD served as the independent variable. 
We then substituted the actual mean at wave 7 (4.22) in the simple linear regression 
equations. Since we hypothesized that there should be a direct relationship between 
teacher’s responsibility to teach SECD and lesson delivery, we developed the equa-
tions to be more than or equal to its mean in wave 7. We obtained three constraints4 
for Units 1, 2, and 3. These constraints for Units 1 through 3 are due to teachers’ per-
ceived responsibility to teach SECD. Note that among the six units, we selected the 
first three units due to the direction of the slope being in the hypothesized direction 
in the simple linear regression equations.

School Constraints

For the adequate resources variable, teachers used a Likert scale (1 = Strongly 
Disagree to 5 = Strongly Agree) and stated their agreement with 7 items (e.g., 
“The school or department library includes an adequate selection of books and 
resources”; “Adequate duplicating facilities or services are available to teachers”). 
We reverse coded four items and created a composite score in which higher scores 
reflected more resources (Cronbach’s alpha: 0.52). To form the constraint, we ran a 
simple linear regression, in which the number of lessons during Unit 1 served as the 
dependent variable and the adequate resources served as the independent variable. 
We then substituted the actual mean of the adequate resources composite at wave 7 
(3.98) in the simple linear regression equations. Since we hypothesized that greater 

3 Constraints related to teacher’s various levels of education 

u1 ≥ 3.192

u2 ≥ 3.070

u3 ≥ 3.070

u6 ≥ 2.966

4 Constraints related to teacher’s perceived responsibility to teach SECD 

u1 ≥ 3.342

u2 ≥ 3.083

u3 ≥ 3.083
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resources would result in greater lesson delivery, we developed the equations for 
resources to be more than or equal to its mean in wave 7. One constraint5 is obtained 
for Unit 1. This constraint for Unit 1 is due to inadequate resources. Among the six 
units, we proceeded with only the first unit because the slope in the simple linear 
regression equation was in the hypothesized direction.

Teachers also reported how often they felt safe at school by responding to four 
items (e.g., “How often have you been afraid that a student will hurt you at school?” 
“How often have you brought something to school to protect yourself?”). The 
response options ranged from 1 = Never to 4 = 6 or More Times. We reverse coded 
the four items so that higher scores represented more feelings of safety (Cronbach’s 
alpha: 0.77). To form each constraint, we ran a simple linear regression, in which 
the number of lessons during Unit i (i = 1…6) served as the dependent variable and 
safety served as the independent variable. We then substituted the actual mean of 
safety at wave 7 (3.28) in the simple linear regression equations. Since we hypoth-
esized that there would be a direct relationship between safety and lesson delivery, 
we developed the equations for safety to be more than or equal to its mean in wave 7. 
Six constraints6 were obtained for Units 1–6. These constraints for Units 1 through 6 
are due to inadequate safety. Note that we selected all six units due to each slope in 
the simple linear regression models being in the hypothesized direction.

The response options for each decision variable ui (number of lessons taught on 
the average week during Unit i [i = 1…6]) ranged from 0 to 5 or more. Given the 
theory guiding the PA program, and that the curriculum intentionally includes all six 
units, we thought it desirable that at least one lesson of each PA unit will be taught 
on the average week during that unit. Hence, we added appropriate equations to 
reflect the range for the number of lessons taught in each unit.7The final LP model, 
created to eliminate redundancy among constraints (e.g., according to one constraint 
u1 ≥ 3.342 ; this makes constraint u1 ≥ 3.192, a redundant constraint), is as follows:

5 Constraint related to school’s adequate resources u1 ≥ 3.218

6 Constraints related to school safety 

u1 ≥ 2.713

u2 ≥ 2.356

u3 ≥ 2.356

u4 ≥ 2.360

u5 ≥ 2.253

u6 ≥ 2.188

7 Constraints related to the range of the responses for each decision variable: 

u1,… , u6 ≥ 1

u1,… , u6 ≤ 5
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We used Excel Solver (an add-into Excel) to solve the LP model.

Results

Table 1 presents actual values and calculated optimal values for the decision vari-
ables. The first column illustrates the actual mean and range for lesson implemen-
tation per unit per average week that each particular unit was taught, as reported 
by teachers. The second column indicates the calculated optimal number of lessons 
that should be taught on the average week during each unit to minimize substance 
use. The table shows that for each unit, the actual average number of weekly lessons 
taught was lower than the calculated optimal number of weekly lessons. In addi-
tion, we were interested in observing the individual effect of each unit. Although 
there was not extensive variation between units, Unit 1 (self-concept) and Unit 4 
(pro-social interactions) were the units that results showed should be taught with the 
greatest frequency to minimize substance use.

Discussion

We conducted a novel exploratory study in order to determine whether it is feasible 
to apply the LP technique, which is used in management science, to a school health 
program. We developed a model and calculated the optimal amounts of program 
implementation needed to minimize substance use, given implementation barriers 
that exist at the student, teacher, and school levels. Results of this exploratory study 
demonstrate the feasibility of applying LP to school health programs.

We were also able to calculate the optimal numbers of lessons per unit to be 
taught weekly (i.e., 3–4) in order to minimize substance use, subject to set values 
of known implementation barriers. On average, teachers came close to teaching 

Min − 0.123u1 − 0.128u2 − 0.138u3 − 0.152u4 − 0.152u5 − 0.152u6

Subject to

3.342 ≤ u1 ≤ 3.356

3.083 ≤ u2 ≤ 3.197

3.083 ≤ u3 ≤ 3.197

2.360 ≤ u4 ≤ 3.213

2.253 ≤ u5 ≤ 3.182

2.966 ≤ u6 ≤ 3.112
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the optimal numbers of weekly lessons from each unit. This may explain, in part, 
why previous studies from this trial showed an impact on substance use, as com-
pared control schools (Lewis et al., 2012). Teachers who taught less than the optimal 
amount should be consulted to better understand implementation barriers, and how 
they can be overcome in future studies.

With respect to the specific findings about individual effect of each unit, results 
suggest that teaching more lessons from the units on self-concept (Unit 1) and 
prosocial behavior (Unit 4) may be beneficial. In previous research Fuentes, Garcia, 
Gracia, and Lila (2011) observed an inverse relationship between substance use and 
academic, family, and physical self-concept of adolescents. In another study, Lud-
wig and Pittman (1999) also observed an inverse relationship between prosocial val-
ues and adolescent substance use. These preliminary findings support the evidence-
based framework guiding the PA curriculum and highlight the potential importance 
of self-concept and pro-social interactions in minimizing adolescent substance use. 
Given the exploratory nature of this work, and its novelty in that it is the first known 
application of LP to a trial on a school-based SECD program, it would be important 
to aim to replicate these findings with other completed trials of PA and similar pro-
grams to determine reproducibility.

Limitations

The objective function (i.e., grade 8 substance use) of our study was based on stu-
dent self-report. Additionally, the decision variables (i.e., weekly implementation of 
lessons from the six units) rely on accurate teacher recall, and do not indicate other 
components of fidelity (e.g., adherence, perceived quality of lesson delivery, par-
ticipant engagement; Dusenbury, Brannigan, Falco, & Hansen, 2003). Nonetheless, 
dosage is considered an important indicator of implementation quality (Domitrovich 
et al., 2009; Dusenbery et al., 2003). The constraints we selected do not encompass 
all possible variables that could influence implementation. However, we selected 
known correlates of implementation that align with an ecological approach. Given 
the exploratory nature of our analyses, we did not include all possible implementa-
tion barriers (e.g., classroom size, absenteeism); it is possible that other variables 
may be more influential determinants of program implementation in other settings. 
With respect to our analytic plan, although LP is a theoretical approach that gives 
an exact solution, our approach did require the use of linear regression to estimate 
the objective function and constraints coefficients. This makes the coefficients of 
the objective function and constraints estimates of the actual values. In addition, we 
made analytic decisions that were based on our interest in examining the individual 
effect of each unit; as such, we employed simple linear regression analyses. Future 
studies with different aims could employ multiple regression analyses that also con-
trol for possible covariates of a particular objective function (e.g., in our example, 
prior substance use).

These limitations notwithstanding, our results show that LP, a technique used in 
both related and unrelated fields, can also be applied as a tool to optimize school-
based health programs. Doing so during the planning phase of a school-based health 
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program could potentially lead to improved outcomes, such as the prevention or 
delayed initiation of high-risk behaviors.
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