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Abstract

Polymorphisms in the Fat Mass and Obesity Associated (FTO) gene are robustly associated with 

overweight and obesity among children, although the underlying mechanisms are poorly 

understood. We tested if appetitive traits partially mediated the association between FTO genotype 

and increased BMI among a sample of US preadolescents. Data were from 178 unrelated 9–10 

year olds who participated in an experimental study between 2013 and 2015. Children’s DNA was 

isolated from buccal swabs, and the rs9939609 SNP in the FTO gene was genotyped. Children’s 

age- and sex-adjusted BMI z-scores were computed using height and weight measured at the 

laboratory. Parents completed the Child Eating Behavior Questionnaire that includes three 

validated scales of habitual appetitive traits related to drive and regulation: satiety responsiveness, 

enjoyment of food and food responsiveness. Structural equation modeling was used to assess if 

those traits mediated the relationship between FTO and BMI z-score. The sample of children was 

48.9% male and 91.0% non-Hispanic white. FTO distribution was in Hardy Weinberg equilibrium, 

and 16.3% of participants were homozygous for the high-risk allele. Mean BMI z-score was 

greatest among those with the high-risk genotype (ANOVA P<0.01). In separate structural 

equation models adjusted for the child’s sex and maternal education, decreased satiety 

responsiveness and increased food responsiveness each partially mediated the positive association 

between the high-risk genotype and increased BMI z-score (P-value for each indirect effect 

<0.05). Continued research is needed to better understand how other known genetic obesity risk 

factors may impact appetitive traits among children.
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Introduction

Childhood obesity is a global public health issue.1 In the US, about one-third of children 

under the age of 12 are overweight or obese.2 Overweight or obese children are likely to face 

a lifetime battle with excess weight,3,4 which increases the risk for numerous health 

problems.5,6 Appetitive traits develop early in childhood,7–10 and variations in appetitive 

traits such as enjoyment of food, impulsivity, increased eating rate and decreased satiety 

responsiveness have been consistently associated with obesity risk among children. 9 

Furthermore, strong evidence supports that appetitive traits are heritable,10,11 and may, in 

part, underlie a genetic predisposition to obesity.10 As summarized in a review of the 

behavioral susceptibility theory first put forth by Dr. Jane Wardle,10 there is strong 

observational and experimental evidence to support that eating behaviors are under 

significant genetic control among infants and children. While several studies have assessed 

the heritability of appetitive traits among children,10 the few studies that have included 

genotype data have reported mixed findings,12–18 and all have been outside of the US.

The Fat Mass and Obesity Associated (FTO) gene was the first gene identified as having 

robust associations with obesity among children and adults.19 The high-risk allele of the 

FTO gene includes the rs9939609 single-nucleotide polymorphism, and a meta-analysis19 

reported a linear, increased risk of overweight and obesity with each additional copy of the 

FTO high risk allele. Those associations appear specific to increased fat mass versus lean 

body mass19, 20 and unrelated to differences in metabolic efficiency20 or physical activity 

levels21 among children. Importantly, FTO may relate to increased weight status via 

disrupted appetite regulation. For example, animal models have documented that FTO is 

highly expressed in a region of the hypothalamus that regulates appetite and energy balance 

and that FTO expression in the hypothalamus affects energy intake.22 Studies among 

children further support that FTO may impact appetitive traits. In a behavioral eating 

experiment among 131 3–4 years old,21 children were offered highly palatable snack foods 

within one hour of eating a regular meal at home and were allowed to consume those snacks 

ad libitum for 10 minutes; the amount of snacks consumed was operationalized as eating in 

the absence of hunger. Children with one or two copies of the high-risk FTO allele engaged 

in more eating in the absence of hunger, supporting that FTO may impact behavioral 

phenotypes related to appetite.

Parental report of children’s appetitive traits may accurately assess obesogenic eating 

behaviors. The Children’s Eating Behavior Questionnaire (CEBQ)23 is a parent-reported 

scale that measures aspects of children’s appetitive behaviors, and three scales measure 

appetitive drive and regulation: satiety responsiveness, enjoyment of food and food 

responsiveness. Satiety responsiveness reflects a child’s sensitivity to feelings of fullness 

(e.g., My child gets full easily); enjoyment of food reflects normal variation in overall 

appetite and desire to eat (e.g., My child is interested in food); and food responsiveness 

reflects more obesogenic responses to the presentation of food (e.g., If given the chance, my 
child would always have food in his/her mouth). Those three measures have been validated 

against objective measures of obesogenic eating,24 have high 2-week test-retest reliability,23 

and have demonstrated stability over time.25 Importantly, those appetitive traits may reflect 

appetitive phenotypes linked to FTO. In a UK cohort of 3337, 8–11 year old children,12 
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being homozygous for the high-risk FTO allele was associated with decreased satiety 

responsiveness and increased enjoyment of food as measured with the CEBQ; food 

responsiveness was not included in that analysis. Furthermore, decreased satiety 

responsiveness partially mediated the positive relationship between FTO and increased BMI 

z-score in that cohort. Similar findings were found in a UK cohort of 2258 10-year olds that 

assessed a genetic predisposition score of 28 known obesity-related SNPs.13 More studies 

are needed to understand if such associations generalize to US-based populations.

In this study, we examined how appetitive traits mediated the association between FTO and 

BMI z-score among a US sample of 9–10 year olds. We included the same two measures of 

appetitive traits as reported in the previous UK cohort, satiety responsiveness and enjoyment 

of food,12 and we also included a measure reflective of more obesogenic appetitive traits, 

food responsiveness. In addition, we were interested in exploring how FTO and appetitive 

traits were associated with short term food intake, which might suggest a behavioral 

mechanism for how eating behaviors impact obesity risk.

Methods

Design and Study Participants

Data are from a randomized experimental study that examined the impact of TV food 

advertising exposure on eating in the absence of hunger (EAH) among preadolescents.26 

Children aged 9–10 years old and one parent or guardian (referred to as parent from here on) 

were recruited from the greater Hanover, NH area between August 2013 and March 2015. 

Participants were recruited from the community using a contact list of patients who seek 

care from our primary care pediatric clinic and community fliers, and one dyad at a time 

visited the laboratory to complete the experiment. All visits were scheduled around noon 

and children were provided lunch at the study visits. Parents were asked to provide their 

children a normal breakfast but to not have their children eat for 45 minutes before the 

appointment. Upon arrival, a buccal swab from the child was collected for genotyping as 

described below, and the parent completed a study questionnaire while the child completed 

the EAH experiment. Eligibility criteria included English fluency, absence of food allergies 

and dietary restrictions in the child, absence of health conditions, medication use that may 

impact appetite and attention span of the child, and willingness to participate in a 2-hour 

study. Of the 252 dyads screened, 224 were eligible, and 200 enrolled. There were 21 

families that enrolled more than one child into the study, and we limited analyses to 

unrelated participants (179) by randomly selecting one child in each sibling pair. Analyses 

further excluded one underweight child. This final analysis therefore included 178 children. 

Participating children provided assent for study procedures, and parents provided consent for 

their children and themselves. The Committee for the Protection of Human Subjects at 

Dartmouth College approved of all study procedures.

FTO rs9939609 Genotyping

Collected buccal cells were stored at room temperature with desiccant capsules (Isohelix, 

Kent, U.K.). DNA was then isolated from the swabs by the Dartmouth Translational 

Research Laboratory using DDK-50 isolation kits (Isohelix, Kent, U.K.). Genotyping for the 
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rs9939609 single-nucleotide polymorphism in FTO was implemented with real time PCR 

and Taqman chemistry using primers and the 7500 Fast Real-time instrument (both from 

Thermo Fisher Scientific, Waltham, MA, USA). The context sequence for the rs9939609 

SNP genotyping Taqman Assay from Thermofisher is: [VIC/FAM] 

GGTTCCTTGCGACTGCTGTGAATTT[A/T]GTGATGCACTTGGATAGTCTCTGT. The 

extraction volume for each sample was 80 μl with a mean (SD) DNA concentration of 31.7 

(24.6) ng/μl. All 200 samples were successfully genotyped for rs9939609. There was 100% 

genotyping consistency among the 10% of samples that were blindly replicated.

Child Appetitive Traits

Parents completed the Children’s Eating Behavior Questionnaire (CEBQ),23 a questionnaire 

to assess habitual eating behaviors among children. Our analysis focused on three CEBQ 

scales of appetitive traits related to appetite drive and regulation: satiety responsiveness (5 

items), enjoyment of food (4 items), and food responsiveness (5 items). Those scales were 

chosen because they are validated and have high reliabilty.23, 24 As noted above, satiety 

responsiveness reflects a child’s sensitivity to feelings of fullness; enjoyment of food reflects 

normal variation in appetitive drive and responsiveness to food; and food responsiveness 

reflects more obesogenic responses to the presentation food. All items in each scale are 

scored on a 5-point Likert scale anchored at 1=never and 5=always. Final scores for each 

scale are computed as the mean score over the individual items. These three scales have 

demonstrated good internal consistency (Cronbach’s alpha range: 0.74–0.91) and high 2-

week test-retest reliability (Pearson’s r range: 0.83–0.87) in initial scale development.23

Objectively Measured Eating Behaviors

Total intake at a meal and eating in the absence of hunger (EAH) are two measures of short-

term eating, which may reflect usual eating behaviors indicative of overeating.27 Thus, we 

compared FTO and appetitive traits to the total caloric intake at lunch and EAH in the 

experimental study. Full details of the experimental study, including details about the pre-

load meals are published elsewhere.26 Briefly, in the experimental study, children were 

provided with one of three highly palatable lunches (macaroni and cheese, cheese pizza 

bagel bites, or chicken nuggets with ketchup), along with string cheese, carrots and ranch 

dressing, apple slices, bread rolls, butter, milk, and water. Each meal provided 1153–1183 

kCals total and contained between 552 and 704 kCals of carbohydrates, 315 and 405 kCals 

of fat, and 152 and 188 kCals of protein. Children self-reported satiety after lunch using a 5-

point visual Likert scale (I am very hungry, I am a little hungry, I am neither full nor hungry, 
I am a little full, I am very full.) All lunch items were weighed pre- and post-lunch, and the 

total caloric intake at lunch (kCals) was computed using the difference in weights along with 

the manufacturers’ nutritional information. All participants in this study also completed an 

EAH assessment as part of a randomized experiment26 where half of the children were 

exposed to TV food advertisements while viewing a TV program and the other half were 

exposed to TV toy advertisements while viewing the same program. In each experimental 

condition, the TV program was 34-minutes, inclusive of 7.7 minutes of advertisements 

interspersed throughout the program. All children were provided four highly palatable snack 

foods to consume ad libitum while viewing the TV program, specifically gummy candy (546 

kCals), cheese puffs (536 kCals), cookies (692 kCals) and chocolate candies (1000 kCals). 
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Snacks were weighed before and after viewing the TV program, and the kilocalories 

consumed was computed using the manufacturers’ nutritional information. We computed the 

associations between the child’s FTO genotype and appetitive traits with total intake at lunch 

in all participants and with EAH among the children in the control condition of the 

experiment (i.e., those who were not exposed to TV food advertisements, n=89), excluding 

those who reported I am hungry or I am a little hungry on the pictorial Likert satiety scale 

after eating lunch (n=2), for a final sample of 87 participants in the control condition with 

EAH data.

Additional Measures

Parents reported the time his/her child spent engaging in physical activity (i.e., running 

around, climbing, biking, dancing, swimming, playing sports, etc.) for an average school day 

and for an average weekend day or summer day. A weighted response was created to reflect 

typical minutes of physical activity per day. The parent also reported on his/her child’s age, 

sex, ethnicity, and race, relationship to the child, marital status, household income, and 

educational attainment for him/herself and his/her spouse as appropriate. The educational 

attainment of the mother was used in analyses because most parents enrolled were mothers, 

and mothers often play a primary role in child feeding.28 The child’s weight (kg) and height 

(cm) were measured at the study visit using a Seca 763 Medical Scale and Seca 213 

Stadiometer (Hamburg, Germany), respectively. All measurements were taken without shoes 

and in light indoor clothing. Measurements were used to compute age- and sex-adjusted 

BMI-percentiles using the Center for Disease Control and Prevention 2000 growth charts.29 

Overweight or obese was defined as ≥85th percentile. One participant was classified as 

underweight per the Centers for Disease Control and Prevention criteria (<5th BMI-

percentile)30 and was excluded from analyses.

Statistical Analyses

We first present univariate distributions of variables as counts and percentages. Bivariate 

analyses then compared the distribution of the child’s BMI z-score by child and family 

characteristics using two sample t tests when comparing means across two groups or one-

way ANOVA to compare means across more than two groups. For ANOVAs, post-hoc 

pairwise comparisons were completed using Tukey’s Honest Significant Difference (HSD) 

approach. Bivariate analyses using Chi-Square tests also compared child and family 

characteristics by the child’s FTO to assess the distribution of baseline measures by 

genotype. The child’s BMI z-score, weight status (healthy weight vs. overweight or obese), 

and each appetitive trait were compared across FTO using ANOVAs for continuous 

outcomes or Chi-Square test for categorical outcomes. We computed Pearson’s correlation 

coefficients (r) to assess the unadjusted relationships between each appetitive trait and child 

BMI z-score. To address the indirect effects of FTO on BMI z-score via appetitive traits, we 

used structural equation modeling,31 adjusted for child sex and maternal education because 

those were the only measures that were associated with child BMI z-score in bivariate 

analyses at the P<0.10 level. For point estimates in the SEM analyses, we computed bias and 

acceleration corrected 95% bootstrap confidence intervals using 5000 draws.32 We 

considered a 95% confidence interval for any indirect effect that excluded zero as 

statistically significant. To explore how FTO and appetitive traits related to objective 
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measures of short-term eating independently of current weight, total intake at lunch was 

regressed on FTO and on each appetitive trait using linear regression adjusted for the child’s 

BMI z-score, the child sex and maternal education. Similar adjusted analyses were 

completed to compare EAH by FTO and to each appetitive trait among the participants 

enrolled in the study’s control condition, although these analyses were expected to have low 

statistical power with the limited sample size. In analyses that fit BMI z-score on FTO 
genotype, we did not assume a genetic model a priori, and instead fit FTO genotype as 

nominal variable. Because findings from those bivariate analyses supported a recessive 

genetic model, the final regression models we present were fit using a recessive genetic 

model. However, we present regression models using an additive genetic model as a 

sensitivity check. All analyses were completed using the R language and environment for 

statistical computing, version 3.0.233 and MPlus, version 6.12.34

Results

Among the sample of 178 unrelated 9–10 year olds, 48.9% were male, 91.8% were non-

Hispanic white, and most parents who accompanied the children were mothers (83.1%) 

(Table 1). Approximately 20% of mothers did not have a college degree and 25% of children 

came from families with an annual household income of less than $65,000. In bivariate 

analyses, boys had a greater mean BMI z-score than girls (0.6 vs 0.2; t test P<0.01) and 

mean BMI z-score was inversely associated with maternal education in a linear manner 

(ANOVA P-value<0.01). Parental report of children’s physical activity was not associated 

with BMI z-score (Pearson’s r: −0.07; P=0.385).

FTO and child weight

The frequency of the high-obesity-risk FTO rs9939609 allele (A) was similar to that 

observed in other studies19 and consistent with Hardy-Weinberg equilibrium ( 2 test P value 

> 0.99). Table 2 presents the associations between FTO and child’s physical activity, child 

BMI z-score, and weight status. FTO was statistically associated with BMI z-score, with 

mean BMI z-score being greatest among those homozygous for the high-risk allele. 

According to post-hoc pair-wise comparisons, mean BMI z-score was not statistically 

different between those heterozygous (AT) or homozygous (TT) for the low-risk allele (data 

not shown, Tukey’s HSD P=0.653). Rates of overweight or obesity were also greatest among 

those homozygous for the high-risk allele (P=0.034), again with no post-hoc differences 

between those heterozygous or homozygous for the low-risk allele (data not shown, 

unadjusted Chi-Square P=0.812).

FTO and child appetitive traits

Table 2 also presents the associations between FTO and appetitive traits. Mean satiety 

responsiveness scores appeared to decrease with increasing copies of the high-risk allele (A), 

although findings were borderline statistically significant (P=0.070). Mean enjoyment of 

food (P=0.317) and food responsiveness (P=0.150) were not statistically different by FTO, 

although means appeared greatest among those homozygous for the high-risk allele (AA). 

Unadjusted linear associations between each habitual appetitive behavior and BMI z-score 

were in the expected directions (Table 3), with decreased satiety responsiveness, increased 
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food responsiveness, and increased enjoyment of food each being statistically associated 

with increased BMI z-score (all P<0.01). Satiety responsiveness and food responsiveness 

were significantly, inversely associated (Pearson’s r=−0.41; P<0.001).

Indirect effects of FTO on child weight via child appetitive traits

Table 4 presents separate linear regression models fitting BMI z-score on FTO, adjusted for 

child sex and maternal education. Because BMI z-score did not differ between those 

homozygous low-risk and heterozygous for FTO in the bivariate analyses, we completed 

adjusted analyses assuming a recessive genetic model. Inclusion of satiety responsiveness 

(model 2), enjoyment of food (model 3), or food responsiveness (model 4) each 

independently decreased the main effect due to the presence of two copies of the high risk 

allele (AA genotype) vs. one or no copies of that allele (AT or TT genotype) by 9.3%, 6.7%, 

and 13.3%, respectively. In an adjusted linear regression model that included all three 

appetitive traits (model 5), two copies of the high-risk allele (AA genotype) remained related 

to increased BMI z-score and only food responsiveness was statistically, significantly related 

to increased BMI z-score.

In structural equation models, there was statistical evidence that being homozygous for the 

high-risk allele (AA) was related to an increased BMI z-score indirectly via decreased 

satiety responsiveness (Figure 1) and increased food responsiveness (Figure 2) (both P-

values<0.05). There was no statistical evidence of an indirect effect via enjoyment of food 

(model not shown, P>0.05). In all models, the high-risk FTO genotype remained strongly, 

positively associated with increased BMI z-score even after accounting for the indirect 

effects via appetitive traits. In the adjusted analysis that considered both satiety 

responsiveness and food responsiveness as indirect effects in the same model, only the 

indirect effect via food responsiveness remained statistically significant (0.09, 95% CI: 0.01, 

0.24) while the indirect effect via satiety responsiveness was not statistically significant 

(0.02, 95% CI: −0.04, 0.12); the direct effect of the high-risk FTO genotype remained highly 

significant (0.63, 95% CI: 0.26, 1.00). In sensitivity analyses that assumed an additive 

genetic model, the indirect effects of FTO (per 1-unit increase in the number of A alleles) on 

BMI z-score via satiety responsiveness or via food responsiveness were statistically 

significant (0.03; 95% CI: 0.002, 0.10 and 0.06; 95% CI: 0.01, 0.14; respectively), while the 

direct effects of FTO on BMI z-score in those models were not statistically significant (0.18; 

95% CI: −0.02, 0.37 and 0.15; 95% CI: −0.04, 0.33; respectively).

FTO and measured eating

Finally, we explored how FTO and appetitive traits were associated with short-term caloric 

consumption (Table 5). In a linear regression model adjusted for child BMI z-score, child 

sex and maternal education, there was a trend for increasing total caloric intake at lunch 

among homozygous high-risk children, although differences were not statistically significant 

(P=0.125). In similarly adjusted linear regression models, total intake at lunch was 

statistically, inversely associated with satiety responsiveness (P=0.003), while there were no 

statistical associations with enjoyment of food (P=0.111) or food responsiveness (P=0.536), 

although findings were in the expected directions. In similar adjusted linear regression 

models assessing EAH among the children enrolled in the control arm of the experiment 
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who did not report being hungry after the pre-load lunch (n=87), there were no statistically 

significant associations between FTO or appetitive traits and EAH (Table 5; all P>0.520).

Discussion

FTO genotype has been robustly associated with an increased risk of overweight and obesity 

among children and adults.19 In this study among 178 unrelated 9–10 year old children, two 

parent-reported measures of appetitive traits, namely satiety responsiveness and food 

responsiveness, each partially mediated the positive relationship between the presence of the 

high-risk FTO genotype and increased BMI z-score. While effect sizes were small, our 

findings are similar to those from a subset of 3337 8–12 year olds enrolled in the UK TEDS 

cohort12 and with a subset set of 2258 children in the UK Twins Early Development study.13 

Also consistent with that previous UK TEDS cohort,12 we found that normal variation in 

appetitive drive as measured by enjoyment of food did not mediate the association between 

FTO and BMI z-score. Overall, study findings support that FTO may relate to a behavioral 

phenotype specific to dysregulation in appetitive traits.

In our sample, the association between FTO and increased BMI z-score or weight status was 

limited to children who were homozygous for the high-risk allele (AA). This is in contrast to 

many,12, 19 but not all,35,36 studies among children that demonstrated an additive increase in 

the odds of overweight or obesity with each copy of the high-risk allele. Our finding of a 

recessive model linking FTO to BMI z-score may have occurred by chance. However, our 

sample reflected a population of higher socioeconomic status, and it is possible that family 

and environmental factors moderated the impact of being heterozygous for the FTO and 

increased BMI z-score. For example, there are many factors that modify the relationship 

between FTO and weight status, such as usual dietary composition,37 physical activity 

levels,38,39 and parental feeding behaviors.40 Additional studies are needed to understand 

what individual and family-level characteristics might explain the observed differences in 

FTO relating to weight gain in either an additive, dominant, or recessive genetic model.

We found that food responsiveness demonstrated the strongest and most robust associations 

indirectly linking FTO to BMI z-score. However, satiety responsiveness and food 

responsiveness were moderately correlated with each other, and our study was likely 

underpowered to detect two independent indirect effects. Thus, while study findings suggest 

that FTO may foremost act on food responsiveness, future research should consider how a 

genetic predisposition to obesity may affect different aspects of appetitive traits 

independently. It is also important to consider how children’s environments modify their 

genetic risk of obesity if those environments trigger obesogenic appetitive traits.10 For 

example, findings from the full randomized EAH experiment in this same sample of 9–10-

year-olds26 documented a statistically significant interaction between TV food 

advertisement exposure (vs. TV toy advertisement exposure) and FTO on EAH. Specifically, 

EAH increased linearly in response to TV food advertisement exposure with each copy of 

the high-risk FTO allele. Future research that is able to operationalize a child’s usual 

environment may shed insight on the impact of gene-environment interactions on shaping 

habitual appetitive behaviors.

Emond et al. Page 8

Appetite. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We also found that satiety responsiveness was substantially and significantly inversely 

associated with measured lunch consumption in adjusted analyses. This finding agrees with 

data from the Gemini twin birth cohort, where satiety responsiveness measured using the 

CEBQ was inversely associated with meal consumption measured via parent-reported 3-day 

food diaries.41 Though findings did not reach statistical significance, we also observed a 

greater caloric intake at lunch among children homozygous for the FTO high-risk allele 

compared to other children, even after adjusting for current BMI. This suggested association 

is in line with other studies that have observed a relation between FTO genotype and 

measured caloric intake.20, 21 Taken together, these findings add further support to the 

hypothesis that FTO may relate to BMI through decreased satiety responsiveness and 

increased caloric consumption. We did not observe statistically significant associations 

between other appetitive traits and caloric intake at lunch, though the associations were in 

the expected direction. We also did not observe significant associations with FTO or 

appetitive traits with EAH, though our study was likely underpowered to observe such 

associations in the subsample of 87 children in the control arm of the experiment. Research 

from other groups provides preliminary support that EAH is related to FTO21 and appetitive 

traits.24 s

In this study we only examined the associations between FTO and children’s appetitive 

traits. There are strong and robust associations between FTO and obesity, and variants in the 

FTO are common.19 However, there are several other genetic loci that have been associated 

with both increased body mass and protein expression in brain regions involved in energy 

regulation,42 and FTO may not be the gene that has a primary impact on eating behaviors. 

For example, data from two independent large cohorts documented that while a genetic 

predisposition risk score constructed from either 2813 or 9742 known obesity SNPs was 

associated with decreased satiety responsiveness, findings in either study did not appear 

driven by FTO genotype. Furthermore, research among a cohort of 258 Chilean 8–14 year 

olds support that polymorphisms in the melanocortin-4 receptor relate to variations in the 

CEBQ subscales food responsiveness and satiety responsiveness,17 and findings from a case-

control study among another sample of 377 Chilean 6–12 year olds support that 

melanocortin-4 receptor polymorphisms relate to variations in the CEBQ subscales of satiety 

responsiveness and enjoyment of food.14 Additionally, our measures of appetitive traits were 

limited to those assessed with the CEBQ, a valid and reliable assessment of satiety 

responsiveness, enjoyment of food and food responsiveness. However, there are other 

appetitive phenotypes such as impulsivity and increased eating rate10,11 that might also 

partially mediate a genetic predisposition to obesity.

Strengths of this study include the use of a valid psychometric measure for appetitive traits 

among children. BMI z-scores were based on objective measures, and the methods to assess 

FTO are valid and reliable. Thus, our study has high internal validity. However, the 

generalizability of our study is limited because we recruited a convenience sample from a 

mostly white, non-Hispanic, and highly educated population from a rural area of New 

England. While our study is the first to assess how appetitive traits mediate the relationship 

between FTO and weight status among children in the US, more research is necessary to 

determine if results generalize to more ethnically and racially diverse samples in the US. 

Also, our study is limited by the use of an un-validated parent-reported measure for the 
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child’s physical activity; such a measure is likely impacted by reporting bias. However, our 

finding of a null association between FTO and physical activity is consistent with previous 

studies among children21 and the growing body of evidence supporting that FTO is not 

related to physical activity levels.44 Finally, we did not observe an unadjusted association 

between FTO status and appetitive traits. While our structural equation modeling methods 

do not require such a direct effect in order to accurately estimate indirect effects,45 it must 

be acknowledged that the indirect effects documented may be an artifact. However, the 

validity of the findings is strengthened by the consistency with previous research.12

Conclusions

Appetitive phenotypes linked to a genetic predisposition to obesity emerge at a young age. 

This study documented that the positive relationship between the presence of the high-risk 

FTO genotype and increased BMI z-score was, in part, indirectly explained by variations in 

satiety responsiveness (sensitivity to feelings of fullness) and food responsiveness 

(responsiveness to the presentation of food). Findings support FTO variants may act on 

obesity risk via appetite regulation. Given that many other genetic loci have been associated 

with both an increased obesity risk, continued research is needed to consider how additional 

genetic variants act on appetitive traits. Understanding such phenotypes can better tailor 

intervention programs to help children and their parents manage children’s eating behaviors 

and risk for excess weight gain.
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Figure 1. Associations between the presence of the high risk FTO genotype and BMI z-score 
through satiety responsiveness.1,2,3

Coefficients labeling arrows are the main effects from full models that also account for the 

indirect effect of FTO to BMI z-score.
1Among 178 unrelated 9–10 year olds. β̂ and 95% confidence intervals are presented.
2Satiety responsiveness as measured with the Child Eating Behavior Questionnaire.
3Structural equation model adjusted for child’s gender and maternal education level 

(associate’s degree or less, college graduate or professional/graduate school).
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Figure 2. Associations between the presence of the high risk FTO genotype and BMI z-score 
through food responsiveness.1,2,3

Coefficients labeling arrows are the main effects from full models that also account for the 

indirect effect of FTO to BMI z-score.
1Among 178 unrelated 9–10 year olds. β̂ and 95% confidence intervals are presented.
2Food responsiveness as measured with the Child Eating Behavior Questionnaire.
3Structural equation model adjusted for child’s gender and maternal education level 

(associate’s degree or less, college graduate or professional/graduate school).
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Table 1

Sample characteristics.1

n (%)

Child characteristics

Age

 9 97 (54.5%)

 10 81 (45.5%)

Male 87 (48.9%)

Ethnicity

 Non-Hispanic 172 (96.6%)

 Hispanic 6 (3.4%)

Race

White race 166 (93.3%)

Non-white 12 (6.7%)

Family characteristics

Relationship to child

 Mother 148 (83.1%)

 Father 28 (15.7%)

 Other 2 (1.1%)

Marital status of parent/guardian

 Married 150 (84.3%)

 Singe, never-married 8 (4.5%)

 Separated or divorced 17 (9.6%)

 Other 3 (1.7%)

Maternal education

 Associates degree or less 36 (20.2%)

 College graduate 52 (29.2%)

 Professional or Graduate School 90 (50.6%)

Total annual household income

 <$65,000 44 (24.7%)

 $65,000 – $144,999 83 (46.6%)

 $145,000 – $225,000 32 (18.0%)

 >$225,000 19 (10.7%)

Child FTO allele frequency2

 T 211 (59.3%)

 A 145 (40.7%)

Child FTO genotype

 TT 62 (34.8%)

 AT 87 (48.9%)

 AA 29 (16.3%)

1
Among 178 unrelated 9–10 year olds.
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2
Allele frequency among 356 total alleles (178 x 2) in the sample.
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Table 3

Unadjusted associations between BMI z-score and each measure of child appetitive traits.1, 2

Correlation with BMI z-score

Pearson's r P-value

Child appetitive drive

 Satiety responsiveness −0.26 <0.01

 Enjoyment of food 0.22 <0.01

 Food responsiveness 0.37 <0.001

1
Among 178 unrelated 9–10 year olds.

2
Child appetitive traits as measured with the Child Eating Behavior Questionnaire.

Appetite. Author manuscript; available in PMC 2018 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Emond et al. Page 19

Ta
b

le
 4

A
dj

us
te

d 
as

so
ci

at
io

ns
 b

et
w

ee
n 

FT
O

 g
en

ot
yp

e 
an

d 
B

M
I 

z-
sc

or
e,

 w
ith

ou
t a

nd
 w

ith
 a

dj
us

tm
en

t f
or

 e
ac

h 
m

ea
su

re
 o

f 
ch

ild
 a

pp
et

iti
ve

 b
eh

av
io

r.1,
 2

, 3

M
od

el
 1

M
od

el
 2

M
od

el
 3

M
od

el
 4

M
od

el
 5

 (
SE

)
P

-v
al

ue
 (

SE
)

P
-v

al
ue

 (
SE

)
P

-v
al

ue
 (

SE
)

P
-v

al
ue

 (
SE

)
P

-v
al

ue

C
hi

ld
's

 F
T

O
 g

en
ot

yp
e

T
T

 o
r 

A
T

R
ef

er
en

ce
R

ef
er

en
ce

R
ef

er
en

ce
R

ef
er

en
ce

R
ef

er
en

ce

A
A

0.
75

 (
0.

18
)

<
0.

00
1

0.
68

 (
0.

18
)

<
0.

00
1

0.
70

 (
0.

18
)

<
0.

00
1

0.
65

 (
0.

17
)

<
0.

00
1

0.
64

 (
0.

17
)

<
0.

00
1

Fu
rt

he
r 

ad
ju

st
ed

 f
or

 e
ac

h 
m

ea
su

re
 o

f 
ch

ild
 a

pp
et

iti
ve

 b
eh

av
io

r2

Sa
tie

ty
 r

es
po

ns
iv

en
es

s
--

--
−

0.
20

 (
0.

11
)

0.
06

9
--

--
--

--
−

0.
02

 (
0.

12
)

0.
78

1

E
nj

oy
m

en
t o

f 
fo

od
--

--
--

--
0.

22
 (

0.
1)

0.
02

3
--

--
0.

06
 (

0.
11

)
0.

60
6

Fo
od

 r
es

po
ns

iv
en

es
s

--
--

--
--

--
--

0.
37

 (
0.

09
)

<
0.

00
1

0.
33

 (
0.

11
)

0.
00

2

M
od

el
 a

dj
us

te
d 

R
2 :

0.
18

0.
19

0.
20

0.
24

0.
24

--
 I

nd
ic

at
es

 v
ar

ia
bl

e 
no

t i
nc

lu
de

d 
in

 th
e 

m
od

el
.

1 A
m

on
g 

17
8 

un
re

la
te

d 
9–

10
 y

ea
r 

ol
ds

.

2 C
hi

ld
 a

pp
et

iti
ve

 tr
ai

ts
 a

s 
m

ea
su

re
d 

w
ith

 th
e 

C
hi

ld
 E

at
in

g 
B

eh
av

io
r 

Q
ue

st
io

nn
ai

re
.

3 Se
ri

es
 o

f 
le

as
t-

sq
ua

re
s 

lin
ea

r 
re

gr
es

si
on

 m
ul

tiv
ar

ia
bl

e 
m

od
el

s 
pr

es
en

te
d.

4 A
ll 

m
od

el
s 

al
so

 a
dj

us
te

d 
fo

r 
ch

ild
’s

 s
ex

 a
nd

 m
at

er
na

l e
du

ca
tio

n 
le

ve
l.

Appetite. Author manuscript; available in PMC 2018 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Emond et al. Page 20

Ta
b

le
 5

A
dj

us
te

d 
as

so
ci

at
io

ns
 b

et
w

ee
n 

an
d 

FT
O

 g
en

ot
yp

e 
or

 a
pp

et
iti

ve
 tr

ai
ts

 a
nd

 c
al

or
ic

 in
ta

ke
 a

m
on

g 
ch

ild
re

n.

To
ta

l c
al

or
ic

 in
ta

ke
 a

t 
lu

nc
h 

kC
al

s 
(n

=1
78

)
To

ta
l c

al
or

ic
 in

ta
ke

 d
ur

in
g 

E
A

H
 k

C
al

s 
(n

=8
7)

2

 (
SE

)

P
-v

al
ue

 (
SE

)

P
-v

al
ue

M
od

el
 1

1

FT
O

 G
en

ot
yp

e

 
T

T
-

R
ef

er
en

ce
-

R
ef

er
en

ce

 
A

T
1.

6 
(2

8)
0.

95
5

17
.6

 (
62

)
0.

77
7

 
A

A
59

.7
 (

38
.7

)
0.

12
5

−
49

.9
 (

82
.8

)
0.

54
9

B
M

I 
z-

sc
or

e,
 p

er
 1

 u
ni

t i
nc

re
as

e
51

.6
 (

14
.8

)
0.

00
1

99
.6

 (
29

.4
)

0.
00

1

M
od

el
 2

1

Sa
tie

ty
 r

es
po

ns
iv

en
es

s,
 p

er
 1

 u
ni

t i
nc

re
as

e
−

63
.9

 (
20

.9
)

0.
00

3
−

19
.3

 (
49

)
0.

69
5

B
M

I 
z-

sc
or

e,
 p

er
 1

 u
ni

t i
nc

re
as

e
50

.7
 (

13
.9

)
<

0.
00

1
90

.9
 (

28
.3

)
0.

00
2

M
od

el
 3

1

E
nj

oy
m

en
t o

f 
fo

od
, p

er
 1

 u
ni

t i
nc

re
as

e
30

.5
 (

19
)

0.
11

1
7.

4 
(4

4.
4)

0.
86

9

B
M

I 
z-

sc
or

e,
 p

er
 1

 u
ni

t i
nc

re
as

e
54

.3
 (

14
.2

)
<

0.
00

1
91

.9
 (

28
.4

)
0.

00
2

M
od

el
 3

1

Fo
od

 r
es

po
ns

iv
en

es
s,

 p
er

 1
 u

ni
t i

nc
re

as
e

12
.1

 (
19

.5
)

0.
53

6
29

.8
 (

46
.5

)
0.

52
4

B
M

I 
z-

sc
or

e,
 p

er
 1

 u
ni

t i
nc

re
as

e
56

.0
 (

14
.8

)
<

0.
00

1
87

.8
 (

28
.9

)
0.

00
3

E
A

H
: E

at
in

g 
in

 th
e 

ab
se

nc
e 

of
 h

un
ge

r.

1 E
ac

h 
m

od
el

 a
dj

us
te

d 
fo

r 
ch

ild
 g

en
de

r 
an

d 
m

at
er

na
l e

du
ca

tio
n.

2 C
al

or
ic

 in
ta

ke
 d

ur
in

g 
E

A
H

 w
as

 a
m

on
g 

ch
ild

re
n 

en
ro

lle
d 

in
 th

e 
co

nt
ro

l a
rm

 o
f 

th
e 

ex
pe

ri
m

en
t w

ho
 d

id
 n

ot
 r

ep
or

t b
ei

ng
 h

un
gr

y 
af

te
r 

th
e 

pr
e-

lo
ad

 lu
nc

h 
(n

=
87

).

Appetite. Author manuscript; available in PMC 2018 October 01.


	Abstract
	Introduction
	Methods
	Design and Study Participants
	FTO rs9939609 Genotyping
	Child Appetitive Traits
	Objectively Measured Eating Behaviors
	Additional Measures
	Statistical Analyses

	Results
	FTO and child weight
	FTO and child appetitive traits
	Indirect effects of FTO on child weight via child appetitive traits
	FTO and measured eating

	Discussion
	Conclusions
	References
	Figure 1
	Figure 2
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5

