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As the global prevalence of childhood obesity continues to rise, researchers and clinicians have sought
to develop more effective and personalized intervention techniques. In doing so, obesity interventions
have expanded beyond the traditional context of nutrition to address several facets of a child’s life,
including their psychological state. While the consideration of psychological features has significantly
advanced the view of obesity as a holistic condition, attempts to associate such features with outcomes
of treatment have been inconclusive. We posit that such uncertainty may arise from the univariate
manner in which features are evaluated, focusing on a particular aspect such as loneliness or insecurity,
but failing to account for the impact of co-occurring psychological characteristics. Moreover, co-
occurrence of psychological characteristics (both child and parent/guardian) have not been studied
from the perspective of their relationship with nutritional intervention outcomes. To that end, this work
looks to broaden the prevailing view: laying the foundation for the existence of complex interactions
among psychological features. In collaboration with a non-profit nutritional clinic in Brazil, this paper
demonstrates and models these interactions and their associations with the outcomes of a nutritional
intervention.

With associations to type-II diabetes, ischaemic stroke, heart disease, and various cancers, childhood obesity
represents one of today’s most serious threats to children’s health and quality of life!-%. Childhood obesity is
associated with a lifetime of health concerns, ranging from increased health care costs*”*® to placing additional
stressors on family dynamics’. Despite global awareness of this issue, prevalence of overweight and obese children
(ages 2-19) has risen 47.1% worldwide over the 33 years between 1980 and 2013'°.

As a result, both practitioners and researchers have undertaken efforts to develop a wide collection of inter-
ventions targeting the growing population of at-risk children''. Traditionally, these interventions focused solely
on nutritional aspects of a child’s life. However, recent literature has found the roots of obesity to be far more com-
plex. This complexity is perhaps best captured in the 2010 work of Puder and Munsch, which notes, “Rather than
a stable condition, childhood obesity represents a dynamic process, in which behavior, cognition and emotional
regulation interact mutually with each other, with biological parameters, as well as with contextual factors, such
as parental attitudes and familial eating, activity and nutritional patterns”'.

Driven by these findings, interventions are rapidly broadening the scope of factors they address. Among the more
prominent, has been the inclusion of psychological characteristics, both from the child and his or her family™>-5,
As aresult, emerging research studies have since provided evidence around the existence of associations between
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specific psychological characteristics and presence of obesity in children
focused on univariate analysis of psychological characteristics with respect to childhood obesity

Consequently, when seeking insights beyond prevalence rates, studies evaluating associations to interven-
tion and prevention efforts often result in conflicting and ambiguous results. Therefore, it remains unclear how
these psychological relationships may drive the success of intervention strategies. Our work addresses exactly this
uncertainty. We posit there is need to advance beyond associations to univariate characteristics and establish the
importance of interactions between such characteristics as they pertain to intervention outcomes.

Our study focused on children (aged 0-10) and their families who received treatment at the Centre for
Nutritional Recovery and Education (CREN), a large non-for-profit NGO in Sao Paulo, Brazil. CREN represents
a unique study center offering patients a two-year interdisciplinary treatment program. As part of the program,
healthcare professionals identify and treat comorbidities associated with a child’s obesity, evaluate the child’s
body composition through bio-impedance and follow life-style habits with daily records of activity, sleep and
screen time, and nutritionists provide detailed counseling on a family’s diet. Additionally, CREN offers group ses-
sions where physical activities and nutritional workshops are provided for children and their guardians. Finally,
interwoven through each service is a registered psychologist who provides support to understand the elements
underlying a child’s nutritional state.

Together with nutritional evaluations, the structured psychological evaluations offer a foundation on which
to study the complexities among co-occurring characteristics and their ties to childhood obesity treatment out-
comes. Specifically, we consider two distinct analyses. The first aims to quantify how associations with an inter-
vention outcome vary significantly when the expression of multiple psychological characteristics in a child and/
or guardian is leveraged, compared to examining each characteristic alone. The second analysis involves building
co-occurrence networks of psychological characteristics, and finding the networks structural and connectivity
properties that differ significantly between intervention outcomes. This findings in this paper provide an oppor-
tunity for caseworkers, intervention planners, and researchers to develop more complete profiles of the children
and families they serve, thereby improving nutritional outcomes.

Results

The results of each of the primary analyses can be found in the respective subsections to follow, while a broader
consideration around how such observations relate to complexity in the treatment of children at CREN is pro-
vided within the Discussion section.

We, first, highlight the different ways to measure nutritional outcomes that are based on anthropometric
measures such as the change in body mass index for age (BMI/Age). However, at high degrees of obesity, these
measures are often insufficient to represent changes in overall health. Thus, in order to capture also a more com-
prehensive measure of improvement, we derived a BMI thereshold for measuring improvement through an anal-
ysis of clinical tests; additional details about this measurement are included in the Methods section. Based on
this BMI threshold, we divide the study population into two groups: Those with a significant improvement in
BMI score (henceforth referred to as IMPV, n:128); and those who exhibited minimal or insignificant change
(deemed MC, n:372).

Baseline. Inorder to better study the interactions amongst psychological characteristics and their association
with childhood obesity, we first established the baseline tendency for each characteristic to occur within each
of IMPV and MC groups. This was accomplished by generating distributions of occurrence prevalence for each
psychological characteristic and computing the probability that it may occur at a higher prevalence within chil-
dren of either the IMPV or MC group. A visual representation of these probabilities can be found in Figure 1. For
additional details of this relationship, a comprehensive set of epidemiology-based statistics: odds ratio, absolute
risk reduction, and population attributable risk percent, are provided in Supplementary Tables S1 and S2.

We observe several psychological characteristics with a probability >90% of occurring at a higher prevalence
within one of outcome populations. For the IMPV population, these included elements of loneliness, willingness
to discus interpersonal relationships during the interview, difficulty changing, and concern about their own health.
While, the MC cohort exhibited increased occurrence probabilities for characteristics such as guardian elements
of immaturity, aggressiveness, lack of authority, and child affective deprivation behavior (in which a child must act
out to receive attention), shyness, and insecurity. It is important to note that because a psychological characteristic
was observed to have a higher prevalence among the IMPV group, does not imply the characteristic is an inher-
ently positive trait.

Dyadic interactions. Our first analysis focused on interactions among the pair-wise (or dyadic) groupings
of psychological characteristics, evaluating the prevalence of co-occurrences with respect to the baseline (univar-
iate) tendencies of each element comprising the pair.

We first used an approach similar to estimating univariate tendencies among the outcome groups. Each dyad
was considered as a unique entity and the probability of the dyad occurring at a higher prevalence in one of the
outcome populations was computed. To better elucidate the influence of the interaction, only dyads where the
baseline tendency of at least one characteristic exceeded 90% (for either IMPV or MC) were considered. For
clarity, this characteristic will be referred to as the seed variable. Additional steps taken to reduce the possibility of
spurious relations are documented in the Methods Section.

2Guardian is broadly considered as the legal caregiver of the child.

bA description of CREN’s enrollment and treatment program can be found in Supplementary Material.
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Figure 1. Baseline Tendencies: Probability of each characteristic to occur at a higher prevalence in the IMPV
outcome. Colors: Blue nodes represent those at >90% probability of a higher prevalence in the IMPV group,
while red indicates those with a >90% probability of occurring at a higher prevalence in the MC population —
(<10% probability for IMPV).

In an effort to aid in comparisons between the dyadic and baseline probabilities, we designed a metric to
convey a sense of direction for each interaction. This metric, deemed “Stay/Swap”, was defined as follows: If a
dyad had a statistically higher prevalence in the same nutritional outcome as the seed variable, the interaction is
designated as a “stay”. While dyads where the probability of occurrence was higher in the opposite outcome than
the seed were deemed a “swap”. A visualization of all stay and swap relations can be seen in Figure 2. As with the
baseline analysis, Supplementary Tables S3 and S4 present the epidemiological statistics assessing the prevalence
of each dyad with respect to the IMPV group.

Evaluating dyadic interactions presented several interesting findings. For example, while the seed variable
of loneliness was strongly associated with children in the IMPV population, the addition of anxiety to the initial
assessment resulted in a swap: where the dyad becomes strongly associated with the MC population. In a similar
fashion, children who speak about their interpersonal relationships with the psychologist are typically associated
with IMPV outcomes; however, a swap is noted when they also exhibit affective deprivation behaviors.

These results present evidence to support the value of not only looking at psychological interactions within
children or their guardians, but interactions between children and guardians as well. For example, at the baseline,
children with shyness tend to occur at higher prevalence in the MC population, however when presented along-
side highly mature guardians, guardians that are worried about/discuss the child’s behavior, or guardians who act
in an overprotective manner, the outcome is more likely to be IMPV.

Drawing on the promising observations at the dyadic level, we performed an additional analysis to consider
larger co-occurrence groupings: evaluating interactions among groupings of three characteristics, known as a
triad. A discussion of the methods, results and primary findings can be found in Supplementary Material.

Network effect. Our second analysis considers the more complex interactions captured in a “network effect”
of the psychological characteristics. To do so, we constructed two networks (see Methods section) with each rep-
resenting the co-occurrence patterns of psychological characteristics for children within the IMPV and MC out-
come populations. Within a network, each characteristic was represented as a node, and edges were constructed
and weighted by the proportion of children who exhibited the co-occurrence of both factors within the specific
population. Once constructed, a robust set of 16 metrics were computed to provide insight into various elements
of connectivity, associativity, and clustering amongst the psychological characteristics.

Across our 16 metrics (Table 1), we observed several highly probable differences between clustering measures
(average neighbor degree, all pairs node connectivity, clustering coeflicient) and connectivity measures (close-
ness centrality, triangles, node clique number). The results clearly indicate that interactions among psychological
characteristics manifest themselves differently within each of the two nutritional outcomes. Using a Bayesian
Estimation method (BEST)'*%, to obtain a high-density interval (HDI) at 90%, we estimate the probability of
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Figure 2. Dyadic Groupings: A visualization of the Stay-Swap relations at a minimum-probability of 90%.
Node Colors: Blue nodes represent characteristics with a baseline above minimum-probability in the IMPV
group, while red are those above minimum-probability in the MC outcome. Yellow nodes represent those not
exceeding the minimum-probability in either outcome, yet were part of a dyad which did. Edge Colors: Blue
edges connect characteristics with a stay relation, Red edges connect those with a swap relation.

each network measure being truly different within each intervention outcome. In this case, positive ranges cap-
ture larger values within the IMPV, and conversely negative ranges indicate higher metrics for the MC population.

Discussion

This paper presents a strong case for the need to move beyond univariate psychological characteristics, and con-
sider interactions among the psychological characteristics of both children and their parents/guardians. These
interactions shed a more holistic light on the success of nutritional interventions to counter childhood obesity.

While the majority (59) of the 77 psychological characteristics were exhibited by children in both populations,
a subset exhibited strong associations with one of the two nutritional outcomes. Such baseline associations offer a
platform on which to study the novel associations between interactions of co-occurring psychological character-
istics and the effectiveness of a nutritional intervention. Among the most prominent examples is child loneliness,
which had a higher baseline probability of association with children in the IMPV population.
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Mean | Mean HDI
Network Metric IMPV | MC HDI5% | 95%
average_neighbor_degree 3170 |35.81 | —5.24 —2.88
degree_centrality 0.40 0.47 —0.14 0.00
closeness_centrality 66.56 187.34 | —124.82 | —118.01
betweenness_centrality 0.02 0.02 0.00 0.00
edge_betweenness_centrality | 0.00 0.00 0.00 0.00
number_of_cliques 5325 |44.64 | —1220 |18.36
node_clique_number 12.78 | 16.71 | —5.22 —2.63
triangles 212.44 | 302.29 | —149.86 | —28.13
clustering 0.07 0.05 0.02 0.03
all_pairs_node_connectivity 15.46 18.84 | —5.20 —1.43
closeness_vitality 186.07 | 177.29 | —0.87 17.99
square_clustering 0.27 0.38 —0.14 —0.09
edge_load 82.20 |80.94 |0.79 1.77
effective_size 8.34 8.45 —2.16 2.19
constraint 0.13 0.11 0.00 0.01
edge_weight 0.02 0.02 0.00 0.01

Table 1. Structural Metrics differentiating connectivity, associativity & clustering between the psychological
characteristics of each outcome network.

A potential explanation for such a connection comes as loneliness is often associated with the bullying by chil-
dren that are overweight or obese. They are isolated by their friends, but literature has shown they also further iso-
late themselves??2. As such, the association of loneliness among children with IMPV is driven mostly by the fact
that treatment offered by CREN consists in part on the development of a companionship with the family, and aims
to strengthen or increase a child’s social network breaking the vicious cycle of loneliness-eating-loneliness®*,

However, when reviewing our interaction results, we find that when loneliness is paired with anxiety, it is more
prevalent in the MC group. Literature suggests it is possible this combination captures a different profile of a child,
representing any of the numerous generalized disorders whose underlying symptoms and causes stem outside the
need to expand a child’s social circle”. Notably, recent works have highlighted important latent relations between
these characteristics and underlying depression in children®. In both cases, the understanding of these profiles
can improve future practice decisions; identifying population subgroups for behavioral or psychological interven-
tions that accompany the nutritional intervention.

Additionally, interactions were found to occur in the reverse direction as well. For example, shyness was found
to be more prevalent within the MC group at baseline. However, shyness, combined with the presence of a secure,
responsible, or overprotective guardian, swaps the association to a higher probability of belonging to the IMPV
group.

Such results highlight a key takeaway from our manuscript analysis, offering evidence around the value of
strong family support in conjunction with an intervention. Where existing literature focuses mainly on how
family stress may contribute to the development of child obesity?”-*, there are studies and reviews that stress how
parents contribute to the nutritional recovery of children, with the mother’s presence in the household®® and par-
ent rules which diminish child consumption of sugars®. Other studies find elements to propose that the parents
be the sole agents of change?!.

Furthermore, our results support the notion that parents/guardians can contribute to their child’s nutri-
tional status. A pattern that becomes more pronounced when looking to the triadic groupings (see Supplemental
Materials). Across the numerous triads, we find the presence of strong family features such as the guardian exhib-
iting concern for a child’s behavior and treatment as an important element for successful intervention. We also
find that extreme protectiveness for their child contributes to many interactions belonging to the IMPV group,
whereas a lack of authority is steadily associated with MC.

On the other hand, curiously, certain attributes of the guardians psychological state, such as loneliness or inse-
curity, are connected to improvement in the child’s nutritional outcome, perhaps suggesting some family units
could be identified as more willing to accept the advice and help from professionals at CREN.

Finally, looking at the network relationships of psychological characteristics and nutritional outcomes,
we uncovered patterns of increased edge load and clustering coefficient occurring within the IMPV popula-
tion. Together these metrics indicate characteristics in this group co-occur within a greater percentage of the
population and alongside more shared elements than in the MC group respectively. This suggests, perhaps, a
stronger underlying relationship amongst the characteristics expressed across the children who show substantial
improvement.

In contrast, within the MC network, we find what are likely to be more distinct characteristic groupings across
the population, represented in an elevated average clique count and average neighbor degree. The elevated average
clique count indicates each characteristic was part of more isolated groupings (cliques), supporting the idea that
characteristics presented by children in the MC population may not co-occur as strongly, perhaps suggesting
multiple underlying psychological processes or conditions that would need to be addressed with supplemental
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treatment plans. Importantly, we note a low probability of difference between the total number of cliques within
the two outcomes (similar mean values and high-density interval (HDI) that spans 0). In this case, the lack of
significance is an important result, as it serves as a form of validation that the increased number of cliques for each
characteristic observed in the MC group is not simply due to an increased number of possible cliques.

Interestingly, the average neighbor degree also indicates each characteristic was found to directly co-occur
with other characteristics that have a high number of co-occurring edges. Such a measure is important, as it is
unlikely that all possible co-occurrences were captured within the sample of 500 individuals. Thus, giving a nota-
ble elevation in this metric gives a potential area of future research, suggesting potential co-occurrences in higher
dimensional groupings than were evaluated in this study.

We believe this manuscript takes an important first step in uncovering the psychological interactions associ-
ated with success of a nutritional intervention. It is our hope this study will provide a foundation on which future
works can explore the complexity of psychological interactions on a broader scale, identifying how addressing
co-occurring conditions can open up pathways for improved treatment of obese children. In particular, one of
the most pertinent areas of future work falls to the study of temporal patterns, extending the associations found in
this work and investigating how the addition, removal, or persistence of specific conditions throughout treatment
influences the nutritional outcome of a child.

Methods

Data. The data utilized in this study were extracted directly from the electronic medical record of each child
maintained by CREN. As CREN remained an active clinical entity during the course of this work, we obtained a
snapshot of the child records on October 11% 2017 to ensure a static dataset for analysis while the Centre contin-
ued day-to-day operations. The snapshot included approximately 7,800 children treated over a period of 8 years.
However, this work focuses on a specific subset of 1,541 children who utilized psychological services available
at CREN from 2013 to 2017. Broadly, two types of data were extracted for each child: psychological assessments
(forming our psychological characteristics) and measures of nutritional status (forming the intervention out-
come). Details of each are provided in the sections to follow. The study was approved by the Notre Dame insti-
tutional review board under protocol number 17-08-4032. All methods were performed in accordance with the
relevant guidelines and regulations set forth by the Notre Dame IRB, CREN, and current Nature publications.

Psychological data.  The psychological data were drawn from consultations with a registered psychologist, per-
formed as part of a child’s interdisciplinary care at CREN. These data represent a set of characteristics surround-
ing the life experiences, treatment engagement, and perception of overall progress for both children and their
guardians. Each consultation provides the opportunity for a psychologist to encode the expression of over 70
unique characteristics as they present within a child, and 89 exhibited by their guardians. Additional questions
asked of guardians pertained to elements such as employment or marriage; not pertinent to a child. Together,
these characteristics were selected from a list developed by CREN as a result of research studies®? and clinical
working groups and are recorded directly into a child’s electronic health record.

Based on the scope of the present study, we incorporated 77 distinct psychological characteristics — 28 from
children and 49 from guardians — for the modeling and analysis in this paper. However, it is important to note
the variables themselves are not measures, but rather a record of psychological characteristics expressed by the
child or guardian. As such, we do not compute any composite score, or rank based on the number or types of
characteristics recorded. Finally, to prevent the introduction of bias from children who may be at varying stages
of treatment, all data were drawn from a child’s first psychological assessment.

Nutritional data.  Through several encounters with pediatricians and dietitians, a child’s treatment at CREN
offers a reliable source of anthropometric data. As the work presented in this manuscript is focused on obesity, the
subset of collected heights, weights, and ages, provides a fairly robust measure of nutritional status. While these
measures are often computed as a ratio to obtain the Body Mass Index (BMI) for an individual, extensive work
by the WHO has demonstrated that when computed for children there exists a need to further refine each metric
with respect to age®. Thus, utilizing a set of Child Growth Standards developed by the WHO, measures of BMI
for Age (BMI/A), and Height for Age (H/A) were computed for each child. However, it is well established that raw
values of BMI/A and H/A are not sufficient to provide a comparative measure of a child’s nutritional status, and as
such, the relative z-scores for BMI/A and H/A were computed against external reference distributions provided
by the WHO?-3,

Nutritional outcome. Nutritional recovery is a process that demands time, as it involves deep change of
life habits of the children and their families. A systematic review of recovery obtained through various types
of intervention found weight loss, ranging from 0.05 to 0.42 BMI z-score (standard deviation score of the body
mass index) over a period of 12-24 months”. Yet, unfortunately, as many children treated at CREN exhibit such
extreme levels of malnutrition, it is highly unlikely that many will “recover” to a level of healthy z-BMI/A over the
course of their treatment.

As such, nutritional outcomes at the Centre, are often measured by the relative improvement of child between
their entrance and exit of treatment. While this relational measure offers valuable insight for the practitioners at
CREN, the determination of a specific threshold of improvement that corresponds to a tangible improvement of
health represents a challenging problem.

‘CREN is a reference centre to treat obese children in the city of Sdo Paulo. The 2 years treatment period was agreed upon in
conjunction with the municipality based on the high demand for such a service in the city.
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In an effort to obtain such an objective measure of change for use in this work, we look to a set of blood
tests that provide a proxy: linking nutritional outcomes with known clinical biomarkers of health. Specifically,
this work utilizes levels of Insulin, Triglycerides, and the Homeostatic Model Assessment of Insulin Resistance
(HOMA-IR). These three exams were selected by the clinicians at CREN, and their link to nutritional outcomes
has been established in a number of external research articles®®*,

Threshold definition. To begin we extracted the first and last recorded levels of each laboratory exam during
each child’s treatment at CREN. Utilizing a subset of 72 children from our study population, each of whom also
had all three blood tests recorded at least twice. We next sought to substantiate the relation between blood levels
and nutritional outcomes established in literature. Utilizing a Mann-Whitney-U test (2-sided, 95% confidence)
to compare the distribution of BMI/A z-score change for those children whose lab values showed improvements
(a pre-post change in the direction towards a healthy range as defined by clinical standards), against those who
show no change or a worsening (a pre-post change in the direction away a healthy range as defined by clinical
standards) across all three blood tests. We define a significant reduction for those who improved their lab values
at p<0.001.

Noting such difference, the threshold for nutritional outcome improvement was set at the mean change in
BMI z-score for those individuals with improved lab values across all three lab tests. While several alternative cri-
teria were considered, requiring improvement in one or two of the various blood levels, literature suggests these
lab values are typically “lag” indicators, i.e. they will move as a result of sustained improvement in nutritional
status. Thus, requiring change towards healthy ranges in all 3 lab tests offered a robust proxy for improvement in
overall nutritional status, as it also captures a decrease in the cardio-metabolic risks associated to obesity.

This process ultimately resulted in a threshold of 0.747 that, once applied to the study cohort, resulted in two
groups: children who substantially Improved (IMPV, n:128) in their nutritional status and those whose inter-
vention resulted in minimal change (MC, n:372). Across these populations, age was well distributed — IMPV:
(u:6.07 years, 0: 2.24), MC: (u: 7.04 years, 0: 2.24). However, sex was found to be imbalanced, with a higher per-
centage of males in the improved group (64%, vs. 47%). While such differences are in line with known gender
response differences to obesity interventions***!, to guard against potential confounding of our results, we under-
took an additional cohort control to remove any characteristics that had any statistical association to patient sex
(details included in the Supplemental Material).

Statistical methods. Each of the three primary analyses presented throughout this work employ Bayesian
inference. The decision to utilize Bayesian inference over conventional hypothesis testing was driven by two pri-
mary considerations.

First, an extensive set of literature has emerged bringing to light a lack of reliability in the p-values required to
determine what is considered “significant” with respect to various confidence levels of frequentist statistics*>*.
In particular, work in the healthcare field has shown that such tests typically overstate the evidence against the
null hypothesis*. Conversely, there exists prominent support for a Bayesian approach to perform comparisons
between samples, particularly within the field of psychological analysis*>°.

Second, Bayesian statistics have been shown to provide an improved estimate of parameters in small pop-
ulations. With respect to this study, although we have a fairly robust sample of 500 children, such considera-
tions become valuable when evaluating dyadic and triadic interactions of infrequently expressed psychological
characteristics®.

Baseline. The establishment of baseline tendencies, performed independently for each of the psychological
characteristics, was accomplished through two distinct procedures: (1) Epidemiological statistics (odds ratio,
absolute risk reduction, and population attributable risk percent) were computed using a contingency table,
breaking down a characteristic’s prevalence within each outcome; (2) as many characteristics occur within chil-
dren of each outcome, a Bayesian estimation was performed to determine if the prevalence was truly different
within each the IMVPV and MC outcomes. To do so, a Beta distribution was estimated for the prevalence of a
characteristic within each outcome. Parameters « and 3 represented the occurrences of children who expressed
or did not express the characteristic within the outcome respectively. Once established, a probability of their dif-
ference could be computed by obtaining the definite integral of the probability and cumulative density functions.

For consistency, all characteristics were evaluated with respect to the IMPV group, thus both very high and
very low probabilities were of interest. For example, probability estimates of 90% indicate the characteristic has a
90% probability of occurring more in the IMPV outcome, while, by the conservation of probability, values of 10%
represent 90% probability of occurring more in children with the MC outcome.

Two characteristic groupings. As the number of possible dyadic groupings of 77 characteristics can
become quite large, we took a number of steps to reduce the chances of spurious relations. First, we focused only
on the subset of characteristics whose baseline tendency to occur within one of the two outcomes exceeded 90%.
By using those characteristics with strong baseline tendencies, we can more rigorously evaluate how the addition
of a characteristic may influence outcome prevalence probabilities.

For each psychological characteristic with a baseline probability above this threshold (referred to as the seed
variables) the prevalence of co-occurring with each of the other 76 characteristics was then computed. In each
case, the co-occurring dyad was considered a single entity. Then, as in the baseline analysis, the Bayesian com-
parison, and epidemiological statistics, were computed. Finally, should a dyad fail to reach a 90% probability of

A detailed description of selection criteria is available in the supplementary material.
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occurring within one of the two outcomes, or occurred five or less times between the two populations, the pair is
disregarded to prevent overestimating interactions from extremely rare combinations.

Network analysis. Each node in our network represents a unique psychological characteristic, while edges
between characteristics indicate they have co-occurred within a child’s assessment (either from the child or the
guardian). Additionally, each edge is weighted based on the percentage of children for whom the characteristic
co-occur within the total population for the respective nutritional outcome.

Since, there are a subset of psychological characteristics that are expressed solely by children within only one
nutritional outcome, inclusion of such elements could serve to bias analysis towards one outcome or another IMPV
vs MC). To mitigate this bias, all networks are constructed utilizing only the set of characteristics that are expressed
in both IMPV and MC outcomes. While this may seem to be excluding relevant information, the understanding that
it is highly unlikely any psychological characteristic exists solely within one outcome leads to the more reasonable
assumption that the factor is infrequent, and not represented in the population sample evaluated in this study.

As a result, in order to include such a characteristic within the network it would be necessary to estimate its
co-occurrence prevalence with all other characteristics. While such an estimation is possible it would often come
with a strong bias. Rather, our goal was to evaluate the similarities and differences of how characteristics interact
between the two outcome groups. Thus, by focusing the analyses within those shared by both groups, we can infer
more accurate relationships between characteristic prevalence and nutritional outcomes.

Each metric is computed at the node-level for each of the networks. As an example, the clustering coefficient
for each node was computed and stored, rather than a single average coeflicient for the network. In this way, we
can obtain a more comprehensive estimation of each metric value and variation across the characteristics.

To perform the comparison between each metric, we utilized the Bayesian Estimation Supersedes the t-test
(BEST) method'*?°. This method has been repeatably demonstrated as a strong estimate of continuous distri-
butions. However, as published, the method relies on normal priors, yet in this work there is no guarantee the
normality assumptions hold for these metric statistics. As a result, we instead turn to the gamma distributions
to estimate priors, as structural measures do not extend to negative values. BEST estimations were sampled with
JAGS, with a burn in of 1,000 iterations, and a total of 10,000 fitting iterations.

Limitations. While every effort was taken to obtain a robust study cohort and perform rigorous evaluations
for each analysis, there are of course limitations to the work presented in this manuscript.

The first centers around the socioeconomic status (SES) of the children and families treated at CREN. It is
well known that SES factors are deeply tied to health and development of children. However, as children in both
the IMPV and MC groups are drawn from the same population, an understanding of how SES may influence
the associations between co-occurring psychological characteristics remains an open question. Although not a
limitation of our study results, it is unclear how such findings would generalize to higher SES patient populations,
where social support structures, self-perception, and coping mechanisms may differ. A question lending itself to
the development of future multi-site studies.

The second limitation stems from the nature of data collection. As all data utilized in this study were collected
through the natural course of care in the Centre, no child was evaluated by more than one psychologist. While all
psychologists’ received extensive training at CREN and participated in case discussions with other practitioners,
it is, of course, possible each had their own implicit biases in documenting specific characteristics. Unfortunately,
without repeated cross-measurement of a child, it was not possible to capture inter-rater reliability metrics. However,
we remain highly confident in their documented status, as the characteristics utilized in this work were selected from
themes developed at the Centre for over 10 years and extensively discussed and tested by CREN’s psychologists.

The final limitation surrounds the demographic elements collected at CREN. Although we were able to assess
the basic demographics of the children involved in the study, there exists a need to provide more complete infor-
mation around race and ethnicity for future patients, particularly in regard to work around body composition.
Yet, perhaps more importantly, is a limitation around demographic characteristics of the children’s guardians.
Traditionally this information has not been collected at scale within CREN. However, the results of this study
clearly indicate the importance of modeling the child-guardian dyad together and as such we believe it would be
valuable to also study and control for the association of psychological characteristics within the guardians them-
selves. Moreover, although rare, challenging issues may also arise when children live in households with multiple
families and caregivers, or travel between parents and/or grandparents for care throughout the year; perhaps
requiring the modeling of multiple guardian characteristics. Through our current work at CREN, we are devel-
oping a more a more robust data collection procedure at a child’s enrollment to capture this type of information.

Data availability
The data that support the findings of this study are available on reasonable request from the corresponding author.
The data are not publicly available due to privacy restrictions as they contain detailed aspects of health information.

Received: 21 June 2019; Accepted: 26 November 2019;
Published online: 11 December 2019

References
1. Pulgarén, E. R. Childhood obesity: a review of increased risk for physical and psychological comorbidities. Clinical therapeutics 35,
A18-A32 (2013).
2. James, W. P. T. et al. Overweight and obesity (high body mass index). Comparative quantification of health risks: global and regional
burden of disease attributable to selected major risk factors 1, 497-596 (2004).
3. Swinburn, B. A. et al. The global obesity pandemic: shaped by global drivers and local environments. The Lancet 378, 804-814
(2011).

SCIENTIFIC REPORTS |

(2019) 9:18807 | https://doi.org/10.1038/s41598-019-55260-1


https://doi.org/10.1038/s41598-019-55260-1

www.nature.com/scientificreports/

o

e}

10.

1

—

19.
20.
. Rotenberg, K. J., Bharathi, C., Davies, H. & Finch, T. Obesity and the social withdrawal syndrome. Eating behaviors 26, 167-170

22.
23.

24.
25.
26.
27.
28.
29.

30.

3

—

32.

33

35.

36.

37.

38.

39.

40.

41

42.
43.

44,
45.
46.

47.

. Wang, Y. C., McPherson, K., Marsh, T., Gortmaker, S. L. & Brown, M. Health and economic burden of the projected obesity trends

in the usa and the uk. The Lancet 378, 815-825 (2011).

Han, J. C., Lawlor, D. A. & Kimm, S. Y. Childhood obesity. The Lancet 375, 1737-1748 (2010).

Grover, S. A. et al. Years of life lost and healthy life-years lost from diabetes and cardiovascular disease in overweight and obese
people: a modelling study. The lancet Diabetes ¢ endocrinology 3, 114-122 (2015).

. Dobbs, R. et al. Overcoming obesity: an initial economic analysis (McKinsey global institute, 2014).
. Finkelstein, E. A., Graham, W. C. K. & Malhotra, R. Lifetime direct medical costs of childhood obesity. Pediatrics 133, 854-862

(2014).

Simons, L. G. et al. Differences between european americans and african americans in the association between child obesity and
disrupted parenting. Journal of comparative family studies 39, 589 (2008).

Ng, M. et al. Global, regional, and national prevalence of overweight and obesity in children and adults during 1980-2013: a
systematic analysis for the global burden of disease study 2013. The lancet 384, 766-781 (2014).

. Gardner, K., Bird, J., Canning, P, Frizzell, L. & Smith, L. Prevalence of overweight, obesity and underweight among 5-year-old

children in saint lucia by three methods of classification and a comparison with historical rates. Child: care, health and development
37, 143-149 (2011).

. Puder, J. & Munsch, S. Psychological correlates of childhood obesity. International journal of obesity 34, S37 (2010).

. Must, A. & Strauss, R. S. Risks and consequences of childhood and adolescent obesity. International journal of obesity 23, S2 (1999).
. Janicke, D. M. et al. Impact of psychosocial factors on quality of life in overweight youth. Obesity 15, 1799-1807 (2007).

. Rofey, D. L, Black, J. ., Phillips, J. E., Blake, R. & Olson, K. Childhood obesity: depression, anxiety and recommended therapeutic

strategies. In Global Perspectives on Childhood Obesity, 245-256 (Elsevier, 2011).

. Gibson, L. Y. An overview of psychosocial symptoms in obese children. In Global Perspectives on Childhood Obesity, 233-244

(Elsevier, 2011).

. Braet, C. Patient characteristics as predictors of weight loss after an obesity treatment for children. Obesity 14, 148-155 (2012).
. Whitlock, E. A. et al. Effectiveness of weight management programs in children and adolescents. Evid Rep Technol Assess (Full Rep)

170, 1-308 (2008).
Lindley, D. V. The bayesian analysis of contingency tables. The Annals of Mathematical Statistics 1622-1643 (1964).
Kruschke, J. K. Bayesian estimation supersedes the t test. Journal of Experimental Psychology: General 142, 573 (2013).

(2017).

Strauss, R. S. Childhood obesity and self-esteem. Pediatrics 105, e15-e15 (2000).

Zeeck, A., Stelzer, N., Linster, H. W,, Joos, A. & Hartmann, A. Emotion and eating in binge eating disorder and obesity. European
Eating Disorders Review 19, 426-437 (2011).

Koski, M. & Naukkarinen, H. Severe obesity, emotions and eating habits: a case-control study. BMC obesity 4, 2 (2017).

Albano, A. M., Chorpita, B. F. & Barlow, D. H. Childhood anxiety disorders. Child psychopathology 2, 279-329 (2003).

Ebesutani, C. et al. The role of loneliness in the relationship between anxiety and depression in clinical and school-based youth.
Psychology in the Schools 52, 223-234 (2015).

Garasky, S., Stewart, S. D., Gundersen, C., Lohman, B. . & Eisenmann, J. C. Family stressors and child obesity. Social Science
Research 38, 755-766 (2009).

Hemmingsson, E. A new model of the role of psychological and emotional distress in promoting obesity: conceptual review with
implications for treatment and prevention. Obesity Reviews 15, 769-779 (2014).

Ettinger, A. K., Riley, A. W. & Price, C. E. Increasing maternal employment influences child overweight/obesity among ethnically
diverse families. J. Fam. Issues 0192513X18760968 (2018).

Shonkoff, E. T. et al. Direct and indirect effects of parent stress on child obesity risk and added sugar intake in a sample of southern
california adolescents. Public health nutrition 20, 3285-3294 (2017).

. Golan, M. Parents as agents of change in childhood obesity—from research to practice. International Journal of Pediatric Obesity 1,

66-76 (2006).
Solymos, G. A experiéncia vivida de maes de desnutridos: um novo enfoque para intervengao em desnutrigao infantil. Desnutrigdo
urbana no Brasil em um periodo de transicdo 127-citation_lastpage (1997).

. Onis, M. Who child growth standards based on length/height, weight and age. Acta paediatrica 95, 76-85 (2006).
34.

Must, A. & Anderson, S. Body mass index in children and adolescents: considerations for population-based applications.
International journal of obesity 30, 590 (2006).

Onis, M. Who multicentre growth reference study group. who child growth standards: length/height-for-age, weight-for-age,
weight-for-length, weight-for-height and body mass index-for-age: methods and development. Department of Nutrition for Health
and Development (2006).

Organization, W. H. et al. WHO child growth standards: length/height for age, weight-for-age, weight-for-length, weight-for-height and
body mass index-for-age, methods and development. (World Health Organization, 2006).

Miihlig, Y., Wabitsch, M., Moss, A. & Hebebrand, ]. Weight loss in children and adolescents: a systematic review and evaluation of
conservative, non-pharmacological obesity treatment programs. Deutsches Arzteblatt International 111, 818 (2014).

Ondrak, K. S., McMurray, R. G., Battaglini, C. L., Evenson, K. R. & Harrell, J. S. The relationship between changes in weight status
and insulin resistance in youth. International journal of pediatric endocrinology 2009, 862061 (2009).

Friedland, O., Nemet, D., Gorodnitsky, N., Wolach, B. & Eliakim, A. Obesity and lipid profiles in children and adolescents. Journal
of Pediatric Endocrinology and Metabolism 15, 1011-1016 (2002).

Sweeting, H. N. Gendered dimensions of obesity in childhood and adolescence. Nutrition journal 7, 1 (2008).

. Bautista-Castano, L., Doreste, J. & Serra-Majem, L. Effectiveness of interventions in the prevention of childhood obesity. European

journal of epidemiology 19, 617-622 (2004).

Johnson, D. H. The insignificance of statistical significance testing. The journal of wildlife management 763-772 (1999).

Halsey, L. G., Curran-Everett, D., Vowler, S. L. & Drummond, G. B. The fickle p value generates irreproducible results. Nature
methods 12, 179 (2015).

Goodman, S. N. Toward evidence-based medical statistics. 1: The p value fallacy. Annals of internal medicine 130, 995-1004 (1999).
Dienes, Z. Bayesian versus orthodox statistics: Which side are you on? Perspectives on Psychological Science 6, 274-290 (2011).
Andrews, M. & Baguley, T. Prior approval: The growth of bayesian methods in psychology. British Journal of Mathematical and
Statistical Psychology 66, 1-7 (2013).

van de Schoot, R. & Depaoli, S. Bayesian analyses: Where to start and what to report. European Health Psychologist 16, 75-84 (2014).

Acknowledgements
This work is supported in part by the National Science Foundation (NSF) Grant IIS-1447795.

SCIENTIFIC REPORTS |

(2019) 9:18807 | https://doi.org/10.1038/s41598-019-55260-1


https://doi.org/10.1038/s41598-019-55260-1

www.nature.com/scientificreports/

Author contributions

K.F, G.M.B.S. and N.V.C. conceived of the study. K.F, G.M.B.S. and N.V.C. designed the methods. K.F.
implemented the methods. K.E, G.M.B.S., M.P.A. and N.V.C. performed the analysis on results. All authors
participated in writing of the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-55260-1.

Correspondence and requests for materials should be addressed to N.V.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

" | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS|  (2019)9:18807 | https://doi.org/10.1038/s41598-019-55260-1


https://doi.org/10.1038/s41598-019-55260-1
https://doi.org/10.1038/s41598-019-55260-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Unraveling Complexity about Childhood Obesity and Nutritional Interventions: Modeling Interactions Among Psychological Fact ...
	Results

	Baseline. 
	Dyadic interactions. 
	Network effect. 

	Discussion

	Methods

	Data. 
	Psychological data. 
	Nutritional data. 

	Nutritional outcome. 
	Threshold definition. 

	Statistical methods. 
	Baseline. 
	Two characteristic groupings. 
	Network analysis. 
	Limitations. 

	Acknowledgements

	Figure 1 Baseline Tendencies: Probability of each characteristic to occur at a higher prevalence in the IMPV outcome.
	Figure 2 Dyadic Groupings: A visualization of the Stay-Swap relations at a minimum-probability of 90%.
	Table 1 Structural Metrics differentiating connectivity, associativity & clustering between the psychological characteristics of each outcome network.




