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Abstract

Despite well-documented health benefits from exercise, a study on national trends in

achieving the recommended minutes of physical activity guidelines has not improved since

the guidelines were published in 2008. Peer interactions have been identified as a critical

factor for increasing a population’s physical activity. The objective of this study is for estab-

lishing criteria for social influences on physical activity for establishing criteria that lead to

exercise persistence. A system of differential equations was developed that projects exer-

cise trends over time. The system includes both social and non-social influences that impact

changes in physical activity habits and establishes quantitative conditions that delineate

population-wide persistence habits from domination of sedentary behavior. The model was

generally designed with parameter values that can be estimated to data. Complete absence

of social or peer influences resulted in long-term dominance of sedentary behavior and a

decline of physically active populations. Social interactions between sedentary and moder-

ately active populations were the most important social parameter that influenced low active

populations to become and remain physically active. On the other hand, social interactions

encouraging moderately active individuals to become sedentary drove exercise persistence

to extinction. Communities should focus on increasing social interactions between seden-

tary and moderately active individuals to draw sedentary populations to become more

active. Additionally, reducing opportunities for moderately active individuals to engage with

sedentary individuals through sedentary social activities should be addressed.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0274259 October 19, 2022 1 / 14

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Mema E, Spain ES, Martin CK, Hill JO,

Sayer RD, McInvale HD, et al. (2022) Social

influences on physical activity for establishing

criteria leading to exercise persistence. PLoS ONE

17(10): e0274259. https://doi.org/10.1371/journal.

pone.0274259

Editor: Zulkarnain Jaafar, Universiti Malaya,

MALAYSIA

Received: June 29, 2022

Accepted: August 25, 2022

Published: October 19, 2022

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.pone.0274259

Copyright: This is an open access article, free of all

copyright, and may be freely reproduced,

distributed, transmitted, modified, built upon, or

otherwise used by anyone for any lawful purpose.

The work is made available under the Creative

Commons CC0 public domain dedication.

Data Availability Statement: Data will be made

available by request after review by the United

States Military Academy Chief Data Officer. The

review will determine the risks to personnel for

https://orcid.org/0000-0002-0716-5583
https://orcid.org/0000-0001-8278-1899
https://orcid.org/0000-0002-9488-7030
https://orcid.org/0000-0003-2641-9304
https://doi.org/10.1371/journal.pone.0274259
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274259&domain=pdf&date_stamp=2022-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274259&domain=pdf&date_stamp=2022-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274259&domain=pdf&date_stamp=2022-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274259&domain=pdf&date_stamp=2022-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274259&domain=pdf&date_stamp=2022-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274259&domain=pdf&date_stamp=2022-10-19
https://doi.org/10.1371/journal.pone.0274259
https://doi.org/10.1371/journal.pone.0274259
https://doi.org/10.1371/journal.pone.0274259
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/


Introduction

The new physical activity guidelines published in 2018 provide physical activity recommen-

dations based on scientific evidence connecting physical activity and health [1, 2]. Unfortu-

nately, national trends for meeting physical activity guidelines show little improvement

with only 23.2% of adults aged 18 and over meeting the recommendations [3–6]. Commu-

nity-based physical activity interventions are promoted to facilitate population-wide

increases in physical activity and decreases in sedentary behavior [6]. However, commu-

nity-based interventions to increase physical activity have demonstrated modest effective-

ness for altering health behaviors, but systematic reviews and meta-analyses of community-

based interventions have also shown substantial variability in the effectiveness of these

interventions across multiple age groups, delivery sites, and disease conditions [7–11]. Fac-

tors related to personal contact, social support, and social dynamics are emerging as prom-

ising candidates to at least partially explain the effectiveness of community- and other

group-based interventions [7, 11].

Since social dynamics and influence have been identified as positive factors toward increas-

ing and sustaining physical activity [7, 11–14], mathematical models like the Kermack-

McKendrick equations [15], that include social influences population-wide activity trends can

help address how to leverage social influence for successful long-term outcomes. Here we use a

differential equation model based on the ideas of Kermack and McKendrick [15–20] and the

unique data available at the United States Military Academy to estimate parameters and

thresholds required to draw and sustain individuals toward improved physical activity habits.

The models and conclusions can be used to inform public health community interventions on

the conditions that promote wide-spread positive health behavior change.

Methods

Study design

A system of differential equations was developed to simulate social influences on exercise per-

sistence in a population. The differential equation model is not data driven and uses a “bot-

tom-up approach” that relies on insights and mechanisms to define interconnections. To

identify the known insights that would contribute to the model, we relied on the literature and

supporting physical performance data from the United States Military Academy. Since param-

eters that measure the social influence are extremely difficult to obtain, we choose a range of

theoretical values based on the United States Military Academy physical performance data.

The United States Military Academy data was collected in the years 2019 and 2020, with the

modeling and statistical analysis performed in 2020.

Army physical fitness test database

The Army Physical Fitness Test (APFT) was the physical fitness assessment of record for the

United States Army from 1982 to 2022 [21]. The APFT was recently replaced by the Army

Combat Fitness Test in 2022 [22]. The APFT scores, gender, and age were extracted for mili-

tary officers (civilians were not tested) in 15 USMA academic departments (Table 1). The

APFT was a three-event assessment consisting of the total number of push-ups performed

within two minutes, the total number of sit-ups performed within two minutes, and a timed

two-mile run. The APFT was administered to all US Army soldiers every six months.

This study was reviewed and approved by the United States Military Academy Institutional

Review Board #19–104. Consent was not required since the study was determined exempt as a

secondary analysis of existing de-identified data.
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Mathematical model development

Mathematical model development requires transformation of insights and data from to a

mathematical formulation followed by solving or simulating the mathematical formulation.

After solving/simulating interpretation of the simulations are needed to nest the findings back

to the real-world scenario[23, 24]. The description of our model development follows the

“math modeling triangle” process described in [23].

State variable definitions. The U.S. Department of Health and Human Service’s 2018

Physical Activity Guidelines Advisory Report [1] recommends adults participate in 150 min-

utes per week of moderate-intensity aerobic activity, which equates to 30 minutes per day of

moderate-intensity aerobic activity for five days a week. Based on these recommendations, we

classified the sedentary population as those who exercise less than 150 minutes per week, the

moderately active population as those who exercise between 150-to-300 minutes per week,

and the extremely active population as those who exercise more than 300 minutes per week.

This classification leads to the model state variable definitions:

S(t) = the number of sedentary individuals in the population on week t
E1(t) = the number of moderately active individuals in the population on week t
E2(t) = the number of extremely active individuals in the population on week t
Description of the flow between model state variables. The flow between the state vari-

able defined compartments follow the susceptible infected recovered (SIR) infectious disease

modeling approach [25] introduced by Kermack and McKendrick [15]. In our model, we

allow the flow between state variables to occur spontaneously or be influenced by social inter-

actions. Fig 1 describes the flow between compartments while Table 2 describes the variables

associated with each flow. We modelled the flow changes due to social interactions using the

law of mass action and spontaneous mobility using linear terms.

The resulting mathematical model forms a system of three differential equations, each

equation describes the rate of change of state variable at any given time. Complete mathemati-

cal details appear in the S1 Appendix.

Table 1. Summary characteristics of participants by department/unit. Total numbers, age (years), and performance

on the Army Physical Fitness Test (APFT) 2-mile run event (sec) are presented.

Academic Unit (N) Age (years) Run Time (seconds)

AB (32) 36.97±5.53 886.66±200.28

AF (25) 36.92±5.69 789.36±306.17

AH (36) 36.53±4.91 841.33±97.09

AJ (22) 36.68±5.52 849.36±109.42

F (21) 40.00±5.97 993.19±96.63

I (23) 39.17±5.92 959.65±339.40

N (20) 41.60±5.16 976.10±253.56

P (22) 38.50±7.17 899.68±101.49

Q (30) 39.83±5.55 1007.20±406.28

S (27) 38.67±5.92 938.67±86.16

T (24) 39.25±6.39 936.46±208.49

V (9) 43.11±4.96 1007.33±138.68

W (42) 35.86±4.38 908.62±277.74

Y (17) 35.88±5.89 769.41±208.41

Z (22) 37.59±6.12 909.18±115.16

https://doi.org/10.1371/journal.pone.0274259.t001

PLOS ONE The social influence on physical activity in a community

PLOS ONE | https://doi.org/10.1371/journal.pone.0274259 October 19, 2022 3 / 14

https://doi.org/10.1371/journal.pone.0274259.t001
https://doi.org/10.1371/journal.pone.0274259


Calculation of the basic reproduction rate, R0, and physical activity persistence. The

basic reproduction number R0 has the property that if R0<1, the physically active populations

decreases to zero; whereas if R0>1, the physically active populations plateau at a non-zero

value or “physical activity persists.” Because we are interested in persistence of physical activ-

ity, a basic reproduction number R0>1 is desirable. The next generation matrix method [26]

was used to compute R0 (details appear in the S1 Appendix).

Model parameters, sensitivity, and simulation. A scenario was simulated by setting

parameters in the different regions delineated by R0<1 and R0>1. The model was also numeri-

cally simulated with one individual parameter varied while holding the other parameters fixed.

Model simulations used the built-in differential equation solver in the programming platform

MATLAB (MathWorks Inc., Nadick, MA 2020).

Web-based application

A user interfaced application to simulate the system of differential equations was written

in RShiny (RShiny 2020) and uploaded to the web (https://diana-thomas.shinyapps.io/

Exercise/).

Results

USMA army physical fitness test

There were N = 372 officers who took the Army Physical Fitness Test for record (Table 1). A

box plot with the two-mile run time in seconds by academic department (Fig 2) revealed that

nearly all data points for the slowest times occurred in pairs or small groups. These findings

suggest that many of the slower participants, who were unlikely to have identical aerobic (run-

ning) fitness levels, made the social decision to run, jog, or walk the two-mile event together.

Fig 1. Flow diagram describing model transitions between state variable populations.

https://doi.org/10.1371/journal.pone.0274259.g001
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Table 2. Description of all model state variables and assumptions related to the state variable and terms of the

state equation.

State Variable Assumptions related to the State Variable Mathematical

Formulation of terms

Sedentary population

S(t)
A fraction of sedentary individuals become moderately active

exercisers, E1. The rate of transition is dependent on

• Contact with moderately active individuals

• Contact with extremely active individuals

• Spontaneous transition, unrelated to social contact.

A fraction of sedentary individuals become extremely active

exercisers E2. The rate of transition is dependent on

• Contact with moderately active individuals

• Contact with extremely active individuals

• Spontaneous transition, unrelated to social contact.

A fraction of the moderately active exercisers E1 individuals

transition back to sedentary compartment as result of social

interaction with S.

A fraction of the extremely active exercisers E2 individuals

transition back to sedentary compartment as result of social

interaction with S.

A fraction of the moderately active exercisers E1 individuals

spontaneously transition back to sedentary compartment.

A fraction of the extremely active exercisers E2 individuals

spontaneously transition back to sedentary compartment.

Number of sedentary individuals at week 0 is a positive value S0.

� r1

E1S
N

� r2

SE2

N

−γ1S

� k1

SE1

N

� k2

SE2

N

−γ2S

þb1

E1S
N

þb2

SE2

N

+δ1E1

+δ2E2

S0

Moderately active

exercisers E1(t)
A fraction of sedentary individuals transition to moderately

active exercisers E1. The rate of transition is dependent on

• Contact with moderately active individuals

• Contact with extremely active individuals

• Spontaneous transition, unrelated to social contact.

A fraction of the moderately active exercisers E1 individuals

transition back to sedentary compartment as result of social

interaction with S.

A fraction of the moderately active exercisers E1 individuals

transition to extremely active exercisers E2 compartment as

result of social interaction with E2.

A fraction of the extremely active exercisers E2 individuals

transition back to moderately active exercisers E1 compartment

as result of social interaction with E1.

A fraction of the moderately active exercisers E1 individuals

spontaneously transition back to sedentary compartment.

Number of moderately active exercisers E1 individuals at week

0.

� r1

E1S
N

� r2

SE2

N

−γ1S

� b1

E1S
N

−α2E1

+α1E2

−δ1E1

E0
1

Extremely active

exercisers E2(t)
A fraction of sedentary individuals transition to extremely

active exercisers E2. The rate of transition is dependent on

• Contact with moderately active individuals

• Contact with extremely active individuals

• Spontaneous transition, unrelated to social contact.

A fraction of the extremely active exercisers E2 individuals

transition back to sedentary compartment as result of social

interaction with S.

A fraction of the moderately active exercisers E1 individuals

transition to extremely active exercisers E2 compartment as

result of social interaction with E2.

A fraction of the extremely active exercisers E2 individuals

transition back to moderately active exercisers E1 compartment

as result of social interaction with E1.

A fraction of the extremely active exercisers E2 individuals

spontaneously transition back to sedentary compartment.

Number of extremely active exercisers E2individuals at week 0.

þk1

SE1

N

þk2

SE2

N

+γ2S

� b2

E2S
N

+α2E1

−α1E2

+δ2E2

E0
2

https://doi.org/10.1371/journal.pone.0274259.t002
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Mathematical model predicting exercise persistence in a community

The mathematical model formulated using the flow chart in Fig 1 and the assumptions

detailed in Table 2 is given by the following system of equations:

S0 tð Þ ¼ b1

E1ðtÞSðtÞ
N

� r1

SðtÞE1ðtÞ
N

� r2

SðtÞE2ðtÞ
N

� g1S tð Þ þ b2

SðtÞE2ðtÞ
N

� k1

SðtÞE1ðtÞ
NðtÞ

� k2

SðtÞE2ðtÞ
N

� g2S tð Þ þ d1E1 tð Þ þ d2E2 tð Þ

E1
0 tð Þ ¼ r1

SðtÞE1ðtÞ
N

þ r2

SðtÞE2ðtÞ
N

þ g1S tð Þ � b1

E1ðtÞSðtÞ
N

� a2E1 tð Þ þ a1E2 tð Þ � d1E1 tð Þ

E2
0 tð Þ ¼ k1

SðtÞE1ðtÞ
N

þ k2

SðtÞE2ðtÞ
N

þ g2S tð Þ � a1E2 tð Þ þ a2E1 tð Þ � b2

E2ðtÞSðtÞ
N

� d2E2 tð Þ

with initial conditions S(0) = S0�0, E1ð0Þ ¼ E0
1
� 0 and E2ð0Þ ¼ E0

2
� 0.

Conditions where physically active populations will persist

The calculation of R0 resulted in:

R0 ¼
Bþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2 � 4AC
p

2A

where A, B, and C are combinations of the parameters k1,2, r1,2, α1,2, β1,2, δ1,2, S0, N given by:

Fig 2. A box plot with the distribution of times on the two-mile run event by department. The pairs of individuals

achieving the exact same run-time suggests the pair were walking or slowly jogging together.

https://doi.org/10.1371/journal.pone.0274259.g002
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A ¼ N2ða1d1 þ d2ða2 þ d1ÞÞ þ NS0ðb1ða1 þ d2Þ þ b2ða2 þ d1ÞÞ þ S2

0
b1b2

B ¼ S0½Nða1k1 þ d1k2Þ þ Nða2ðk2 þ r2Þ þ r1ða1 þ d2ÞÞ þ S0ðb1k2 þ b2r1Þ�

C ¼ ðr1k2 � r2k1ÞS2
0

Setting R0>1 to find parameter ranges under which exercise habits persist in a population

was mathematically intractable. Therefore, we considered special cases.

Case 1. There are only spontaneous movements between the compartments. In this

case, there is no social influence for either exercising or becoming sedentary. An example of

this is when someone decides to exercise because their physician guided them to (not necessar-

ily that their social network influenced their behavior). Another example is that someone may

become sedentary due to injury. This scenario allows for interactions between active individu-

als (moderate and extreme) and allows for active individuals to spontaneously decrease their

daily exercise habits. Substituting this into the formula for R0 results in R0 = 0<1. Therefore, in

this case, the exercising population is driven to extinction, and the population becomes

entirely sedentary.

Case 2. There are no social interactions between sedentary and extremely active individ-

uals and no spontaneous movement from active compartments to sedentary. This case

assumed that there are no interactions between sedentary individuals and extremely active

individuals. As an example, consider the scenario where an extremely active individual chooses

to spend their lunch break at the office gym while a sedentary individual chooses to spend the

lunch break at the office break room, limiting the social interactions between them. To sim-

plify the calculations further, we set the spontaneous terms that describe active individuals

moving down to sedentary compartment to zero (r2 = k2 = β2 = γ1 = γ2 = δ1 = δ2 = 0). The

threshold parameter simplified to the following expression:

R0 ¼
k1 þ r1

b1

For R0>1, the sum of k1 and r1 must be higher than β1. A simulation of this case reveals that

sedentary behavior becomes extinct over time with the population transitioning to a plateau

consisting of exercisers (moderate and extreme) (Fig 3A). On the other hand, if the sum of k1

Fig 3. Figure simulates the different outcomes when R0>1 (A. persistence of exercise) and R0<1 (B. persistence of

sedentary behavior). Initial conditions in both simulations were set as 50% of the population sedentary, 30%

moderately active and 20% extremely active. In both simulations, no interactions occur between sedentary and

extremely active individuals (k2 = r2 = β2 = 0). For both A and B, the social interaction parameters that draw sedentary

individuals to exercise were set as k1 = 0.002, r1 = 0.015 while interactions between active compartments are set to α1 =

α2 = 0.005. Interactions between sedentary and moderately active individuals that lead to a decrease in physical activity

is set to β1 = 0.0022. In B, the social parameter that draws moderately active individuals to the sedentary population

was increased to β1 = 0.035.

https://doi.org/10.1371/journal.pone.0274259.g003
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and r1 are lower than β1, the exercising populations become extinct and the sedentary popula-

tion persists (Fig 3B).

Case 3. There are no social interactions between sedentary and extremely

active individuals and there is no spontaneous movement from extremely

active to sedentary

This case assumed that sedentary and extremely active groups do not interact with one another

and that extremely active individuals do not spontaneously transition to the sedentary com-

partment. For example, extremely active individuals may be involved in social activities that

include a high dose of physical activity while sedentary individuals may have hobbies/ social

interests with moderate or low physical activity rate, limiting their social interactions. Addi-

tionally, it is unlikely that an extremely active individual will completely become sedentary

because of an injury: instead of a two mile run, an extremely active individual may opt for a

two mile walk; if badly injured, an extremely active individual may opt to do a light strength

routine to maintain activity.In this case,

R0 simplifies to:

R0 ¼
ðk1 þ r1Þ

S0

N

b1

S0

N þ d1

Setting R0>1 yields

ðk1 þ r1Þp > b1pþ d1

where p is the percent of the population that is sedentary. Dividing through by p results in:

k1 þ r1 > b1 þ
d1

p

For this inequality to hold, k1 and r1, which are parameters associated with the social draw

from the sedentary population to exercise, must dominate over β1 and
d1

p , which are parameters

associated with recidivism or can be thought of as “drop out” parameters.

Sensitivity analysis

The initial conditions were set to 33.3% sedentary individuals, 33.3% moderately active indi-

viduals, and 33.3% extremely active individuals. All parameters were fixed at 0.001 while one

parameter was varied.

Increasing social interactions with moderately active and sedentary individuals resulted in

movement from sedentary to moderately active categories. Spontaneous transition to moder-

ately active also resulted in an increased population of active individuals. A reverse effect was

observed when increased social interaction drew exercisers to sedentary behavior. Spontane-

ous reductions in exercisers also resulted in reduced exercising populations. Social interactions

between moderately active individuals and extremely active individuals did not impact the sed-

entary population.

Increasing parameters associated with spontaneous movement from sedentary to moder-

ately active and extremely active groups led to a 20% decrease in the sedentary population pla-

teau. Increasing the social interaction terms that drive movements from sedentary to active

groups led to 13% to 16% decrease in the sedentary population plateau. The spontaneous tran-

sition terms increased the sedentary individual plateau by 28% while the social interaction

recidivism terms increased the plateau by 21%.
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Web-based application

The web-based app available at https://diana-thomas.shinyapps.io/Exercise/ allows users to

simulate the model after entering baseline percentages of sedentary, moderately active, and

extremely active populations, as well as social parameter values, recidivism rates, and sponta-

neous increases in physical activity.

Discussion

We developed a system of ordinary differential equations that reflect the impact of social inter-

actions between sedentary and active populations on population trends. The model generated

a threshold value, R0, which when greater than 1, identifies persistence in exercising. This

threshold yields new insights into how to design successful future community interventions

and exercise studies that develop persistent exercise habits in a population.

Social interaction is critical for habitual exercise to persist in a population

When the social influence to motivate the sedentary population to become moderately active

individuals was set to zero, the value of R0 was never greater than 1. This means that, over

time, an organization without social influence relating to exercise will likely become entirely

sedentary.

When present, social interactions regarding physical activity can have different impacts on

the individuals’ long-term trends. Sensitivity analyses demonstrate that a sedentary individual

will more likely transition to the extremely active group when interacting with extremely active

individuals and to moderately active group when interacting with moderately active

individuals.

Interventions and strong cultures prevent return to sedetary behaivors

The model indicates that recidivism to sedentary behavior by moderately active individuals is

responsible for driving the population to become sedentary. Thus, military bases and units

should design methods to reduce drop-out of the moderately active members and limit oppor-

tunities to engage in socially sedentary behaviors. It is important to recognize that one factor

driving increased sedentariness is the social influence of military members who are sedentary.

Thus, it is important to better understand and address factors that contribute to military mem-

bers engaging in sedentary behavior. These factors could be injury, change in military rank or

job responsibilities, familial changes (e.g., the birth of a child, marriage, or divorce), or increased

workloads that result in a corresponding lack of time to exercise. Critically, the factors that

increase sedentary behavior must be addressed non-punitively without singling-out or ‘blam-

ing’ military members who experience sedentary behavior. Resources would be needed to

ensure that moderately active military peers are able to engage with these individuals to pull

them back into a more active lifestyle rather than the more sedentary peer affecting more active

peers to become more sedentary. Further work is needed to determine how to do so.

Removing barriers to activity may be one path that reduces spontaneous recidivism. One

study found that completers of an exercise intervention were more likely to overcome barriers

than counterparts who dropped out [27]. Increased barriers to exercise are associated to lack

of exercise adherence [28–30]. Therefore, a method to decrease recidivism could be to reduce

burdens by increasing gym access and flexible exercise schedules, particularly for military

members who experience events or life changes associated with increased sedentary behavior.

Other possibilities can be drawn from studies with low dropout rates. A recent study by Lee

et al. [31] achieved substantially higher participant retention rates by seeking formative
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feedback to identify and reduce participant burdens and by involving participants in study

messaging and design.

Extremely active individuals are unlikely to change their exercise habits due

to social influence and have little social influence on the sedentary

population

The model predictions suggest that extremely active individuals play little role in the overall

population dynamics. The model also suggested that interactions with the extreme exercise

population did little to change the overall population dynamics. We did not find literature on

how extreme exercisers influence peers, however, studies on exercise dropouts found that exer-

cise completers had high exercise self-efficacy [32]. Taken together, this suggests that interven-

tion efforts be placed on moderately active and sedentary groups.

Sedentary individuals can socially draw the moderate-active population

toward sedentary behavior

While moderately active individuals can draw sedentary individuals to be more active, the

opposite can also happen. Our analysis of the APFT found that officers who walked or slowly

jogged during the two-mile run did so in pairs or groups. When the model included high social

influence by the sedentary population, the exercising population reduced to extinction. This

finding is supported in the literature, which shows social interactions with sedentary popula-

tions can draw moderately active individuals to become sedentary [33]. For example, a social

network analysis of 557 children found that peer exposure was positively related to drawing

individuals towards both healthful behaviors and unhealthful behaviors [33]. There is also evi-

dence that sedentary leisure time activities such as video game playing are typically performed

socially [34].

Most research performed in this space has been with adolescents and little has been investi-

gated with adult populations. While more research is needed on how social interactions may

draw individuals to become sedentary, the military is particularly well-positioned to maintain

the activity levels of its members due to the influence that the military has on the availability

and location of physical resources (e.g., gyms, childcare, etc.), as well as the ability to help sol-

diers who are at risk for sedentary behavior maintain or increase their activity levels via both

social support and physical resources.

Involving participants in intervention design

Although our model did not include influence with participant engagement during interven-

tion design, a review of the published literature revealed that participant engagement early in

the intervention planning process can help reduce participant dropout [35]. In addition, a

recent study [31] found that engaging adolescent participants to develop and implement

behavioral obesity interventions for adolescent obesity can improve the participant acceptabil-

ity and effectiveness.

Another large-scale effort to include participant engagement is the ongoing All of Us

(AoU) Research Study [36]. The AoU Research Study will enroll one million participants rep-

resenting the full diversity of the United States who agree to share their electronic health

record (EHR) and provide one time blood, urine, and/or saliva samples. The AoU program is

designed around the basic philosophy of: “Participants in the study are partners in the

research.” For effective implementation of this philosophy the program includes ongoing
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communication between participants and the study team, in large part via the AoU web/app

portal [37]. Return of value to participants includes return of research results [36].

Recommendations to maintain or increase physical activity

Based on the model findings and the literature, we recommend that community-based physi-

cal activity interventions develop social activities engineered to increase positive interaction

between sedentary and moderately active individuals.

� Design moderately active social events such as volleyball games

� Conduct informational meetings while walking

�Hold scavenger hunts or obstacle course type moderately active engagements similar to

those designed for USMA new instructor orientation

• Reduce participant physical activity burden

� Provide easy access to gyms, recreational facilities, and/or equipment

� Develop exercise programs that have convenient timings and are feasible for busy schedules

• Reduce recidivism by moderately active individuals by increasing participant investment in

the process.

� Develop mechanisms for continually and deliberately obtaining participant feedback on

challenges and burdens that impact retention

� Involve participants in interventions/group exercise design

Study limitations

Our study has several limitations. We derived insights from a population that is in a closed

and active environment and who may be even more active than the average other military

environment. USMA has a culture of being physically active. Its ubiquitous social engagements

around fitness may not be reflective of other military bases or environments. Despite this limi-

tation, USMA provides a mixture of the different active populations in a military environment

that give insight into social interactions and their influence on lifestyle habits. Moreover, the

differential equation model was not specifically tailored for USMA only, as its parameters can

be set to reflect characteristics of different environments.

Our model was also not validated on data. To do so would require a closed environment

with conditions to test model predictions on which would be unfeasible; however, models

such as the one we developed are more useful for study design and intervention development

than prediction.

Finally, we note that most exercise interventions studies do not follow the participants who

dropped out of the study. In several investigations that have studied participants who dropped

out [38], researchers identified factors that differentiate completers from dropouts. More sys-

tematic research needs to be performed on the dropout cohort to better understand drop out

motivation and factors that influence retention.

Conclusion

Here. we have established criteria on social influences that lead to exercise persistence. Specifi-

cally, we found that the social interaction between moderately active individuals with the
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sedentary population should be engineered to draw the sedentary individuals into more active

behaviors. A second criteria identified that strategies are needed to control dropouts from

moderately active individuals. Finally, we found that discouraging socially acceptable seden-

tary behavior will reduce drop out of moderately active individuals. These findings can be used

to design and implement community based exercise programs that lead to long-term exercise

persistence in the community.

Supporting information

S1 Appendix. A detailed self-contained mathematical description of the model appears in

the supporting information.
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