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Abstract
Recent findings confirm that faster eating rates support higher energy intakes within a meal and are associated with increased body weight and adiposity in children. The current study sought to identify the eating behaviours that underpin faster eating rates and energy intake in children, and to investigate their variations by weight status and other individual differences. Children (N=386) from the Growing Up in Singapore towards Healthy Outcomes (GUSTO) cohort took part in a video-recorded ad libitum lunch at 4.5 years of age to measure acute energy intake. Videos were coded for three eating behaviours (bites, chews and swallows) to derive a measure of eating rate (g/min) and measures of eating microstructure: eating rate (g/min), total oral exposure (minutes), average bite size (g/bite), chews per gram, oral exposure per bite (seconds), total bites and proportion of active to total mealtime. Children’s BMIs were calculated and a subset of children underwent MRI scanning to establish abdominal adiposity. Children were grouped into faster and slower eaters, and into healthy and overweight groups to compare their eating behaviours. Results demonstrate that faster eating rates were correlated with larger average bite size (r=0.55, p<0.001), fewer chews per gram (r=-0.71, p<0.001) and shorter oral exposure time per bite (r=-0.25, p<0.001), and with higher energy intakes (r=0.61, p<0.001). Children with overweight and higher adiposity had faster eating rates (p<0.01) and higher energy intakes (p<0.01), driven by larger bite sizes (p<0.05). Eating behaviours varied by sex, ethnicity and early feeding regimes, partially attributable to BMI. We propose that these behaviours describe an ‘obesogenic eating style’ that is characterised by faster eating rates, achieved through larger bites, reduced chewing and shorter oral exposure time. This obesogenic eating style supports acute energy intake within a meal and is more prevalent among, though not exclusive to, children with overweight. 

1.0 Introduction
With childhood obesity rates rising, there is a need to understand the development of eating patterns that promote excessive energy intake and subsequent early weight gain [1]. While the type and quantity of foods consumed and the associated meal patterns that support sustained positive energy balance are important contributors to early weight gain, limited research has focussed on exploring whether children exhibit patterns of food oral processing, or “eating microstructure” patterns [2], that support increased energy intake within a meal. Previous research has shown that faster eating rates support increased energy intake in adults and a meta-analysis of 22 ad libitum feeding trials demonstrated that adults who eat at a faster rate consume more energy [3]. Similar findings have been reported in studies conducted with children [4-9]. We have recently demonstrated that children who ate at a faster rate consumed on average 75% more energy compared to children who ate slower [10]. A better understanding of the specific behaviours through which these faster eating rates are achieved will inform intervention strategies to support weight management and help reduce excessive early childhood weight gain.
Accumulating evidence suggests that certain elements of eating microstructure support increased energy intake through their effects on eating rate. Adults who take fewer chews before swallowing have shorter oral exposure times per bite, eat at faster rates and consume more energy [11-13]. By contrast, more thorough chewing of each bite increases oral exposure, reduces eating rate, reduces food intake and promotes a stronger satiety response for the same calories consumed [14-16]. Whether these same patterns occur in children requires further investigation. Moreover, a larger bite size has also been identified as an element of eating microstructure which underpins faster eating rates and supports energy intake in both adults [17-20] and children [21]. The current evidence suggests that certain features of eating microstructure may promote faster eating rates during the meal, which may support increased energy intakes and over time may lead to weight gain.
There is some evidence suggesting that adults and children with obesity eat at faster rates and this has been linked to features of eating microstructure [8, 22-27]. In our previous study we showed substantial differences in BMI and whole-body adiposity between children who had slower versus faster eating rates [10]. Other features of eating microstructure beyond the eating rate may also differentiate between people with healthy weight and overweight, but results for these behaviours have been less consistent. Previous work suggests that compared to healthy weight people children and adults with obesity take fewer chews before swallowing [5, 16, 28-30], and tend to have a larger average bite size compared to their healthy weight counterparts [31, 32]. However, other studies have failed to find links between elements of eating microstructure and weight status [16, 20, 33].
Beyond comparisons of lean and obese eating styles our knowledge of individual differences in eating microstructure becomes more limited. Gender differences have been documented to show that males eat faster than females [34], and tend to have a higher chewing frequency, shorter chewing time and overall better masticatory performance [35]. Findings from children are limited but suggest similar gender patterns, where boys tend to eat faster than girls, and this gender differentiation tends to increase with age [28]. Early feeding experiences have been associated with food preferences, eating patterns and healthy or unhealthy trajectories of childhood weight gain [36]. Development of eating behaviours that support increased energy intake may be mediated by the development of the microstructural patterns of eating that promote higher habitual energy intakes within meals. It remains unclear why, and whether early feeding experiences such as duration of breastfeeding and age of introduction of solid foods, are linked to microstructural patterns of eating at the later stage of development, independently of weight status.
Understanding the eating microstructure patterns linked to faster eating rates and greater energy intakes in children will provide opportunities for designing intervention strategies to slow eating rates and improve energy intake control. The current study had three aims. Firstly, we wanted to identify specific microstructural patterns of eating that promote faster eating rates, and identify their relative importance in predicting energy intake in a large multi-ethnic cohort of pre-school children. The second aim was to investigate whether these eating patterns differ by children’s weight status. Finally, we explored whether there were patterns of eating microstructure associated with individual differences in sex, ethnicity, gestational age at birth and early feeding history.

2.0 Methods
2.1 Participants
Participants in this study were a subset of 484 parent-child dyads from the Growing Up In Singapore Towards Healthy Outcomes cohort (GUSTO; N=1,247), who took part in the a video recorded ad libitum buffet lunch at 4.5 years of age (54± 2 months; for a full description of the GUSTO cohort see [37]). Some videos were removed (n=97) for quality purposes (e.g. child leaving the room with food in their mouth, or child outside the camera view), leaving a total of 386 children included in the final sample for analyses. Flow chart of study participants is presented in Appendix A.
Children in the sample represented the three dominant ethnic groups in Singapore, namely Chinese (n= 210), Indian (n= 68) and Malay (n= 108), and a comparable number from both sexes (n=202 boys and n=184 girls). To investigate the relationship between eating rates and a range of individual differences, the subset (n=386) were characterised by BMIz score, abdominal adiposity, breastfeeding history, gestational age at birth and age of complementary food introduction. Information on gestational age at birth, breastfeeding status at 6 months and complementary food introduction were collected during the first 12 months of life by trained researchers. Children’s breastfeeding status at 6 months was used to group the sample into predominantly breastfed (n=51) and predominantly bottle-fed (n=294), which included those fed using expressed breast milk as a primary interest of the current study was in potential learning differences, rather than nutritional value of breastmilk. Children were also divided into three groups based on the age of introduction of complementary foods; the early introduction group consisted of children who received complementary foods before 4 months of age (n=70), typical group who began complementary feeding between 4-6 months of age (n=204), and late group, who were introduced to complementary foods after 6 months of age (n=70). Typical introduction was defined as 4-6 months of age as cross-sectional data suggests that the majority of infants world-wide are introduced to complementary foods between 4-6 months of age, despite WHO recommendations to begin complementary feeding at 6 months [38]. Children who began complementary feeding after the typical age of introduction were classified as a “late group”. Children were also grouped according to their gestational age at birth into preterm (<37 weeks; n=91) and full-term (37+ weeks; n=295; [39]). The study was approved by the Institutional Review Boards of the hospitals involved (clinical trials registry: NCT01174875).


2.2 Buffet lunch
Foods served during the meal were provided ad-libitum in a buffet and comprised 9 commercially available foods and 3 drinks, selected as familiar and accepted products for this age group based on food frequency questionnaire data from the same cohort. The foods and drinks served were: white bread (Gardenia; 2.6 kcal/g), Honey Stars cereal (Nestle; 3.8 kcal/g), pancakes (Aunty Jemima; 3 kcal/g), chocolate cake (Sara Lee; 4.3 kcal/g), cheese (Cowhead; 2.9 kcal/g), chicken cocktail sausage (Fairprice; 2.9 kcal/g), chicken nuggets (CP; 2.3 kcal/g), apple slices (0.44 kcal/g), canned corn (Hosen; 0.81 kcal/g), apple juice (Marigold; 0.5 kcal/ml), full cream milk (Marigold; 0.65 kcal/ml) and water. Energy content for food items was derived from the Health Promotion Board of Singapore food composition tables [40].
The test room was equipped with child appropriate furniture and utensils to recreate the child’s normal lunchtime environment, with video cameras positioned in three corners of the room to record the consumption. Cameras enabled high resolution video capture of all aspects of the food choice and consumption, and it was possible to zoom in from different angles up to 400% without the loss of resolution, for the behavioural coding of specific eating behaviours. Children were instructed to consume their normal breakfast at home and abstain from consuming foods for the minimum of 3 hours before the meal. Children and their mothers consumed the lunch with no other people present in the test room. Prior to the meal, mothers were requested not to prompt or interfere with children’s food choices, portion size selection or to encourage them to eat, but otherwise were free to interact with their child in the usual way. Participants were told that they could eat as much or as little as they wished during the meal and that they would be given 20 minutes to eat. Extensions of 10 minutes were granted to finish the meal if they ran out of time. All products served were weighed before and after the meal and intake for each food was recorded (g) and later converted to energy consumed using each foods energy density (kcals) [41].

2.3 Behavioural Coding Analysis 
Oral processing behaviours were coded using ELAN 4.9.1 (Max Planck Institute for Psycholinguistics, The Language Archive, Nijmegen, The Netherlands). Video-coding of oral processing behaviours has previously been validated to show good correspondence with EMG recordings of oral muscle activity during eating [42]. A behavioural coding scheme was developed to record the frequencies of four ‘point’ events (frequency counts of bites, chews, swallows and sips) and duration of a single ‘continuous’ event (total oral exposure time in minutes). A number of eating parameters were derived from these coded parameters based on a previously published approach [11, 12, 18, 43]. Total oral exposure time (minutes) was calculated as the cumulative time food spent in mouth between the bite and the swallow throughout the meal. Total oral exposure time was then divided by the total number of bites, to derive the average oral exposure time per bite (seconds). Average eating rate was calculated by dividing the grams consumed by the total oral exposure time (g/min). Average bite size was calculated by dividing total number of grams consumed by the total number of bites (g/bite). Total number of chews were divided by the total weight of food consumed (grams) to derive the average number of chews per gram. Total oral exposure time was divided by the total lunch duration and multiplied by 100, to derive a percentage of the time that each child spent actively consuming food, in proportion to the total duration of their meal [44]. This measure provides information about the length of pauses between bites, to distinguish between children who ate continuously from those taking breaks between eating bouts. Values closer to 100% indicate that children spent a higher percentage of time eating, and values closer to 0% indicate that children spent less time actively eating relative to the amount of time spent in the room. An example of the coding scheme used to derive the main behavioural outcomes is shown in a previous publication (Figure 1 from Forde et al., 2013a) [18]. Behavioural video coding was completed by a single trained video-coder and 10% of all coded videos were later blind-validated by the second trained video-coder through standard reliability measures, to achieve an acceptable agreement (≥80%) on all ‘point events’ and the continuous (time in mouth) event, in line with the previously published recommendations [45].

2.4 Anthropometric Measures
Children’s weight and height were recorded during a separate session at the same time point. Height and weight were transformed to BMI z-scores (BMIz) corrected for age and sex according to WHO child growth standards [46]. These were used to classify children into a healthy weight (BMIz≤1.04; n=314) and overweight group (BMIz>1.04; n=64), which is equivalent to 85th percentile [47], commonly used cut-off for defining overweight among children [48] and previously used in studies with a similar design [9].

2.5 MRI of Abdominal Adiposity
A subset of participants (N=158) underwent MRI scanning to measure their subcutaneous adipose tissue (SAT; Appendix A). Magnetic resonance images (MRI) of the abdomen were obtained from a 3T MR scanner (Siemens Skyra, VE11A). Sixty axial slices with 5 mm slice thickness and in-plane resolution of 0.94 × 0.94 mm were acquired using a water suppressed HASTE sequence (TR=1000 ms, TE=95 ms) and body matrix coil. A fully automated graph theoretic segmentation algorithm was used to segment and quantify the SAT depots between the top of liver and top of sacrum [49]. The first step of the algorithm employed intensity thresholding to remove non-fat tissues from the fat tissues and create the fat mask. The SAT compartment was then segmented from the mask using graph cuts. The number of voxels in SAT were summed and multiplied by the resolution to get the SAT volume. Based on SAT volume, the children were split into lower (n=79) and higher (n=79) subcutaneous adiposity groups using median split (median=433.09). 

3.0 Data analysis
The cumulative frequency of food choice from the ad-libitum buffet was compared across the group and showed that all foods were chosen with similar frequency, with the exception of apples and corn, which were chosen with lower frequency. The frequency of foods chosen was compared within the cohort across healthy weight and overweight children, and faster and slower eaters (chi-square analysis). Previous analysis of the dataset demonstrated a strong positive relationship between eating rate and energy consumed during the ad-libitum meal (Pearson’s r; r=0.61, p<0.001; see [10]). The current study investigated elements of eating microstructure through which these faster eating rates were achieved using correlations (Pearson’s r). A median split of eating rate (Median=6.41 g/min) was used to divide children into slower (n=192) and faster eating styles (n=194), and all elements of eating microstructure were compared between these two groups (t-test). The relative contribution of eating microstructure parameters in explaining energy intake was assessed using two separate regression analyses for the slower and faster eating groups. Variables were all entered in one block to test their independent contribution to energy intake. Elements of eating microstructure (excluding eating rate due to large covariance) were used as predictors and energy intake was used as an outcome variable.
Comparisons were also drawn between healthy weight and overweight groups and between children with lower and higher abdominal adiposity levels, to explore differences in eating microstructure associated with body composition (t-test). Children with overweight and healthy weight were additionally grouped into slower and faster eating styles by median split of eating rates within each weight category, and eating microstructure was compared across the four groups of slower and faster eaters with healthy and overweight status (ANOVA; Bonferroni correction). A Chi-squared analysis was performed to test the odds of children with overweight being categorised as faster eaters. Individual differences in eating microstructure were investigated using t-tests to examine binomial groups and ANOVAs for polynomial groups. Significant differences between groups were re-examined adjusting for BMI, to dissociate group differences linked directly to children’s BMI, from those pertaining to other factors.

4.0 Results
4.1 Food Choice from the Ad libitum Buffet
Children were free to choose from any of the 9 food items served and at a group level chose all foods with similar frequency, with the exception of apple slices and corn, which were chosen less frequently. Children with healthy weight and overweight did not differ in the frequency of the foods they chose (χ2≤1.5, p>0.10) or in the variety (number) of foods consumed (t=0.49, p=0.62). Children who ate faster consumed a slightly larger variety of foods (Δ0.5 food item; t= 3.55, p<0.001) and chose all foods more frequently and some significantly more frequently (corn, nuggets, apple and cheese; (χ2≥4.2, p<0.001) though these differences in choice were not biased towards foods with higher energy density. Children who ate a slower rate selected Honey Stars more frequently (χ2=36.7, p<0.001). Differences in energy intake were therefore not driven by selection frequency of individual food items. Comparison of the eating rates of the different foods demonstrated that seven of the nine foods in the sample were consumed at a similar rate (Range: 9.7-11.6 g/min), while Honey Stars were consumed at a slightly slower rate (5.8 g/min) and cheese slices at a slightly faster rate (15.1 g/min). Foods consumed slightly slower and slightly faster were of similar energy density (3.8 vs. 2.95 respectively) and these small differences in eating rate were not believed to unduly bias overall energy intakes within the group.

4.2 Eating Microstructure Patterns in Faster and Slower Eating Styles
Table 1 reports the correlations between eating rate and the associated eating microstructure. Results show that children who ate at a faster rate tended to take a greater total number of bites, had a larger average bite size, used fewer chews per gram and had shorter oral exposure time per bite. Faster eaters also showed a tendency to take fewer sips of drinks throughout the meal. Eating behaviours showed large co-variance such that several eating behaviours were correlated with eating rate, but also co-varied with one another. All behaviours associated with eating rate showed linear dependence, with the exception of chews per gram which was exponentially associated with the rate of eating (Figure 1).

Table 1. Correlations between eating rate and eating behaviours observed during the meal.
	
	Sips
	Oral exposure
	Bites
	 mealtime
	Oral exposure
per bite
	Bite size
	Chews per gram

	ER
	-0.10*
	-0.05
	0.15**
	-0.02
	-0.25***
	0.55***
	-0.71***

	Sips
	
	0.04
	<0.01
	0.08
	0.02
	-0.08
	0.06

	OE
	
	
	0.54***
	0.33***
	0.02
	-0.01
	-0.11*

	Bites
	
	
	
	0.11*
	-0.58***
	-0.42***
	-0.18***

	 m.
	
	
	
	
	0.16***
	0.17***
	-0.05

	OE per bite
	
	
	
	
	
	0.54***
	0.14**

	Bite size
	
	
	
	
	
	
	-0.46***


*p<0.05, **p<0.01, ***p<0.001; ER= Eating rate; OE= Oral exposure; m. = mealtime

[image: ]
Figure 1. Relationship between children’s chewing behaviour and eating rate. The median eating rate used to split children into slower and faster eating groups is shown; below the line represents slower eating rates and above the line represents faster eating rates.

4.3 Comparison of eating microstructure between slower and faster eating styles
Characteristics of eating microstructure across the slower and faster eating styles are presented in Table 2. Faster eating rates supported larger ad-libitum energy intake and this was achieved through a greater total number of bites, larger average bite size (g), fewer chews per gram and shorter oral exposure time per bite (seconds). The average bite size associated with faster eating style was 70% larger than the average bite size associated with slower eating style. Those bites were also tended to be processed on average 4 seconds faster and using 50% fewer chews compared to oral processing associated with slower eating rates.

Table 2. Comparison of eating behaviours among slow and fast eaters in the sample (Mean ± SEM; t-tests).
	
	Slow eaters 
(n= 192)
	Fast eaters (n=194)
	t
	Sig

	Bites (#)
	57.7±2.5
	68.4±2.5
	3.04
	0.003

	Oral exposure per bite (s)
	20.1±0.9
	15.6±0.5
	4.11
	<0.0001

	Bite size (g/bite)
	1.4±0.1
	2.4±0.1
	9.17
	<0.0001

	Chews per gram
	13.9±0.5
	6.7±0.1
	13.30
	<0.0001

	Sips (#)
	8.6±0.5
	8.2±0.5
	0.54
	0.58

	 Mealtime (%)
	75.0±1.0
	76.0±1.0
	0.56
	0.57

	Total oral exposure (min)
	15.1±0.4
	15.2±0.4
	0.08
	0.93

	Kcal
	175.3±6.09
	306.8±9.9
	11.28
	<0.0001



4.4 Contribution of Eating Microstructure to Energy Intake 
Figure 2 shows the beta-values from the regression model of each specific elements of eating microstructure independent contribution to energy intake among slower and faster eaters. The three strongest predictors of energy intake were the same for slower and faster eaters and included bite size, total oral exposure time and oral exposure time per bite. Among the slower eaters there were no other behaviours that had substantial linear impact on energy consumed (R2=0.67; F(7, 189) = 53.48, p<0.001), whereas among children with faster eating rates, chews per gram and proportion of active to total mealtime were additional linear independent predictors of energy ingested (R2 = 0.56; F(7, 192) = 34.21, p<0.001). As chews per gram showed an exponential relationship with eating rate, two additional regression analyses were conducted with exponential curve estimation to predict energy intake from the chews per gram consumed, separately for slower and faster eaters. Number of chews per gram was a significant predictor of energy intake for both slower (F(1, 190)= 96.64, p<0.0001) and faster eaters (F(1, 192)= 4.02, p=0.046). There were large differences in the range of chews per gram between the two groups with faster eaters chewing in a narrower range of between 2-12 chews per gram, whereas slower eaters chewed anywhere from 2-44 chews per gram (Figure 2). Among the slower eaters, the link between chews per gram and energy consumed tended to be exponential, whereas among faster eaters it was linear (Figure 3). In summary, a greater total number of bites and larger bite size in combination with longer total oral exposure time, shorter oral exposure per bite and fewer chews per gram were associated with higher energy intake during the meal among children eating in both slower and faster eating groups.


Figure 2. Independent contribution of elements of eating microstructure to energy intake, presented separately for slower and faster eating children. Significant contributors to the model are marked with: ***p<0.001, **p<0.01 and *p<0.05.  OE= Total oral exposure; OE/bite= oral exposure per bite; A/T meal= Proportion of active mealtime to total meal duration.
[image: ]
Figure 3. Relationship between chews per gram and energy consumed during the meal, presented separately for slower and faster eating children.

4.5 Comparison of eating microstructure among children with healthy weight and overweight
Eating microstructure patterns were compared between children with healthy weight and overweight, and between children with lower and higher levels of abdominal subcutaneous adiposity, and are summarised in Table 3. Among children with BMI in the healthy range, 79 had lower levels of SAT and 65 had higher levels of SAT. Among children whose BMI was in the overweight range, all children had higher levels of SAT. As reported previously, children with overweight tended to eat at a faster rate (g/min) than healthy weight children [10]. Subsequent analysis of specific differences in eating microstructure showed that faster eating rates among children with overweight and among children with higher abdominal adiposity were attributable to larger bite size.

Table 3. Differences in eating behaviours (Mean ± SEM) between children with healthy weight and overweight/obesity and between children with lower and higher levels of abdominal adiposity (t-test).
	
	BMI z-score
	
	Abdominal
Adiposity (cc*)
	

	
	Healthy weight (n=314)
	Overweight
(n=64)
	p
	Lower
(n=79)
	Higher
(n=79)
	P

	Eating rate (g/min)
	6.7±0.2
	8.0±0.4
	0.002
	6.7±0.4
	7.8±0.4
	0.029

	Bite size (g/bite)
	1.8±0.06
	2.2±0.2
	0.040
	1.8±0.1
	2.2±0.2
	0.045

	Sips (#)
	8.5±0.4
	7.7±0.8
	0.36
	8.9±0.8
	8.0±0.8
	0.41

	Bites (#)
	63.1±1.99
	64.6±4.2
	0.76
	64.1±4.2
	67.1±4.0
	0.61

	Oral exposure (min) 
	15.1±0.3
	15.6±0.8
	0.52
	14.9±0.6
	15.6±0.5
	0.39

	Oral exposure per bite (s)
	18.1±0.6
	16.6±0.9
	0.32
	18.2±1.5
	17.2±1.1
	0.59

	Chews per gram
	10.5±0.4
	9.1±0.8
	0.12
	10.7±0.8
	9.0±0.7
	0.11

	  Mealtime (%)
	76±0.1
	75±0.2
	0.76
	75±0.1
	75±0.1
	0.88

	Kcal
	230.5±6.7
	298.0±21.8
	0.004
	235.0±14.5
	277.2±17.1
	0.063


*cc= cubic centimetres
Large differences in energy consumed were recorded between children with healthy weight and overweight, which were underpinned by differences in eating rate and bite size. These differences were re-examined among slower and faster eaters who were healthy weight and overweight, to compare stability of the relationship between eating microstructure patterns and intake across the two weight status groups. Participants were divided into four groups: healthy weight slower (n= 166) and faster eaters (n=148), and overweight slower (n= 20) and faster eaters (n=44). The four groups differed in the total number of bites (p=0.022), bite size (p<0.0001), chews per gram (p<0.0001), oral exposure per bite (p<0.0001) and energy consumed during the meal (p<0.0001). Group differences are presented in Figure 4 (a-e). Faster eating overweight children consumed the most kilocalories, which equated to over 100% more energy than slower eaters with healthy weight (Δ=178.7 kcal). Faster eaters had larger bite size and took fewer chews per gram, independently of their weight status. These patterns were largely replicated when children were split by abdominal adiposity status rather than BMI. Overweight faster eaters showed similar eating microstructure patterns to faster eaters who were healthy weight, indicating that the same microstructure of larger bites and fewer chews per gram supported energy intakes among both children with healthy weight and overweight. Children who were of healthy weight were equally likely to be slower or faster eaters, but children with overweight status were 2.5 times more likely to be classified as faster eaters (χ2=9.93, p=0.002), albeit with unbalanced groups. Analysis of body composition among children with healthy weight showed that faster eaters with healthy weight still had higher BMIz scores (Δz=0.2, p=0.02) and more abdominal adiposity (Δ=46.6cm3, p=0.046) compared to slower eaters with healthy weight.
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Figure 4 (a-e). Group differences in energy consumed (a), oral exposure per bite (b), chews per gram (c), bite size (d) and bites (e), between slower and faster eaters split, by their weight status. Superscript annotation of a and b indicates groups which are significantly different at p<0.001. Groups with the same annotation are not different. *p<0.05, ***p<0.001. 

4.6 Associations between Children’s Individual differences and their Eating microstructure
Variations in eating microstructure across the sample were explored and are summarised in Table 4. Initial comparisons revealed faster eating rates to be more prevalent among boys, children of Indian origin and children who were born preterm. However, after controlling for BMI, only sex differences in eating rate remained. There were no differences in eating rates between children with different early feeding history such as age of introduction of complementary foods, or being breast or bottle fed. Some minor differences in eating microstructure were observed. For example, children who began complementary feeding earlier had a larger average bite size, and these children also tended to have the longest oral exposure per bite, which remained stable after controlling for BMI. Breastfed children were more likely to take more bites and had shorter oral exposure time per bite, compared to bottle-fed children.

5.0 Discussion 
The current study described the eating microstructure patterns that contribute to faster eating rates and support increased energy intakes within a meal among a multi-ethnic group of Singaporean children. Children who exhibited a faster eating style took more bites during the meal, had a larger average bite size, took fewer chews per gram of food, and had a shorter oral exposure time per bite. These children also consumed the most energy. Children with overweight status and children with larger abdominal adiposity were more likely to eat at a faster rate than healthy weight children, driven by larger average bite size. Although this faster eating style was more prevalent among children with overweight, a large number of children within the healthy weight category were also faster eaters. Healthy weight children who exhibited the faster eating style tended to have a higher BMI and greater abdominal adiposity compared to their slower eating counterparts. Analysis of individual differences in eating microstructure highlighted robust differences in eating style across sexes, and some variation across early feeding regimes, independently of weight status.
The three elements of eating microstructure that showed the strongest associations with eating rate and energy intake were children’s average bite size, chews per gram and oral exposure per bite, which is consistent with past findings linking these behaviours to faster eating rates and higher energy intake [14, 31, 33, 50, 51]. There was a greater variation in the number of chews taken for each gram of food among children with the slower eating style compared to children who ate faster. These results support the idea that chewing behaviour is an important contributor to energy intake within a meal and suggest that children may show more variation in their chewing compared to chewing patterns seen among adults, who typically show linear associations between chewing and energy intake [15]. Other aspects of eating microstructure such as sipping rate have been less studied, however this too can affect eating rate and energy intake. Achieving a sufficient breakdown of structure and degree of bolus lubrication is required for swallowing and is linked to the time a food is chewed, as previously described by the ‘oral process model’ of Hutchings and Lillford [52].
There were clear differences in the microstructural patterns of eating that characterised slower and faster eating styles, and these behaviours were observed in children with healthy weight and overweight status. Previous research demonstrated that children with overweight status tend to eat at faster rates compared to healthy weight children [5, 6, 8, 9, 22]. However, there has been less agreement on the differences in other microstructural patterns of eating between people with healthy weight and overweight status, with some studies finding differences [7, 28, 53] and other studies that did not [33, 54, 55]. The faster eating style was found across both overweight and healthy weight children, and many of the fast eating healthy weight children were heavier than their slower eating counterparts, though still within the healthy range. This suggests that this eating style may support the increased energy intakes required for weight gain and the transition from healthy weight to overweight. We propose that this eating style and associated microstructural oral processing behaviours can be considered as ‘obesogenic’, as they support higher energy intakes, and likely facilitate the transition from healthy weight to overweight when combined with other dietary factors, such as higher dietary energy density and larger portions. The ‘obesogenic’ eating style is characterised by faster eating rates that are achieved through taking larger and more frequent bites that are chewed less and held in the oral cavity for a shorter time.
There were clear differences in the microstructure of eating between slower and faster eating children, and these paralleled in some cases two-fold differences in energy consumed during the meal. These faster eating behaviours were spontaneous as participants were not strictly time restricted and were instructed to eat in their normal way. The current study attempted to explore some of the possible factors that may be linked to this obesogenic eating style, with a specific focus on differences in eating rate across sex, ethnicity, gestational age at birth and early feeding history. Consistent with previous literature, we found that boys ate faster than girls and this was achieved through larger bite size, shorter oral exposure time and reduced chewing [34, 35]. Children introduced to solid foods before 4 months of age tended to exhibit larger bite size; however, they also had the longest oral exposure time per bite and as a result these children did not show higher eating rates. Overall there were no differences in eating rates between breastfed and bottle fed children, but the cumulative influence of breastfeeding and weaning time were beyond the scope of the current study and should be further examined in the future. Differences in eating microstructure may reflect underlying differences in appetitive traits such as eating for pleasure, food reward or satiety responsiveness [56]. Links between eating rate and differences in motivation to eat, self-regulation and impulsivity also merit further exploration. Eating behaviours are learned through early experiences with foods, parental feeding practices and the food environment within which each child is developing [36]. A better understanding of the key early experiences that influence the development of eating microstructure patterns requires further investigation if we are to set guidelines on best practice approaches to encourage appropriate eating styles to sustain normal growth and development, rather than the obesogenic style characterised in the current paper.  In addition there may be elements of the current food environment that promote faster eating rates such as time pressure around meals and snacks, and the widespread availability of softly textured energy dense foods.  Understanding how the food environmental helps promote this obesogenic eating style is key for the development of strategies to tackle behaviours that encourage increased or excessive energy intakes.
The results of the current study highlight an opportunity to design eating behaviour interventions that target specific features of eating microstructure, to reduce eating rate and energy intake. Past research has demonstrated the efficacy of several different approaches to manipulating eating rate. Manipulation of bite size may be achieved through changing the shape of foods [57], using utensils that support smaller bites [51] and by changing the textures of foods to reduce eating rate and energy intake [11, 58, 59]. Changes to eating rate can be produced by prompting the eater via external monitors of eating rate; this has been shown to have some success in children and adults [60, 61], and has been shown to be a successful weight reduction strategy among children with overweight [62] and adolescents [63]. Similarly it is possible to change eating rate indirectly through the use of food textures that are equally liked, but require longer chewing [11, 13, 18, 43, 58]. Although many studies have focused on the impact of timing of introduction and food texture quality on the development of children’s eating behaviour [38, 64, 65], to date the efficacy of using food texture to produce sustained reductions in children’s eating rates, and subsequent reduction in energy intake has not been demonstrated.
The current study surveyed a large multi-ethnic sample of young children using a comprehensive objective assessment of features of eating microstructure. However, despite the large sample size, there was an unbalanced comparison between children with healthy weight and overweight status, as there were only a small number of children with BMI in the overweight range in the cohort. Further studies are required with larger samples of children with overweight to definitively conclude on the consistency of these eating behaviours among different weight categories. The current study focussed on a cross-sectional comparison of eating behaviours at a single time point. To determine whether faster eating rates help support future weight gain and adiposity, further studies are needed to explore the stability of these eating behaviours longitudinally within the same children, to ascertain the impact of faster eating rates on energy intake, body weight and adiposity over time.


Conclusion
Children who eat at a faster rate do so by taking more bites, with larger average bite size, chewing less per gram and having a shorter oral exposure time per bite. These behaviours are associated with higher energy intakes and are exhibited in children with overweight and healthy weight status. We propose that these combinations of these microstructural patterns of eating characterise an ‘obesogenic’ eating style that supports greater acute energy intake and may promote sustained positive energy balance and weight gain over time. Individual differences in eating microstructure and eating rate may be associated with specific early food experiences and this requires further exploration. These results highlight an opportunity to design eating behaviour interventions that target specific features of eating microstructure and through this reduce eating rate and acute energy intakes.
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Table 4. Individual differences in eating behaviours, energy intake and body composition (mean± SEM).
	
	
	Eating rate
(g/min)
	Bite size
(g/bite)
	Oral exposure
(min)
	Oral exposure per bite
(s)
	Bites
(#)
	Chews per gram
	Sips
(#)
	
meal
time (%)

	Sex
	Male
	7.4±3.4

	2.1±0.2
	14.5±0.4
	
	
	9.7±0.5
	
	

	
	Female
	6.3±2.8
p<0.001
	1.8±0.1
p=0.011
	15.9±0.3
p=0.007
	
	
	10.8±0.5 p=0.084
	
	

	Ethnicity
	Chinese
	6.6±2.3a
	1.8±0.1a
	16.2±0.3a
	
	69.5±2.5a
	
	9.4±0.5a
	77.0±0.1a

	
	Malay
	6.8±3.1
	2.1±0.1b, p=0.049
	14.3±0.5b, p<0.001
	
	55.7±3.0b
	
	7.2±0.6b,
p=0.01
	74.0±0.1

	
	Indian
	7.7±3.4b
p=0.031
	2.1±0.1b, p=0.068
	13.2±0.9b
p<0.001
	
	54.7±3.7b
p<0.0001
	
	7.5±0.8
	72.0±0.2
b, p=0.012

	Feeding
	Breastfed
	
	
	
	15.5±1.0
	71.0±5.5
	
	
	

	
	Bottlefed
	
	
	
	18.4±0.7
p=0.084
	61.2±1.99
p=0.058
	
	
	

	Weaning
	Early
	
	2.1±0.2a
	
	19.9±1.6a
	
	
	
	

	
	Typical
	
	2.0±0.1
	
	17.8±0.7
	
	
	
	

	
	Late
	
	1.7±0.1b, p=0.048
	
	15.4±0.7b,
p=0.024
	
	
	
	

	GA
	Preterm
	7.4±3.1
	
	
	
	
	9.3±0.6
	
	

	
	Full-term
	6.7±3.2
p=0.09
	
	
	
	
	10.6±0.4
p=0.086
	
	


Values in bold indicate significant or near significant group differences, which were still present after controlling for BMI. Values not in bold indicate significant group differences which were no longer significant after controlling for BMI. Missing fields indicate no significant group differences
Appendix A
Flow chart for selection of study participants
Data attrition due to lack of child’s consent
Total number of children who underwent MRI scanning N=316; 
Number of children who did not attend lunch n=158
MRI scan of abdomen n= 158
Participants with coded eating behaviours n=386
Children leaving the room with food in their mouth or not facing the cameras n=96
Children not consuming any food n=1
Attended Ad libitum buffet lunch n=483
Total participants in cohort, N=1247
Assigned to a different research domain n= 764

Anthropometric measures:
BMI n=379


Slow eaters	Bite size	OE	OE/bite	Bites 	Chews	Sips 	A/T meal	0.56899999999999995	0.52200000000000002	-0.48299999999999998	9.5000000000000001E-2	-8.5999999999999993E-2	4.9000000000000002E-2	3.0000000000000001E-3	Fast eaters	Bite size	OE	OE/bite	Bites 	Chews	Sips 	A/T meal	0.64200000000000002	0.71099999999999997	-0.45200000000000001	6.4000000000000001E-2	-0.20399999999999999	6.4000000000000001E-2	-0.129	
Coefficient β to energy intake
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