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Abstract

Background—Epidemiologic evidence is sparse on the effect of dietary behaviors and diet
quality on body mass index (BMI) that may be important drivers of the obesity epidemic.

Objective—This study investigated the relationships of frequency of eating and time of intake to
energy density, nutrient quality and BMI using data from the INTERnational study on MAcro/
micronutrients and blood Pressure (INTERMAP) including 2,696 men and women aged 40-59
from the United States and the United Kingdom.

Design—INTERMARP is a cross-sectional investigation with four 24-hour dietary recalls and
BMI measurements conducted between 1996 and 1999. Consumption of solid foods was
aggregated into eating occasion. Nutrient density is expressed using the Nutrient Rich Food (NRF
9.3) index. The ratio of evening/morning energy intake was calculated; mean values of four visits
were used.

Statistical analyses performed—Characteristics across eating occasion categories are
presented as adjusted mean with corresponding 95% confidence interval. Multiple linear
regression models were used to examine associations of eating occasions, ratio of evening/
morning energy intake, dietary energy density, and NRF 9.3 index with BMI.

Results—Compared to participants with < 4 eating occasions/24-hours, those with = 6 eating
occasions/24-hours had lower mean: BMI: 27.3 vs. 29.0 kg/m?; total energy intake: 2,129 vs.
2,472 kcal/24-hours; dietary energy density: 1.5 vs. 2.1 kcal/g; and higher NRF 9.3 index: 34.3 vs.
28.1. In multiple regression analyses, higher evening intake relative to morning intake was directly
associated with BMI; however this did not influence the relationship between eating frequency
and BML.

Conclusions—Our results suggest that a larger number of small meals may be associated with
improved diet quality and lower BMI. This may have implications for behavioral approaches to
controlling the obesity epidemic.

Keywords
Eating frequency; BMI; dietary energy density; nutrient density; time of energy intake

Introduction

Overweight and obesity have increased globally in both men and women over the last 30
years 1. Evidence indicates that overweight is caused primarily by environmental factors,
particularly adverse dietary and other lifestyle habits 2. Adiposity is an established risk
factor for morbidity and mortality, primarily from diabetes, cardiovascular diseases, and
cancers 34, Data are sparse on the role of dietary behaviors and energy density that may be
important drivers of the obesity epidemic e.g., frequency of eating and time of meals and
how these relate to body weight 6. Previous studies on associations of eating frequency and
body weight have yielded inconsistent results. Some studies reported that more frequent
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intake throughout the day is associated with lower body mass index (BM1) 7-9, and others
found no association 1011, As for the time of energy intake, prospective cohort studies found
that shift workers are at higher risk of developing coronary heart disease and type 2 diabetes,
reflecting consumption of a large proportion of their energy during the night 1213, However
the impact of a greater energy load in the evening versus the morning has not been
thoroughly explored. Evidence suggests that reduction in dietary energy density 14 and
increased nutrient density 15 are favorable for weight management. Here, we explore
associations between number of eating occasions and time of energy intake on dietary
energy density, nutrient density and BMI.

Methods and procedures

Population Sampling and Study Design (1996-1999)

INTERMAP is a cross-sectional epidemiologic investigation of macronutrients,
micronutrients and blood pressure/adiposity. Study design and methods have been
described 18. A total of 4,680 men and women ages 40-59 years were recruited randomly
from community and workforce populations stratified by age and gender from 17 population
samples in four countries, (Japan, the People's Republic of China [PRC], the United States
[US], and the United Kingdom [UK]). Here, we present data on participants from eight
population samples in the US and two population samples in the UK. Country specific
metabolic phenotype of this study had been investigated using Proton Nuclear Magnetic
Resonance (*H NMR) spectroscopy 17. This methodology identifies metabolic profiles that
discriminate across populations. Hierarchical cluster analysis of NMR spectra showed
similar urinary metabonomic profiles of US and UK populations, suggesting participants
from US and UK had similar dietary intakes 17. Of the 2,724 US and UK individuals, data
on 128 who did not attend all four visits, presented unreliable dietary data, or had
incomplete data/violated protocol were excluded. Unreliable dietary data were identified
when a serving size and key nutrients presented unusual values, and total energy intake was
exceptionally high or low (less than 500 kcal/24-hours or greater than 5,000 kcal/24-hours
for women and 8,000 kcal/24-hours for men), with no reasonable explanation 16.
Additionally, we used gender specific Schofield equations 18 to determine basal metabolic
rate, and energy expenditure was calculated at ‘low’ physical activity level [1.4] for

adults 19, Therefore we also excluded data on 311 individuals who possibly under-reported
energy intake based on a ratio of energy intake to estimated energy expenditure below the
95% confidence limit 20, Thus, all analyses presented here are based on data from 2,385
participants (1,232 men and 1,153 women). Each participant gave written informed consent
and attended four clinic visits. Institutional ethics committees approved the study at all sites.
The study was approved by Institutional Review Boards, Northwestern University as
STU00024158 and National Research Ethics Service, Committee London - Fulham as
EC3169.

Dietary assessment

Four standardized 24-hour dietary recalls were collected from each participant using the
multi-pass method by trained dietary interviewers 6. Two recalls were on consecutive days
and two on consecutive days approximately three weeks later. Each participant provided two
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timed 24-hour urine collections between the first and second study visits and the third and
fourth study visits. Data were entered using a computerized database in the US (Nutrition
Data System, version 2.9, 1996, University of Minnesota, Minneapolis) 2. In the UK, data
entry were done using standard forms, then coded and computerized. For each country,
national food composition tables were used to calculate nutrient content of all reported foods
and beverages. Tables were standardized across countries and validated by the Nutrition
Coordinating Center, University of Minnesota 2122, For nutrients supplying energy, intake
was calculated as percentage total energy (%kcal) whereas for others, as intake/1,000 kcal;
nutrients were calculated also as amounts/24-hours. Measurements were averaged across the
4 study visits for dietary variables. All nutrient data here are exclusive of supplement intake.
Mean amount of solid food intake was calculated for each participant as food weight (g/24-
hours). Mean amount of beverages was calculated for each participant as beverage weight
(9/24-hours). To assess validity of dietary recalls, population sample and gender-controlled
correlations between dietary and urinary total protein, sodium, and potassium were
calculated 21, with correlation coefficients respectively of 0.52, 0.46, 0.58 for US and 0.48,
0.36, 0.51 for UK. Selected food groups were identified and included whole and low/
medium fat dairy products, red meats, fish and shellfish, raw vegetables, cooked vegetables,
fruits (excluding juices), cakes and sweet-pies; averaged over 4 visits and expressed in g/
1,000 kcal.

Frequency of eating

We estimated frequency of eating by defining an eating occasion as any instance in which
participants reported consumption of solid meals and snacks, with a minimum gap of 15
minutes between occasions. This time gap was adopted from previous studies on eating
frequency 8 and allows capture of main meal intake as well as snacks. We excluded all
beverages including water, fruit juice, soda, alcoholic beverages, tea and coffee from the
eating occasion counts to avoid over-estimation of the total number of eating occasions per
24-hours. Thus, if a participant had for example a cup of tea between meals, that would not
be considered an eating occasion. We classified eating occasions into the following
categories: <4,=41t0<5,>51t0 <6, and = 6 per 24-hours.

Time and place of intake

Times and places of eating were reported by participants during each 24-hour dietary recall.
We expressed time of intake as the ratio of evening/morning energy intake. Morning intake
was defined as mean energy intake from 6:00 am to 11:55 am, and evening intake was
defined as mean energy intake from 6:00 pm to 11:55 pm. These times were selected based
on when the majority (98%) of the US and UK INTERMAP participants consumed morning
and evening meals. We classified participants into quartiles of the ratio of evening/morning
energy intake (< 1.0,>1.0to < 1.5, > 1.5t0 < 2.0, = 2.0). Places of meal intake included
home, work, school, restaurant, friend's home, during travel, and other.

Dietary energy density

We calculated energy density of the diet as total energy intake divided by total weight of
solid food consumption per visit. Mean energy density over four visits was used in the
analyses. Only solid foods were included in calculating energy density consistent with
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previous studies which concluded that beverages should be excluded 23, This is because the
lower density of liquids compared to solid food may result in disproportionate individual
energy density values, which may affect associations of outcomes with the energy density
variable 23,

Nutrient density

We used the Nutrient Rich Food (NRF 9.3) index as a measure of nutrient quality of
individual foods and the nutrient density of the overall diet 24, The NRF 9.3 index has
previously been validated against the Healthy Eating Index 22, an established measure of
diet quality based on the 2005 Dietary Guidelines for Americans and MyPyramid 26. Unlike
other methods to assess nutrient quality of the diet, this index includes the sum of daily
values of nine nutrients to encourage (NR9): (protein; dietary fiber; vitamins A, C and E;
calcium; iron; potassium and magnesium) minus the sum daily values for nutrients to limit
(L1M3): (saturated fat, added sugar and sodium) based on 100 kcal. NRF 9.3 = (protein g/50
g + fiber g/25 g + vitamin A 1U/5,000 1U + vitamin C mg/60 mg +vitamin E 1U/30 IU +
calcium mg/1,000 mg +iron mg/18 mg + magnesium mg/400 mg + potassium mg/3,500 mg
— saturated fat g/20 g — added sugars g/50 g — sodium mg/2,400 mg) x 100. Higher NRF 9.3
index indicate higher nutrient density per 100 kcal; participants with a high NRF 9.3 index
were considered to have a healthier diet than those with a low NRF 9.3 index.

Assessment of body mass index

Weight and height were measured twice without shoes or heavy clothes on the first and third
visit. Body mass index was calculated as weight (kg)/ height (m2). We classified participants
according to their BMI level as normal (BMI < 24.9 kg/m?), overweight (25.0 to <29.9
kg/m?2), or obese (=30.0 kg/m?).

Lifestyle factors

During two visits, interviewers used questionnaires to obtain data on daily alcohol intake
during the previous 7 days (thus mean alcohol intake over 14 days, expressed as g/24-hours,
was used in all analyses), cigarette smoking (yes/no), education level (years of completed
education), physical activity (hours per day engaged in moderate physical activity (e.g.,
walking) and heavy physical activity (e.g., running) during leisure time as reported by
participants), on a special diet (e.g., energy restricted diet for the purpose of weight
reduction) at the time of the study (yes/no), and dietary supplement use (yes/no).

Statistical methods

Body mass index, eating occasions, ratio of evening/morning energy intake, energy density,
NRF 9.3 index, food weight and beverage weight were averaged over four visits for each
participant.

Reliability of BMI and eating occasions (mean of four visits) was estimated from the
formula 1/ [1+ (ratio/2)] x100, where the ratio is intra-individual variance/inter-individual
variance, estimated separately by gender, and for women and men combined. It was
calculated from means of the first two and second two visits to account for higher
correlation between values on consecutive days. The reliability of eating occasion gives a
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first approximation of effect of random error (day-to-day variability) on size of eating
occasion associations with BMI. The statistic is estimated size of an observed coefficient as
percent of theoretical coefficient in univariate regression analysis 2’

Characteristics across eating occasion categories are presented as adjusted mean with
corresponding 95% confidence intervals applying the generalized linear model (GLM).
Models were adjusted sequentially for potential dietary and lifestyle cofounders (total
energy intake, gender, age, educational level, hours engaged in moderate and heavy physical
activity, smoking, on a special diet, dietary supplement use, and population sample).

We used multiple linear regression models adjusted for total energy, gender, age, and
population samples (8 US samples and 2 UK samples) to examine associations of eating
occasions, ratio of evening/morning energy intake, dietary energy density, and NRF 9.3
index with BMI. Regression coefficients were expressed as kg/m? for two standard deviation
(SD) differences in eating occasions, ratio of evening/morning energy intake, dietary energy
density, and NRF 9.3 index. Sensitivity analyses were done using adjusted multiple linear
regression models for 2 sub-cohorts: 1) excluding those following a weight loss diet, 2)
those diagnosed with diabetes mellitus and/or cardiovascular disease. Bonferroni correction
method was applied to denote statistical significance. Analyses were performed using SAS
(version 9.3; SAS Institute Inc., Cary NC).

Descriptive baseline characteristics for the total 2,385 INTERMAP US and UK participants
are presented in (Table 1). Mean BMI, total energy intake and dietary energy density were
higher in men compared to women. Mean eating occasions were slightly higher for women
than men. The NRF 9.3 index was higher in women compared to men. Univariate estimates
of reliability of eating occasion based on mean values from the four 24-hour recalls/
participant, ranged from about 71% to 76% of the theoretical coefficient, and were similar
for men and women. The reliability estimate for BMI was 99.8% overall; estimates were
similar across population samples and by gender (data not shown).

Eating occasions

Participants with > 6 eating occasions/24-hours consumed higher amounts of solid foods,
had greater intakes of low/medium-fat dairy products, fruits (P for trend<0.0001), raw and
cooked vegetables (P for trend=0.02) and lower intakes of alcohol and red meats (P for
trend<0.0001) compared to those with < 4 eating occasions/24-hours (Table 2). Adjusted
mean BMI was lower for those with = 6 eating occasions/24-hours compared to those with <
4 eating occasions/24-hours.

Time of intake

Participants with < 1.0 compared with = 2.0 ratio of evening/morning energy intake had
lower total energy intake and dietary energy density; significantly lower alcohol intake and
higher NRF 9.3 index (Table S1).
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Eating occasions and time of intake

The median ratio of evening/morning energy intake (1.8) was used to categorize low and
high evening energy consumption. Table 3 showed that participants who ate more
frequently and consumed most of their energy earlier in the day (= 6 eating occasions/24-
hours and ratio of evening/morning energy intake < 1.8) had lower energy density, total
energy intake, and alcohol intake; higher NRF 9.3 index, food weight, and fruit intake
compared to those who ate fewer eating occasions/24-hours and consumed most of their
food later in the day (< 4 eating occasions/24-hours and ratio of evening/morning energy
intake > 1.8).

Furthermore, information on meal location show that 26%, 33%, 25%, and 16% of
participants with <4, >4 to <5, 2510 < 6, and = 6 eating occasions/24-hours, respectively,
were having their evening meals at restaurants/cafeterias (data not shown).

Multiple regression analyses

In multiple regression analyses, BMI was inversely associated with eating occasions (per 2.6
eating occasions/24-hours; -1.1 kg/m?; 95% confidence intervals [CI] -1.6 to -0.7) and with
NRF 9.3 index (per 28.2; -1.7 kg/m?; 95% CI -2.2 to -1.1), and positively associated with
dietary energy density (per 0.8 kcal/g; 1.8 kg/m?Z; 95% CI 1.4 to 2.3), after adjustment for
gender, age, and population sample (Table 4). Association of BMI with ratio of evening/
morning energy intake was also positive (per ratio of 3.6; 0.2 kg/m?; 95% CI 0.04 to 0.2).
Results of sensitivity analyses (Table S2) are comparable to our main findings, except for
the association of BMI with ratio of evening/morning energy intake after excluding
participants diagnosed with diabetes mellitus and/or cardiovascular disease.

Discussion

Principal findings of the study

This study demonstrates that dietary behavior, exemplified by frequent eating, is associated
with lower BMI, possibly driven by lower dietary energy density and an improvement in
nutritional quality. Participants with a diet of fewer eating occasions may have a lifestyle
associated with eating-out in the evening. This may be characterized by energy dense foods
with lower nutrient density (e.g., deep fried foods), alcohol consumption, and less emphasis
on low energy dense foods with high nutrient density (e.g., fruit and vegetables).

A higher evening energy intake relative to morning energy intake was positively associated
with BMI. Furthermore, when participants were classified jointly by frequency of intake and
time of intake, BMI was lower in the high eating frequency group compared to the low
eating frequency group for both low and high evening energy intake.

Comparison with other studies

Increased frequency of eating occasions has been linked to improvements in glucose
homeostasis in both cohort studies and clinical trials 28:2%, Data on eating frequency and
body weight are inconsistent. In a recent longitudinal study of eating frequency and BMI in
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adolescent females based on two 3-day dietary records, less frequent intake during the day
was associated with greater BMI and waist circumference, consistent with our findings °.

Our finding that the ratio of evening/morning energy intake across eating occasion
categories was higher in those having fewer eating occasions may be explained by having
large boluses of food, with the larger portion of their diet consumed in the evening.
Evidence from studies on shift work and health provide some insight into the association
between behavioral changes (e.g., diet, exercise) and overweight. Shift work is defined as
work performed at a time other than regular daytime hours. The nurses and midwives cohort
study found higher prevalence of overweight and obesity among shift workers compared to
day workers 30, Shift workers have increased night time intake compared to daytime, mainly
from energy dense foods 31:32, and experience increased likelihood of weight gain 33. This is
comparable to our findings, where those eating less frequently, and mostly in the evening,
showed higher consumption of alcohol, lower nutrient density, and lower fruit and vegetable
intake. This provides an insight into the lifestyle and dietary behaviors associated with an
obesogenic environment.

Possible mechanisms

The observed association between BMI, total energy intake and frequency of eating
occasions is likely to be multifactorial. It has been suggested in clinical feeding trials that
reduced eating occasions per day may have a negative effect on appetite control 634, There
is evidence that a number of hormonal and nutritional signals may enhance appetite
suppression with an increase in meal frequency 3°. This leads to a reduction in energy
intake 35 and delayed gastric emptying, which therefore decreases the feeling of hunger 36.
Isocaloric increase in meal frequency in the morning may lead to a decrease in subjective
feelings of hunger possibly due to a complex interaction of anoretic signals from an increase
in glucagon-like peptide 1 and a decrease in ghrelin 37.

The participants’ data demonstrate a clear association between eating frequency and dietary
energy density as well as nutrient density. A recent systematic review of cohort studies and
randomized controlled trials supports an inverse association between body weight and
dietary energy density 38. Having fewer meals/24-hours with large amounts of energy dense
food consumed at each meal has been shown to promote overeating, and is associated with
high total energy intake, especially in overweight individuals 3°. Although the mechanism
behind this relationship is not clear, a recent randomized clinical trial suggests that lower
dietary energy density is related to a decrease in the hunger-stimulating hormone, ghrelin,
and an increase in peptide Y'Y, a satiety hormone 14,

The observed positive association between evening intake and BMI may be linked to a
possible decline in insulin sensitivity during the evening, caused by elevation in non-
essential fatty acids 4. Our finding that those with lower evening/morning energy intake and
more frequent eating occasions had lower BMI and higher nutrient density -- while those
eating less frequently, and mostly in the evening, showed higher consumption of alcohol,
lower nutrient density, and lower fruit and vegetable intake --may provide an insight into
lifestyle and dietary behaviors. There may be less access to fruits and vegetables during a
later time-frame, or during an evening restaurant meal. This is a common pattern associated
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with eating out, where energy dense food is mostly served, often consumed with alcohol and
most likely in the late evening.

Strengths and weakness of our study

The strengths of the INTERMAP study include the diverse population samples (8 samples in
the US and 2 samples in the UK), highly standardized multiple measures of dietary intake
(four 24-hour dietary recalls), and extensive control for multiple dietary and other lifestyle
factors (e.g. cigarette smoking, education level, alcohol consumption) as potential
confounders. The correlations between dietary and urinary variables in our study were
higher than those previously reported from population-wide studies, mostly using food
frequency questionnaires 1.

Inconsistent findings in previous studies between eating frequency and body weight may be
attributed to methodological issues, e.g., under-reporting of energy, variations in definitions
of eating occasions, and the validity and reliability of dietary assessment methods >42. The
present study addressed these limitations by: use of multiple highly standardized 24-hour
dietary recalls, exclusion from analyses participants who potentially under-reported their
energy intake, and exclusion of beverages from the eating occasion count to ensure that
findings were not influenced by consumption of beverages.

Limitations of our study include its cross-sectional design, which does not allow for
inference of causal relationships, possibility of regression dilution bias due to imprecise
measures, and possible residual confounding. However, extensive measures were applied to
minimize those limitations (repeated measurements, extensive observer training,
standardized methods, open-end questions, and ongoing quality control measures). It may
also be that the mean eating occasion of 4 days may not be representative of long-term
dietary habits which are subject to seasonal/festival changes. Another possible limitation in
estimating the independent association of eating frequency with BMI may be reverse
causality, or due to other lifestyle factors that were not measured, e.g., participants may skip
meals in order to lose weight, the demand of their jobs or stress, which may lead to comfort
eating.

Although data collection for the INTERMAP study was conducted between 1996-1999, the
average caloric intake of Americans in 2009-2010 was 2,606 kcal/24-hours for men and
1,776 kcal/24-hours for women, comparable to that of INTERMAP participants (2,692
kcal/24-hours for men, 1,963 kcal/24-hours for women) 43,

To understand the implications of these findings on the public health management of
obesity, there is need for further research. A randomized controlled feeding trial, addressing
all previous limitations, is suggested. The aim is to examine the impact of a low meal
frequency that is high in energy density and a high meal frequency that is low in energy
density on body weight.
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Conclusions

Our findings demonstrated that lower BMI levels in more frequent eaters are associated with
consumption of lower dietary energy density and higher nutrient quality foods. Modifying
eating behavior through more frequent meals of low dietary energy density and high nutrient
quality may be an important approach to control epidemic obesity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Baseline characteristics of the United States and the United Kingdom INTERMAP participants, n=2,385 a

Variable Men Women Total

n 1,232 1,153 2,385

Age (y) 49.0 (5.4) 48.9 (5.4) 48.9 (5.4)
Education (y) 15.0 (3.2) 1423 0)**** 14.6 (3.1)
Engagement in moderate and heavy physical activity (h/24 h) 3.3 (3.2) 28(2 8)**** 3.1(3.1)
Current smokers (%) 230 (18.7) 176 (15 3)* 406 (17.0)
Any special diet (%) 47 (3.8) 95 (8 2)**** 142 (6.0)
Taking dietary supplements (%) 539 (43.8) 641 (55.6) *xxx 1,180 (49.5)
Total energy intake (kcal/24 h) 2,692 (625) 1963 (415)**** 2,340 (647)
Body mass index (kg/m?) 28647 94 (6.3)* 28.3 (4.9)
Normal weight (%) 122) @)t THLEO)
Overweight (%) © S9(47)  3eg@p) " 42(39)
Obese (%) d 382 (31) 350 (30) 732 (31)
Eating occasions per 24 h 4.6 (1.3) 50(1 2)**** 48(1.3)
Ratio of evening/morning energy intake 3.4(1.8) 3.3(1.7) 3.4(1.8)
Dietary energy density (kcal/g) 1.9(0.4) 18(0 4)**** 1.8(0.4)
Nutrient Rich Food index 9.3 © 200(127) 359159 309(140)

**significant at P < 0.01
***significant at P < 0.001

aPresented as mean (standard deviation) or percent (%).

bBody mass index is < 24.9 kg/m2.

CBody mass index is 25.0 to <29.9 kg/m2.

dBody mass index is 230.0 kg/m2.

eNutrient Rich Food index 9.3 was calculated as the sum of the daily values of nutrients to encourage , subtracting the daily values for nutrients to
limit based on 100 kcal: example; Nutrient Rich Food index 9.3 = (protein g/50 g + fiber g/25 g + vitamin A 1U/5000 IU + vitamin C mg/60 mg
+vitamin E 1U/30 1U + calcium mg/1000 mg + iron mg/18 mg + magnesium mg/400 mg + potassium mg/3500 mg — saturated fat g/20 g — added

sugars g/50 g — sodium mg/2400 mg) x 100.

*
Significant at P < 0.05

*kkk

significant at P < 0.0001.
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