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In the last century, U.S. diets were transformed, including the addition of sugars to industrially-processed
foods. While excess sugar has often been implicated in the dramatic increase in U.S. adult obesity over the
past 30 years, an unexplained question is why the increase in obesity took place many years after the
increases in U.S. sugar consumption. To address this, here we explain adult obesity increase as the
cumulative effect of increased sugar calories consumed over time. In our model, which uses annual data
on U.S. sugar consumption as the input variable, each age cohort inherits the obesity rate in the previous

gei;}/evs\/ﬁ;dsr year plus a simple function of the mean excess sugar consumed in the current year. This simple model
Sugar replicates three aspects of the data: (a) the delayed timing and magnitude of the increase in average U.S.

adult obesity (from about 15% in 1970 to almost 40% by 2015); (b) the increase of obesity rates by age
group (reaching 47% obesity by age 50) for the year 2015 in a well-documented U.S. state; and (c) the pre-
adult increase of obesity rates by several percent from 1988 to the mid-2000s, and subsequent modest
decline in obesity rates among younger children since the mid-2000s. Under this model, the sharp rise in
adult obesity after 1990 reflects the delayed effects of added sugar calories consumed among children of

High-fructose corn syrup
Socioeconomic status

the 1970s and 1980s.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

In approximately two generations, obesity has become an
epidemic across the Developed world (Goryakin et al., 2017).
Worldwide, obesity nearly tripled between 1975 and 2016; by
2016, more than 650 million adults were obese, about 13% of the
world's adult population (World Health Organization, 2018).
Among children and adolescents aged 5-19, the global obesity
rate rose from 1% in 1975 to 6% of girls and 8% of boys in 2016
(World Health Organization, 2018).

Although the rise in U.S. obesity dates to the mid 20th century
(Sobal and Stunkard, 1989), the most substantial and rapid increase
in adult obesity has occurred over the past 30 years (Cook et al.,
2017; Dwyer-Lindgren et al., 2013; Flegal et al., 2016; Kranjac and
Wagmiller, 2016; Ogden et al., 2014). From 1990 to 2016 the
national adult obesity rate almost doubled; in certain U.S. states
(WV, MS, AK, LA, AL, KY, SC) it nearly tripled, from about an eighth
of the population to more than a third.

There are clearly many contributors to the obesity crisis, many
of which have been studied over past decades through randomized
control trials and through population-scale statistical analyses
(Hruby and Hu, 2015; Rippe, 2013). Among the major factors in this
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recent increase, one is age. In the US. in 2015-16, obesity
prevalence was about 36% among adults aged 20-39 years, 43% for
40-59 years, and 41% for 60 and older (Centers for Disease Control
& Prevention, 2017a). In 2015-2016, nearly 20% of 6-19 year-olds
were obese (Hales et al., 2017). Data from the state of Wisconsin
(Wisconsin Health Atlas, 2019), which ranks near the middle of U.S.
states in obesity, document the age profiles in more detail for the
year 2015, showing the continuous rise in obesity from age two
years to middle age, where the obesity rate plateaus near 47%,
before falling off among those aged over 75 years (Fig. 1a). The
increase in obesity through childhood is a recent phenomenon,
however; in the U.S. in 1970s there was an average decrease in
obesity rate from ages two to nineteen (Wang and Beydoun, 2002).

Another major factor is socioeconomic status (Hruschka, 2012;
Smith, 2017; Sobal and Stunkard, 1989; Tafreschi, 2015; Salmasi
and Celidon, 2017; Villar and Quintana-Domeque, 2009). In the U.
S., the increase in obesity rate between 1990 and 2015 has
correlated inversely with median household income (Bentley et al.,
2018). Looking at county-scale obesity rates from 2004 to 2013
(Centers for Disease Control & Prevention, 2017b), the average
obesity among the 100 poorest counties in the U.S. increased from
about 29.9% to 36.5%, but only from 21.2% to 24.6% among the 100
richest counties. As obesity rates have increased faster in poor
communities, a likely driver has been the lowering cost of food
calories (Mattson et al., 2014; Mullan et al., 2017), including sugar-
sweetened beverages (Basu et al.,, 2013a; Hu and Malik, 2010;
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Fig. 1. (a) Obesity rates in Wisconsin, by age group, 2015. Adapted from (Wisconsin Health Atlas, 2019). (b) Daily U.S. sugar consumption per capita, 1970-2017, using data
from USDA (U.S. Department of Agriculture, Economic Research Service, 2019), versus U.S. obesity rate (Centers for Disease Control & Prevention, 2017c) using the y-axis on

the right.

Johnson et al., 2007, 2016; Malik et al., 2006; Shang et al., 2012;
Song et al., 2012; Wang et al., 2008).

Since 1970, when high-fructose corn syrup (HCFS) was
introduced at commercial scale into processed foods and sugar-
sweetened beverages (SSBs), consumption of HFCS increased from
virtually zero in 1970 to over 60 pounds per capita annually in
2000 (Gerrior et al., 2004). Overall, the consumption of added
sugars increased from about 70 pounds per person annually in
1970 (340 cal/day) to almost 90 pounds per capita (440 cal/day) by
the late 1990s (Fig. 1b). By the 2000s, the top 20% of consumers of
caloric sweeteners were ingesting over 300 kcal from HFCS per day
(Bray et al, 2004). Much of the rise in total added sugar
consumption between 1970 and 2000 is attributable to HFCS
(Fig. 1b), often in SSBs that contribute additional calories without
suppressing appetite for the intake of other foods (Almiron-Roig
et al., 2013; Mattes and Campbell, 2009).

The correlation between the increased consumption of added
sugars in U.S. foods and the rise of obesity (Fig. 1b) has been
recognized (Bray et al., 2004; Basu et al., 2013b; Lustig et al., 2015),
even by the sweetener industry (Corn Refiners Association, 2006).
Consequently, sugar consumption has been hypothesized to be a
primary driver of the recent obesity increase (Basu et al., 2013a,b;
Bray et al., 2004; Bray, 2007; Lustig et al., 2015; Nielsen et al., 2002;
Nielsen and Popkin, 2004; Popkin and Hawkes, 2016). Time series
data from 75 countries, for example, indicate that a 1% rise in soft
drink consumption in a country predicts about a 2% increase in
obesity (Basu et al., 2013b).

Critics of the sugar-obesity theory, however, point out the
substantial time lag between changes in sugar consumption and
change in obesity rate. After sugar consumption had begun to
decline (Welsh et al., 2011), van Buul et al. (2014, p. 119) noted
that “over the last 5 years, the global annual consumption of
carbonated soft drinks has remained constant or even has
declined “Obesity rates, however, seem to have increased
independently of these shifts.” In 2014, for example, obesity
rates were still rising, despite the 25% decrease in added sugar
consumption among U.S. residents between 1999 and 2008 (van
Buul et al., 2014; Welsh et al., 2011). By 2017, obesity rates had
only just started to level off or decrease, in some but not all U.S.
states. The delay is such that annual adult obesity rates from 2004
to 2013 (Centers for Disease Control & Prevention, 2017b)
correlate quite well with annual per capita sugar consumption
(U.S. Department of Agriculture, Economic Research Service,

2019) twelve years before, i.e. from 1992 to 2001 respectively,
with r?=0.933 among the 100 poorest counties in the U.S. and
?=0.908 among the 100 richest counties.

Although readily observed, this time lag remains unexplained.
While most population health studies explore the effect of
environmental, nutritional or behavioral factors on obesity levels,
few have explicitly explored the temporal delay between cause and
effect. A specific study helps illustrate why we would expect a
substantial delay between increased sugar consumption and
national obesity rates. In a 19-month study controlling for other
variables, Ludwig et al. (2001) found that for each additional SSB
consumed per day, BMI in children increased by a mean of
0.24 4 0.14. This suggests an increase on the order of about 1.6 per
in BMI decade per extra daily SSB. This “back-of-the-envelope” line
of thinking motivates our specific modeling approach.

Here we propose that obesity increase can be explained as the
accumulated effect of childhood exposure to excess sugar calories
together with continued consumption. Since childhood obesity
tends to predict obesity in adulthood, the rising obesity rates of
adults the 1990s and 2000s ought to reflect their diets as children
of the 1970s and 1980s. In 1990, for example, the 18-year-olds
entering the adult CDC dataset would have been born in or about
1972. Current adult obesity rates would have only just begun to
register a decline in sugar consumption that began in 1998.

With a model that can capture these different dynamics, with
per-capita sugar consumption as the single input variable, we
present obesity as the cumulative result of excess sugar
consumption since 1970. In formulating a parsimonious, sugar-
driven model, our goal is to replicate three different aspects of the
obesity trends in the U.S.: (a) the overall increase of U.S. adult
obesity since 1970; (b) the profile of obesity by age group for a
recent year; and (c) the change in obesity rates by pre-adult age
group since 1990.

2. Models and methods

As shown in Fig. 2, we model the obesity rate for each age cohort
as its obesity rate in the previous year plus a logit function of the
mean excess sugar consumed in the current year. For each new
year, obesity for age group y, in year t is modeled as the fraction
already obese in the previous year, O;_1, 1 plus an additional
fraction of those not yet obese, (1 — O;_1,,_1). The current year's
age-specific obesity rates are determined by a logit function, as
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Fig. 2. Schematic of the model. Each box represents a cohort of a certain age in years (vertical axis), for a given calendar year (horizontal axis). The downward arrows represent
the transmission process in the model, whereby each age cohort inherits its obesity rate from the previous year plus a simple function of the mean per capita sugar calories

(represented by the plotted trend above the matrix) consumed in the current year.

follows:

e +Bp:

Ot,y = Or—ly—1 + (1 — O[,Ly,])m.

(1)
where p is the excess added sugar consumption in year t, and g and
a represent the effect of excess sugar and a baseline, respectively. A
logit function is a standard way to model the probability of a binary
state (i.e., obese or not obese) using a linear function of predictor
variables. It assumes that the logit of the probability of becoming
obese, rather than the probability itself, follows a linear model.

As shown in Fig. 2, the model generates a matrix of the 46
calendar years, t, from 1971 to 2016, versus life ages, y, from age 2
through age 75. In each cell of this array, obesity in year t for age y is
calculated as a function of obesity for the same cohort in the
previous year, t— 1, when the cohort was one year younger, age
y — 1. The model replicates the generational time lag through a
simple stochastic process of superfluous sugar calories causing
obesity rates to increase over the lifespan of each birth-year cohort.
In this multiplicative process, early excesses are compounded over
the long-term, such that excess sugar consumption in childhood
register years later as rising adult obesity rates.

The two parameters, g and «, are adjusted for the model to fit
two aspects of the data: the timeline of increase in average obesity
rate, and the profile of age versus obesity rate. The parameter « is
the magnitude of the effect, whereas g reflects the log odds of non-
obese individuals in a cohort becoming obese in the next year, as a
function of their excess daily calories (expressed as fraction of a
2000 calories/day diet). For example, if « = —8.5 and = 20, then for
each age cohort we expect about 0.05% more obesity in the next
year for every 100 extra daily calories (5% of a 2000 calorie diet).
The logit model is non-linear, so with these same « and g values,
but with 300 excess calories per day (15% of a 2000 calorie diet), we
would expect an additional 0.4% of the non-obese portion of the
cohort to become obese in the next year.

The external input variable, py, is the caloric equivalent of the
average excess sugar consumption per capita in the U.S., expressed
for convenience as a fraction of a 2000-calorie diet, for each year
since 1970 (U.S. Department of Agriculture, Economic Research
Service, 2019). We used historical data (Wang and Beydoun, 2002)
to approximate the age-obesity profile in 1970, which serves as the
initial year of the model. The sugar data, recorded by the USDA (U.S.
Department of Agriculture, Economic Research Service, 2019), are

annual estimates of mean sugar consumed (cal/day) per capita in
the U.S. since 1970. The data include four categories: refined sugar,
HFCS, fruit juices and “other” sugars, and here we use the sum of all
four of the categories as our estimate of daily added sugar calories
for each year.

To test the model versus change in U.S. obesity prevalence,
national level obesity rates for adults adult (20 and over) in the
United States were obtained from the CDC, for selected years 1988-
1994 through 2015-2016 (Centers for Disease Control & Preven-
tion, 2019). Two additional estimates of U.S. adult obesity from the
1970s were added; these are from the National Health and
Nutrition Examination Surveys of 1971-1974 (NHANES I) and
1976-1980 NHANES II (Flegal et al., 2016). For obesity among pre-
adult cohorts, we used data reported by Ogden et al. (Ogden et al.,
2014) from 40,780 children and adolescents between 1988-1994
and 2013-2014.

3. Results

Using two tunable parameters and the record of mean sugar
consumption from 1970 to 2016, the model replicates the average
U.S. obesity increase through calendar years and across age
profiles. Using #=19.9 and a=-8.5, the model simultaneously
replicates, firstly, the growth in average U.S. adult obesity since
1990 (Fig. 3a). Secondly, using these same parameters, it
simultaneously replicates a typical U.S. state's age-obesity curve
for 2015 (Fig. 3b). The only aspect of the age profile not replicated is
obesity for ages 75 and over in 2015 (Fig. 3b), which is the cohort
who grew up before the rapid increase in added sugars in U.S. diets.

The model also replicates aspects of the change in obesity rates by
age group. Fig. 4 shows how the same model used in Fig. 3 (5= 19.9,
a=—8.5)alsoyields similar timelines from 1990 to 2014 for ages 2 to
5,6to11,and 12 to 19. The comparison in Fig. 4 shows that the model
is predicting a decline in obesity rate first among ages 2 to 5
beginning in the late 1990s, then among ages 6-11 beginning in the
early 2000s, and subsequently among teenagers after about 2006. In
the model, these decreases in obesity rates are delayed responses to
the decline in excess sugars in the late 1990s. The data, though
noisier, reflect these declines with about the same timing for the
two younger age cohorts, but not the teenagers (Fig. 4). For ages 6 to
11, the actual decline was less than predicted by the model, and for
ages 12 to 19, there was no actual decline at all.
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Fig. 3. (a) U.S. obesity rates (red circles) from the CDC (Centers for Disease Control & Prevention, 2017c) versus the model (blue line) of Eq. (1), using #=19.9 and a = —8.5. (b):
Age versus obesity, in same model (blue line) for the modeled year 2016, versus data from representing obesity rates by age in Wisconsin, 2015-16 (Wisconsin Health Atlas,

2019).
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Fig.4. Age-specific outputs of the specific model in Fig. 3 (blue curves; g=19.9, « = —8.5), compared with estimates of U.S. obesity prevalence among children and adolescents,
1988-1994 through 2014 (open circles with 95% C.I. bars (Ogden et al., 2014). The year of each data point is plotted midpoint, so the value for 1988-1994 is plotted at 1991,
2013-2014 plotted at 2013.5, etc. Pearson's correlations between model and mean data value: ages 2-5, r=0.591, ages 6-11, r=0.502; ages 12-19, r = 0.840. The y-axes on the
left and right of each plot correspond to the data and model, respectively; this is due to slightly different definitions of obesity (the model calibrated to data using BMI above
30, the empirical estimates (Ogden et al., 2014) use the 95th percentile on CDC BMI-for-age-growth charts).
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4. Discussion

Here we have modeled the recent increase of U.S. adult obesity
as being driven by added sugar calories over the lifespan of each
birth-year cohort. With annual USDA sugar consumption figures as
the input variable, the two-parameter model simultaneously
replicates three different phenomena: the generational lag
between sugar and obesity, the magnitude of the national rise
in obesity, and a recent age-profile of obesity rates.

Our results indicate that excess U.S. sugar consumption is at
least sufficient to explain the timing and magnitude of adult
obesity change in the past 30 years, even as other factors (Gentile
and Weir, 2018; Muscogiuri et al., 2018; Smits et al., 2017) could be
factored into future models. In doing so, the model addresses a key
critique of the sugar-obesity hypothesis (van Buul et al., 2014;
Soenen and Westerterp-Plantenga, 2007) by introducing the
mechanism to explain the years of delay in cause versus effect.

The sugar-obesity hypothesis is also supported by physiological,
historical and economic evidence. Physiologically, sugar consump-
tion elevates lipid levels in the blood (DiNicolantonio et al., 2015;
Lustig et al., 2015; Grande, 1967; Grande et al., 1965; Kaufmann
et al, 1966; Kuo and Bassett, 1965; Macdonald and Braithwaite,
1964; Teff et al., 2004). Although its specific role in the obesity
epidemic is debated (Rippe, 2013; van Buul et al., 2014), fructose
specifically does not stimulate insulin secretion or the production
of the hormone (leptin) regulating long-term food energy balance,
such that this sugar tends not to satisfy appetite (Bantle et al.,
2000; Curry, 1989; Havel, 2005; Luo et al., 2015; Figlewicz and
Benoit, 2009; Stanhope et al., 2009) and affects glucose metabo-
lism, lipid profile and insulin resistance (Beyer et al., 2005;
Bocarsly et al., 2010; Bray et al., 2004; Johnson et al., 2016; Jiirgens
et al., 2005; Pereira et al., 2017).

Consumed from a young age, sugar consumption appears to
have long-lasting effects, not just habitually but also physiologi-
cally, in ways that could explain a generational delay between U.S.
sugar consumption and subsequent obesity rates. Infant and
toddler obesity is correlated with high-sugar infant foods (Koo
et al., 2018) and even fructose in breast milk (Goran et al., 2017).
Sugar consumption during pregnancy leads to increases in
recruitment of pre-adipocytes to adipocytes in utero, such that
children are born with an increase in fat cells that will accumulate
more fat during life (Goran et al.,, 2013).

By the mid 1970s, children 0-2 years old were consuming about
6 grams of added sugar per kg of body weight, about three times
that of adults at the time (Fomon, 1975; Life Sciences Research
Office, 1976). From the 1970s to the 1990s, soft drinks were
increasingly sweetened with HFCS, an inexpensive, domestically
produced liquid sweetener (Corn Refiners Association, 2002).
Between 1977 and 2001, sweetened beverage consumption
increased by 135% across all age groups, equivalent to about 278
additional calories per day (Nielsen et al., 2002; Nielsen and
Popkin, 2004). In the 2000s and 2010s, total added sugar intake in
the US declined (Popkin and Hawkes, 2016), and by 2016, obesity
rates in some U.S. states were leveling off.

Because 75-year-olds experienced childhood before the large-
scale increase of sugar in processed foods, they may have
developed less lifelong preference for added sugars in foods, but
also it may be that they never laid down excess adipose tissue in
during gestation. These explanations, potentially complementary
to each other, may be addressed by detailed research on this
elderly age group.

The age-stratified obesity data we used run through 2013-14,
and in the future it will be revealing to see whether teenage obesity
has declined since 2014 as the sugar-driven model predicts. It may
be that for high school ages in particular, the effect socioeconomic
status on food choice (Campbell et al., 2019) is obscured by

aggregated obesity statistics. Data from the Centers for Disease
Control & Prevention (2018) from 1999 to 2017, for example,
suggest that obesity among high schoolers may have peaked in
2011 and 2013 among Asians and whites, respectively, but that
obesity had continued to increase among blacks and Hispanics.

We speculate that poverty is a driver of sugar consumption
(Alvarado, 2016; Hernandez, 2015; Shrewsbury and Wardle, 2012;
Anderson, 2012; Datar, 2017; Hughes et al., 2010; Kowaleski-Jones
et al., 2017; Mata et al., 2017; Moreno et al., 2016; Rosinger et al.,
2017; Bentley et al., 2018). Economically, sugar is an inexpensive
source of calories, and sweetened beverages have been a
substantial portion of expenditures for low-income households
(Garasky et al., 2016). Childhood obesity decreased after the 2009
changes in the US Special Supplemental Nutrition Program for
Women, Infants, and Children (Daepp et al., 2019; Pan et al., 2019);
we believe cutting the juice allowance by half helps explain why. If
our model is correct, the effect of this 2009 change will follow
these children into adulthood.

In the future, our model should be tested against different
socioeconomic and demographic subpopulations, as well as for
nations where there exist historical data on sugar consumption
and obesity rates. For example, our delayed-effect model could
offer a plausible explanation for the “Australian Paradox” (Barclay
and Brand-Miller, 2011), that sugar consumption decreased in
Australia at the same time that obesity increased.

5. Conclusion

In summary, we have modeled the recent increase of U.S. adult
obesity rates since the 1990s as a legacy of increased consumption
of excess sugars among children of the 1970s and 1980s. Our model
proposes, for each age cohort, that the current obesity rate will be
the obesity rate in the previous year plus a simple function of the
mean excess sugar consumed in the current year. With just these
inputs, the model can replicate the timing and magnitude of the
national rise in obesity, as well as the profile of obesity rates by age
group, and the different patterns of change in obesity among
children and adolescent age group, where reduction in obesity
registered first among young children in the late 1990s. This
supports the perspective that the rise in U.S. adult obesity after
1990 was a generation-delayed effect of the increase in excess
sugar calories consumed among children of the 1970s and 1980s.
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