@'PLOS ‘ ONE

OPEN 8 ACCESS Freely available online

Modeling Body Mass Variation: Incorporating Social
Influence into Calculations of Caloric Intake and Energy
Expenditure

CrossMark

click for updates

Ana Maria Hernandez-Hernandez, Rodrigo Huerta-Quintanilla*

Departamento de Fisica Aplicada, Centro de Investigacion y de Estudios Avanzados del Instituto Politécnico Nacional, Mérida, Yucatan, México

Abstract

Variations in individual body mass and composition have long been a key focus in the health sciences, particularly now that
overweight and obesity are considered as public health problems. We study a mathematical model that describes body
mass variations which are determined by the energy balance between caloric intake and total energy expenditure. To
calculate the change in caloric intake and energy expenditure over time, we proposed a relationship for each of these
quantities, and we used measured values that are reported in the literature for the initial conditions. To account for small
variations in the daily energy balance of an individual, we include social interactions as the multiplication of two terms:
social proximity and social influence. We observe that social interactions have a considerable effect when the body mass of
an individual is quite constant and social interactions take random values. However, when an individual’s mass value
changes (either increases or decreases), social interactions do not have a notable effect. In our simulation, we tested two
different models that describe the body mass composition, and it resulted that one fits better the data.
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Introduction

Overweight and obesity have become worldwide health
problems because they cause several diseases [1-4]. In response,
various disciplines, particularly the health sciences, have focused
on variations in human body mass and composition [5-9],
particularly on factors that lead to increases in human body mass
[10-15]. Mathematical models and their numerical solutions can
be used to quantify changes in body mass and are therefore useful
tools for studying body mass. Caloric intake and total energy
expenditure are two of the most important and complex factors
that should be quantified [16,17]. Our aim in the present study is
to propose a set of formulas as a function of individual body mass
and implement them to estimate how body mass varies over time.
Then, a random variation is introduced to represent variations in
the caloric intake and energy expenditure from those for the daily
routine of an individual; this variation provides a simple method of
accounting for social interactions.

Results/Discussion

We introduce values for the initial caloric intake and total
energy expenditure to the equation system of Hall and Chow [18].
We choose initial values for intake and total energy expenditure
from energy distributions based on an extensive Food and
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Agriculture Organization (FAO) study [19]. These energy
distributions have a dependency on individuals weight, age and
sex. Initial values for mass, height and body fat percentage, which
are chosen by sex, are also required for each individual. [20,21].
Once all the initial values are given, the simulation can begin. We
performed several simulations to compare the results of the
numerical solutions for equations (2) and (3) using the two
expressions for p given by equations (4) and (6) [22,23]. The first
simulations were conducted to test the expresions for p in
equations (4) and (6) and choose one of these equations for our
next simulations. We found that one of the equations provides a
more satisfactory description of the body mass variation. In this
case we determined that the Forbes relationship produces better
results. In figures 1 and 2, we show two examples of individuals
with different initial conditions. To test these formulas we
performed simulations with large changes in body weight. In
figure 1, we show the change in the total body (A), lean (B) and fat
(C) masses with respect to time for a simulated male individual
with the following characteristics at the initial time {):
age(fp) =30.43  years, mass m(t))=72.06 kg, fat mass
f(to)=12.96 kg, lean mass 1(t9) = 59.09 kg, intake
I1(Ty) =2821.48 Kcal, total energy expenditure
E(ty) = 3248.75 kcal, height h=1.88 meters and bmi(ty) = 20.37

—é; The value for variable y for this individual is chosen randomly,
m
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and is y = 0.32 in the present case. As shown in figure 1A, there is
no significant difference in the simulations using equation (4) and
the simulations using equation (6). However, in figures 1B and 1C,
we noticed a large difference between the two cases. In fact, in
figure 1C, using equation (6) predicts negative values for the fat
mass. These negative values are due to the way p changes. In the
equation (4) p reaches an steady value only when F becomes
constant. In the other hand, in the equation (6) the contribution to
p comes from both values, I and L, and it is the latter which is
responsible of the negative values.

In figure 2, we show a simulation of a male individual with the
following characteristics: age(fo) =20.263 years, m(fy) = 74.69 kg,
fto)=12.69 kg, 1(to)=61.99 kg, I(t9)=3288.08 kcal, E(ty)=
29991.30 kcal, h =1.89 meters and bmi(fy) = 20.75 % The value
for 7 is chosen randomly, and for this case y=0.44. Figure 2A
shows that, there is not a substantial difference in total body mass
values that are found using equations (4) and (6). However, in
figures 2B and 2C, we can observe that the values of fat and lean
mass values obtained using the two relationships for p differ
appreciably. In equation (6), lean mass increases more quickly than
fat. However, for equation (4) we have the opossite case. From
figure (1), we conclude that Forbes equation (4) is more adequate
for our next simulations.
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Body mass changes for different values of y;

In the simulations, we consider 8 x 10° individuals to obtain the
most representatives variations for random initial conditions. We
chose two representative examples: a man who loses weight and a
woman who gains weight. Other examples, such as a woman who
loses weight and a man who gains weight, are also possible. We
chose these examples for their representative curves that show how
body mass, caloric intake and total energy expenditure vary over
time.

The first example is a man who is 38.44 years old and 1.76 m in
height (figure 3). His initial values are 99.52 kg weight, 37.11%
body fat percentage, 3506.32 kcal intake and 3527.51 kcal total
energy expenditure. The variations in mass, intake and energy
expenditure over time have the same functional shape. As y;
becomes greater than zero, the intake variation increases over
time, and consequently, the body mass variation also increases.
Thus, as the value of y; increases, more time is required to reach a
stable value. In addition, the difference between the caloric intake
and energy expenditure is negative, causing the individual to lose
weight.

The second example is a woman, who is 34.45 years old and
1.54 m in height (figure 4). Her initial values are 50.01 kg weight,
20.40% body fat percentage, 2196.22 kcal intake and
2187.62 kcal total energy expenditure. Because her energetic
difference is positive, she gains weight. Again, the functional shape
of the variations in mass, caloric intake and total energy
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Figure 1. Difference between the Forbes and Hall relationships for an individual who is losing weight. Characteristics: 30.43 years old,
72.06 kg initial body mass, 12.96 kg initial body fat mass, 59.09 kg initial lean mass, and height=1.88 m.

doi:10.1371/journal.pone.0111709.g001
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Figure 2. Difference between the Forbes and Hall relationships for an individual who is gaining weight. Characteristics: 20.26 years old,
74.69 kg initial body mass, 12.69 kg initial body fat mass, 61.99 kg initial lean mass, height=1.89 m.

doi:10.1371/journal.pone.0111709.g002

expenditure is similar. As 7}; increases in value, more time is
required for the mass, caloric intake and total energy expenditure
values to reach the maximum values, that is, when the intake and
expenditure have the same value and the energetic difference is
Z€ro.

Although we use basic mathematical equations, our results are
comparable to those of previous studies [9,12,18]. However, we do
not believe that the trend in body mass variation would be that
consistent when small time steps are used. Thus we introduce the
hypothesis that the social environment affects intake and total
energy expenditure.

Modeling social interactions as energy noise

The simulations use one day as a single time increment, and we
introduce a small amount of noise to simulate the daily situations
that are beyond an individual’s control, such as social interactions.
These interactions vary depending on daily circumstances and can
influence an individual’s caloric intake and total energy expendi-
ture. Therefore we use equations (13) and (14), which include a
term that we introduced to describe social interactions. To begin
studying the effect of this social term [24], we use three relevant
cases. The first case (i) uses a fixed value for social proximity 8 with
a variation in the social influence AE. In the second case (i), a
fixed value is used for the social influence AE with f varying
between 0 and 1.

Human interactions are irregular, and the type of situations that
people encounter vary, which can also cause randomness in these
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interactions. To account to these factors we propose a third case
(i) in which random values are assigned to both the social
proximity and the social influence. In the following simulations, we
take y;=0.3, which is the average value of the uniform
distribution, to simplify the calculations.

Case i: To estimate the effects of social energetic differences on
an individual, the social proximity is fixed at 0.5, and AE is varied
between 20 and 150 kcal per day. In the first example, which
involves a man who loses body mass due to personal intake,
including the social term has a positive effect on his body mass
(figure 5). The social influence (AE) is associated with the caloric
intake and total energy expenditure but does not have a role in the
individual’s daily routine; instead, the social influence is a type of
noise that is linked to the social interactions.

Case ii: In this case, a fixed value for social influence (AE) is
used and f is varied from 0 to 1. For example, in figure 3, a
positive value is used for the social influence (AE =450 kcal/day;
figure 6). The social proximity is correlated with the interaction
nearness; that is, larger values of f (i.e., values closer to 1)
correspond to a stronger relationship between this individual and
the other individuals with whom s/he interacts. This nearness can
be physical or social, but we do not differentiate between the types
of nearness in these cases.

Comparing cases (i) and (ii) using the first example (figure 3)
reveals that varying the social influence (AE) causes a more
pronounced increase in body mass than just varying f. In other
words, although the individual is motivated to lose weight in this
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Figure 3. Body mass, intake and total energy expenditure variation for a male.
mass, 3506.32 kcal initial intake and 3527.51 kcal total energy expenditure.
doi:10.1371/journal.pone.0111709.9003
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Figure 4. Body mass, intake and total expenditure variation for a female. Characteristics: 34.54 years of age, 50.01 kilograms initial body
mass, 2196.22 kcal initial intake and 2187.62 kcal total energy expenditure.
doi:10.1371/journal.pone.0111709.g004
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case, as indicated by his negative personal energetic difference
(figure 3), interacting with individuals whose routine leads to an
increase in body mass (we use a positive sign in equations (15) and
(16)) undermines his attempt to lose weight. Indeed, as AFE
increases, the body mass variation becomes positive and the mass
increases. In case (i), increased interactions with other individuals
(i.e., B approaching 1) again makes the variation in body mass
positive.

Comparing (i) and (ii) using the second example (figure 4),
reveals that varying AE (in this case, we use a negative sign)
generates a greater variation in body mass than does increasing f8
(figures 7 and 8). Although the individual’s tendency is to gain
weight slightly, the social interaction leads to a negative variation
in body mass. In other words, if a person who wants to gain weight
interacts with others who want to lose weight, it will be much more
difficult for the former individual to attain her goal. In general, we
noticed that gaining (or losing) and maintaining weight will
become even more challenging in the case of strong social
interactions. [25]

Case iii: We use a random value for the social energy influence
AE that is selected from a uniform distribution of points in the
range of [0,300] kcal/day, a random sign for the social interaction
in equations (15) and (16), and we vary f uniformly from (0,1), in
the first example (figure 3). These parameters produce small
variations over time that are more irregular than those in figure 3
(figure 9). The body mass varies, but the variations are more
pronounced in intake and total energy expenditure. When the
same conditions are used in the second example (figure 4), the
same variation patterns occur (figure 10).

During the first time steps in both cases (with and without social
interaction), the body mass change is more pronounced and
follows similar patterns in both. However, as the body mass
approaches a stable mass value, the fluctuations are much larger

Body Mass Variation and Social Interaction

for the case in which social interaction is included (figure 11). This
difference occurs because as body mass approaches a stable value,
the personal energetic difference tends toward zero. As a result,
the social interactions cause large variations and thus lead to
caloric intake and expenditure values that differ from those for the
individual’s daily routine.

Using the second example (figure 4) and the same conditions as
above, the body mass variation is positive (figure 12). Both cases
(with and without social interaction) have similar tendencies;
however, in comparison to the previous example, the variations
are less pronounced. In other words, the personal energetic
difference (Ijng — Eing) approaches zero more rapidly. Consequent-
ly, the social interactions have larger effects across the entire time
interval. It becomes clear that if the social interaction mean value
is not zero, there would a tendency for the body mass to change
accordingly. We expect that with the introduction of networks in
these calculations, this tendency will be the result of the
individual’s interaction with its neigborhood, depending on the
average mean value of the neighbor’s energetic differences.

Simulations similar to those above provide a theoretical
foundation that provide suggestions about how the human
environment can affect body mass. The regular variation patterns
(figures 3 and 4) exhibit no peaks, but the social interactions are
important and play a vital role in the variation. Several studies
have addressed the effects of social interactions by considering
kinship, friendship, gender, age and other factors [25-27].
However, no definitive conclusions have yet been reached as to
how social interactions directly affect important variables such as
an individual’s intake and total energy expenditure. Introducing
social interaction into the present equation system using energetic
terms helps to elucidate how a network of individuals whose body
masses increase and decrease affect an entire population. This tool
could be useful in studying how social interactions can modify the
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doi:10.1371/journal.pone.0111709.9g007
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percentages of individuals in a network who have obesity,
overweight or low weight, as well as the average BMI of the
network. Future work can be performed to explain the effect of
social networks on variations in mass.

Methods

Many analyses of the variations in individual body mass have
been developed to predict changes. Recently, mathematical
models have been developed that can make predictions that cover
a large number of variables that affect human body mass. The
model proposed by Chow and Hall [18] mainly focuses on the
differences between caloric intake and total energy expenditure;
this model is capable of incorporating new terms such as the term
we introduce to describe social interactions. Initially, this model is
based on the law of energy conservation:

AU=AQ—AW (1)

where AU is the change in the energy reserved or accumulated in
the body; AQ is the variation in caloric intake; and AW is the
variation in total energy used. Using the mathematical model of
Chow and Hall leads to the following equations:

d.
pr G =)~ E) 2)

dL
prg =PI —E) 3)
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where F is the individual’s fat mass; L is lean mass (including all
non-fat tissues: organs, bones, muscle, etc.); I is the caloric intake;
E is the total energy expenditure; pgp is the energy density
associated with body fat; p; is the energy density associated with
lean mass; and p is calculated as follows:

1
= 4
P T @
where o is calculated by
pr F
= 5
*= 104 ()

The caloric intake (/) and total energy expenditure (E) are not
constant values; instead, these values change over time. Equation
(5) was formulated by Forbes [12] for adult women, although we
use this equation as an approximation in the model for both sexes.
To adjust the model, we solve equations (2) and (3) numerically
and propose relationships for the caloric intake and total energy
expenditure (for the latter, we use equations given by the FAO
[19]). In our study, we are dealing with total mass and define the
total mass of an individual as M =F+ L. However, there is
another mathematical form for p that is given in equation (4) and
proposed by Hall in [13].

AL
_ AM
P="AL (12 AL (6)
av T A
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where AL is the difference between the lean mean at time t and
time t-1, AM is the difference between the body mass at time t and
F
t-1, and a= p—L In this work, we compare the Forbes and Hall
0

expressions for p using computer simulations.

Energy intake and total energy expenditure

Various computational models have been proposed to calculate
mtake [8,10,14,15] and thus to analyze body mass variations in
large numbers of individuals. We introduce a new theoretical
model designed to identify a way to include dynamic change in
caloric intake. We must properly describe the large variations in
body mass among individuals. Considering this, we introduce a
new parameter y; (which depends on the individual) that would be
related to how fast the body mass of an individual reaches
equilibrium after significant variations in the caloric intake values.
The caloric intake values are then related to the parameter y;
through the following equation that is proposed for either gaining

or lossing weight:
M0\
I(0)=1° ( lto))
M

1

™)

where I;(¢) is the caloric intake of an individual 7 at time ¢; I ;O is the
caloric intake of the individual i at the initial time #y; M;(?) is the

body mass of an individual 7 at time #; and M, ;0 1s the body mass of
an individual i at time #p. To determine the range of y;, we
performed 8 x 103 simulations and analyzed the data. Comparisons
with the data showed in various papers in the literature [9,18,20]
indicated that the optimum 7p; values are consistent with the
literature values for regular variations of y; in the interval (0.1, 0.5).
In our simulation, we change the value of p; within the range from
0.1 to 0.5 by increments of 0.05. The parameter y; was introduced
with the only intention to model the individual’s intake dynamically
since very often in the literature the intake values are taken as
constants. Additionally, with the introduction of this parameter, we
can assign to each individual a different gamma value. Doing so, we
can model each of the individual’s metabolic rate, for instance,
taking into account for particular differences among them.

The total energy expenditure is calculated by a well-known
expression: (used in [21] for body mass changes)

E=BE+TG+AE (8)
where E is the total energy expenditure; BE is the average basal
expenditure [19]; TG is thermogenesis; and AE is the energy
expenditure for activity. Using the initial conditions just men-
tioned, the total energy expenditure at time ¢ is calculated as (for
an individual i)

M;(t)

1o
i

E(1)=|(E" —BE — TGY)

+BE()+TGi(t) (9)
where E;O is the total energy expenditure at the initial time #o;

BE;O is the basal expenditure at the initial time #p; thermogenesis
10% of the TGi()=Ii(1)*0.1 [22];
TG;O =0.1 *I,-IO is the thermogenesis at the initial time #p; and

is taken as intake

BE;(¢) is the basal expenditure at time ¢. The expenditure for
activity (AE) is shown in terms of the initial conditions so that only
known variables are used:
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M;(1)

Ip
i

AE(1)= |(E - BE -~ TG?) (10)

Introducing the social interaction to energy terms

Body mass variations can sometimes be induced by other
people, depending of the type of social influences exerted on an
individual. We want to describe social interactions by adding a
random term to the intake and energy expenditure equations. Our
intent is to model the small daily variations in an individual that
are caused by stimuli that lead him/her to change intake or energy
expenditure from his/her normal habits. To this end, we define
intake as

Ii(t):Iind(t)'i'Ix(Z) (11)
where Ij,q 13 the individual caloric intake, and Iy is the socially-
induced caloric intake. The total energy expenditure takes the
form

Ei(t):Eind(t)"_Es(t) (12)
where Ej,, is the total individual energy expenditure, and Ej is the
total socially-induced energy expenditure. These social terms, I,(7)
and E(f), are modeled in the following manner

Is(t) = ﬁlr([)

Es(t) =ﬁEr(t)

where the variable f is taken as the strength of the social influence
[24], which we term social proximity. I.(f) and E.(f) are the
socially induced intake and expenditure, respectively. As a result,
equations (2) and (3) take the following forms

dF,
or O Dt~ Eu 4 BB (13)

dL;
PrL E :P((lmd - Eiml) + ﬁ(lr - EI))

(14)
where the energetic difference induced by others is termed the
social influence (AE =1, — E,). The product of the social proximity
and the social influence will give us the total social interaction [24].
Using the energy distributions obtained from documented data in
FAO studies, we found that the energy difference of an individual
was within the range of [-300:300] kilocalories. This change
correspond to a daily variation of 10 to 20% of the caloric intake,
depending on the individual. Therefore, equations (13) and (14)
can be approximated as

dF,
pr T =)~ E) £+ AE (15)
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dL;

PLW=P((Ii*Ei)iﬁ*AE (16)

where the social proximity parameter f§ takes random values from
a uniform distribution of points in the (0.0, 1.0) range, the social
influence AE take random values from a uniform distribution of
points in the (0, 300) range and the sign is chosen randomly.

Conclusions

The present simulations indicate that, in general, social
interactions have a greater effect on body mass variation when
individual body mass is mantained near a stable value, see
figure 12. This finding is expected because the social interaction is
introduced in a random manner. However, as shown in figure 11,
the social interactions are relevant but even are more significant
when the individual energetic differences (Ijq — Eing) becomes
close to zero. Comparing our results with other calculations
[8,10,18], we can infer that the parameter y; introduced in
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equation (7) 1s useful for this type of simulations, because it allows
for the inclusion of dynamic variation in caloric intake; this
parameter is sufficient for our purpose and allows the equation
system to reproduce variations in the body mass of an individual
for different periods of time. In addition, the parameter can be
used to incorporate other individual-dependent effects, such as
phenotype. The mass variation of an individual, who is part of a
social network, can also be explored for different types of networks.
This would be part of our future work.

Acknowledgments

The authors thank Efrain Canto-Lugo for assistance with the computer
simulations.

Author Contributions

Conceived and designed the experiments: AMH RHQ, Performed the
experiments: AMH RHQ. Analyzed the data: AMH RHQ. Contributed
reagents/materials/analysis tools: AMH RHQ. Wrote the paper: AMH
RHQ. Running the computer programs: AMH.

—_

5. Thomas DM, Schoeller DA, Redman LA, Martin CK, Levine JA, et al. (2010) A
computational model to determine energy intake during weight loss. Am J Clin
Nutr 92: 1326-1331.

. Heymsfield SB, Pietrobelli A (2010) Body size and Human Energy Require-
ments: Reduced Mass-Specific Total Energy Expenditure in Tall Adults. AJHB.
22: 301-309.

. Hush-Ashmore R (1996) Issues in the Measurement of Energy Intake for Free-
living Human Populations. AJBH. 8: 159-167.

. Chow CC, Hall KD (2008) The Dynamics of Human Body Weight Change.
PLoS Comput Biol 4(3): ¢1000045.

. FAO/WHO/UNU Expert Consultation (2001) Human energy requirements.

Rome: Food and Agriculture Organization: 41-46.

Caballero B, Allen L, Prentic A (2005) Encyclopedia of human nutrition.

London: Elsiever Academic Press.

Eastwood M (2003) Principles of human nutrition. Oxford: Blackwell Science.

Forbes GB (1987) Lean body mass body fat interrelationships in humans. Nutr

Rev 45: 225-231.

Hall KD (2007) Body Fat and Fat-Free Mas Interrelationships: Forbes’s Theory

Revisited. Br J Nutr 97(6):1059-1063.

Latané B (1996) Dynamic social impact: The creation of culture by

comunication. J] Commun. 46(4).

. Leahey TM, Gokee J, Fava JL, Wing RR (2011) Social influences are associated

with BMI and weight loss intentions in young adults. Obesity 19(6): 1157-1162.

Gonzalez A, Boyle MH, Georgiades K, Duncan L, Atkinson L, et al. (2012)

Childhood and family influences on body mass index in early adulthood:

findings from the Ontario Child Health Study. Public Health 12: 755.

Shoham DA, Tong L, Lamberson PJ, Auchincloss AM, Zhang ], et al. (2012) An

Actor-Based Model of Social Network Influence on Adolescent Body Size,

Screen Time, and Playing Sports. Plos One Volume 7 Issue 6: €39795.

20.

21.
22.

23.

27.

November 2014 | Volume 9 | Issue 11 | e111709



