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The use of high fructose corn syrup (HFCS) has increased over the past several decades in the United States while overweight
and obesity rates have risen dramatically. Some scientists hypothesize that HFCS consumption has uniquely contributed to
the increasing mean body mass index (BMI) of the U.S. population. The Center for Food, Nutrition, and Agriculture Policy
convened an expert panel to discuss the published scientific literature examining the relationship between consumption of
HFCS or “soft drinks” (proxy for HFCS) and weight gain. The authors conducted original analysis to address certain gaps in
the literature. Evidence from ecological studies linking HFCS consumption with rising BMI rates is unreliable. Evidence from
epidemiologic studies and randomized controlled trials is inconclusive. Studies analyzing the differences between HFCS and
sucrose consumption and their contributions to weight gain do not exist. HFCS and sucrose have similar monosaccharide
compositions and sweetness values. The fructose:glucose (F:G) ratio in the U.S. food supply has not appreciably changed
since the introduction of HFCS in the 1960s. It is unclear why HFCS would affect satiety or absorption and metabolism
of fructose any differently than would sucrose. Based on the currently available evidence, the expert panel concluded that
HFCS does not appear to contribute to overweight and obesity any differently than do other energy sources. Research
recommendations were made to improve our understanding of the association of HFCS and weight gain.
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INTRODUCTION

Overweight and obesity have become increasingly problem-

atic in the United States from an individual and a population per-

spective. According to the body mass index (BMI) categories de-

fined by the Centers for Disease Control and Prevention (CDC),

about 65% of the U.S. adult population aged 20–74 years is cur-

rently overweight. In addition, 31% of all overweight adults are

classified as obese. In 1976–80, only 47% and 15% of adults

in the United States were considered overweight and obese, re-

spectively (CDC, 2004). About 16% of American children and

adolescents aged 6–19 years are also currently overweight. Two
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decades ago, about 6% of individuals in this age group were

classified as overweight (CDC, 2004). Prior to 1976–80, such

dramatic overweight and obesity rates were not observed in the

United States.

Overweight and obese individuals are subject to societal

stigmatization and are at increased risk for deleterious health

conditions, including type 2 diabetes, cardiovascular diseases,

hypertension, osteoarthritis, and some cancers (CDC, 2004).

Overweight and obesity increase health care costs (USDA, 2004)

and mortality rates (Mokdad et al., 2004, 2005; Flegal et al.,

2005).

Overweight and obesity are influenced by many genetic and

environmental contributors, including race/ethnicity, age, phys-

ical activity, sedentary behaviors, food consumption patterns,

smoking, technological advancements, and psychological fac-

tors (CDC, 2004; Columbia Univ., 2000; Rashad and Grossman

2004). Researchers, government officials, politicians, and ac-

tivist organizations are contributing significant resources in an
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attempt to understand and reduce the overweight and obesity

“epidemic” in the United States.

All sources of energy consumed in excess of energy needs can

contribute to increased BMI and risk of overweight and obesity.

However, several arguments suggest that, in addition to provid-

ing energy, high fructose corn syrup (HFCS) may contribute

to the development of overweight and obesity via other mech-

anisms. In the United States, HFCS has increasingly replaced

refined sugar (sucrose) in many foods and most sweetened bev-

erages. Outside the United States, HFCS is not used extensively,

and sucrose continues to be the primary caloric sweetener.

Several types of HFCS—HFCS-42, HFCS-55, and HFCS-

90—are produced by the food industry. Using enzymes to iso-

merize dextrose-based corn syrups, HFCS-42 was developed

in the 1960s and contains 42% fructose, 53% glucose, and

5% higher saccharides. In the 1970s, the production of “super-

sweet” HFCS-90—containing 90% fructose, 9% glucose, and

1% higher saccharides—was made possible by passing HFCS-

42 through an ion-exchange column. HFCS-55, which contains

55% fructose, 42% glucose, and 3% higher saccharides, was

produced by blending HFCS-42 with HFCS-90 (Chaplin and

Bucke, 1990; USDA, 2005; Hanover and White, 1993).

Sucrose, a disaccharide, is composed of two monosaccha-

rides, fructose and glucose, in a ratio of 50:50. In sucrose, the

monosaccharides are bound together in a covalent bond that

is readily cleaved in the gastrointestinal tract by the enzyme

sucrase. Although their monosaccharide compositions are very

similar to sucrose, the monosaccharides in HFCS-42 and HFCS-

55 are not covalently bonded; that is, their monosaccharides

are free in solution. The major difference between sucrose and

HFCS-42 and HFCS-55 is their percent moisture content (5%

versus 29% and 23%, respectively) (Hanover and White, 1993).

The various formulations of HFCS have distinct applica-

tions within the food production industry. HFCS-42 is mainly

used in baked goods, canned fruits, and condiments, while

HFCS-55 is almost exclusively found in regular carbonated soft

drinks (RCSD), other sweetened beverages (fruit drinks/ades),

ice cream, and frozen desserts. In addition to its role in HFCS-

55 production, HFCS-90 “is valued in natural and ‘light’ foods,

where very little is needed to provide sweetness” (CRA, 2002).

Studies showing that the consumption of the monosaccharide

fructose increases overall food intake, resulting in weight gain,

are limited and occasionally contradictory. Some animal studies

have found an association between fructose consumption and

a reduction in food intake (Friedman, 1990). In humans, fruc-

tose absorption is facilitated by glucose and other monosaccha-

rides, such as galactose. Excess fructose consumption by itself

is known to cause gastric distress and osmotic diarrhea. The

impact of fructose consumption on hormone levels, satiety, and

subsequent short- and long-term food consumption is a complex

relationship that deserves further study, a detailed discussion of

which is beyond the scope of this review.

More importantly, the evidence from metabolism studies on

fructose alone is irrelevant to the HFCS and weight gain de-

bate. HFCS is not fructose. HFCS is compositionally similar

to sucrose. The fructose concentrations used in most fructose

metabolism studies greatly exceed the daily fructose consump-

tion of the average American. Even if it were established that

consuming fructose leads to over-consumption and weight gain,

this would not imply that consuming HFCS also leads to over-

consumption and weight gain.

Recently, several hypotheses concerning the causes of over-

weight and obesity have centered on HFCS. These hypotheses

imply that HFCS is unique in its contribution to overweight and

obesity beyond being a source of energy. In addition, because

soft drinks are consumed by diverse age, socioeconomic, and

race/ethnic groups in the United States, soft drink consumption

is often utilized as a “proxy” of overall HFCS consumption in

studies examining overweight and obesity in the United States.

The Center for Food, Nutrition, and Agriculture Policy con-

vened an expert panel to critically and thoroughly examine the

existing evidence linking HFCS consumption to changes in BMI

and body weight. The objective of the expert panel was to assess

the strength of the evidence for the role of HFCS as a unique

contributor to an increased risk of overweight and obesity.

METHODOLOGY

A thorough literature search was conducted using PubMed.

Medical subject heading (MeSH) key words used to search the

database included: high fructose corn syrup, obesity, sucrose,

and beverages. Several types of studies were identified from the

search including literature reviews, commentaries, ecological

and epidemiologic studies, randomized controlled trials (RCTs),

and animal studies. We utilized the ISI Web of Science
©R

to iden-

tify widely-cited scientific publications to discuss in detail in this

manuscript. Recently published studies were included based on

the professional judgment of the panel.

ARGUMENTS CONSIDERED

Several arguments have been proposed suggesting that HFCS

warrants special attention for the prevention of overweight

and obesity because this sweetener has specific properties that

uniquely contribute to weight gain. We have organized and sum-

marized these arguments using diagrams (Figs. 1–2). Figure 1

contains a conceptual overview of the arguments. The figure at-

tempts to summarize the major lines of argument and indicate the

evidence that would be necessary to support it. Rounded boxes

show the beginning and end points of an argument, rectangular

boxes indicate an action or process, rectangular boxes with two

extra vertical lines designate a sub-process, and non-rectangular

parallelograms indicate a proxy. Recurring proxies for HFCS

throughout the scientific literature are the various classifications

of “soft drinks.” The question mark symbol indicates that data is

currently not sufficient to support the proposed claim. Figure 2

details the theoretical mechanisms referred to in Fig. 1. Arrows

specify the argument flow and the stages at which evidence is

required in order to support the argument. If contradictory ev-

idence is available at any point along the path to weight gain,

the argument for that particular path is rendered invalid. Any
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Figure 1 Conceptual overview of the proposed arguments supporting the relationship between high fructose corn syrup (HFCS) consumption and weight gain.

Rounded boxes show the beginning and end points of an argument; rectangular boxes indicate an action or process; rectangular boxes with two extra vertical

lines designate a sub-process; non-rectangular parallelograms indicate a proxy. Recurring proxies for HFCS throughout the scientific literature are the various

classifications of “soft drinks.” Arrows specify the argument flow and the stages at which evidence is required in order to support the argument. The question marks

indicate that data is currently not sufficient to support the proposed claim. Figure produced by authors.

of the ensuing sub-processes are irrelevant if a line of argument

has been shown to be invalid, regardless of whether or not the

ensuing sub-processes have been technically validated by other

evidence. Once the chain of logic has been broken, the argu-

Figure 2 Conceptual overview of the theorized mechanisms supporting the

relationship between high fructose corn syrup (HFCS) consumption and weight

gain. Rounded boxes show the beginning and end points of an argument; rect-

angular boxes indicate an action or process; rectangular boxes with two extra

vertical lines designate a sub-process; non-rectangular parallelograms indicate

a proxy. Recurring proxies for HFCS throughout the scientific literature are the

various classifications of “soft drinks.” Arrows specify the argument flow and

the stages at which evidence is required in order to support the argument. The

not symbol ( ) indicates that evidence that contradicts the claim is available.

The question mark indicates that data is currently not sufficient to support the

proposed claim. Figure produced by authors.

ment is no longer valid. Although lack of evidence does not

invalidate an argument, it does make the truth of an argument

indeterminate.

Figure 1 illustrates the hypothesis that HFCS consump-

tion is positively associated with weight gain via one or more

theorized mechanisms. Two types of studies—ecological and

epidemiologic—have been extensively cited in support of this re-

lationship. Epidemiologic studies typically utilize various clas-

sifications of “soft drinks” as a proxy for HFCS in an attempt to

evaluate a putative link between HFCS consumption and weight

gain. A small number of randomized controlled trials have also

examined the association between “soft drink” consumption and

weight gain.

Figure 2 provides further detail of the theorized mechanisms

linking HFCS consumption and weight gain. According to dis-

cussions in the scientific literature, there are three possible mech-

anisms: 1) HFCS is “sweeter” than sucrose, leading to greater

energy consumption and weight gain, 2) humans do not compen-

sate for excess energy provided by soft drinks (HFCS proxy),

leading to greater energy consumption and weight gain, and

3) increased levels of HFCS in the food supply has increased

the fructose:glucose (F:G) ratio of the American diet, causing

adverse metabolic effects that either directly or indirectly (via

greater energy consumption) lead to weight gain. It has been

argued that increasing the F:G ratio may: 1) increase hepatic li-

pogenesis, leading to increased fat production and weight gain,

and/or 2) decrease the release of the satiety hormones insulin

and leptin and increase the release of the hunger hormone ghre-

lin, leading to greater energy consumption and weight gain. The

not symbol ( ) indicates that evidence that contradicts the claim

is available.
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In the following sections, we will review the ecological and

epidemiologic studies and the RCTs that directly or indirectly

address the relationship between HFCS consumption and risk of

overweight and obesity. The details of the studies are presented

in Tables 1–4, identifying the type of study and data used, a

summary of the results, and any remarks from the authors of

this review. In addition, we will also address the feasibility of

each of the theorized mechanisms outlined above.

Table 1 Review of ecological studies on the association between HFCS and weight gain

Study Type of Analysis Summary of Results Remarks

Gross et al., 2004. Ecological

Per capita nutrient consumption data from

the U.S. Department of Agriculture

(USDA) and type 2 diabetes prevalence

data from the CDC

From 1909 to 1997, the incidence of type 2

diabetes was significantly and positively

associated with per capita intakes of fat

(r = 0.84; P < 0.001), total carbohydrate

(r = 0.55; P < 0.001), protein (r = 0.71;

P < 0.001), fiber (r = 0.16; P = 0.027),

corn syrup (r = 0.83; P < 0.001), and

total energy (r = 0.75; P < 0.001).

Multivariate nutrient-density model found

that the percent of total energy

contributed by corn syrup was positively

associated (b = 0.0132; P = 0.038), and

the percent of total energy contributed by

fiber was negatively associated (b =
−13.86; P < 0.01), with the incidence of

type 2 diabetes.

“Corn syrup” is used inappropriately by

Gross et al. “Corn syrup” (ACH Food

Co., 2003) is a corn-based sweetener

containing various amounts of glucose

(dextrose), maltose, isomaltose,

maltotriose, and higher molecular weight

saccharides. (Chaplin and Bucke, 1990)

Unlike corn syrups, HFCS contains

fructose in addition to other saccharides.

(Hanover and White, 1993)

Harnack et al., 2000. Ecological

Per capita nutrient and energy availability

in the United States between 1976–80

and 1988–94 Food and nutrient data

from various agriculture, business, and

medical databases

The authors observed a decline in per capita

availability for seven food categories and

an increase in per capita availability for

17 food categories, one of which was

corn sweeteners (283.4%). They also

noted that the increase in per capita

availability of total energy during this

time period coincided with the increase

in the percentage of overweight children,

adolescents, and adults.

The per capita availability of many other

foods, such as 1% milk (423.8%),

poultry (84.5%), and frozen vegetables

(72.9%), also increased substantially

during this time period.

The ecological data are insufficient to

determine which trends, if any, are

independently associated with rising

overweight and obesity rates.

Harnack et al. did not directly evaluate the

association between BMI values and

intake of either total energy or specific

macronutrients.

Nielsen and Popkin,

2004.

Ecological

Analyzed data from the Nationwide Food

Consumption Survey (NFCS) 1977–78

(n = 29,695), the Continuing Survey of

Food Intake for Individuals (CSFII)

1989–91 (n = 14,658), CSFII 1994–96,

98 (n = 19,027), and the National Health

and Nutrition Examination Survey

(NHANES) 1999–2001 (n = 9965) to

determine consumption trends of specific

beverages among all individuals aged ≥2

years.

Survey participants were divided into four

age categories: 2–18 years, 19–39 years,

40–59 years, and ≥60 years. Nielsen and

Popkin reported that sweetened beverage

(soft drinks plus fruit drinks)

consumption increased for all age groups

between 1977–78 and 1999–2001 with

an overall 135% increase in energy

intake from sweetened beverages.

The authors presented no data supporting

any relationship between overweight and

obesity and the consumption of soft

drinks or fruit drinks.

Popkin and Nielsen,

2003.

Ecological

Analyzed associations between caloric

sweetener consumption trends, percent

urbanization, and per capita gross

national product (GNP) in multiple

countries.

Analyzed food-disappearance data to

estimate caloric sweetener consumption

from 103 countries in 1962 and from 127

countries in 2000.

These authors found a 74 kcal/person

increase in per capita caloric sweetener

availability between 1962 and 2000.

Using pooled regressions from 1962 and

2000, Popkin and Nielsen attributed

about 82% of the increase in caloric

sweetener consumption to GNP and

urbanization shifts. They credited the

remaining 18% increase in caloric

sweetener consumption to unmeasured

factors, such as changes in food

production and/or consumer behavior.

These authors only addressed trends in

worldwide caloric sweetener

consumption. No assessment of the

relationship between caloric sweetener

consumption and overweight and obesity

was undertaken.
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Table 2 Review of cross-sectional epidemiologic studies on the association between HFCS and weight gain

Study Type of Analysis Summary of Results Remarks

Forshee and Storey,

2003.

Cross-Sectional

Utilized CSFII 1994–96, 98 to examine

consumption patterns of non-water

beverages [milk, fruit juices, regular fruit

drinks/ades, diet fruit drinks/ades,

regular carbonated soft drinks (RCSD),

and diet carbonated soft drinks (DCSD)]

among 1749 children (6–11 years) and

adolescents (12–19 years).

After controlling for age, race/ethnicity, and

family income, these authors found that

BMI had a statistically significant and

positive relationship with DCSD

consumption for both boys (p < 0.05) and

girls (p < 0.05). Since DCSD contains

little, if any, energy, these beverages were

most likely a marker, not a cause, of

higher BMI values among study

participants. Overweight children are

more likely to consume DCSD in an

attempt to control or decrease their weight.

BMI did not show an association with RCSD

or fruit drink/ade consumption.

Study limitations include no controls for

sedentary behaviors, physical activity,

and intake of energy from sources other

than beverages in the model. In addition,

BMI and beverage consumption were

self-reported and subject to measurement

error.

Causal inferences cannot be made from

cross-sectional study designs.

Forshee et al. (2004). Cross-sectional

Utilized data from NHANES 1988–94 in

order to examine the relative association

of demographic variables, beverage

consumption, physical activity, and

sedentary behaviors with BMI for 2216

adolescents aged 12–16 years.

Separate analyses of the dietary assessment

tools—one 24-hour dietary recall (24HR)

and one food frequency questionnaire

(FFQ)—included in NHANES 1988–94.

In order to control for total energy, energy

from sources other than beverages was

calculated (EOther = ETotal – EBev) and

included in the 24 HR and the FFQ

models.

In the 24 HR multivariate regression model,

consumption of DCSD (b = 0.0041; 95%

CI = 0.0007 to 0.0074) was positively

associated with BMI for females (p <

0.05).

Neither RCSD nor fruit drinks/ades were

associated with BMI for females or males.

In the FFQ multivariate regression model,

consumption of DCSD (b = 0.0408; 95%

CI = 0.0169 to 0.0647) was positively

associated with BMI for females (p <

0.05).

No relationship was observed between any

other beverage consumption category and

BMI for either females or males.

Since food and beverage consumption,

physical activity, and television viewing

were self-reported, these variables are

subject to measurement error. In addition,

by truncating television viewing at a

maximum of 5 hours/day, an artificial

ceiling was imposed on this variable.

Causal inferences cannot be made from

cross-sectional study designs.

French et al. 2003. Cross-sectional

Analyzed soft drink consumption trends

among children aged 6–17 years.

Soft drinks were defined as “carbonated

beverages (all United States Department

of Agriculture database codes starting

with 924) and included flavored waters

and juice drinks.” (French et al., 2001).

Data were obtained from NFCS 1977–78

(n = 8908) and CSFII 1994–96, 98 (n =
3177).

The overall prevalence of soft drink

consumption among children aged 6–17

years was 48% higher in 1994–96, 98

than in 1977–78. Mean soft drink intake

increased from 5 to 12 oz/day (155 to 370

g/day).

The relationship between soft drink

consumption and BMI was not examined.

Causal inferences cannot be made from

cross-sectional study designs.

Giammattei et al. (2003). Cross-sectional

Investigated the relationship between BMI,

television viewing, and regular and diet

soft drink consumption among

non-diabetic sixth and seventh grade

non-Hispanic white (n = 188), Latino (n

= 167), and Asian (n = 30) students

from 3 different schools in Santa Barbara

County, California.

Of these 385 children, 305 children

completed a questionnaire of 18 lifestyle

questions.

Found that 17.9% of the students were at-risk

of overweight (BMI ≥85th and <95th

percentile), while 17.4% of the students

were overweight (BMI ≥95th percentile).

Only the number of hours of television

viewing on a school night and the total

number of soft drinks consumed per day

were significantly associated with BMI.

When regular and diet soft drinks were

analyzed separately, BMI z-scores (P =
0.001) and percent body fat (P = 0.0002)

remained positively and significantly

associated with diet soft drink

consumption only.

BMI z-scores (P = 0.08) and percent body

fat (P = 0.06) were not significantly

associated with regular soft drink

consumption.

Since the study was limited to sixth and

seventh grade students from 3 schools in

Santa Barbara County, California, the

generalizability of this study to other

students is limited.

Casual inferences cannot be made from

cross-sectional study designs.

Grant et al. (2004). Cross-sectional

Studied the relationship between

anthropometric status and macronutrient

intake among Pacific Island children

aged 2–5 years living in New Zealand.

Of the 56 children who provided height,

weight, and 2-day food records, 32 were

classified as obese (BMI ≥95th

percentile) and 24 were classified as

non-obese (BMI <95th percentile).

Consumption of foods and beverages

sweetened with HFCS is very limited in

New Zealand since HFCS is almost

exclusively produced and consumed

within the United States. However,

(Continued on next page)
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Table 2 Review of cross-sectional epidemiologic studies on the association between HFCS and weight gain (Continued)

Study Type of Analysis Summary of Results Remarks

Classified children with a BMI ≥95th

percentile of the CDC’s

BMI-for-age tables as obese.

After adjusting for age and gender, the obese children

consumed significantly more total energy than did the

non-obese children (P < 0.05). The obese children

consumed more of all types of foods, not just more of

specific foods, than did the non-obese children.

Percent of total energy obtained from fat, carbohydrate,

sugars, and sucrose was not significantly different

between the obese and non-obese children.

Grant et al. did evaluate the

relationship between sucrose,

which has a monosaccharide

composition similar to that of

HFCS-42 and HFCS-55, and

obesity.

The study did not control for

physical activity.

Causal inferences cannot be made

from cross-sectional study

designs.

Nicklas et al. (2003). Cross-sectional

Analyzed the relationship between

BMI and food consumption patterns

among 1562 African-American

(AA) and Euro-American (EA)

10-year-olds in Bogalusa, Louisiana

between 1973 and 1994 (The

Bogalusa Heart Study).

Combined the children at-risk for

overweight (BMI ≥ 85th and <95th

percentile) with the overweight

children (BMI ≥ 95th percentile)

into one overweight group.

After controlling for total energy intake, age, study year,

ethnicity, gender, and ethnicity-gender interaction, the

authors found positive associations between

overweight and consumption (in grams) of total foods

and beverages (OR = 1.77; p < 0.05), snacks (OR =
1.24; p < 0.05), and low-quality foods (OR = 1.35;

p < 0.01). Food consumption patterns that included

consumption of sweets (OR = 1.38; p < 0.05) and

sweetened beverages (OR = 1.33; p < 0.001) were

also associated with overweight.

After analyzing the association between food

consumption patterns and overweight status by

ethnicity-gender groups, only EA males and EA

females showed positive associations between

overweight and consumption of sweets (p < 0.05 for

both) and sweetened beverages (p < 0.01 for males; p
< 0.05 for females). For EA males and EA females,

positive associations were also found between

overweight and consumption of total foods and

beverages (p < 0.05 for both), particularly from

low-quality foods (p < 0.05 for both). A positive

association between overweight and consumption of

the dinner meal (p < 0.05) was observed for EA males

only.

AA females showed negative associations between

overweight and consumption of fruits/fruit juices (p <

0.01) and fruit/fruit juices/vegetables (p < 0.01), total

number of meals consumed (p < 0.05), and

consumption of the breakfast meal (p < 0.05).

The model explained about 4–8% of the variance in BMI

for the various ethnic-gender groups, and soft drink

consumption alone explained approximately 1% of the

variance in the model.

The results from the Nicklas et al.
study must be interpreted with

caution because none of the

models examining associations

among eating-pattern variables

and overweight status controlled

for physical activity.

Causal inferences cannot be made

from cross-sectional study

designs.

Rajeshwari et al. (2005). Cross-sectional

Bogalusa Heart Study

Analysis of the relationships between

sweetened-beverage consumption

and BMI, total energy intake, and

milk consumption

All sweetened-beverages were

assigned to one of the following

categories: soft drinks, fruit drinks,

iced tea with sugar, and coffee with

sugar.

Study participants were categorized as

either non-consumers,

low-consumers,

medium-consumers, or

high-consumers of

sweetened-beverages.

Between 1973 and 1994, mean BMI significantly

increased for each of the four sweetened-beverage

consumption categories, but there were no differences

in mean BMI among any of the four consumption

categories.

Only the medium-consumers (p < 0.001) and

high-consumers (p < 0.001) of sweetened-beverages

significantly increased their mean gram consumption

during this time period.

The results from this study must be

interpreted with caution due to

regional variations in

sweetened-beverage

consumption patterns among

children.

The models did not control for

physical activity.

Causal inferences cannot be made

from cross-sectional study

designs.



REVIEW OF HIGH FRUCTOSE CORN SYRUP AND WEIGHT GAIN 567

Table 2 Review of cross-sectional epidemiologic studies on the association between HFCS and weight gain (Continued)

Study Type of Analysis Summary of Results Remarks

Zizza et al. (2001). Cross-sectional

Data from NFCS 1977–78 (n = 4472),

CSFII 1989–91 (n = 2373), and

CSFII 1994–96 (n = 1648).

Analyzed snacking trends among

individuals aged 19–29 years

Sweetened beverages (regular soft drinks, diet soft

drinks, and fruit drinks) were one of the major

contributors of energy from snacking occasions.

Overall snacking prevalence increased from 77% in

1977–78 to 84% in 1994–96.

Energy consumed per snacking occasion increased by

26%, while the number of snacks consumed per day

increased by 14%.

The relationship between snacking

and BMI was not examined.

The models did not control for

physical activity.

Causal inferences cannot be made

from cross-sectional study

designs.

ECOLOGICAL EVIDENCE

Overview

Ecological (population) studies use aggregate data to describe

relationships between substance exposure and some other vari-

able (e.g. disease) either among several populations over dif-

ferent geographical areas or within one population over several

time periods (Coggon et al., 1997; CDC, 2005). Ecological stud-

ies produce the weakest evidence linking substance exposure

and health outcomes because ecological studies are highly sus-

ceptible to bias, confounding, and chance (CDC, 2005; Robin-

son, 1950; Greenland and Morgenstern, 1989, 1991). Relative

to other study designs, ecological studies are less expensive and

time-consuming, yet they can not establish cause-effect relation-

ships or even individual-level associations. Ecological studies

can be useful tools to generate hypotheses for later testing by rig-

orous analysis (CDC, 2005). Spurious relationships, often called

“ecological fallacies,” can result from using aggregate data

to imply cause-effect relationships (Morgenstern, 1995; King,

1997).

Because the data points are averages and not individuals, it

is impossible to determine whether a higher consumption of

particular foods or food ingredients by individuals is associated

with higher BMI values for those individuals. It has even been

shown that the correlation between two variables using aver-

ages may be the opposite sign of the correlation between the

same two variables measured among individuals. For example,

Robinson reported in 1950 that the individual correlation of be-

ing foreign born and illiteracy was 0.118, but when aggregated

to percentages by state, the correlation was −0.526 (Robinson,

1950). Relying on the correlation produced by aggregated data

would have given the wrong answer by a large margin. The same

type of error may occur when using average food consumption

data to explain average BMI data.

Additionally, ecological data are usually small samples. Sta-

tistical models need to control for all potential confounding fac-

tors or the results will be biased. For a complex problem like obe-

sity, this typically means that you need hundreds or thousands

of data points to have sufficient statistical power while control-

ling for all of the reasonable potential confounding variables. In

this case, U.S. per capita HFCS consumption data are available

only from 1967 to 2003 for a total of 37 data points (USDA,

2004). These are far too few data points to properly control for

the dozens of societal changes that may have been associated

with changes in obesity prevalence over the past four decades.

Literature Review of the Ecological Studies

Four widely cited ecological studies that hypothesize a re-

lationship between HFCS consumption and weight gain were

found in the scientific literature.

Gross et al. (2004), using per capita nutrient consumption

data from the U.S. Department of Agriculture (USDA) and type

2 diabetes prevalence data from the CDC, examined the rela-

tionship between the consumption of refined carbohydrates and

the incidence of type 2 diabetes—a disease strongly linked to

overweight and obesity (CDC, 2004). According to their initial

analyses of the available data from 1909 to 1997, the incidence

of type 2 diabetes was significantly and positively associated

with per capita intakes of fat, total carbohydrate, protein, fiber,

corn syrup, and total energy. When the study authors utilized

a multivariate nutrient-density model, the percent of total en-

ergy contributed by corn syrup was positively associated and

the percent of total energy contributed by fiber was negatively

associated with the incidence of type 2 diabetes.

Harnack et al. (2000) observed a decline in per capita avail-

ability for seven food categories and an increase in per capita

availability for 17 food categories, one of which was corn sweet-

eners. They also noted that the increase in per capita availability

of total energy during this time period coincided with the in-

crease in the percentage of overweight children, adolescents,

and adults. The per capita availability of many other foods, such

as 1% milk, poultry, and frozen vegetables also increased sub-

stantially during this time period. Harnack et al. did not directly

evaluate the association between BMI values and intake of either

total energy or specific macronutrients.

Nielsen and Popkin (2004) reported that sweetened bever-

age (soft drinks plus fruit drinks) consumption increased for all

age groups between 1977–78 and 1999–2001 with an overall

135% increase in energy intake from sweetened beverages. The

relationship between beverage consumption and BMI was not

examined.

Popkin and Nielsen (2003) found a large increase in per

capita caloric sweetener availability between 1962 and 2000,
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Table 3 Review of longitudinal epidemiologic studies on the association between HFCS and weight gain

Study Type of Analysis Summary of Results Remarks

Berkey et al., 2004. Longitudinal

U.S. Growing Up Today Study (GUTS)

Analyzed the relationship between BMI

and intakes of sugar-added beverages,

milk, fruit juices, and diet soda in a

cohort of more than 10,000 males and

females aged 9-14 years in 1996.

Positive association between BMI and

sugar-added beverage consumption for

boys (p = 0.038), but the association was

not statistically significant for girls (p =
0.096). For each serving of sugar-added

beverages consumed per day, BMI

increased by 0.028 kg/m2 for boys and by

0.021 kg/m2for girls from the previous

year.

When total energy was included in the

model, the associations were not

significant for either boys

(p = 0.317) or girls (p = 0.167).

This study found no statistically significant

association between sugar-added

beverage consumption and BMI after

controlling for total energy.

The data are not nationally representative.

The study used self-reported data that may

be subject to measurement error.

Field et al., 2004. Longitudinal

GUTS

Investigated the association between BMI

and the intake of various snack foods,

including sugar-sweetened beverages.

After controlling for a variety of potential

confounders, including total energy intake,

no relationship was found between snack

food intake and annual change in BMI for

either girls (b = −0.006) or boys (b =
−0.004). According to these authors,

“[w]hen servings per day of

sugar-sweetened beverages were included

as snack foods the association between

snack food intake and change in BMI

z-score was similar to the main findings”

(Field et al., 2004) for girls (b = -0.004)

and boys (b = -0.003).

This study found no association between

snack food consumption (including

sugar-sweetened beverages) and BMI.

The data are not nationally representative.

The study used self-reported data that

may be subject to measurement error.

Ludwig et al., 2001. Longitudinal

A cohort of 548 ethnically diverse

schoolchildren aged 11–12 years

enrolled in Massachusetts public schools

Examined the relationship between BMI

and consumption of sugar-sweetened

drinks

Changes in BMI and sugar-sweetened

drink consumption were measured for 19

months.

Average sugar-sweetened drink consumption

increased from 1.22 to 1.44

servings/day—a difference of 0.22

servings/day.

After controlling for baseline

anthropometrics and demographics,

dietary variables, physical activity,

television viewing, and total energy intake,

the estimated association of

sugar-sweetened drinks with BMI was a

0.24 kg/m2 increase in BMI for each

additional serving/day increase in

sugar-sweetened drink consumption (p =
0.03).

For the average increase in

sugar-sweetened drink consumption

(0.22 servings/day), this model predicted

an annual BMI increase of 0.05 kg/m2

assuming all other variables in the model

remained constant.

Nielsen and Popkin (2004), reported that

between 1977 and 1996, mean

consumption of sweetened beverages

increased from 2.02 to 2.55 servings/day

for a mean increase of 0.53 servings/day.

Using the Ludwig et al. estimate, the

predicted increase in BMI would be 0.13

kg/m2 for an increase of 0.53

servings/day of sugar-sweetened drink

consumption [(0.53 servings/day)(0.24

kg/m2/servings/day)].

The data are not nationally representative.

Newby et al., 2004. Longitudinal

North Dakota Special Supplemental

Nutrition Program for Women, Infants,

and Children (WIC). Cohort of 1345

children aged 2-5 years visited WIC

clinics at least twice between January

1995 and June 1998. Explored the

relationship between beverage

consumption and changes in BMI

Found no significant relationships between

any of the beverages analyzed and BMI.

When soda was analyzed separately, an

increase in soda consumption of 1 oz/day

(31 g/day) predicted a non-significant

decrease of 0.01±0.02 BMI units

(kg/m2)/year (P = 0.50).

When all beverages were included in the

model, an increase in soda consumption of

1 oz/day (31 g/day) predicted an identical

BMI unit/year decrease (P = 0.58).

This study found no relationship between

soda consumption and the BMI values of

young children.

The data are not nationally representative.

The study used self-reported data that may

be subject to measurement error.

Schulze et al., 2004. Longitudinal

Nurses’ Health Study II Cohort of 51,603

females

Examined the relationship between

sugar-sweetened beverage consumption,

weight change, and risk of type 2

diabetes.

After controlling for a wide range of

potential confounders including physical

activity, smoking, other components of the

diet, and other variables, between 1991

and 1995, those individuals whose

sugar-sweetened beverage consumption

remained consistent at either ≤1

drink/week (n = 38,737) or ≥1 drink/day

(n = 2366) increased in weight by

More than half of the respondents in the

Nurses’ Health Study II were excluded

from the Schulze et al. analysis because

of various exclusion criteria.

The mean change in sugar-sweetened

beverage consumption for the low-high

(≤1 drink/week to ≥1 drink/day)

consumption category was significantly

different from the mean change for the
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Table 3 Review of longitudinal epidemiologic studies on the association between HFCS and weight gain (Continued)

Study Type of Analysis Summary of Results Remarks

3.21 kg/4 years (1.8 lb/year) and 3.12 kg/4

years (1.7 lb/year), respectively.

Those individuals with the greatest decrease

(≥1 drink/day to ≤1 drink/week; n=1020)

or increase (≤1 drink/week to ≥1

drink/day; n = 1007) in their

sugar-sweetened beverage consumption

experienced a weight increase of 1.34 kg/4

years (0.7 lb/year) and 4.69 kg/4 years (2.6

lb/year), respectively.

The remaining individuals whose

sugar-sweetened beverage consumption

patterns did not fit these four consumption

categories were classified by the study as

“Other.” This would include, for example,

individuals who consistently consumed

2-6 drinks/week or who switched from ≥1

drink/day to 2-6 drinks/week. The “Other”

category included 16% of the cohort

population, and the average weight

increase for this category was 3.04 kg/4

years (1.7 lb/year).

The cohort was also studied from 1995 to

1999. During this time, individuals who

consistently consumed ≤1 drink/week (n

= 39,279) or ≥1 drink/day (n = 2340)

gained an average of 2.04 kg/4 years (1.1

lb/year) and 2.21 kg/4 years (1.2 lb/year),

respectively.

Those individuals with the greatest decrease

(≥1 drink/day to ≤1 drink/week; n =
1107) or increase (≤1 drink/week to ≥1

drink/day; n = 765) in their

sugar-sweetened beverage consumption

gained an average of 0.15 kg/4 years (0.1

lb/year) and 4.20 kg/4 years (2.3 lb/year),

respectively.

Those in the “Other” category gained an

average of 2.10 kg/4 years (1.2 lb/year)

and included 16% of the cohort population.

low-low (consistent at ≤1 drink/week),

high-high (consistent at ≥1 drink/day),

and high-low (≥1 drink/day to ≤1

drink/week) consumption categories (P
< 0.001).

The low-high consumption category only

contained about 2% of the study sample.

About 75% of the study sample was

located in the low-low consumption

category, and about 5% of the study

sample was located in the high-high

consumption category.

The results of the study suggest that those

individuals in the high consumption

category could benefit by reducing their

consumption to ≤1 drink/week and that

those individuals in the low consumption

category could benefit by limiting their

increase to no more than 2–6

drinks/week.

Smaller changes in sweetened beverage

consumption did not show any

differences in weight gain.

Janket et al., 2003. Longitudinal/RCT

Women’s Health Study (WHS) Cohort of

38,480 female health professionals aged

≥45 years

Only included participants from the WHS

who had completed FFQs and had no

history of diabetes at baseline

Examined the relationship between risk of

type 2 diabetes and intakes of total

caloric sweeteners, sucrose, fructose,

glucose, and lactose

During follow-up, 918 cases of type 2

diabetes were identified.

After controlling for age, smoking, BMI,

vigorous exercise, alcohol use, history of

hypertension and high cholesterol,

post-menopausal hormone and vitamin

use, and family history of type 2 diabetes,

the authors found no association between

the lowest versus highest consumption

categories of total caloric sweeteners,

sucrose, fructose, glucose, or lactose and

risk of type 2 diabetes.

Neither fructose nor glucose—the main

components of HFCS—were related to

the risk of developing type 2 diabetes.

Sucrose, which has a F:G ratio very similar

to that of HFCS, was also not related to

the risk of developing type 2 diabetes.

The data are not nationally representative.

The study used self-reported data that may

be subject to measurement error.

Mrdjenovic and

Levitsky, 2003.

RCT

Examined the effects of excessive

sweetened drink consumption [defined

as >12 oz (>370 g)/day] on total energy

intake and weight gain among 30

children aged 6–13 years attending the

Cornell Summer Day Camp in 1997

All children consumed home-prepared

foods during the first week of camp.

Children who consumed >16 oz/day (>492

g/day) of sweetened drinks gained more

weight (1.12 ± 0.7 kg) than did children

who consumed between 6 and 16 oz/day

(186 and 492 g/day) of sweetened drinks

(0.32 − 0.48 ± 0.4 kg).

In addition, children who consumed >12

oz/day (>370 g/day) of fruit juice gained

more weight (3.3 ± 1.95 kg) than did

Average daily intake of total energy did not

exceed the Recommended Daily

Allowance (RDA) for any of the age

groups in the study. Children in the

highest and lowest sweetened drink

consumption categories had daily total

energy intakes of 91% ± 5% and

82% ± 5% of the RDA, respectively. In

addition, children between the ages of 6

(Continued on next page)
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Table 3 Review of longitudinal epidemiologic studies on the association between HFCS and weight gain (Continued)

Study Type of Analysis Summary of Results Remarks

From the second week of camp to the

end of the study, each child was

provided meals and snacks prepared by

study administrators for consumption at

camp (breakfast, lunch, and two snacks)

or at home (dinner).

Three beverage categories were included in

the analysis—milk (fluid milk and milk

shakes), 100% fruit juice, and sweetened

drinks (carbonated fruit-flavored drinks,

noncarbonated fruit-flavored drinks, less

than 100% fruit juice, sodas, and tea).

Daily beverage consumption was divided

into four categories—0 [no drink

consumed (0 g/day)], 1 [no more than 6

oz (186 g)], 2 [between 6 and 12 oz (186

and 370 g)], 3 [>12 but <16 oz (>370

but <492 g)], and 4 [>16 oz (>492 g)].

Daily dietary intakes were collected over 4

to 8 weeks. Body weights and heights

were measured either after the first week

of camp or on the first day the child

joined the study. Second weight

measurements were recorded during a

child’s final week at camp and were not

obtained for all study participants (n =
21). The study authors did not discuss or

include second height measurements in

their study.

children who consumed <6 oz/day (<186

g/day) of fruit juice (0.5 ± 0.4 kg).

None of these differences was statistically

significant, and the authors observed that

“the sample size was too small (n = 21) to

provide sufficient power for the observed

difference in weight gain to be statistically

significant.” Mrdjenovic and Levitsky,

2003. It is also possible that the observed

difference in weight gain was not

significant due to the absence of a

relationship between sweetened drink

consumption and weight gain.

and 13 years are increasing in height as

well as weight. BMI, which accounts for

the relationship between height and

weight, would have been a better

measure of the relationship between

sweetened drink consumption and

weight gain due to increased adiposity.

The models did not control for physical

activity.

The study had a small sample size (n = 30

total, n = 21 for a second weight

measurement) that was not nationally

representative.

during which daily caloric sweetener consumption increased by

74 kcal/person. They attributed about 82% of the increase in

caloric sweetener consumption to GNP and urbanization shifts.

They credited the remaining 18% increase in caloric sweetener

Table 4 Review of randomized controlled trials on the association between HFCS and weight gain

Study Type of Analysis Summary of Results Remarks

James et al., 2004 Cluster RCT

Focused educational intervention program

on carbonated drink consumption and

overweight and obesity in 644 children

aged 7–11 years

The children were recruited from six

primary schools in southwest England

and assigned to one of the 29 study

clusters which were each randomly

assigned to the intervention or control

group.

Children in the intervention clusters

participated in a program designed to

emphasize the consumption of a

balanced healthy diet and to discourage

the consumption of both sweetened and

unsweetened “fizzy” drinks.

Included anthropometric measurements

taken at six-month intervals and 3-day

dietary records (two weekdays and one

weekend) obtained at baseline and at the

end of the trial.

Observed a decrease in carbonated drink

consumption of 0.6 glasses/3 days (50

ml/day) in the intervention group with

an increase in carbonated drink

consumption of 0.2 glasses/3 days (17

ml/day) in the control group.

Mean percentage of overweight and obese

children decreased by 0.2% in the

intervention group and increased by

7.5% in the control group. The percent

difference of overweight and obese

children between the intervention and

control groups was statistically

significant (7.7%; 95% CI = 2.2% to

13.1%).

Differences in average BMI values (0.1

kg/m2; 95% CI = -0.1 kg/m2to 0.3

kg/m2) and z-scores (0.04; 95% CI =
-0.04 to 0.12) between the intervention

and control groups were not statistically

significant.

Because only the United States produces

carbonated drinks sweetened with

HFCS, the sweetened “fizzy” drinks in

this study were most likely sweetened

with sucrose.

The data are not nationally representative.

consumption to unmeasured factors, such as changes in food

production and/or consumer behavior. No assessment of the rela-

tionship between caloric sweetener consumption and overweight

and obesity was undertaken.
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Summary of the Ecological Studies

None of the reviewed ecological studies investigated the re-

lationship between HFCS availability in the food supply and

population BMI values. Gross et al. also inappropriately used

the term “corn syrup” in their analysis. HFCS, composed mainly

of fructose and glucose, is a sweetener derived from corn that

is widely used in commercial food production. The term “corn

syrup,” which many individuals equate with Karo
©R

Syrup, is

an entirely glucose-based corn sweetener that was developed

for use in the home. Other glucose-based corn sweeteners are

produced for use in commercial food production. However, un-

like HFCS, their per capita consumption has remained relatively

unchanged since 1966 (USDA, 2004). Harnack et al. examined

trends in the availability of corn sweeteners, which presumably

included the glucose-based corn sweeteners in addition to HFCS,

but they did not examine the relationship between corn sweeten-

ers and BMI. Nielsen and Popkin analyzed soft drink and fruit

drink consumption trends and did not examine their relationship

with BMI. Popkin and Nielsen investigated caloric sweeteners,

which could include sucrose, glucose, fructose, HFCS, and other

saccharides, but did not estimate the relationship between caloric

sweeteners and BMI.

Current ecological studies neither support nor invalidate a

hypothesized relationship between HFCS availability and BMI.

The increase in BMI values in the U.S. population since the

1970s may have originated from any number of concurrent

trends, such as, but not limited to, changes in energy intake

from a variety of food sources (Harnack et al., 2000), an increase

in sedentary occupations (Lakdawalla and Philipson, 2002), an

increase in workforce participation among women (Anderson

et al., 2003; Crepinsek and Burstein, 2004), and a decrease in

physical education (PE) classes and extracurricular sports pro-

grams in schools (Andersen et al. 1998).

EPIDEMIOLOGIC EVIDENCE

Overview

Epidemiological research can include longitudinal, cross-

sectional, and case-control studies. Each type has well-known

strengths and limitations (Coggon et al., 1997, 1997, 1997). Our

literature search found longitudinal and cross-sectional stud-

ies that directly or indirectly examined the relationship be-

tween HFCS consumption and the prevalence of overweight

and/or obesity. No case-control studies on this relationship were

found.

Many studies described in this section use the term “sugar-

sweetened” soft drinks or beverages. Sugar is often consid-

ered synonymous with sucrose, and this creates the poten-

tial for confusion. We have continued to use the terminology

chosen by the study authors, but it is important to note that

most of the beverages in the United States are not actually

sweetened with sucrose. The beverages may use a variety of

caloric sweeteners, the most common of which is HFCS-55. In

other countries, sucrose remains the primary sweetener used in

beverages.

Literature Review of the Cross-Sectional Studies

Forshee and Storey (Forshee and Storey, 2003) found that

BMI had a statistically significant and positive relationship with

diet carbonated soft drink (DCSD) consumption for both boys

(p < 0.05) and girls (p < 0.05). Since DCSD contain little,

if any, energy, these beverages were most likely a marker, not

a cause, of higher BMI values among study participants. Over-

weight children are more likely to consume DCSD in an attempt

to control or decrease their weight. BMI did not show an associa-

tion with regular carbonated soft drink (RCSD) or fruit drink/ade

consumption.

A study by Forshee et al. (Forshee et al., 2004) found that the

consumption of DCSD was positively associated with BMI for

females using 24 hr data. Neither RCSD nor fruit drinks/ades

were associated with BMI for females or males. In the FFQ,

consumption of DCSD was also positively associated with BMI

for females. No relationship was observed between any other

beverage consumption category and BMI for either females or

males.

French et al. (2003) analyzed soft drink consumption trends

among children aged 6–17 years. These authors found that the

overall prevalence of soft drink consumption among children

aged 6–17 years was 48% higher in 1994–96, 98 than in 1977–

78. Mean soft drink intake increased from 5 to 12 oz/day (155

to 370 g/day). The relationship between soft drink consumption

and BMI was not examined.

Giammattei et al. (2003) investigated the relationship be-

tween BMI, television viewing, and regular and diet soft drink

consumption among 305 non-diabetic sixth and seventh grade

students from 3 different schools in Santa Barbara County,

California. They discovered that 17.9% of the students were

at-risk of overweight, while 17.4% of the students were over-

weight. Only the number of hours of television viewing on a

school night and the total number of soft drinks consumed per

day were significantly associated with BMI. When regular and

diet soft drinks were analyzed separately, BMI z-scores and per-

cent body fat remained positively and significantly associated

with diet soft drink consumption only. BMI z-scores and per-

cent body fat were not significantly associated with regular soft

drink consumption.

Grant et al. (2004) studied the relationship between anthro-

pometric status and macronutrient intake among Pacific Island

children aged 2–5 years living in New Zealand. After adjusting

for age and gender, the obese children consumed significantly

more total energy than did the non-obese children. The obese

children consumed more of all types of foods, not just more of

specific foods, than did the non-obese children.

Nicklas et al. (2003) analyzed the relationship between

BMI and food consumption patterns among 1562 African-

American (AA) and Euro-American (EA) 10-year-olds. The
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authors found that EA males and EA females showed positive as-

sociations between overweight and consumption of sweets and

sweetened beverages. For EA males and EA females, positive

associations were also found between overweight and consump-

tion of total foods and beverages, particularly from low-quality

foods. AA females showed negative associations between over-

weight and consumption of fruits/fruit juices and fruit/fruit

juices/vegetables, total number of meals consumed, and con-

sumption of the breakfast meal. The total model explained about

4-8% of the variance in BMI for the various ethnic-gender

groups, and soft drink consumption alone explained approxi-

mately 1% of the variance in the model.

Rajeshwari et al. (2005) assigned sweetened beverages

to one of the following categories: soft drinks, fruit drinks,

iced tea with sugar, and coffee with sugar. Study participants

were categorized as non-consumers, low-consumers, medium-

consumers, or high-consumers of sweetened-beverages. Be-

tween 1973 and 1994, mean BMI significantly increased for

each of the four sweetened-beverage consumption categories.

However, Rajeshwari et al. found no differences in mean BMI

among any of the four consumption categories.

In their study of snacking trends among individuals aged 19–

29 years, Zizza et al. (2001) found that sweetened beverages

(regular soft drinks, diet soft drinks, and fruit drinks) were one

of the major contributors of energy from snacking occasions.

The relationship between snacking and BMI was not examined.

Summary of the Cross-Sectional Studies

The overall evidence for a positive association between con-

sumption of soft drinks (HFCS proxy) and overweight and/or

obesity is limited. Of the six cross-sectional studies that directly

or indirectly investigated the relationship between soft drink

consumption and prevalence of overweight and/or obesity, only

Giammattei et al. and Nicklas et al. found a positive association.

Two of the reviewed studies, French et al. and Zizza et al., did

not include an analysis of the relationship between soft drink

consumption and BMI.

In Giammattei et al., the association appears to be between

the consumption of diet drinks and BMI. The reported associ-

ation between regular soft drinks and BMI was not significant.

Furthermore, Giammattei et al. found that only the sixth- and

seventh-grade children who were consuming ≥3 soft drinks/day

were more likely to have BMI values ≥85th percentile. This level

of soft drink consumption is relatively large compared to the av-

erage soft drink consumption among children within this age

group.

We conducted an original analysis to estimate the average

consumption of soft drinks and the percentage consuming ≥3

soft drinks/day among the age group used in the Giammattei et al.

study. We analyzed the most recent nationally representative data

available—NHANES 1999–2002 (CDC, 2005)—and found that

the mean combined consumption of regular fruit drinks/ades and

RCSD for children aged 11–12 years is 450 g/day (95% CI =

397 to 503 g/day), or about 1.2 12-oz servings/day. We found

that only those children above the 90th percentile consumed ≥3

soft drinks/day.

Nicklas et al. discovered that soft drink consumption ex-

plained approximately 1% of the variance in the model. The

authors hypothesized that overweight status is not the result of

a single eating pattern.

Four of the six studies do not support a relationship between

consumption of a specific type of beverage (Forshee and Storey;

Forshee et al.; Rajeshwari et al.) or a specific macronutrient

(Grant et al.) and prevalence of overweight and obesity. Because

sucrose and HFCS contain similar F:G ratios, the results from

the Grant et al. study are relevant to the HFCS debate.

Literature Review of the Longitudinal Studies

The expert panel examined seven longitudinal studies that

assessed the relationship between soft drinks—often utilized as

a proxy for HFCS—and BMI of pre-schoolers, children, ado-

lescents, and adult women.

Berkey et al. (2004) analyzed the relationship between BMI

and intakes of sugar-added beverages, milk, fruit juices, and

diet soda in a cohort of more than 10,000 males and females

aged 9–14 years in 1996. These authors found a positive associ-

ation between BMI and sugar-added beverage consumption for

boys, but the association was not statistically significant for girls.

When total energy was included in the model, the associations

were not significant for either boys or girls.

In a cohort of 8203 girls and 6774 boys aged 9-14 years in

1996, Field et al. (Field et al., 2004) investigated the association

between BMI and the intake of various snack foods, including

sugar-sweetened beverages. No relationship was found between

the snack food intake and the annual change in BMI for ei-

ther girls or boys. According to these authors, “[w]hen servings

per day of sugar-sweetened beverages were included as snack

foods the association between snack food intake and change

in BMI z-score was similar to the main findings” (Field et al.,

2004).

Ludwig et al. (2001) examined the relationship between BMI

and consumption of sugar-sweetened drinks among a cohort of

548 ethnically diverse schoolchildren aged 11–12 years enrolled

in Massachusetts public schools. Over 19 months, the average

sugar-sweetened drink consumption increased from 1.22 to 1.44

servings/day—a difference of 0.22 servings/day. There was a

positive association between sugar-sweetened drinks and BMI

with a magnitude of a 0.24 kg/m2 increase in BMI for each

additional serving/day increase in sugar-sweetened drink con-

sumption. For the average increase in sugar-sweetened drink

consumption (0.22 servings/day), this model predicted a BMI

increase of 0.05 kg/m2 assuming all other variables in the model

remained constant. Nielsen and Popkin (2004) reported that be-

tween 1977 and 1996, the mean consumption of sweetened bev-

erages increased from 2.02 to 2.55 servings/day for a mean in-

crease of 0.53 servings/day. Using the Ludwig et al. estimate, the
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predicted increase in BMI would be 0.13 kg/m2 for an increase

of 0.53 servings/day of sugar-sweetened drink consumption.

Newby et al. (2004) explored the relationship between bev-

erage consumption and changes in BMI in a cohort of 1345

children aged 2–5 years. These authors found no significant re-

lationships between any of the beverages analyzed and BMI.

Schulze et al. (2004) examined the relationship between

sugar-sweetened beverage consumption, weight change, and

risk of type 2 diabetes among women aged 24–44 years at study

initiation in 1989. More than half of the respondents were ex-

cluded from the Schulze et al. analysis because of various exclu-

sion criteria. Those individuals with the greatest increase (≤1

drink/week to ≥1 drink/day) in their sugar-sweetened beverage

consumption experienced a greater weight increase than other

respondents. Those individuals with the greatest decrease (≥1

drink/day to ≤1 drink/week) experienced a smaller weight in-

crease than other respondents. There was no difference in weight

gain between those individuals who were consistently low con-

sumers, consistently high consumers, or who made a smaller

change in their consumption of sweetened beverages.

The low-high (≤1 drink/week to ≥1 drink/day) consump-

tion category only contained about 2% of the study sample.

About 75% of the study sample was located in the low-low

(consistent at ≤1 drink/week) consumption category, and about

5% of the study sample was located in the high-high (consis-

tent at ≥1 drink/day) consumption category. The results of the

study suggest that those individuals in the high consumption

category could benefit by reducing their consumption to ≤1

drink/week and that those individuals in the low consumption

category could benefit by limiting their increase to no more than

2–6 drinks/week. Smaller changes in sweetened beverage con-

sumption did not show any differences in weight gain.

Janket et al. (2003) examined the relationship between risk of

type 2 diabetes and intakes of total caloric sweeteners, sucrose,

fructose, glucose, and lactose among a cohort 38,480 female

health professionals and found no association between the low-

est versus highest consumption categories of total caloric sweet-

eners, sucrose, fructose, glucose, or lactose and risk of type 2

diabetes. Neither fructose nor glucose—the main components of

HFCS—were related to the risk of developing type 2 diabetes.

Sucrose, which has a F:G ratio very similar to that of HFCS,

was also not related to the risk of developing type 2 diabetes.

Mrdjenovic and Levitsky (2003) examined the effects of

excessive sweetened drink consumption [defined as >12 oz

(>370 g)/day] on total energy intake and weight gain among

30 children aged 6–13 years attending the Cornell Summer

Day Camp in 1997. They found that children who consumed

>16 oz/day (>492 g/day) of sweetened drinks gained more

weight than did children who consumed between 6 and 16 oz/day

(186 and 492 g/day) of sweetened drinks, but none of these dif-

ferences was statistically significant. The authors observed that

“the sample size was too small (n = 21) to provide sufficient

power for the observed difference in weight gain to be statisti-

cally significant” (2003). It is also possible that the observed dif-

ference in weight gain was not significant due to the absence of a

relationship between sweetened drink consumption and weight

gain.

Summary of the Longitudinal Studies

Of the four longitudinal studies examining growing children

or adolescents, Berkey et al., Newby et al., and Mrdjenovic and

Levitsky showed no association between BMI and the consump-

tion of soft drinks. Only Ludwig et al. showed a significant in-

crease of 0.24 BMI units over the previous 19 months for every

additional serving increase in sugar-sweetened drink consump-

tion. Berkey et al. estimated a non-significant increase of 0.019

and 0.015 BMI units from the previous year for each serving

of sugar-added beverages consumed per day for girls and boys,

respectively. Because of the large sample size in GUTS, this is

a relatively precise estimate (95% CI = −0.008 to 0.046 for

girls; 95% CI = −0.014 to 0.044 for boys, based on our cal-

culations). We calculated the confidence intervals using Stata

“p2ci” program which calculates a confidence interval based on

the reported coefficient and p-value.

Janket et al. found no relationship between intakes of vari-

ous caloric sweeteners and the risk of type 2 diabetes. Schulze

et al. found that after four years, women who increased their

consumption of sugar-sweetened beverages from ≤1/week to

≥1/day had higher BMI values by 0.47 kg/m2 than did women

who consistently consumed ≤1/week. Only 2% of the women in

this study increased their sugar-sweetened beverage consump-

tion from ≤1/week to ≥1/day, while 75% of the study partici-

pants consistently consumed ≤1/week. Overall, the mean BMI

for the 96% of women who did not move from one extreme con-

sumption category to another (low-high or high-low) was statis-

tically indistinguishable regardless of the quantity of sweetened

beverages consumed.

Field et al. did not report the estimated associations between

sugar-sweetened beverage consumption and BMI.

Estimating the Relationship between Current RCSD
Consumption Patterns and BMI

The potential impact of reducing RCSD consumption on BMI

is a function of the strength of the association between the two

and the amount of RCSD currently consumed. To assess this

potential impact, we conducted an original analysis and applied

current RCSD consumption patterns to estimates of the associ-

ation between soft drink consumption and BMI from the longi-

tudinal studies.

We obtained RCSD consumption data from NHANES 1999–

2002 (CDC, 2005)—the most recent nationally representative

survey available—for females and males aged 20+ years. These

data show that the majority of survey participants consume only

modest amounts of RCSD. We represented the full distribution

of RCSD consumption via kernel density plots, which show

the distribution of a variable by approximating the probability

density function of consumption (Silverman, 1986). Similar to a
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Figure 3 Kernel density distribution plot of regular carbonated soft drink (RCSD) consumption from NHANES 1999–2002 among females 20+ years. RCSD

consumption is shown as the number of 12-oz servings consumed per day, and each 12-oz serving is equivalent to 370 g. The line graph represents the kernel

density function for RCSD consumption. The kernel density function is an extension of the histogram and uses a “sliding window” to approximate the probability

of consuming a given amount of RCSD across the entire distribution. Below the kernel density plot is a rug plot. Each vertical “pipe” in the rug plot represents a

unique value for RCSD consumption. Rug plots are useful for visualizing extreme values in a data set. Figure produced by authors.

histogram, the height of the line is proportional to the percentage

of respondents at any given level of consumption.

Kernel density plots of RCSD consumption for females and

males show that the most commonly consumed amounts of

Figure 4 Kernel density distribution plot of regular carbonated soft drink (RCSD) consumption from NHANES 1999–2002 among males 20+ years. RCSD

consumption is shown as the number of 12-oz servings consumed per day, and each 12-oz serving is equivalent to 370 g. The line graph represents the kernel

density function for RCSD consumption. The kernel density function is an extension of the histogram and uses a “sliding window” to approximate the probability

of consuming a given amount of RCSD across the entire distribution. Below the kernel density plot is a rug plot. Each vertical “pipe” in the rug plot represents a

unique value for RCSD consumption. Rug plots are useful for visualizing extreme values in a data set. Figure produced by authors.

RCSD are modest (Figs. 3 and 4). For both adult females and

males, the most common amount is at 0 12-oz servings/day

(0 g/day). Another, much smaller, peak is at 1 12-oz serving/day

(370 g/day); a third, still smaller, peak is at 2 12-oz servings/day
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(740 g/day). The curve then asymptotically approaches zero with

small upticks at whole numbers of servings. Beneath each kernel

density plot is a rug plot to better visualize the extreme values

in the data, particularly the handful of respondents with very

high reported RCSD consumption levels. Each vertical line, or

“pipe,” represents a unique value for RCSD consumption. Above

about 10 12-oz servings/day (3700 g/day) the rug plot becomes

extremely sparse.

On the day of the 24HR, 59% of the females and 50% of the

males aged 20+ years did not consume any RCSD. The mean

consumption of RCSD was 0.73 12-oz servings/day (270 g/day)

for females and 1.15 12-oz servings/day (426 g/day) for males.

In the 95th percentile of RCSD consumption, females and males

consumed 3.3 and 4.7 12-oz servings/day (1218 and 1722 g/day),

respectively.

One limitation of NHANES 1999–2002 is that the dietary

data are self-reported and may be subject to bias, particu-

larly under-reporting. The upper percentiles of consumption

observed in a 24 hr are generally known to be higher than

the upper percentiles observed from either longer-term mea-

surements of dietary intake or statistical estimates of usual

intake (Tran et al., 2004; Nusser et al., 1993; Carriquiry et al.,

1992).

Estimates of the relationship between soft drink consump-

tion and BMI from longitudinal studies and our estimates of

current RCSD consumption provide some parameters by which

to approximate the impact that eliminating RCSD consumption

would have on overweight and obesity rates in the United States.

The estimates of the association between soft drink consumption

and BMI in the longitudinal studies ranged from non-significant

to a maximum of a 0.24 kg/m2 change in BMI for each one serv-

ing/day change in soft drink consumption over 19 months. Using

the Ludwig et al. (maximum) estimate, a female at the 95th per-

centile of soft drink consumption who eliminated soft drinks

from her diet would reduce her BMI by about 0.825 kg/m2. Us-

ing the Berkey et al. (non-significant) estimate—a 0.02 kg/m2

change in BMI for each one serving/day change in soft drink

consumption—the same female at the 95th percentile of soft

drink consumption would reduce her BMI by only 0.066 kg/m2.

A limitation of the discussion in this section is that it does

not consider any possible long-term, cumulative changes in BMI

as a result of changes in soft drink consumption. Extrapolating

beyond the time frames used in the studies reviewed is diffi-

cult. Such extrapolation requires an assumption that the change

increases proportionally with time. Rarely do we observe such

simple proportional relationships over time. Changes often de-

celerate with time or even turn around completely. Therefore,

in the absense of more direct evidence we can only offer vague

speculation about what might happen over greater lengths of

time and safely draw conclusions about what happens during

the duration of our studies.

While it is impossible to rule out that weight change may

continue beyond the time frames of the studies reviewed, the

current models do not allow accurate projections beyond the

original time frames.

RANDOMIZED CONTROLLED TRIALS

Overview

Randomized controlled trials (RCTs) are often considered the

“gold standard” in research because they are not susceptible to

confounding and are less susceptible to other forms of bias than

are other types of studies (Coggon et al., 1997). We found only

one RCT reported in the literature on the relationship between

soft drinks and either BMI or weight gain.

Literature Review of the Randomized Controlled Trials

James et al. (James et al., 2004) performed a cluster RCT to

study the effect of a focused educational intervention program

on carbonated drink consumption and overweight and obesity

in 644 children aged 7–11 years. Children in the intervention

clusters participated in a program designed to emphasize the

consumption of a balanced healthy diet and to discourage the

consumption of both sweetened and unsweetened “fizzy” drinks

(most likely sweetened with sucrose). James et al. observed a

decrease in carbonated drink consumption of 0.6 glasses/3 days

(50 ml/day) in the intervention group with an increase in carbon-

ated drink consumption of 0.2 glasses/3 days (17 ml/day) in the

control group. Mean percentage of overweight and obese chil-

dren decreased by 0.2% in the intervention group and increased

by 7.5% in the control group, and this difference was statisti-

cally significant. However, differences in average BMI values

(0.1 kg/m2; 95% CI = −0.1 kg/m2 to 0.3 kg/m2) and z-scores

(0.04; 95% CI = −0.04 to 0.12) between the intervention and

control groups were not statistically significant.

Summary of the Randomized Controlled Trials

There are no RCTs examining the direct relationship between

HFCS consumption and overweight and obesity. The sweetened

“fizzy” drinks studied by James et al. were almost certainly

sweetened by sucrose, not HFCS, given that the study was con-

ducted in Great Britain. Furthermore, James et al. did not show

any difference in carbonated drink consumption and BMI be-

tween the treatment and control groups.

THEORIZED MECHANISMS

Overview

Three hypotheses have been proposed to support the argu-

ment that HFCS plays a unique role in weight gain compared

with other caloric sweeteners. These hypotheses include:

1. HFCS increases the F:G ratio in the food supply, causing

adverse metabolic effects that either directly or indirectly

lead to weight gain.
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Figure 5 Per capita availability [lb (kg)/person/year] of total sweeteners, sucrose, HFCS-42, HFCS-55, glucose (dextrose), and honey in the U.S. food supply

from 1966 to 2002. The various line graphs represent the per capita availability of the different types of sweeteners in the U.S. food supply based on USDA ERS

food availability data. Figure produced by authors.

2. HFCS is “sweeter” than sucrose, leading to over-

consumption of foods containing HFCS and weight gain.

3. Consumption of beverages, which are almost exclusively

sweetened with HFCS, does not stimulate satiety signals,

leading to over-consumption and weight gain.

HFCS Increases the F:G Ratio in the Food Supply

The term “high fructose corn syrup” has generated some

confusion. HFCS is high in fructose compared to the original

dextrose-based corn syrups, which contain no fructose. HFCS

is compositionally similar to sucrose, which contains a F:G ratio

of 50:50.

The confusion over the meaning of “high fructose” has led

some researchers to speculate that the introduction of HFCS

has increased the F:G ratio in the U.S. food supply. Fructose

metabolism studies show that fructose absorption from the gut is

dependent on the presence of glucose (Riby et al., 1993; Ravich

et al., 1983). Unabsorbed fructose is either fermented in the colon

or excreted in the feces. However, some researchers propose that

an increase in free fructose in the food supply has contributed to

adverse metabolic changes that have led to increased overweight

and obesity rates.

To address this question, we conducted original research to

calculate the changes in total glucose and fructose availability

and the F:G ratio in the food supply since the introduction of

HFCS-42 in 1966. There are serious limitations to the USDA

Economic Research Service (ERS) food availability data, partic-

ularly if one needs to make inferences about associations at the

individual level. Our purpose here is only to assess the trends in

fructose and glucose availability and their ratio. This provides

more information than is currently available about the impact

that the introduction of HFCS has had on the relative amount of

fructose and glucose in the food supply. This analysis is subject

to the same limitations discussed earlier regarding ecological

data. Ideally, the analysis should be conducted at the individual

level by examining the associations between fructose and glu-

cose consumption and BMI. Unfortunately, such data are not

currently available.

Many caloric sweeteners in the food supply contain various

formulations of fructose and glucose. Data for per capita sweet-

ener availability (Fig. 5) were obtained from the USDA ERS

disappearance series (USDA, 2005). Using the percentage of

fructose and glucose for each of the major sweeteners, we cal-

culated the total fructose and total glucose available from caloric

sweeteners in the U.S. food supply (Fig. 6). Data for the fruc-

tose and glucose composition of sweeteners were obtained from

Hanover and White (Hanover and White, 1993). The data in Fig.

6 do not include the glucose that is available from other carbohy-

drate sources (e.g. starches, maltodextrins, etc.) or the fructose

that is naturally available in certain fruits and vegetables.

Until the mid-1960s, sucrose was the primary sweetener in

the American diet. A 1993 study by Park and Yetley (1993) noted

that HFCS had replaced sucrose in many foods and beverages.

These scientists remarked that “from the standpoint of fructose

metabolism the source of fructose, whether free or from sucrose,

is not important because bound fructose is readily liberated in

the food product and in the small intestine. The total fructose in

the diet is the most important consideration.” (Park and Yetley,

1993) Although the type of sweetener used in the U.S. food sup-

ply has changed over the last few decades, the total amount of
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Figure 6 Per capita availability [lb (kg)/person/year] of total fructose and total glucose from caloric sweeteners in the U.S. food supply from 1966 to 2002. The

solid line graph represents the per capita availability of total fructose from all sweetener sources, and the dashed line graph represents the per capita availability of

total glucose from all sweetener sources. Both graphs are based on USDA ERS food availability data. Sweetener availability calculations do not include glucose

available from other carbohydrate sources (e.g. starches, maltodextrins, etc.) or fructose naturally available in certain fruits and vegetables. Figure produced by

authors.

fructose (free and bound) from sweeteners has remained rela-

tively constant according to Park and Yetley. Since the F:G ratio

of sucrose and HFCS are nearly identical, replacing the free and

bound fructose from sucrose with the free fructose from HFCS

had virtually no effect on the availability of the total amount of

fructose from sweeteners. In the decade since the Park and Yet-

ley paper was published, however, soft drink (RCSD and fruit

drinks/ades) consumption has increased.

Data from the USDA ERS show that sweetened beverage

consumption increased between the late 1970s and mid-1990s.

In addition, Yen and Lin (2002) reported that the percentage of

children and adolescents who drink carbonated soft drinks rose

from 44% in the 1970s to 49% in the 1990s. Average consump-

tion increased for children aged 6–11y and adolescents aged

12–17y.

There have been significant changes in the total availability of

caloric sweeteners in the U.S. food supply. From 1966 to 1999,

the total per capita sweetener availability increased, despite some

temporary declines in the 1970s and 1980s. Since 1999, however,

the total per capita sweetener availability has declined by 5 lb

(2.3 kg)/person/year. The mix of sweeteners has also changed.

Sucrose availability fell substantially during the 1970s and early

1980s before stabilizing in the mid–1980s. HFCS-42 began to

be incorporated into the food supply around 1970 and has since

steadily increased. HFCS-55 began to be utilized in the mid-

1970s, increased rapidly in the early 1980s, and continued to

gradually increase until 1999.

We conducted a new analysis of the USDA ERS food avail-

ability data to examine the ratio of fructose to glucose since

1966. Throughout this time period, the availability of glucose

was more than 10 lb (4.5 kg)/person/year higher than the avail-

ability of fructose, and the trends in total fructose and total glu-

cose are very similar (Fig. 7). For each year, the total available

fructose was divided by the total available glucose to create a

ratio. For reference, we included a line at 1.0 to indicate what the

ratio would be if only sucrose were used in the food supply. The

F:G ratio has been substantially less than 1.0, and has stayed

in a narrow range between 0.71 and 0.80. From 1966–1975,

the F:G ratio actually fell as HFCS-42 (42:53 ratio) was replac-

ing sucrose (50:50 ratio) in some foods. With the introduction

of HFCS-55 (55:42 ratio), the F:G ratio began returning to its

previous level before the introduction of any HFCS product. In

2002, the F:G ratio was 0.79 compared to 0.78 in 1966.

These trends contradict the hypothesis that the introduction of

HFCS increased the F:G ratio in the U.S. food supply. Moreover,

most RCT studies of fructose consumption have used F:G ratios

well above 1.0. For example, in Swanson et al. (1992) subjects

in the fructose treatment consumed 100 g of fructose, 10 g of

sucrose, and 23 g of “other” carbohydrates. Even if all 23 g of

“other” carbohydrates are assumed to be glucose, the F:G ratio

for these subjects would be 3.75, which is more than 4 times the

largest F:G ratio typically observed in the food supply.

HFCS is “Sweeter” than Sucrose

The monosaccharides—fructose, glucose, and galactose—

and the disaccharides—lactose, sucrose, maltose, and

trehalose—have varying degrees of sweetness. Of the monosac-

charides, crystalline fructose imparts the “sweetest” taste with
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Figure 7 Relative availability of fructose:glucose (F:G) in the U.S. food supply from 1966 to 2002. The line graph represents the ratio of per capita availability

of fructose from all sweetener sources and per capita availability of glucose from all sweetener sources based on USDA ERS data. The straight line at 1.0 represents

the theoretical F:G ratio if sucrose were the only sweetener available in the food supply. Figure produced by authors.

a relative sweetness of 173 compared with crystalline sucrose,

which has been designated as the reference and set at 100.

Glucose, galactose, and lactose are less sweet than sucrose

with relative sweetness scores of 74, 33, and 16, respectively

(Biology, 2004).

Bray et al. (2004) hypothesized that HFCS-55 is much

“sweeter” than sucrose. They conjectured that a corresponding

increase in the sweetness of the food supply created cravings that

induced people to over-consume sweetened beverages, leading

to a positive energy balance and weight gain. Unfortunately,

the authors miscalculated the relative sweetness of HFCS-55

by using the sweetness value of crystalline fructose rather than

aqueous fructose. Expert sensory panels have confirmed that an

aqueous solution of fructose at 10% dry solids and room tem-

perature has a relative sweetness of 117 (Hanover and White,

1993). Calculating the relative sweetness of HFCS-55 using the

sweetness value of aqueous fructose yields a sweetness value

almost identical to the aqueous sucrose standard. Moreover,

a recent study concluded that temperature had little effect on

sweetness intensity (Schiffman et al., 2000). Therefore, the hy-

pothesis that HFCS-55 is “sweeter” than sucrose and creates

cravings that induce over-consumption and weight gain seems

implausible.

Beverages, a Major Source of HFCS, do Not Stimulate
Satiety Signals

Although the underlying factors contributing to weight gain

are multiple and complex, it is widely acknowledged that weight

gain generally occurs because of a long-term imbalance be-

tween energy consumed and energy expended. Some scientists

hypothesize that overweight and obesity rates have dramati-

cally increased for both children and adults because soft drink

consumption (HFCS proxy) has increased since the 1970s. Al-

though weight gain can be linked to various patterns of over-

consumption, liquid calories are thought by some researchers to

be less satiating than calories obtained via consumption of solid

foods. The lack of satiety produced by soft drinks then leads to

over-consumption and weight gain.

Several mechanisms may account for liquid calories being

less satiating. The mastication of solid foods may stimulate a

satiety signal that is not activated when liquids are consumed.

Initial pancreatic exocrine and endocrine responses to oral stim-

ulation are greater for non-liquids than they are for liquids; initial

pancreatic responses that include insulin release may modulate

postprandial metabolism. This includes glucose tolerance with

possible hunger and eating effects (DiMeglio and Mattes, 2000).

Satiation refers to the reduction in the amount of energy con-

sumed at a particular meal, whereas satiety refers to the reduc-

tion in the amount of energy consumed at a subsequent meal or

meals (Almiron-Roig et al., 2003). The total volume of a solid

or liquid appears to contribute to satiety; that is, consumption

of a large volume of foods or beverages at a particular meal or

eating occasion (snack) reduces the amount of energy consumed

at future meals or eating occasions.

Studies conducted by Rolls and colleagues show that high-

volume/less-energy-dense liquids, such as soups, vegetable

juices, and milk, are satiating because of their high water content

(Bell et al., 2003; Rolls et al., 1999; Rolls et al., 1990). Other re-

searchers contend that solid foods are more satiating (DiMeglio

and Mattes, 2000).

An RCT with 24 women aged 20–37 years with a mean

BMI of 22.6 kg/m2 examined the effects of three isoenergetic
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(1128 kJ) preloads on satiety and subsequent food intake (Rolls

et al., 1999). Participants consumed breakfast, lunch, and dinner

at the study site on four separate test days with at least one week

separating each test. Three of the test days included the con-

sumption of a preload prior to the lunch meal, while no preload

was consumed on the remaining test day (control). The three

preloads included chicken and rice casserole, chicken and rice

casserole with a glass of water, and chicken and rice soup.

Mean energy consumed during the control lunch meal (no

preload) was significantly greater (2693 ± 166 kJ) than mean

energy consumed during the lunch meals preceded by either the

casserole (1639 ± 148 kJ; p < 0.05), the casserole with wa-

ter (1657 ± 148 kJ; p < 0.05), or the soup (1209 ± 125 kJ; p

< 0.05) preloads. In addition, after adding the energy obtained

from the preload to the energy consumed during the subsequent

lunch meal, Rolls et al. found that the women consumed signif-

icantly less energy (16%) with the soup preload than with either

the casserole or the casserole with water preloads. Since energy

intakes during the dinner meal were similar regardless of the pre-

ceding lunch condition, the women did not compensate for the

reduced energy intake from the lunch meal with the soup preload.

DiMeglio and Mattes (2000) conducted a study examining

the effects of supplementing the diets of 15 free-living indi-

viduals with 450 kcal/day from either jelly beans (solid load)

or carbonated soft drinks (liquid load). The duration of each

treatment was four weeks with a four-week washout period be-

tween treatments. For each four-week treatment period, the par-

ticipants were instructed to increase their total consumption by

ingesting the required amount of jelly beans [approximately 4

oz (113 g)/day] or carbonated soft drinks [approximately 3.2

12-oz servings (1184 g)/day]. Twenty-four hour dietary recalls

of food consumption were randomly conducted six times during

the four-week treatment periods. The study included one hunger

rating experiment lasting 180 minutes.

Although participants were instructed to increase their caloric

consumption by 450 kcal/day over each four-week treatment pe-

riod (12,600 kcal total), physical activity did not increase signif-

icantly. The study reported a 118% compensation for the solid

load, but a -17% compensation for the liquid load. However,

there was no significant difference in hunger ratings. Mean body

weight increased by 0.3 kg and 0.5 kg during the jelly bean and

carbonated soft drink treatment periods, respectively. Mean BMI

increased by 0.1 kg/m2 during both treatment periods. Although

the mean body weight and BMI increased after each treatment

period, the increases were significant only for the liquid treat-

ment period (P ≤ 0.05 for both). However, the change in mean

body weight and BMI was not statistically significant between

the two treatments.

More rigorous research focused on the satiety and satia-

tion differences of liquids versus solids is needed. Controlled,

metabolic feeding studies are also needed to refute or confirm

epidemiologic studies and to examine possible differences in ab-

sorption, metabolism, and utilization of HFCS versus sucrose.

Additional RCTs examining associations between weight gain

and consumption of sweetened beverages, various sweeteners,

and total energy, as well as studies designed to increase the un-

derstanding of food intake behaviors, are needed. These RCTs

should include analyses of individual differences in blood lipids,

glucose tolerance, and certain hormones and peptides (i.e. in-

sulin, ghrelin, leptin, glucagon-like peptide, etc.) in response

to the consumption of various sweeteners. Currently, there are

no studies that directly compare biological responses of HFCS

versus sucrose consumption.

RESEARCH GAPS

The expert panel identified several research gaps. No studies

examined whether HFCS is metabolized differently than su-

crose. This is a critical research gap and should receive the

highest priority for future research on this question. While it

appears likely that the biological effects of HFCS and sucrose

are similar, it is premature to conclude whether or not there are

any differences in the mechanisms by which sucrose and HFCS

are metabolized in the absence of this important research. The

results from fructose studies can not be extrapolated to HFCS

because the typical F:G ratio found in these fructose studies is

much higher than the F:G ratio found in HFCS.

Updating the USDA food composition and nutrient databases

for key food groups should be the second priority. HFCS levels in

most food products have not been quantified, and no information

concerning individual-level consumption of HFCS is currently

available. This is an important data need that prevents crucial

epidemiological research. Fructose levels in food products and

actual fructose consumption are also largely unknown. Without

data on the HFCS and fructose concentrations of foods, it is im-

possible to identify the high consumers of fructose and develop

epidemiologic models of their relative risk for overweight and

obesity or other health endpoints. Furthermore, no analytical

chemistry methods exist to distinguish naturally-occurring di-

etary fructose from the fructose added by manufacturers either

as sucrose or HFCS.

One specific research need is a more detailed investigation

of the vulnerabilities of sub-populations. Some sub-populations

may be particularly susceptible to overweight and obesity due

to the over-consumption of caloric sweeteners, but there are

no studies addressing this possibility. Individuals with strong

family histories of overweight and obesity and/or those who are

entering life stages that are associated with weight gain need

particular attention.

Some more general research gaps should also be addressed.

Increased access to federally-funded longitudinal datasets is

needed in order to replicate the findings of other researchers.

Additional studies are needed to better measure energy ex-

penditure and its relative importance to weight control and pre-

vention of weight gain.

OVERALL STRENGTH OF THE EVIDENCE

The evidence that HFCS consumption uniquely increases the

risk of weight gain is very weak. Few studies directly explore
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the relationship between HFCS, body weight, and BMI. The

only evidence directly linking HFCS consumption and weight

gain is ecological data. Ecological data are widely recognized

as insufficient for establishing cause-effect relationships.

The prospective observational studies typically utilized soft

drinks as a proxy for HFCS. Three of the four studies of youth

reviewed in this manuscript found no association between soft

drinks and BMI while the third found a significant association

of 0.24 kg/m2 for each one serving/day change in consumption.

Cited mechanisms proposing a positive relationship between

HFCS consumption and weight gain have major gaps. The hy-

pothesis that the increasing levels of HFCS in the food supply has

increased the F:G ratio is not supported by the USDA ERS food

availability data. The F:G ratio actually fell after the introduction

of HFCS-42, rose slightly after the introduction of HFCS-55, and

is now currently only .01 higher than it was before the introduc-

tion of HFCS-42. The claim that HFCS is “sweeter” than sucrose

is not supported by expert sensory panels. This claim appears

to be the result of incorrectly calculating the relative sweetness

of HFCS-55 based on the relative sweetness value of crystalline

fructose instead of the relative sweetness value of fructose in

solution.

CONCLUSIONS

The impact of HFCS consumption on BMI must be put in

context with other broad economic and societal changes during

the past several decades. Many other plausible explanations for

rising overweight and obesity rates exist, including a decrease in

smoking (Janzon et al., 2004; Rodu et al., 2004; Koh-Banerjee

et al., 2003); an increase in sedentary occupations (Lakdawalla

and Philipson, 2002); an increase in two-income households

and single-parent households (Anderson et al., 2003; Crepinsek

and Bursteiņ 2004); transportation and infrastructure changes

that discourage physical activity (Bell et al., 2002; Lanningham-

Foster et al., 2003); a decrease in PE classes and extracurricular

sports programs in schools (Andersen et al., 1998); an increase

in sedentary forms of entertainment (i.e. TV/movie viewing,

video games, etc.) (Sternfeld et al., 2004); demographic changes

(i.e. aging population, immigration, etc.) (Hedley et al., 2004;

USD-C, 2002; Guzman 2001); a decrease in food costs with

increase in food availability (Lakdawalla and Philipson, 2002);

and changes in food consumption patterns (Diliberti et al., 2004;

Binkley et al., 2000).

The expert panel concluded that the currently available evi-

dence is insufficient to implicate HFCS per se as a causal factor

in the overweight and obesity problem in the United States.

However, there are significant knowledge gaps and weaknesses

in existing research, so further research is warranted. Neverthe-

less, in a society that is experiencing unhealthy weight gain, it is

necessary for many individuals to reduce their energy intake, in-

cluding, but not limited to, energy provided from calorie-dense

foods and beverages. Many individuals also need to increase

their level of physical activity to help achieve and maintain a

healthy weight and to reap the other health benefits of physical

activity (USDA, 2005).

ACKNOWLEDGEMENTS

The expert panel was supported by an unrestricted gift from

Tate and Lyle, Inc. Tate and Lyle, Inc. had no input into

the design, analysis, interpretation, or decision to publish the

manuscript. The views expressed in the manuscript are those

of the authors and do not necessarily represent the views of the

institutions with which the authors are affiliated or of any organi-

zations with which the authors have had a financial or scientific

relationship in the past.

WHG and JSW are scientific advisors to Tate and Lyle, Inc.

RAF, MLS, DBA, GLH, DRL, SAM, TAN, and GAW have no

conflicts of interest with Tate and Lyle, Inc.

RAF, MLS, GLH, SAM, and GAW were affiliated with

Virginia Tech at the time the roundtable was convened. DBA,

DRL, and TAN received an honorarium from the Virginia Tech

Foundation. RAF, MLS, DBA, and TAN consult with and/or

have received grants from multiple food and beverage companies

and have received funding from federal agencies and non-profit

organizations.

REFERENCES

ACH Food Companies, Inc. 2003. History of Karo
©R

. Internet:

http://www.karosyrup.com/history.asp (accessed 20 December 2004).

Almiron-Roig, E., Chen, Y., and Drewnowski, A. 2003. Liquid calories and

the failure of satiety: how good is the evidence? Obes. Rev., 4:201–

212.

Andersen, R.E., Crespo, C.J., Bartlett, S.J., Cheskin, L.J., and Pratt, M. 1998.

Relationship of physical activity and television watching with body weight

and level of fatness among children: results from the Third National Health

and Nutrition Examination Survey. JAMA, 279:938–942.

Anderson, P.M., Butcher, K.F., and Levine, P.B. 2003. Maternal employment

and overweight children. J. Health Econ., 22:477–504.

Bell, A.C., Ge, K., and Popkin, B.M. 2002. The road to obesity or the path

to prevention: motorized transportation and obesity in China. Obes. Res.,
10:277–283.

Bell, E.A., Roe, L.S., and Rolls, B.J. 2003. Sensory-specific satiety is affected

more by volume than by energy content of a liquid food. Physiol. Behav.,
78:593–600.

Berkey, C.S., Rockett, H.R.H., Field, A.E., Gillman, M.W., and Colditz, G.A.

2004. Sugar-added beverages and adolescent weight change. Obes. Res.,
12:778–788.

Binkley, J.K., Eales, J., and Jekanowski, M. 2000. The relation between dietary

change and rising US obesity. Int. J. Obes. Relat. Metab. Disord., 24:1032–

1039.

Biology at Clermont College, University of Cincinnati. 2004. Biol-

ogy 104: carbohydrates. Internet: http://biology.clc.uc.edu/courses/bio104/

carbohydrates.htm (accessed 4 January, 2005).

Bray, G.A., Nielson, S.J., and Popkin, B.S. 2004. Consumption of high-fructose

corn syrup in beverages may play a role in the epidemic of obesity. Am. J.
Clin. Nutr., 79:537–543.

Carriquiry, A.L., Jensen, H., Dodd, K.W., Nusser, S.M., Borred, L.G., and Fuller,

W.A. 1992. Estimating Usual Intake Distributions. Ames, IA: Iowa Agricul-

ture and Home Economics Experiment Station [Project no. 2806 and Journal

Paper no. J-14654.]



REVIEW OF HIGH FRUCTOSE CORN SYRUP AND WEIGHT GAIN 581

Chaplin, M.F., and Bucke, C. 1990. Immobilised enzymes and their uses. In:

Enzyme Technology. Cambridge University Press, Cambridge, U.K. Internet:

http://www.lsbu.ac.uk/biology/enztech/hfcs.html (accessed 12 April 2005).

Chaplin, M.F., and Bucke, C. 1990. The large-scale use of enzymes in solution.

In: Enzyme Technology. Cambridge University Press, Cambridge, U.K. In-

ternet: http://www.lsbu.ac.uk/biology/enztech/starch.html (accessed 12 April

2005).

Coggon, D., Rose, G., and Barker, D.J.P. 1997. Case-control and cross sec-

tional studies. In: Epidemiology for the Uninitiated, 4th ed. BMJ Pub-

lishing Group Ltd., London, U.K. Internet: http://bmj.bmjjournals.com/

collections/epidem/epid.8.shtml#pgfId=1006374 (accessed 21 April 2005).

Coggon, D., Rose, G., and Barker, D.J.P. 1997. Ecological stud-

ies. In: Epidemiology for the Uninitiated, 4th ed. BMJ Publishing

Group Ltd., London, U.K. Internet: http://bmj.bmjjournals.com/collections/

epidem/epid.6.shtml (accessed 21 April 2005).

Coggon, D., Rose, G., and Barker, D.J.P. 1997. Experimental stud-

ies. In: Epidemiology for the Uninitiated, 4th ed. BMJ Publishing

Group Ltd., London, U.K. Internet: http://bmj.bmjjournals.com/collections/

epidem/epid.9.shtml#pgfId=1002861 (accessed 21 April 2005).

Coggon, D., Rose, G., and Barker, D.J.P. 1997. Longitudinal stud-

ies. In: Epidemiology for the Uninitiated, 4th ed. BMJ Publishing

Group Ltd., London, U.K. Internet: http://bmj.bmjjournals.com/collections/

epidem/epid.7.shtml#pgfId=1002687 (accessed 21 April, 2005).

Coggon, D., Rose, G., and Barker, D.J.P. 1997. Measurement error

and bias. In: Epidemiology for the Uninitiated, 4th ed. BMJ Pub-

lishing Group Ltd., London, U.K. Internet: http://bmj.bmjjournals.com/

collections/epidem/epid.4.shtml#pgfId=1002291 (accessed 21 April 2005).

Columbia University 2000. Obesity: causes of obesity. In: Lagasse, P.,

Goldman, L., Hobson, A., and Norton, S. R. Eds. Columbia En-
cyclopedia, 6th ed. Thompson Gale, Farmington Hills, MI. Internet:

http://www.highbeam.com/ref/doc3.asp?docid=1E1:obesity (accessed 12

April 2005).

Corn Refiners Association. 2002. Sweeteners: high fructose corn syrups & crys-

talline fructose. Internet: http://www.corn.org/web/sweeten.htm (accessed 20

December 2004).

Crepinsek, M. K., and Burstein, N.R. 2004. Maternal Employment and
Children’s Nutrition: Volume II, Other Nutrition-Related Outcomes. Eco-

nomic Research Service, Washington, DC [E-FAN no. EFAN04006-

2.] Internet: http://www.ers.usda.gov/publications/efan04006/efan04006-

2/efan04006-2.pdf (accessed 21 April 2005).

Diliberti, N., Bordi, P.L., Conklin, M.T., Roe, L.S., and Rolls, B.J. 2004. In-

creased portion size leads to increased energy intake in a restaurant meal.

Obes. Res., 12:562–568.

DiMeglio, D.P., and Mattes, R.D. 2000. Liquid versus solid carbohydrate: effects

on food intake and body weight. Int. J. Obes., 24:794–800.

Elliott, S.S., Keim, N.L., Stern, J.S., Teff, K., and Havel, P.J. 2002. Fructose,

weight gain, and the insulin resistance syndrome. Am. J. Clin. Nutr., 76:911–

922.

Field, A.E., Austin, S.B., Gillman, M.W., Rosner, B., Rockett, H.R., and Colditz,

G.A. 2004. Snack food intake does not predict weight change among children

and adolescents. Int. J. Obes., 28:1210–1216.

Flegal, K.M., Graubard, B.I., Williamson, D.F., and Gail, M.H. 2005. Ex-

cess deaths associated with underweight, overweight, and obesity. JAMA,

293:1861–1867.

Forshee, R.A., and Storey, M.L. 2003. Total beverage consumption and beverage

choices among children and adolescents. Int. J. Food Sci. Nutr., 54:297–307.

Forshee, R.A., Anderson, P.A., and Storey, M.L. 2004. The role of bever-

age consumption, physical activity, sedentary behavior, and demograph-

ics on body mass index of adolescents. Int. J. Food Sci. Nutr., 55:463–

478.

French, S.A., Lin, B.H., and Guthrie, J.F. 2003. National trends in soft drink

consumption among children and adolescents age 6 to 17 years: preva-

lence, amounts, and sources, 1977/1978 to 1994/1998. J. Am. Diet. Assoc.,
103:1326–1331.

Friedman, M.I. 1990. Body fat and the metabolic control of food intake. Int. J.
Obes., 14:S53-S67.

Giammattei, J., Blix, G., Marshak, H.H., Wollitzer, A.O., and Pettitt, D.J. 2003.

Television watching and soft drink consumption: associations with obesity in

11- to 13-year-old schoolchildren. Arch. Pediatr. Adolesc. Med., 157:882–886.

Grant, A.M., Ferguson, E.L., Toafa, V., Henry, T.E., and Guthrie, B.E. 2004.

Dietary factors are not associated with high levels of obesity in New Zealand

Pacific preschool children. J. Nutr., 134:2561–2565.

Greenland, S., and Morgenstern, H. 1989. Ecological bias, confounding, and

effect modification. Int. J. Epidemiol., 18:269–274.

Greenland, S., and Morgenstern, H. 1991. Correction: ecological bias, confound-

ing, and effect modification. Int. J. Epidemiol., 20:824.

Gross, L.S., Li, L., Ford, E.S., and Liu, S. 2004. Increased consumption of refined

carbohydrates and the epidemic of type 2 diabetes in the United States: an

ecologic assessment. Am. J. Clin. Nutr., 79:774–779.

Guzman, B. 2001. The Hispanic Population 2000: Census 2000 Brief.
U.S. Census Bureau, Washington, DC. Internet: http://www.census.gov/

prod/2001pubs/c2kbr01–3.pdf (accessed 15 March, 2005).

Hanover, L.M., and White, J.S. 1993. Manufacturing, composition, and appli-

cations of fructose. Am. J. Clin. Nutr., 58:724S–732S.

Harnack, L.J., Jeffery, R.W., and Boutelle, K.N. 2000. Temporal trends in en-

ergy intake in the United States: an ecologic perspective. Am. J. Clin. Nutr.,
71:1478–1484.

Havel, P.J. 2005. Dietary fructose: implications for dysregulation of en-

ergy homeostasis and lipid/carbohydrate metabolism. Nutr. Rev., 63:133–

157.

Hedley, A.A., Ogden, C.L., Johnson, C.L., Carroll, M.D., Curtin, L.R., and

Flegal, K.M. 2004. Prevalence of overweight and obesity among US children,

adolescents, and adults, 1999–2002. JAMA, 291:2847–2850.

James, J., Thomas, P., Cavan, D., and Kerr, D. 2004. Correction: prevent-

ing childhood obesity by reducing consumption of carbonated drinks:

cluster randomized controlled trial. BMJ, 328:1236. Originally pub-

lished online 22 May, 2004 (doi:10.1136/bmj.328.7450.1236). Internet:

http://bmj.bmjjournals.com/cgi/content/full/328/7450/1236 (accessed 7 De-

cember, 2004).

James, J., Thomas, P., Cavan, D., and Kerr, D. 2004. Preventing child-

hood obesity by reducing consumption of carbonated drinks: cluster

randomized controlled trial. BMJ, 328:1237. Originally published on-

line 23 April, 2004. (doi:10.1136/bmj.38077.458438.EE). Internet: http://

bmj.bmjjournals.com/cgi/content/full/328/7450/1237 (accessed 7 December,

2004).

Janket, S.J., Manson, J.E., Sesso, H., Buring, J.E., and Liu, S. 2003. A prospective

study of sugar intake and risk of type 2 diabetes in women. Diabetes Care,

26:1008–1015.

Janzon, E., Hedblad, B., Berglund, G., and Engstrom, G. 2004. Changes in blood

pressure and body weight following smoking cessation in women. J. Intern.
Med., 255:266–272.

King, G. 1997 A Solution to the Ecological Inference Problem: Reconstruct-
ing Individual Behavior from Aggregate Data. Princeton, NJ: Princeton

University Press.

Koh-Banerjee, P., Chu, N.F., Spiegelman, D., Rosner, B., Colditz, G., Willett, W.,

and Rimm, E. 2003. Prospective study of the association of changes in dietary

intake, physical activity, alcohol consumption, and smoking with 9-y gain in

waist circumference among 16,587 US men. Am. J. Clin. Nutr., 78:719–727.

Lakdawalla, D., and Philipson, T. 2002. The Growth of Obesity and Technolog-
ical Change: A Theoretical and Empirical Examination. National Bureau of

Economic Research, Cambridge, MA [Working Paper no. 8946.]

Lanningham-Foster, L., Nysse, L.J., and Levine, J.A. 2003. Labor saved, calo-

ries lost: the energetic impact of domestic labor-saving devices. Obes. Res.,
11:1178–1181.

Ludwig, D.S., Peterson, K.E., and Gortmaker, S.L. 2001. Relation between

consumption of sugar-sweetened drinks and childhood obesity: a prospective,

observational analysis. Lancet, 357:505–508.

Mokdad, A.H., Marks, J.S., Stroup, D.F., and Gerberding, J.L. 2004. Ac-

tual causes of death in the United States, 2000. JAMA, 291:1238–

1245.

Mokdad, A.H., Marks, J.S., Stroup, D.F., and Gerberding, J.L. 2005. Correction:

actual causes of death in the United States, 2000. JAMA, 293:293–294.



582 R. A. FORSHEE ET AL.

Morgenstern, H. 1995. Ecologic studies in epidemiology: concepts, principles,

and methods. Annu. Rev. Public Health, 16:61–81.

Mrdjenovic, G., and Levitsky, D.A. 2003. Nutritional and energetic conse-

quences of sweetened drink consumption in 6- to 13-year-old children. J.
Pediatr., 142:604–610.

Newby, P.K., Peterson, K.E., Berkey, C.S., Leppert, J., Willett, W.C., and Colditz,

G.A. 2004. Beverage consumption is not associated with changes in weight

and body mass index among low-income preschool children in North Dakota.

J. Am. Diet. Assoc., 104:1086–1094.

Nicklas, T.A., Yang, S.J., Baranowski, T., Zakeri, I., and Berenson, G. 2003.

Eating patterns and obesity in children: The Bogalusa Heart Study. Am. J.
Prev. Med., 25:9–16.

Nielsen, S.J., and Popkin, B.M. (2004). Changes in beverage intake between

1977 and 2001. Am. J. Prev. Med., 27:205–210.

Nusser, S.M., Carriquiry, A.L., and Fuller, W.A. 1993. A semiparametric trans-

formation approach to estimating usual daily intake distributions. Research

report prepared for the Human Nutrition Information Service, United States

Department of Agriculture and the Center for Agriculture and Rural Develop-

ment, Iowa State University. [Research Agreement no. 58-3198-90-032 and

Cooperative Agreement no. 58-3198-2006.]

Park, Y.M., and Yetley, E.A. 1993. Intakes and food sources of fructose in the

United States. Am. J. Clin. Nutr., 58:737S–747S.

Popkin, B.M., and Nielsen, S.J. 2003. The sweetening of the world’s diet. Obes.
Res., 11:1325–1332.

Rajeshwari, R., Yang, S.J., Nicklas, T.A., and Berenson, G.S. 2005. Secular

trends in children’s sweetened-beverage consumption (1973 to 1994): The

Bogalusa Heart Study. J. Am. Diet. Assoc., 105:208–214.

Rashad, I., and Grossman, M. 2004. The economics of obesity. Public Interest,
156:104–112.

Ravich, W.J., Bayless, T.M., and Thomas, M. 1983. Fructose: incomplete in-

testinal absorption in humans. Gastroenterology, 84:26–29.

Riby, J.E., Fujisawa, T., and Kretchmer, N. 1993. Fructose absorption. Am. J.
Clin. Nutr., 58:748S-753S.

Robinson, W.S. 1950. Ecological correlation and the behavior of individuals.

Am. Sociol. Rev., 15:351–357.

Rodu, B., Stegmayr, B., Nasic, S., Cole, P., and Asplund, K. 2004. The influence

of smoking and smokeless tobacco use on weight amongst men. J. Intern.
Med., 255:102–107.

Rolls, B.J., Bell, E.A., and Thorwart, M.L. 1999. Water incorporated into a food

but not served with a food decreases energy intake in lean women. Am. J.
Clin. Nutr., 70:448–455.

Rolls, B.J., Fedoroff, I.C., Guthrie, J.F., and Laster, L.J. 1990. Foods with dif-

ferent satiating effects in humans. Appetite, 15:115–126.

Schiffman, S.S., Sattely-Miller, E.A., Graham, B.G., Bennett, J.L., Booth, B.J.,

Desai, N., and Bishay, I. 2000. Effect of temperature, pH, and ions on sweet

taste. Physiol. Behav., 68:469–481.

Schulze, M.B., Manson, J.E., Ludwig, D.S., Colditz, G.A., Stampfer, M.J.,

Willett, W.C., and Hu, F.B. 2004. Sugar-sweetened beverages, weight gain,

and incidence of type 2 diabetes in young and middle-aged women. JAMA,

292:927–934.

Silverman, B.W. 1986 Density Estimation for Statistics and Data Analysis.
Chapman and Hall, London, U.K.

Sternfeld, B., Wang, H., Quesenberry, C.P., Abrams, B., Everson-Rose, S.A.,

Greendale, G.A., Matthews, K.A., Torrens, J.I., and Sowers, M. 2004. Physi-

cal activity and changes in weight and waist circumference in midlife women:

findings from the Study of Women’s Health Across the Nation. Am. J. Epi-
demiol., 160:912–922.

Swanson, J.E., Laine, D.C., Thomas, W., and Bantle, J.P. 1992. Metabolic effects

of dietary fructose in healthy subjects. Am. J. Clin. Nutr., 55:851–856.

Tran, N.L., Barraj, L., Smith, K., Javier, A., and Burke, T.A. 2004. Combining

food frequency and survey data to quantify long-term dietary exposure: a

methyl mercury case study. Risk Anal., 24:19–30.

U.S. Department of Agriculture, Economic Research Service. 2004. Sugar

and sweeteners. Internet: http://www.ers.usda.gov/Data/FoodConsumption/

Spreadsheets/sweets.xls (accessed 30 December 2004).

U.S. Department of Agriculture, Economic Research Service. 2005.

Food availability: documentation. Internet: http://www.ers.usda.gov/Data/

FoodConsumption/FoodAvailDoc.htm#error (accessed 12 March, 2005).

U.S. Department of Agriculture, Economic Research Service. 2005. Sugar

and sweetener: background. Internet: http://www.ers.usda.gov/briefing/

sugar/background.htm (accessed 2 September 2005).

U.S. Department of Commerce, U.S. Census Bureau. 2002. United States,

race and Hispanic origin: 1790 to 1990. Internet: http://www.census.gov/

population/documentation/twps0056/tab01.pdf (accessed 15 March 2005).

U.S. Department of Health and Human Services and U.S. Department

of Agriculture. 2005. Dietary Guidelines for Americans 2005. Internet:

http://www.health.gov/dietaryguidelines/dga2005/document (accessed June

21, 2005).

U.S. Department of Health and Human Services, Centers for Disease Con-

trol and Prevention, Division of International Health. 2005. Graphing de-

scriptive ecologic data. Internet: http://www.cdc.gov/epo/dih/MiniModules/

Graphing Ecologic Data/page03.htm (accessed 21 May 2005).

U.S. Department of Health and Human Services, Centers for Disease Control and

Prevention, National Center for Health Statistics. 2005. National Health and

Nutrition Examination Survey: data sets and related documentation. Internet:

http://www.cdc.gov/nchs/nhanes.htm (accessed 6 July, 2005).

U.S. Department of Health and Human Services, Centers for Disease Control

and Prevention, National Center for Health Statistics. Health, United States,
2004 with Chartbook on Trends in the Health of Americans. U.S. Government

Printing Office, Washington, DC (2004). [Library of Congress Catalog no.

76–641496.]

U.S. Food and Drug Administration. 2004. HHS tackles obesity.

FDA Consumer [serial online], 38:304 fat. Internet: http://www.fda.gov/

fdac/features/2004/304 fat.html (accessed 22 December, 2004).

Yen, S.T., and Lin, B.H. 2002. Beverage consumption among US children and

adolescents: full-information and quasi maximum-likelihood estimation of a

censored system. Eur. Rev. Agric. Econ., 29:85–103.

Zizza, C., Siega-Riz, A.M., and Popkin, B.M. (2001). Significant increase in

young adults’ snacking between 1977–1978 and 1994–1996 represents a

cause for concern! Prev. Med., 32:303–310.




