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ABSTRACT. Eating behaviors among a large population of children are stud-
ied as a dynamic process driven by nonlinear interactions in the sociocul-
tural school environment. The impact of food association learning on diet
dynamics, inspired by a pilot study conducted among Arizona children in Pre-
Kindergarten to 8th grades, is used to build simple population-level learning
models. Qualitatively, mathematical studies are used to highlight the possible
ramifications of instruction, learning in nutrition, and health at the commu-
nity level. Model results suggest that nutrition education programs at the
population-level have minimal impact on improving eating behaviors, findings
that agree with prior field studies. Hence, the incorporation of food associ-
ation learning may be a better strategy for creating resilient communities of
healthy and non-healthy eaters. A Ratatouille effect can be observed when
food association learners become food preference learners, a potential sustain-
able behavioral change, which in turn, may impact the overall distribution of
healthy eaters. In short, this work evaluates the effectiveness of population-
level intervention strategies and the importance of institutionalizing nutrition
programs that factor in economical, social, cultural, and environmental ele-
ments that mesh well with the norms and values in the community.

1. Introduction. The prevalence of childhood obesity has doubled among 2-to-5-
year-olds (5-7% to 10.4%) and tripled for both 6-to-11-year-olds (6.5% to 19.6%) and
12-t0-19-year-olds (5% to 18.1%) from 1971 — 1974 to 2007 — 2008 [37]. Childhood
obesity can increase risk of cardiovascular disease [3, 10, 36] and cancer [3, 9, 32],
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two leading causes of premature mortality and physical morbidity in adulthood
[43]. Many national efforts, such as the United States Department of Agriculture’s
(USDA) implementation of the “My Plate” guidelines [49] in schools, aim to alter the
eating dynamics of young individuals [3]. These state-mandated guidelines impact
the diets of those who eat lunch (60%) and breakfast (37%) at their schools [48], or
99% and 78% of public schools who participate in the National School Lunch and
Breakfast Programs, respectively [23, 29]. In short, children, in the early stages of
developing their eating habits, consume most of their daily food (19 to 50% or more)
in schools [25, 29], and are members of a captive audience (10 years, 9 months, and
5 days per week) [1, 39]. Hence, a better understanding of the overall effectiveness
of these programs and the access to a captive audience is necessary for improving
the overall health of children.

In this paper, we aim at shedding some light on the connections between key
identified factors [3, 8, 30, 34] that shape eating behaviors at the population-level
via contagion mathematical models, within a social-ecological framework [35]. Al-
though schools are ideal for institutionalizing nutrition programs, a huge step in the
fight against obesity-related illness, childhood obesity is still an issue and consump-
tion of fruits and vegetables among children is low (see Figure 1). Using the film
Ratatouille as a metaphor and the study by [52], we investigate the significance of
the “Ratatouille” effect, that is the impact of recreating ‘positive’ childhood eating
experiences, memories, and their connection with the process of building healthy
eating habits. Food preference learning has been identified as a possible influen-
tial method for developing healthier eating habits by modifying taste, the strongest
predictor of children’s food consumption [5, 18, 41, 46]. Although well-studied in
experimental settings, its impact is not well-understood at the population-level, and
hence, we investigate this phenomenon on the diet dynamics of young individuals
in this work.

2. Eating behaviors in school settings. The study of the diet dynamics of in-
dividuals at the population-level have been rarely addressed in the literature (but
see [20, 24, 26, 28]). Building a population-level model from the knowledge that we
have gathered on the daily decisions of individuals is rather challenging just as it is
the construction of an epidemiological model from the study of an individuals im-
munological (level of the cell) response to a disease invasion. Our eating behaviors,
that is, why we eat certain foods, how much to eat, when to eat, and how to eat
these foods, are governed by biological, sociocultural, and psychosocial factors that
are learned in a variety of settings. In this work, we assume that there are three
population-level components involved on the diet-dynamics of individuals within a
community. The first involves the impact of dietary programs (health awareness,
communication, and skill-building) that tend to be temporary and often associated
with high levels of recidivism [17, 18, 42]. The second would be the social envi-
ronment, here modeled simply via the day-to-day interactions among individuals
with different diets. The unpalatability of healthy foods make their systematic con-
sumption difficult, however, social and behavior-based elements have been shown
effective; such as, hands-on curriculum activities (classroom lessons, taste-testing,
cooking lessons), parental involvement, school gardening, peer modeling, or rewards
[3, 7, 33, 34, 41, 46]. The third includes the physical environment, here availability
and accessibility of healthier foods changes due to the nutrition programs imple-
mented in the schools [16, 40, 45, 50]. Despite our understanding of these factors,
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FIGURE 1. Prevalence of childhood obesity (top left). Fruit (top
right) and vegetable (bottom middle) consumption in U.S. children
14, 37].

the efficacy of these interventions vary and so, more work is needed in order to fully
assess their impact on the diet dynamics of young individuals.

Building ‘positive’ childhood memories has been identified as a possibly influ-
ential force on the long-term eating behaviors of adults based on the study in
[52]. Food preferences has been shown to increase with exposure, tasting (not just
smelling or seeing), and a positive social experience [4, 6]. However, the unpalata-
bility of healthier foods and the onset of neophobia, or the fear of trying something
new, influences childrens food choices and can ultimately lower both dietary variety
[19, 21] and the consumption of fruits, vegetables, and meats [15, 27]. These issues
have been addressed via exposure techniques [51], where familiarizing children with
these foods (six to ten exposures) can improve the liking for and intake of novel
foods among preschool and school-aged children [31, 47]. An alternative approach
for increasing liking for and consumption of vegetables is food association learning
[13, 22], in which, a classical conditioning paradigm is applied and considered suc-
cessful when liking for a novel flavor occurs due to its pleasurable association with
the calories or the liked flavor (flavor-flavor learning) it was paired repeatedly with
[12]. Although a few studies have shown that associative conditioning more effec-
tively increases liking and consumption of vegetables, compared to exposure (see
[51] for a review); its impact has been minimally studied at the population-level.
In our pilot study [53], we studied the effect of associative conditioning among Ari-
zona students. Among the Pre-Kindergarten to 8th grade participants, we found
that our method of food association learning acted as a positive reinforcement for
children who may be more likely to eat vegetables but did not improve selection
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or consumption for those who may be more reluctant to eat vegetables (see Fig-
ure 2). These results are utilized as an initial exploration of food association and
food preference learning in schools.

The prevalence of childhood (10.4%) and adult (25.9%) obesity in Arizona is only
slightly lower than national estimates [2, 38]. Among Arizona residents, the 2012
Behavior Risk Factor Surveillance Survey (BRFSS) estimated 60% overweight or
obese adults, 37.5% of obese adults living in households with food assistance (WIC,
SNAP, and/or Free and Reduced Lunch), and increased adult obesity risk among
non-daily consumers of fruits and vegetables (30.3% and 31.7%) compared to daily
consumers (24.6% and 25.6%) [2]. Although these health disparities are not studied
here explicitly, the study of nutrition programs is essential for improving the overall
health of Arizona residents. In U.S. children, obesity was higher among Mexican-
American (28.8% boys and 17.4% girls) and non-Hispanic black (19.8% boys and
29.2% girls) than non-Hispanic white (16.7% boys and 14.5% girls) [37]. Arizona
residents comprises demographic characteristics (age, gender, income, education,
and employment status) generalizable to the nation [11]. However, the presence of
food deserts and the economical and environmental barriers puts vulnerable popu-
lation, or 14.3% of low-income children, Hispanic (29.9% in A.Z. and 16.6% in the
U.S.), and American Indian or Alaska Native (4.0% in A.Z. and 0.7% in the U.S.)
[11] residents, at increased risk for insufficient consumption of essential nutrients or
overconsumption of unhealthier foods high in saturated and trans fats.

Though multiple levels of detail and heterogeneity can be incorporated, such an
approach could invariably lead to highly complex nonlinear models that would be
difficult to analyze. In this first effort, we proceed to study the impact of the three
stated factors: dietary programs, social environment, and the physical environment
on the distribution of eating patterns. This effort by no means attempts to minimize
or underpinned the complexities and challenges associated with understanding the
forces behind the dynamics of obesity. What we are trying to do is to introduce a
framework for the study of the impact of these three components on the dynamics
of obesity under highly simplified conditions at the population-level. We don’t
expect the results of these caricature models to offer solutions. Our hope is that
the population-level framework introduced, its analysis, and the interpretation of
the model results would inspire others to expand and improve on this work so that
a solid and tested framework would be eventually developed.

3. The mathematical modeling framework. We develop two models to shed
some light on how the interactions among individual factors, the sociocultural en-
vironment, and nutrition programs impact the dynamics of eating behaviors and
distribution of eaters in school settings. A typical school population can be con-
sidered to be composed of two types of students: moderately healthy individuals,
denoted M (t), or those who eat a ‘moderate’ amount of fruits, 100% fruit juice,
or vegetables (FJV) (25-50% of “My Plate” guidelines) and the ‘less’ healthy in-
dividuals, denoted L(t), or those who eat a ‘low’ amount of FJV (less than 25%
of “My Plate” guidelines). The first model considers the simplest scenario, where
school nutrition programs influence some L-eaters to modify their diets to become
M -eaters but remain in the same environment. However, prior field studies suggest
the impact of nutrition education is low and hence this recovery is temporary, sug-
gesting that M-eaters can break their ‘good’ diet, a form of recidivism. The second
model, incorporates the impact of ‘positive’ food association learning via a Rata-
touille effect. Both M- and L-eaters can enter a program, in which, some students
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FI1cURE 2. Pilot study results showing: baseline measures of par-
ticipants (top left), and vegetable selection (top right) and veg-
etable consumption (bottom middle) where days 1 and 2 represent
baseline, days 3 to 6 are the intervention period, and days 7 to 8
represent the testing period [53].

learn food association techniques, denoted A(t), where eventually some proportion
will develop sustainable food preferences, denoted P(t). In these next subsections,
we describe each model, corresponding results, and the conditions under which the
diet dynamics are altered.

3.1. Absence of food association, brief recovery, and recidivism. The total
population of students, denoted N, is made up of M- and L-eaters. The average
time that a student spends in Pre-Kindergarten to 8th grades (10 years) is denoted
1/p. A proportion of L-eaters can shift to M-eaters after exposure to a nutrition
program, denoted ¢, which means that L-eaters shift to M-eaters but do not change
eating environments. The average time that an individual spends in the L-eater
state before returning to the M-eater state is 1/¢. However, the diet changes are
temporary due to recidivism since M-eaters can shift back to L-eaters (see Figure 3
for a schematic diagram and Table 1 for variable and parameter definitions). This
system is governed by the following equations,

M = A-\+p)M+ oL,

L' = AM- (4L, (1)
where A = SL/N, represents the fraction of L-eaters in the population that interact
with M-eaters, which in turn, lead to the conversion of M- into L-eaters at the

rate 8, via a social ‘contagion’ process. The contagion process would be considered
successful as long as the interactions between M and L lead to an increase in the
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number of L’s. The number of new students entering the school per year is denoted
by A = uN.

1’:/
FIGURE 3. A schematic diagram of Model 1 with ‘moderately’

healthy eaters M and ‘less’ healthy eaters L.

TABLE 1. Definition of Model 1 Parameters.

Parameter Value Unit Description

M/N 0.9 dimensionless Proportion of ‘moderately’ healthy individuals
L/N 0.1 dimensionless  Proportion of ‘less’ healthy individuals

B 1.8 yelar Peer influence rate shifting a M- to an L-eater
1) varies yelar Exposure to nutrition programs

o 0.10 yelw Per-capita student entry and removal rate

The control reproduction number, R, 1, is a threshold value permitting the as-
sessment of true success of a nutrition education program. Here, it is defined as a
function of the nutrition education program rate ¢,

B
Rc,l((b) L I ¢a
where 1/(u 4 ¢) represents the total average time spent in the district as an L-eater
before shifting to an M-eater following a nutrition education program. When there
is no nutrition education program, that is ¢ = 0, then R, 1(¢) becomes,

Rc,l(o) = gv

that is, the threshold becomes the product of 3, the effective conversion rate per L,
and 1/p, the average time a student remains in the education system. The above
simplistic model will not be used to highlight the effectiveness or lack thereof of
nutrition education on altering the prevalence of L-eaters. However, this model
assumes that the educational effort (per person) modelled by ¢ remains part of
the culture and it is continuously implemented. Our pilot data [53] suggested that
L/N = 0.7 (i.e., 70%), hence at equilibrium L/N =1 —1/R.1(0) and M/N =
1/Rc1(0). With 1/R.1(0) = 0.3 and 1/p = 10 years, we can estimate 5/p = 1/0.3,
or B =(1/0.3) - (1/10) = 1/3 ~ 0.33. However, this only captures observations
during school lunch periods and does not consider other daily diet activities. Using
slightly modified initial values, our model simulations show that increasing the
nutrition programs, ¢, will decrease the proportion of L/N eaters (see Figure 4).
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A sociocultural environment with mostly M-eaters is achieved for large values of
¢. If Rc1(¢) > 1, then the amount of L-eaters would increase with the proportion
of non-converts decreasing. In the long-term, the model would achieve a steady
state, that is, the student population will settle into a ‘fixed’ proportion of L-eaters
(L/N) and M-eaters (M/N). If R.1(¢) < 1, then the population would consist of
mostly M-eaters instead of L-eaters in the long-run. The system is rescaled such
that X = M/N,Y = L/N, and N/N = X +Y = 1. There are two equilibrium
points (in proportions) are: the diet-problem-free state

Eoy = (Xo,1,Y0,1) = (1,0)
and the diet-problem-endemic state
By =(X11,Y11) = (171— ! )l-
’ ’ ’ Rea Rea

The prime " here denotes vector transpose. We claim that E4 ¢ is globally asymp-
totically stable if and only if R.1 < 1 while E; ; is globally asymptotically stable
whenever it exists (i.e., if and only if R.1 > 1). Hence, the inequality R.1 <1 is
equivalent to

1 1

1o _YUn

¢~ Re1(0)—1
This means that the shorter the average time spent in the L-eater state is, the
better chance we have to eliminate the diet problem at the population-level.
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FIGURE 4. The rate of conversion from L- to M-eaters (¢) are
varied. There is a minimal impact on the proportion of L-eaters
compared to no education program (solid), where increasing the
implementation yields mostly M-eaters (dashed dotted).

3.2. Ratatouille effect. A slightly modified version of Model (1) permits the study
of food association learning with varying levels of effectiveness. Here, M-eaters
will enter the food association learning program at the per-capita rate ;. After
association learning, a portion p will become food preference learners (P-eaters) at
the combined rate pa, in which, we consider the food association learning program
successful. Recidivism of A-eaters, where they return to old ways of eating, as
M-eaters occurs at the rate (1 — p)a, or as L-eaters after social interactions with
L-eating peers occurs at rate r\, where A = SL/N. The M-eaters who do not enter
the food association program would either maintain current eating habits or by
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social interactions with peers, A, they would become L-eaters. Finally, L-eaters can
shift to M-eaters at rate ¢ or they join the food association program and therefore
transit to A-eaters at rate 2 (see Table 2 for variable and parameter definitions and
Figure 5 for a schematic diagram). This new model is governed by the following
equations,

M = A=(p+A+7)M+ oL+ (1 —p)aAd,

A" = M+ L — (rA+p+ a)A, (2)
L' = MM —(¢+vy2+p)L+rrA,

P = paA—puP,

where the total population is N = M 4+ L + A + P and student school entry rate is
A= uN.

A u
=M |

;L//(p(l-,ﬂ);\\yl
L <—y>_h A

v | N

P

N
FIGURE 5. A schematic diagram of Model 2 with ‘moderately’

healthy eaters M, ‘less’ healthy eaters L, food association learn-
ers A, and food preference learners P.

Model (2) is rescaled in terms of sub-population proportions: X = M/N,W =
A/N)Y = L/N, and Z = P/N. The diet-problem-free equilibrium is Eps =
(Xo,2, Wo,2,0, Zp 2)', where

Xos = pla =+ p)
’ (a+p)(n +p) — (1 =play’
U1
W - 9
02 (a+p) (i +p) —(1-plan
Zo2 = 1—Xo2—Woa.

It is locally asymptotically stable if and only if
Rc,2 = (1 - q)Rc,h (3)

where R, 2 is the control reproduction number for the model with the ratatouille

. 4 (1—
effect. The proportion, g = %,

trol reproduction number R.; due to the application of the education association

represents the reduction in the con-
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TABLE 2. Definition of Model 2 Parameters.

Parameter Value Unit Description
M/N 0.4 dimensionless  Proportion of ‘moderately’ healthy individuals
L/N 0.1 dimensionless  Proportion of ‘less’ healthy individuals
A/N 0.2 dimensionless Proportion of food association learners
P/N 0.3 dimensionless  Proportion of food preference learners
B 1.8 yelw Peer influence rate shifting a M- to an L-eater
Y1 0.35 yelar Entry rate into food association program for M-eaters
Y2 0.06 yelw Entry rate into food association program for L-eaters
P varies  dimensionless Proportion of those who become “preference learners”
a 0.4 yelw Effectiveness rate of food association learning
o} 0.6 'yelar Recidivism rate from a L- to an M-eater
r 0.1 dimensionless  Denotes the relative susceptibility of A-eaters
with respect to M-eaters who shift to an L-eater
m 0.10 ﬁ Per-capita student entry and removal rate

program. The analysis reveals further that the rescaled model shows the existence
of subcritical endemic states (backward bifurcation phenomenon) if and only if the
following set of inequalities is held

¢ > ¢°, (4)
that is, if % is small enough, the susceptibility is within some pre-specified range,
and the proportion of preference learners is high enough where

re<r<ry, p>7p°

5 = p(v2 + 71 +20) + 2071 + p) v/ (2 + 1)
m ’
_ etk e ¢ ]
T [%ﬂt 1]
w\/(w+¢_1)2_4<72+u) (HW)
2@+ p+7) G it H 7
- etr i ¢
T St utm) [71 1 1]+
w\/(w+¢_1)2_4<72+u) <1+71+¢)
20+p+y)\V\n  n M o)
= pllrmtatp)? + (= Dirn(@+ p) —ve(a + pl]

alryi (¢4 p) — y2(a + )]

Thus, if Condition (4) holds, then the model has two diet-problem-endemic equilib-
ria for R. 2 < 1. Figure 6 shows the bifurcation diagram for the ratatouille model
in the plane (R.2,Y"), where the solid curve corresponds to a diet-problem-endemic
equilibrium with higher level of the endemic prevalence of L-eaters and the dot-
ted curve corresponds to a diet-problem-endemic equilibrium with lower level of
L-eaters’ endemic prevalence, and both exist when R.2 < 1. Further, as R, 2 de-
creases, both curves approach each other until reaching the turning point [44] at
which both of them coalesce. The value of the control reproduction number at this
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turning point is given by R}, where

(+ p+ry)[vepa+ p) + p(r(¢+p—m) — (a+p) +2/Dr, ]
(¢ +v2 + p)[(@ 4 p) (y1 + 1) — (1 = p)ay]

RZE = (5)

and
Dg., = ryyep? + plpa 4+ (1 — 7)) [ry (6 + ) — yo (o + w)].

> 0.03—

L L L L L
0.00
0.9990 0.9995 1.0000 1.0005 1.0010 1.0015 1.0020

FIGURE 6. The proportion of unhealthy-eaters, or L-eaters, at
equilibrium as a function of the control reproduction number R 2.
Simulations are done for p = 0.1,y = 0.35,72 = 0.06,a = 0.4, ¢ =
0.06,r = 0.8258 and p = 0.9298.

In fact, the value R, o = 2’12 is, a threshold value, that determines the nonexis-
tence and existence of diet-problem-endemic states. If at least one of the conditions
(4) is not satisfied, then the model shows the existence of forward bifurcation (su-
percritical endemic state), in which, a unique diet-problem-endemic equilibrium
exists and is stable for R. 2 > 1, while no endemic state exists for R, 2 < 1. Hence,
Rec2 = 1 is the threshold level that indicate the nonexistence and existence of
diet-problem-endemic states. Thus, we summarize the above results as follows: the
critical control reproduction number below which diet-problem-endemic equilibria
do not exist is given by

. {RZE if the bifurcation is backward, (6)

2 1 if the bifurcation is forward.

Diet-problem containment possibility. Addressing the possibility of containing (get-
ting rid of) the diet problem is certainly of utmost importance. Here, we discuss
the existence of necessary and sufficient conditions required to eliminate the diet-
endemic problem based on the implementation of a food association program with
effectiveness p € [0,1]. In the literature of mathematical epidemiology, the basic
reproduction number Ry is a key concept, the public health cornerstone used to
determine the minimum effort required to eliminate an infection when the model
doesn’t exhibit the existence of multiple endemic equilibria. However, in the last
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two decades several models exhibited bistable endemic states, where backward bi-
furcation and hysteresis phenomena are shown to exist. In such cases, Rg < 1is a
necessary but not sufficient condition for eliminating the infection. For a model with
backward bifurcation, it has been shown in [44] that the ratio Ro/R} could be in-
terpreted as a reproduction number and so, reducing this ratio to below one ensures
an effective control of the infection. Thus, if we solve the inequality R.2/Rjso < 1
in terms of the probability p, we get

N Py if the bifurcation is backward,
p>p =9", . . L (7)
35 if the bifurcation is forward
where
N 1
pp = 1- ) {QlﬂL\/Q%’Y%QQ] ;
3
" 1 uﬁ(a+u+ml)}
= 1—-— |(a+ o) == 77
; Lt mion + - 220
and
Q1 = nlla+p)(e+p)+ru(@+r+p—B)] = 2ruy(d + 2 + p),
Q2 = [(a+p)ve+p) +rul¢+m+u—pB)° -

drpl(¢+vo + p)(a+ p) (1 + p) — pBla+ p+ry)].

Formula (7) determines the critical probability (p*) of effectiveness of a food associ-
ation program above which the diet-problem-endemic state(s) disappear. Figure 7
shows the critical level of the food association effectiveness p* as a function of the
contact rate 8. The vertical line § = S~ separates between nonexistence and exis-
tence of a backward bifurcation. Therefore, for 8 < 7, the curve p = p5 separates
between existence and nonexistence of diet-problem-endemic equilibria. Thus, a
probability of effectiveness slightly above p} ensures an effective control of the diet-
endemic problem. However, if 3~ < 8 < 87, then backward bifurcation exists and
p = p] is the threshold above which diet-problem-endemic equilibria do not exist.
Thus, a food association program with probability of effectiveness slightly higher
than pj exhibits a die-out of the diet-endemic problem, where

- +
B = ¢+u—vl—a“+”(1+ap0),
T T 1%
r 0
a+(1—r o+
2\/sz+ ( >u(%(¢+u)_~m< u))_
T T T

Here, the level 3 = BT represents the value at which p} hits the upper bound
p = 1. Thus, for 3 > BT, there is no feasible value of p that ensures a wash out of
the diet-endemic problem and we may seek another control strategy to first reduce
the contact rate 3 to below A% and then apply a food association program with
high enough probability of effectiveness. This ensures an effective control of the
diet-problem.

Figure 8 shows a time series analysis for the model for a fixed § and four different
levels of p. The proportion of L-eaters approaches zero when p = 0.5 and p = 1,
while when p = 0 and p = 0.25, it approaches a constant value. This implies
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FIGURE 7. The critical probability of effectiveness p* subdivides
the (8, p) plane into regions (denoted by 0,1, and 2) according to
the number of diet-problem-endemic equilibria.

that if the efficacy of the program is 50% or greater, then the M- and A-eaters
are reduced, while L-eaters approach zero, and P-eaters are largest, compared to
a program with lower efficacy (p < 0.5). Hence, a food association program that
leads to food preference learning can be an effective nutrition intervention strategy.
However, this would require knowledge on the culture, norms, and values of the
community to create and implement such a program.

Moderately Healthy Less Healthy
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FIGURE 8. Time series analysis for the subpopulation proportions
for different values of the food association efficacy probability p and

the control reproduction number R ».

4. Discussion. The goals of many nutrition programs are to instill healthy and
sustainable eating habits among young individuals. Since food association learning
has been identified as a more effective approach, we study its potential impact
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at the population-level through use of mathematical models. Two models were
developed in order to study eating behavior learning and the resulting diet dynamics
of young individuals. The first model considered the case when there is no food
association learning program and the second incorporated food association and food
preference learning. Results of Model (1) indicate that some nutrition program
at schools are better than none at all. If effective, or p large enough, then the
food association learning program is a potential impactful strategy at reducing the
proportion of L-eaters shown by the results of Model (2). These results demonstrate
the importance of nutrition education curriculum, learning, and socialization in
schools. However, more work is needed to understand how to create and implement
an effective program so that it incorporates the culture, norms, and values of the
community, supporting the conclusions of other studies [1, 39, 40, 45]. Future work
would more effectively incorporate data from the literature. The parameter values
we chose (see Tables 1 and 2) were qualitatively estimated based on observations
from our pilot study [53] and the literature, but more work is needed to quantify
these values.
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