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ABSTRACT

OBJECTIVES

To study the trajectories of body mass index (BMI)

in Norway over five decades and to assess the
differential influence of the obesogenic environment
on BMI according to genetic predisposition.
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General population of Nord-Trgndelag County, Norway.

PARTICIPANTS

118959 people aged 13-80 years who participated in
a longitudinal population based health study (Nord-
Trendelag Health Study, HUNT), of whom 67 305 were
included in analyses of association between genetic
predisposition and BMI.

MAIN OUTCOME MEASURE
BMI.

RESULTS

Obesity increased in Norway starting between the mid-
1980s and mid-1990s and, compared with older birth
cohorts, those born after 1970 had a substantially
higher BMI already in young adulthood. BMI differed
substantially between the highest and lowest fifths of
genetic susceptibility for all ages at each decade, and
the difference increased gradually from the 1960s to
the 2000s. For 35 year old men, the most genetically
predisposed had 1.20 kg/m? (95% confidence interval
1.03 to 1.37 kg/m?) higher BMI than those who were
least genetically predisposed in the 1960s compared
with 2.09 kg/m? (1.90 to 2.27 kg/m?) in the 2000s. For
women of the same age, the corresponding differences
in BMI were 1.77 kg/m? (1.56 to 1.97 kg/m?) and

2.58 kg/m? (2.36 to 2.80 kg/m?).
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WHAT IS ALREADY KNOWN ON THIS TOPIC

Heritability, syndromic, monogenic, and polygenic studies indicate a gene-
environment interaction in the development of obesity

Previous polygenic studies are limited by a narrow age span, short follow-up, and
self reported body mass index (BMI)

How the effect of genetic predisposition to obesity differs as environments are
becoming more obesogenic is unknown

WHAT THIS STUDY ADDS

Genetic predisposition seems to interact with the obesogenic environment
resulting in a higher BMI in recent decades

Regardless, BMI has increased for both genetically predisposed and non-
predisposed people, implying that the environment remains the main contributor
More effective obesity prevention strategies would benefit the population as a
whole and that could prove to be particularly advantageous among people with a

genetic predisposition to obesity
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CONCLUSIONS

This study provides evidence that genetically
predisposed people are at greater risk for higher BMI
and that genetic predisposition interacts with the
obesogenic environment resulting in higher BMI, as
observed between the mid-1980s and mid-2000s.
Regardless, BMI has increased for both genetically
predisposed and non-predisposed people, implying
that the environment remains the main contributor.

Introduction

Obesity has almost tripled worldwide since 1975, yet
the origins of the obesity epidemic are still unclear.”®
An altered dietary pattern is the most plausible
environmental factor influencing excess energy
balance” ®; however, a more sedentary lifestyle and
possibly changes in the biological environment, such
as toxins and microbiota, could also contribute.®
Although secular trends can change the prevalence of
obesity in an entire population simultaneously,” genetic
differences could make some people more susceptible
than others to an obesogenic environment.”*°

Heritability estimates for obesity of between 0.5
and 0.8 in twin and adoption studies indicate a
strong genetic contribution at the individual level.'* 12
In contrast with these estimates, genome-wide
association studies have identified genetic variants
that explain a mere 2-5% of variation in BML' '
Although the biological pathways are still not fully
understood, the identified genetic variants consistently
predict overweightness and obesity and weight gain
throughout life.” ® Genetic variants predisposing to
obesity might also modify behavioural responses
to the environment, creating a gene-environment
interaction.'® ** For instance, dietary components,
physical activity, and socioeconomic status might alter
the association between genetic predisposition and
BMI,'° ** allowing for a targeted approach to obesity
prevention and treatment.'® Although environmental
changes likely precipitated the obesity epidemic,’
genetic predisposition could also interact with secular
trends, thereby affecting the distribution of obesity
in the population under changing environmental
conditions. Limitations such as self reported BMI,
fewer genetic variants for BMI, short follow-up, or a
selected older population'® prevented previous studies
from quantifying the impact of a gene-environment
interaction during the obesity epidemic.

Our study assessed to what extent recent secular
trends have affected genetically predisposed and
non-predisposed people differently. From 1963 to
2008 we have followed a large Norwegian population
longitudinally with repeated measurements of BMI.
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Methods

The study population is based on data from the Nord-
Trgndelag Health Study (HUNT, 1984-2008) linked to
previous height and weight measurements for the same
participants in the tuberculosis screening programme
(1963-75).

Our study sample consisted of 118959 participants
aged 13-80 who participated in HUNT and had
valid repeated measurements for BMI. The HUNT
population is an ethnically homogeneous cohort with
an age span from adolescence to late adulthood and is
representative of the Norwegian population. The entire
adult population was invited and data gathering was
conducted in three waves: HUNT1 (1984-86), HUNT2
(1995-97), and HUNT3 (2006-08).'® HUNT includes
survey information on health, lifestyle, drug treatment,
family situation (eg, cohabiting), and social security,
as well as clinical measures such as blood pressure,
height, weight, and waisthip circumference.'®
Participation declined from 88% in HUNT1 to 71%
in HUNT2 and subsequently 54% in HUNT3. Blood
samples were collected from adults participating in
HUNT2 and HUNT3. The Young-HUNT survey is the
adolescent part of HUNT, including teenagers aged 13-
19 years. The first Young-HUNT survey was performed
in 1995-97, simultaneous with HUNT2. In 2000-01,
Young-HUNT2 was performed as a follow-up of 2400
participants from Young-HUNT1. Young-HUNT3 took
place with HUNTS3.

The tuberculosis screening programme was
established in 1943 and contributed to the surveillance
of tuberculosis in the general Norwegian population.'’
Starting in 1963, efforts were gradually directed to
the surveillance of groups at high risk of tuberculosis.
Simultaneously, the systematic measurement of height
and weight was introduced. As participants aged
less than 14 years were not considered targets for
total population surveillance, we excluded their BMI
measurements. In the analysis studying the effect of
decade, we used data from the tuberculosis screening
programme limited to 1966-69, as this interval
contains most of the observations.

BMI assessment

BMI was calculated as weight in kilograms per metre
squared. Weight was measured to the nearest half
kilogram with the participants wearing light clothes
and no shoes, and height was measured to the
nearest centimetre.'® The World Health Organization
defines overweight as a BMI greater than or equal to
25 and obesity as a BMI greater than or equal to 30.!
BMI strongly relates to longitudinal growth, and for
participants younger than 18 years we calculated their
BMI z score, using the International Obesity Task Force
reference to adjust for age and sex.'® Each participant’s
BMI z score was subsequently used to estimate the
corresponding BMI at age 18 years.

Genotyping and computation of genetic risk score
Genotyping of the adult participants in HUNT2
and HUNT3 was carried out with one of three
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different  Illumina  HumanCoreExome  arrays
(HumanCoreExomel12 v1.0, HumanCoreExome1l2
v1.1, and UM HUNT Biobank v1.0, Illumina, CA), as
described previously.® We included 96 of the 97 single
nucleotide polymorphisms (SNPs) previously identified
to be associated with BMI in the Giant Investigation
of Anthropometric Traits (GIANT) consortium.'
We lacked data on one SNP (rs12016871) owing
to insufficient quality of genotyping or imputation
procedures. The supplementary file provides more
details about the quality control procedure.

We first multiplied the number of risk alleles for
each of the 96 BMI associated SNPs with the estimated
effect size of that particular SNP on BMI published by
the GIANT consortium,” and then summarised over
all SNPs to create a weighted genetic risk score.”! The
study population was divided into five equal sized
groups, the top fifth group being the most genetically
susceptible to higher BMI and the bottom fifth group
being the least. Additional analyses were done with a
proxy (rs4771122) in linkage disequilibrium (r*=0.88,
DPrime 1.00) replacing the excluded SNP.

Statistical analysis

We analysed longitudinal trajectories in BMI using
linear multilevel mixed models with observations
clustered within individuals, and with a random slope
for age. Analyses were performed separately for men
and women. We estimated BMI growth trajectories
for different birth cohorts in the total study sample
and included age and the square of age as continuous
covariates. Then we estimated the effect of genetic risk
of obesity on BMI according to time of measurement
and age. For optimal age adjustment, we created linear
splines of age with knots at every decile. We used
bayesian information criteria to compare goodness of
fit for models with two year, five year, 10 year, 15 year,
and 20 year age bands, and concluded 10 year age
bands to be the most appropriate model. Based on this
model, we plotted the estimated BMI for the highest
compared with the lowest fifth of genetic susceptibility
to BMI for chosen ages at each decade for men and for
women. In the main text we present results for adults
aged 25-55 years, as this age band shows a relevant
age span and was most complete in our dataset. The
supplementary file provides information on estimated
BMI for each fifth of genetic risk, marginal effects, and
the statistical modelling.

We performed several additional analyses. Firstly,
we estimated the association between BMI measured
in the 1960s and availability of genetic data to
investigate the possibility of a selection bias. Secondly,
we performed sensitivity analyses including only
people born after 1940 as there was evidence of lower
participation among those with higher BMI in the
older birth cohorts. Thirdly, as our genetic risk score
was based on genome-wide analyses performed in
adults, whereas our data also included adolescents, we
assessed the impact of excluding people younger than
20 years from the analyses. Fourthly, we assessed the
associations using the fat mass and obesity associated
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(FTO) SNP alone. FTO is the dominating BMI associated
SNP that is also associated with BMI in childhood.*
Fifthly, we restricted the analyses to self reported never
smokers in the 1990s or the 2000s to assess whether
smoking trends could affect the results. Sixthly, we
assessed the association between genetic risk and
obesity rather than genetic risk and BMI. For similarity
with the main model and to maintain a population
averaged effect, we chose a linear probability model.
Finally, we assessed the association between genetic
risk score and the natural logarithm of BMI. This was
done to approximate the relative difference in BMI
rather than the absolute difference in BMI between
the top and bottom fifth of genetic predisposition.?®
Analyses were performed with StataMP 15.

Patient and public involvement

No patients were involved in setting the research
question or the outcome measures, nor were they
involved in the design or implementation of the study.
As the study used previously collected data, we did
not ask patients or the public to assess the burden of
participation. We will seek involvement from a patient
organisation in the development of an appropriate
method of dissemination.

Results

The study sample included 118959 participants
aged 13-80 years with a total of 252948 BMI
measurements (fig 1). Of these individuals, 67305
were included in analyses of the association between
genetic predisposition and BMI, with an average of
2.6 observations per person. Participants in the 1960s
were five to 10 years younger than those at other time
points, except for 2000-01 when only adolescents
participated (see supplementary table S1).

Our data showed a noticeable increase in BMI in
Norway starting between the mid-1980s and mid-
1990s. Men and women became heavier with both
age and birth cohort, and, compared with older birth
cohorts, those born after 1970 had a substantially
higher BMI already in young adulthood (figs 2 and 3,
also see supplementary figs S1 and S2). Men aged 35
in the bottom fifth of genetic predisposition were 2.20
kg/m? (95% confidence interval 2.05 to 2.35 kg/m?)
heavier in the 2000s compared with the 1980s. The
corresponding difference among 35 year old women
was 2.88 kg/m? (2.70 to 3.06 kg/m?). Slightly smaller
differences were found among the other ages (see
supplementary table S4). We also found a relatively
high and stable BMI among middle aged women in the
earliest cohorts (primarily before 1920 and 1920-29)
and a subsequent decrease in BMI among this group
from the 1960s to 1980s.

The difference in BMI between the top and bottom
fifth of genetic susceptibility (highest and lowest,
respectively) was substantial for all ages at each time
point, and the difference increased gradually from the
1960s to the 2000s (fig 3, see supplementary table S5).
For men aged 35, the most genetically predisposed fifth
had 1.20 kg/m? (1.03 to 1.37 ke/m?) higher BMI than
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the least genetically predisposed fifth in the 1960s
compared with 2.09 kg/m? (1.90 to 2.27 kg/m?) in the
2000s. For women of the same age, the corresponding
differences in BMI were 1.77 kg/m? (1.56 to 1.97 kg/m?)
and 2.58 kg/m’ (2.36 to 2.80 kg/m?). Hence, the
increased difference in BMI of 0.89 kg/m? (0.63 to
1.15 kg/m?) and 0.81 kg/m? (0.51 to 1.12 kg/m?) for
men and women, respectively, in the 2000s, could
be attributed to the gene-obesogenic environment
interaction (see supplementary table S6).

When survival bias was assessed, a weak association
was found between BMI measured in the 1960s and
survival to and participation in genetic analyses in the
1990s (odds ratio 0.98, 95% confidence interval 0.98
t0 0.99, per kg/m?). However, this was not as apparent
among cohorts born in 1940 and later (odds ratio of
having genetic data 0.99, 95% confidence interval
0.98 to 1.01, per kg/m?” in the 1960s). When restricting
analyses of the association between time point and
BMI to these cohorts, estimates were similar to those of
the main results. This restriction, however, prevented
estimation of BMI in the1960s for anyone older than
27 years (see supplementary fig S3).

Additional analyses showed that restricting the
study sample to never smokers did not change results
substantially (see supplementary fig S4). As expected,
the associations with FTO alone were weaker than
the associations with the genetic risk score yet
showed the same trends as in the main analyses (see
supplementary fig S5).

Furthermore, we used the natural logarithm of
BMI as the outcome and still found evidence of a
small interaction between genetic risk and time
(see supplementary table S7). This interaction was
thus evident on a multiplicative scale; however, the
relative difference in BMI according to genetic risk
was constant over time. Among the most genetically
predisposed men aged 35-45, estimated prevalence
of obesity increased from less than 10% in the 1960s
to more than 30% in the 2000s (see supplementary
fig S6). In comparison, for the least predisposed 35
year old men, the estimated prevalence of obesity
increased from nearly 2% in the 1960s to 13% in
the 2000s. For women aged 35-45, the estimated
prevalence of obesity decreased between the
1960s and 1980s. From the 1980s, the estimated
prevalence of obesity increased steadily by time for
both men and women. When analyses were repeated
using a proxy (rs4771122) in linkage disequilibrium
(r* 0.88, DPrime 1.00) for the one excluded SNP,
results were consistent with the main results (data
not shown).

Discussion

In the Norwegian population, body mass index (BMI)
increased substantially from the 1960s to 2000s for
both men and women, and the increase was more
evidentin people with a genetic predisposition to higher
BMI. Our study suggests that genetic predisposition
interacts with the obesogenic environment and this has
resulted in higher BMI in recent decades. This finding
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Fig 1 | Flowchart of study participants and criteria for inclusion in study sample. *Linkage to data from tuberculosis screening programme 1963-75
required participation in any part of Nord-Trgndelag Health Study. 10f 52699 people with body mass index (BMI) measured in 1963-75, 48959 had
another valid BMI measurement before age 80. Of the 71 541 people with BMI measured in 1984-86, 43 723 had BMI measured also in 1995-97 and
27 536 had BMI measured also in 2006-08. Of these, 25253 had BMI measured in 1984-86, 1995-97, and 2006-08. Of 1695 people who had BMI
measured in 2000-01, 1664 had valid BMI measurements in 1995-97. 36 292 people had BMI measured in 1995-97 and 2006-08. $Of the 26 113
people with genetic data and BMI measured in 1966-69, 26 082 also had another valid BMI measurement before age 80. Of the 41 281 people with
genetic data and BMI measured in 1984-86, 38 888 also had a valid BMI measurement in 1995-97 and 26 927 also had BMI measured in 2006-08. Of
these, 24714 had BMI measured in 1984-86, 1995-97, and 2006-08. 35 408 people had genetic data and BMI measured before age 80 in 1995-97
and 2006-08

provides a novel insight into the role of genetics in the
development of obesity.

Strengths and limitations of this study

The strength of our study is that we followed a large
ethnically homogeneous Norwegian population
longitudinally from 1963 to 2008 with repeated
standardised measurements of BMI. This population
provides an adequate sample size with an age range
from adolescence to late adulthood. The ability to
link genetic data from these participants to their BMI
trajectories provided a unique opportunity to quantify
the role of genetics on the development of obesity.

The first wave of the Nord-Trgndelag Health Study
survey (HUNT1) is considered unselected as 88% of
the Nord-Trgndelag adult population attended. As in
most other population based studies, participation
in the surveys declined from the first wave (HUNT1)
to third wave (HUNT3).'® A non-participation study
for HUNT3 with self reported height and weight
provided little evidence for higher BMI among non-
participants.”* We assumed this to be true for both

HUNT1 and HUNT2 with far greater participation.
Selective survival to date of genetic assessment in
1995-97 is another potential source of bias. When
limiting the analyses to participants younger than 80
in 1996, those with a higher BMI in the 1960s had a
slightly lower participation in genetic analyses. This
was not apparent among cohorts born in 1940 and
later, however, and additional analyses restricted
to these cohorts did not change the results. Hence,
estimates from the 1960s for those aged 27 years
and older should be interpreted with caution. Current
genome-wide association studies have identified
mutations that explain a mere 2-5% of variation in
BMIL.'? ' We cannot rule out that our estimates could
have been different with a better classification of
genetically predisposed and non-predisposed people.

Comparison with other studies

Our data suggest that the obesity epidemic was
noticeable in Norway between the mid-1980s and
1990s. This trend was even more apparent in the US
in the mid-1970s, and several other countries have

doi: 10.1136/bmj.14067 | BMJ 2019;366:14067 | thebmj
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Fig 2 | Body mass index (BMI) trajectories with 95% confidence intervals for women and
men by birth cohort. Estimates from a linear mixed model of participants in the Nord-

Trgndelag Health Study, Norway. The most recent cohorts are observed at the youngest
ages (on left of graph)

shown similar results.’ The obesity epidemic is largely
attributed to over-nutrition and sedentary behaviour,
both related to sociodemographic characteristics.
However, the underlying cause is likely a complex
combination of globalisation, industrialisation, and
other societal, economic, cultural, and political factors.
One example is related to the American food bill
introduced in the 1970s. This political reform might
have helped precipitate the obesity epidemic in the
United States by changing food supplies that ultimately
lead to unfavourable dietary patterns.’ In Norway, the
1980s were characterised by increased prosperity as
a result of new working cultures, increased market
consumption, and, feasibly, a comparable change in
eating patterns, influenced by North America and the
rest of Europe.” % The decrease in BMI primarily in
middle aged women from the 1960s to the 1980s is
puzzling, yet population based studies across Norway
have found similar trends.”” Delayed transitioning to
sedentary work, greater parity, and new societal trends
in female body image to a slimmer ideal could have
contributed.

Genetic predisposition may not have precipitated
the obesity epidemic but may still play an important
role in the development of obesity. Our findings
indicate a substantial difference in BMI between
genetically predisposed and non-predisposed people
in all age groups. This finding is of clinical interest as
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it corresponds to a difference in estimated prevalence
of obesity among the most and least genetically
predisposed people in recent decades. Hence, those
with a predisposition are more likely to be obese and
experience the social and physical burdens of obesity
and obesity related diseases.

The obesogenic environment could be amplifying
the effect of genetic predisposition on obesity™®
from in utero to agedness.?® This gene-environment
interaction has been exposed by converging findings
from heritability, syndromic, monogenic, and
polygenic obesity studies.”® Earlier studies have
suggested that the association between genetic risk
score and BMI was of greater magnitude in more recent
birth cohorts or in social groups more exposed to an
obesogenic environment.’ ?* 3® Compared with these
studies, our dataset was large and comprised a wide
range of ages containing measured BMI before and
after the onset of the obesity epidemic. We confirmed
a stronger association between genetic risk and BMI in
the years with the most obesogenic environment. The
difference in BMI attributable to the gene-environment
interaction was almost 1 BMI unit, which is of clinical
significance at the population level.

A British study with 120000 participants of
European decent showed that the combination of
physical activity, sedentary time, television watching,
and Western diets interacted with the genetic risk
score for BML."> Evidence that a specific aspect of
the environment or a certain behaviour interacts
directly with the genetic risk score for BMI is difficult
to prove. Changes in dietary patterns to unhealthy
foods and increased portion size, sedentary lifestyle,
and socioeconomic inequality are possible candidates;
however, the undoing of these changes is less likely
without extreme individual motivation and major
societal transformation.'® Although we lacked detailed
pathophysiological understanding of the influence
of SNPs on phenotype,'® we suspect that those with
a genetic predisposition for obesity will gain more
weight by eating more unhealthy foods when these are
readily available. This agrees with our knowledge of
hypothalamic appetite control as there is an enriched
expression of genes near the loci regulating BMI in the
central nervous system.°

Generalisability of the findings

Geneticriskislikely to differ slightly among populations
as the genetic variants associated with BMI may vary.
Furthermore, environments could be more obesogenic
or less obesogenic. Although the estimates for gene-
environment interaction might differ, the underlying
mechanisms for how genetic variants affect BMI are
likely the same. As a result, the interplay between
genes and the environment will exist in populations
worldwide.

Conclusions and implications

Since the mid-1980s, Norway has experienced an
obesity epidemic. The population shift towards a
higher overall BMI implies that more people are
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Fig 3 | Estimated body mass index (BMI) by top (most susceptible, shown in blue) and bottom fifth (least susceptible, shown in orange) of genetic
risk score by age and time point for 31823 men and 35 482 women who participated in the Nord-Trgndelag Health Study, Norway

experiencing the physical and social burdens of
obesity and obesity related diseases. Cohorts born
after 1970 have a substantially higher BMI already in
young adulthood and are subject to the implications of
lifelong obesity. Our study provides statistical evidence
that genetically predisposed people are at greater
risk of a higher BMI and that genetic predisposition
interacts with the obesogenic environment resulting

in the higher BMI in recent decades. Regardless of
BMI being a heritable trait,!* }* secular trends have
increased BMI for both genetically predisposed and
genetically non-predisposed people. This reinforces
the need for more effective preventive strategies that
would benefit the population as a whole and that could
prove to be particularly advantageous among people
with a genetic predisposition to obesity.
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