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ABSTRACT

OBJECTIVE

To assess whether maternal ultra-processed food
intake during peripregnancy and during the child
rearing period is associated with offspring risk
of overweight or obesity during childhood and
adolescence.
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PARTICIPANTS

19958 mother-child (45% boys, aged 7-17 years at
study enrollment) pairs with a median follow-up of 4
years (interquartile range 2-5 years) until age 18 or the
onset of overweight or obesity, including a subsample
of 2925 mother-child pairs with information on
peripregnancy diet.

MAIN OUTCOME MEASURES

Multivariable adjusted, log binomial models

with generalized estimating equations and an
exchangeable correlation structure were used to
account for correlations between siblings and to
estimate the relative risk of offspring overweight or
obesity defined by the International Obesity Task
Force.

RESULTS
2471 (12.4%) offspring developed overweight or
obesity in the full analytic cohort. After adjusting

WHAT IS ALREADY KNOWN ON THIS TOPIC

Ultra-processed foods are commonly found in contemporary Western style diets
and are associated with weight gain in adults

Itis unclear whether a transgenerational association exists between maternal
consumption of ultra-processed foods and offspring body weight

WHAT THIS STUDY ADDS

Maternal consumption of ultra-processed foods during the child rearing period
was associated with an increased risk of overweight or obesity in offspring during
childhood and adolescence

The findings suggest that mothers might benefit from limiting intake of ultra-
processed foods to prevent offspring overweight

Dietary recommendations should be refined and financial and social barriers
removed to improve nutrition for women of child bearing age and to reduce
childhood obesity
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for established maternal risk factors and offspring’s
ultra-processed food intake, physical activity, and
sedentary time, maternal consumption of ultra-
processed foods during the child rearing period was
associated with overweight or obesity in offspring,
with a 26% higher risk in the group with the highest
maternal ultra-processed food consumption (group
5) versus the lowest consumption group (group 1;
relative risk 1.26, 95% confidence interval 1.08 to
1.47, P for trend <0.001). In the subsample with
information on peripregnancy diet, while rates were
higher, peripregnancy ultra-processed food intake
was not significantly associated with an increased
risk of offspring overweight or obesity (n=845,
28.9%; group 5 v group 1: relative risk 1.17, 95%
confidence interval 0.89 to 1.53, P for trend=0.07).
These associations were not modified by age, sex,
birth weight, and gestational age of offspring or
maternal body weight.

CONCLUSIONS

Maternal consumption of ultra-processed food during
the child rearing period was associated with an
increased risk of overweight or obesity in offspring,
independent of maternal and offspring lifestyle risk
factors. Further study is needed to confirm these
findings and to understand the underlying biological
mechanisms and environmental determinants. These
data support the importance of refining dietary
recommendations and the development of programs
to improve nutrition for women of reproductive age to
promote offspring health.

Introduction

Childhood obesity is rising at alarming rates in the
United States.! ? According to the National Center for
Health Statistics and National Health and Nutrition
Examination Surveys, the prevalence of overweight,
obesity, and severe obesity among children and young
people aged 2-19 years has increased from 10.2%,
5.2%, and 1.0% in 1971-74 to 16.1%, 19.3%, and
6.1% in 2017-18, respectively.! Childhood obesity
increases the risk of major chronic diseases such as
cardiovascular disease,’ diabetes, and cancers,” and
premature death.® One of the potential contributors to
the obesity epidemic among children and young people
is the unhealthy Western style diet characterized by
increased consumption of ultra-processed foods,
which constitutes more than half of all energy intake
among young people and adults in the US.%’
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Ultra-processed foods are extremely palatable,
energy dense, convenient, and shelf stable products
made from refined and inexpensive ingredients using
a series of industrial processes.® Ultra-processed
foods contain various types of additives, including
stabilizers, artificial flavors, and artificial colors,
and contain little, if any, whole food ingredients.®®
Further, ultra-processed foods generally have higher
sugar, sodium, and saturated fat content compared
with less processed foods.®° Consistent evidence has
linked ultra-processed food intake to excess body fat,
overweight, and obesity in adults'®*? and children.'*'*
Because the development of obesity can be attributed
to the combined influence of genetic susceptibility
and environmental factors,’” maternal diet might
influence offspring’s predisposition to obesity and
diet choice.'®*® While Strohmaier and colleagues and
Chen and colleagues have linked a healthy pregnancy
diet to a reduced risk of obesity in children,'” ¥ Dhana
and colleagues showed that a healthier maternal
lifestyle during offspring’s childhood and adolescence
was associated with lower obesity risk in offspring.'®
However, the specific impact of maternal ultra-
processed food consumption during these two critical
periods on offspring’s body weight remains unknown.

We used cohorts of mother-child pairs to test our
hypothesis that maternal intake of ultra-processed
food during offspring childhood and adolescence (that
is, child rearing period) was positively associated with
the risk of incident overweight or obesity in offspring
at age 7-18 years. We then analyzed the association
between consumption of ultra-processed food during
peripregnancy and offspring risk of overweight or
obesity. Understanding these associations might
help advance dietary recommendations and inspire
actionable policies to improve maternal and offspring
health.

Methods
Study population
We included longitudinal data from mothers and their
offspring who participated in the Nurses’ Health Study
II (NHS IT) and the Growing Up Today Study (GUTS I and
1I), respectively. The NHS II enrolled 116429 female
registered nurses aged 25-42 years when established
in 1989, with questionnaires mailed biennially to
gain information on relevant medical history and risk
factors.”” From 1991, a validated semiquantitative
food frequency questionnaire was also mailed every
four years.’® The GUTS I cohort was established in
1996 when 16882 children (aged 8-15 years) of NHS
1T participants completed the initial questionnaire on
health and lifestyle and were followed up every year
between 1997 and 2001, and biennially thereafter.
In 2004, 10918 children (aged 7-17 years) of NHS
II participants joined the extended GUTS II cohort
and were followed up in 2006, 2008, and 2011, and
biennially thereafter.

The study was approved by the Committees on the
Use of Human Subjects in Research at the Harvard
T.H. Chan School of Public Health and the Brigham
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and Women’s Hospital. Voluntarily returning the self-
administered questionnaire was considered informed
consent in both cohorts.

Participants

A total of 18920 mothers and 27783 children were
matched between NHS II and two GUTS cohorts and
were eligible for our study (fig 1). We excluded mother-
child pairs with implausible maternal energy intake
(<600 kcal/day or >3500 kcal/day, 411 mothers to
559 children) and pregnancy during follow-up (846
mothers, 1220 children). Additionally, we excluded
mother-child pairs when children had missing baseline
height and weight, or when they were overweight or
had obesity at baseline (3110 mothers, 6046 children).
The final analytic cohort included 19 958 children born
to 14553 mothers. To assess maternal consumption
of ultra-processed food during peripregnancy (one
year dietary assessment period that covered at least
part of pregnancy), we restricted the analytic cohort to
mother-child pairs when the mother had a singleton
pregnancy because a multiple pregnancy might require
more nutrients and could have an increased risk of
complications, and encompassed by the NHSI1 1991 or
1995 dietary assessment period. This left a subsample
of 2790 mothers and 2925 offspring from GUTS II.

Assessment of ultra-processed food consumption
We classified food items according to established
NOVA food criteria based on the nature, purpose, and
extent of food processing: unprocessed or minimally
processed foods, processed culinary ingredients,
processed foods, and ultra-processed foods.® >* Food
products that have undergone freezing, roasting,
grinding, pasteurization, non-alcoholic fermentation,
or vacuum packaging are considered to be unprocessed
or minimally processed foods, including milk,
bananas, and broccoli. In addition to these processes,
processed culinary ingredients like olive oil and butter
have undergone refining, centrifuging, or extracting,
and processed foods like beer and peanut butter have
undergone preservation methods such as bottling
and canning. Ultra-processed foods include products
like bacon, cola, energy bars, and ice cream that have
undergone intensive industrial processing, such as
extrusion, hydrogenation, and prefrying.?? After listing
all food items on our food frequency questionnaires,
three researchers independently assigned foods to the
four groups based on the NOVA definitions and the
example foods provided by Monteiro and colleagues.?
When all researchers did not reach consensus about
assignment of a food item, the item underwent further
review by three senior nutritional epidemiologists who
finalized their categorization using information from
research dietitians, cohort specific documents, and
supermarket scans. More detailed procedures of food
classification in NHS Il and GUTS have been previously
reported.”® ** We totaled the amount of each food item
in each NOVA group to estimate the total consumption
in servings per day, which is consistent with previous
studies.? ¢
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Fig 1 | Study design. Each number in the process chart indicates the year questionnaire was administered. BMI=body mass index; FFQ=food
frequency questionnaire; GUTS=Growing Up Today Study; NHS=Nurses’ Health Study
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Assessment of offspring overweight status

We calculated body mass index for GUTS participants
at each follow-up using self-reported weight and height
and following standardized directions. Participants
were instructed to measure their weight in pounds
without shoes or heavy clothing and to measure their
height from their feet to the top of their head while
standing up straight against a wall with feet flat on the
floor and without wearing shoes or hats. Self-reported
weight and height have been shown to be highly
correlated with measured weight and height among
US adolescents.?” % We used age and sex specific body
mass index cutoff points to define normal weight and
overweight according to the International Obesity
Task Force for participants aged 18 years or younger.>
Development of incident overweight or obesity was the
primary outcome.

We also considered birth weight, which was
reported by mothers in 2009, and somatotype
(pictorial body diagram) at age 5, which was reported
by offspring in the baseline GUTS II questionnaire in
2004 as a secondary outcome. The long term maternal
recall of offspring birth weight has been shown to
be reproducible and accurate (Pearson’s correlation
coefficient 0.94).>' Somatotypes were selected by
offspring from eight pictograms that most accurately
represented their body shape, ranging from most lean
(1) to most obese (8). We classified offspring into two
groups by the median distribution of reported body
shape.

Covariates
We considered maternal risk factors, including race
(white or others), body mass index, total energy
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intake (categorized into five equal groups), chronic
diseases (yes or no: cardiovascular disease, diabetes,
or cancer), smoking (never, past, or current), parity
(1, 2, 3, 24), gestational age (<37, 37-39, 40-42, 243)
and pregnancy complications (gestational diabetes,
pre-eclampsia, pregnancy induced hypertension,
cesarean delivery) as covariates. Maternal age (in
years) at delivery was calculated based on birth dates
of mothers and children. Annual household income
(<$50000 (£43100; €49730), $50000-99999,
>$100 000, missing), which was estimated in 2001, and
educational attainment of their partner (high school
or less, college degree, graduate degree, missing),
which was queried in 1999, were used as indicators of
socioeconomic status. We assessed overall diet quality
using the 2010 Alternative Healthy Eating Index (five
equal groups)®? and physical activity over the past year
(three equal groups) using a validated questionnaire.*?
Offspring level covariates include age (years), sex (boy
or girl), ultra-processed food intake (five equal groups),
physical activity (three equal groups), and sedentary
time (three equal groups), which were calculated
based on reported hours per week spent on physical
activity and sedentary activity (eg, using the computer,
watching TV, reading or doing homework, surfing the
internet) during the preceding year.

Statistical analysis

We followed offspring until the onset of overweight
or obesity, loss to follow-up, or the age of 18 years
(after which maternal diet might be expected to
have little influence on their health; 2005 in GUTS
I or 2013 in GUTS II), whichever occurred first. We
estimated relative risks and 95% confidence intervals



of overweight or obesity in offspring across cohort
specific groups of maternal ultra-processed food
consumption using a multivariable log binomial
model with generalized estimating equations and
exchangeable correlation structure, accounting
for correlations between siblings born to the same
mother. In the case of model convergence, relative
risk was approximated by using a Poisson model with
robust variance estimators.>* Linear trend was tested
using standardized maternal ultra-processed food
consumption as a continuous variable.

We adjusted for established risk factors for offspring
obesity, including maternal age,* total energy intake'®
and diet quality (Alternative Healthy Eating Index
2010), physical activity, smoking, and offspring
sex. We also adjusted for maternal race, overweight
status, personal history of chronic disease, household
income, living status (with partner or not), and
partner’s education as indicators for socioeconomic
status, which has been shown to be strongly correlated
with childhood obesity.>® Additionally, to assess the
role of offspring lifestyle factors, we further adjusted
for offspring’s consumption of ultra-processed foods,
physical activity, and sedentary time. To capture long
term lifestyle factors for mothers and children over the
child rearing period, total energy intake, Alternative
Healthy Eating Index 2010 score, ultra-processed food
consumption, maternal body mass index, physical
activity, and sedentary time were cumulatively
averaged from the baseline until censoring. For
categorical covariates (smoking, personal history of
chronic disease), we used the most recent information
before censoring. Missing continuous variables were
imputed with medians and a missing indicator was
introduced where a categorical covariate had missing
values. Missing data were rare (<0.1%): for example,
maternal body mass index (n=14, 0.1%), offspring
physical activity (n=6, 0.03%), and sedentary time
(n=12, 0.06%); however, household income (n=2903,
20%) and partner’s education (n=1152, 8%) data were
more frequently missing.

In the subsample analysis for peripregnancy
consumption of ultra-processed foods, we adjusted
for established prepregnancy risk factors for offspring
health, including maternal age at pregnancy,” total
energy intake,?” diet quality, prepregnancy body mass
index, prepregnancy physical activity,>® prepregnancy
smoking status, parity,>® and gestational age at
delivery; additionally, we adjusted for offspring’s
lifestyle risk factors, including sex, birth weight,
ultra-processed food intake, physical activity, and
sedentary time. We adjusted for race, and as indicators
for socioeconomic status, household income and
partner’s education. Further, in a separate model, we
mutually adjusted for maternal consumption of ultra-
processed food during prepregnancy and during child
rearing to assess whether maternal consumption of
ultra-processed food during these two periods was
independently associated with offspring overweight
or obesity. We then assessed the association of the
change in maternal consumption of ultra-processed
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food between these two periods with risk of offspring
overweight or obesity.

In secondary analyses, we further categorized all
ultra-processed foods into nine subgroups: ultra-
processed breads and breakfast foods; sauces, cheeses,
spreads and gravies; beverages; packaged sweets and
desserts; dairy based desserts; frozen and ready-to-
eat meals; packaged savory snacks; meats and meat
substitute products; others (eg, liquor, non-dairy
creamers); these categories are consistent with previous
studies.”* We estimated the relative risk and 95%
confidence interval of offspring overweight or obesity
for each one standard deviation increase in intake of
each mutually adjusted ultra-processed food subgroup.
Moreover, we evaluated potential effect modification by
offspring age, sex, birth weight, and maternal factors,
including gestational age, parity, and maternal body
mass index (prepregnancy and concurrent), pregnancy
complications, and gestational weight gain using
stratified analysis and Cochran’s Q test.

We conducted several sensitivity analyses to test the
robustness of our findings. We considered incident
offspring obesity (not just overweight), body mass
index, birth weight, and offspring somatotype at age 5
as secondary outcomes. We estimated mean differences
and 95% confidence intervals in offspring body mass
index and birth weight across categories of maternal
ultra-processed food consumption using a linear
mixed model. Then, to assess the impact of missing
values on our results, we used a multiple imputation
approach (SAS PROC MI procedure, Markov Chain
Monte Carlo method) to estimate missing body mass
index values among offspring during follow-up, in line
with previous work.'® We included age, sex, physical
activity, sedentary time, diet quality, total energy
intake, unprocessed or minimally processed food
intake, processed culinary ingredient intake, processed
food intake, ultra-processed food intake, and reported
body mass index at baseline and during follow-up
in the model to generate five imputed datasets. The
validity of this method was found to be high: 97.4%
of offspring were correctly classified by obesity status
using imputed body mass index.'® We used PROC
MIANALYZE to calculate the composite relative risks
and 95% confidence intervals for offspring incident
overweight or obesity associated with maternal ultra-
processed food consumption. We also conducted
a sensitivity analysis excluding participants with
missing covariates.

Patient and public involvement

No patients were specifically involved in defining the
research hypothesis or the outcome measures, nor
were they involved in the design and implementation
of the study. Participants, however, have provided
feedback about our questionnaires throughout follow-
up, which have been incorporated when feasible. We
understand the tremendous value of patient and public
involvement to research and have incorporated the
suggestions from an internal review panel to improve
this work.

doi: 10.1136/bmj-2022-071767 | BMJ 2022;379:e071767 | thebmj



Results

Participant characteristics

The consumption of ultra-processed foods among
14553 mothers in our cohort slightly decreased from
1991 (meanzstandard deviation 6.71+3.0 servings/
day) to 2015 (5.81+3.1 servings/day; supplementary
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fig 1). While the consumption of some types of
ultra-processed foods like ultra-processed bread
and breakfast foods, beverages, and packaged
sweets and desserts decreased, the consumption of
dairy based desserts, packaged savory snacks, and
other ultra-processed foods (eg, liquor, non-dairy

Table 1 | Baseline characteristics of maternal (NHS I1) and offspring (GUTS) participants according to maternal consumption of ultra-processed foods

during child rearing period

Maternal ultra-processed food consumption

Characteristics Group 1 Group 2 Group 3 Group 4 Group 5
Maternal characteristics
No of participants 2931 2899 2878 2878 2967
Ultra-processed foods (servings/day)* 3.4 (0.8) 5.2 (0.5) 6.6 (0.5) 8.4 (0.7) 12.1(2.4)
Ultra-processed breads and breakfast foods 0.9 (0.6) 1.3 (0.7) 1.7 (1) 2.1(1.2) 2.8(1.6)
Sauces, cheeses, spreads, and gravies 0.9 (0.5) 1.3 (0.6) 1.6 (0.8) 2 (1) 2.6 (1.4)
Beverages 0.4 (0.5) 0.8 (0.8) 1.1(1) 1.5 (1.3) 2.3(1.8)
Packaged sweets and desserts 0.4 (0.3) 0.7 (0.5) 0.8 (0.6) 1.1 (0.9) 1.6 (1.4)
Dairy based desserts 0.2 (0.2) 0.3 (0.3) 0.3 (0.3) 0.3 (0.4) 0.4 (0.4)
Frozen and ready-to-eat meals 0.2 (0.2) 0.3(0.2) 0.4 (0.2) 0.4 (0.3) 0.5 (0.3)
Packaged savory snacks 0.1(0.2) 0.2 (0.2) 0.2 (0.2) 0.2 (0.3) 0.3 (0.5)
Meats and meat substitute products 0.1 (0.1) 0.1(0.1) 0.1(0.2) 0.2 (0.2) 0.2 (0.3)
Others 0.1 (0.3) 0.2 (0.5) 0.4 (0.8) 0.6 (1.1) 1.3(1.9)
Unprocessed or minimally processed foods (servings/day) 13.1 (4.9) 13.6 (4.8) 14.3 (5) 14.9 (5.2) 15.3 (5.1)
Processed culinary ingredients (servings/day) 1(1.3) 1(1.3) 1.1(1.3) 1.2(1.5) 1.5(1.7)
Processed foods (servings/day) 1.4 (0.9) 1.7 (0.9) 1.9 (1) 2(1) 2.3(1.1)
Age at delivery (years) 30.5 (4) 30.1 (4.1) 30 (4) 29.8 (3.9) 29.7 (3.9)
Age at study baseline (years) 42.9 (4.4) 42.4 (4.4) 42.2 (4.3) 42.1(4.3) 42 (4.2)
White race, n (%) 2725 (93.0) 2786 (96.1) 2781 (96.6) 2797 (97.2) 2886 (97.3)
Prepregnancy body mass index 21.8(3.1) 21.8(3.1) 22 (3.2) 22.2(3.3) 22.7 (3.8)
Average body mass index during follow-up 24.1 (4.4) 24.2 (4.5) 24.6 (4.7) 24.9 (5) 26 (5.8)
Chronic disease, t n (%) 136 (4.6) 127 (4.4) 161 (5.6) 142 (4.9) 154 (5.2)
Physical activity (METs-h/week) 20.9 (26.5) 20.6 (26.9) 20.3 (24.1) 19.9 (23.5) 19.9 (27.2)
AHEI-2010 diet score 54.3(11.5) 52.1(11.3) 50.3 (11.4) 49 (11.5) 46.6 (11.3)
Total energy intake (kcal/day) 1409 (385) 1667 (386) 1864 (434) 2053 (474) 2364 (541)
Carbohydrate intake (g/day) 229.9 (40.8) 230.7 (35.4) 231.8 (35) 232.5 (35.5) 231.6 (33.9)
Protein intake (g/day) 85.6 (15.6) 84.5 (14.1) 83.2 (13.4) 82.5(13.5) 80.7 (13.1)
Total fat intake (g/day) 60.7 (14.2) 60.6 (12.4) 60.7 (12.5) 60.5 (12.5) 61.4(12.2)
Trans fatty acid intake (g/day) 2.8(1.3) 3(1.1) 3.1(1.2) 3.2(1.2) 3.5(1.3)
Sodium intake (mg/day) 1922 (478) 2021 (384) 2072 (398) 2137 (403) 2256 (465)
Smoking status, n (%)
Current 193 (6.6) 173 (6.0) 170 (5.9) 168 (5.8) 221 (7.4)
Past 693 (23.6) 742 (25.6) 646 (22.4) 666 (23.1) 702 (23.7)
Never 2045 (69.8) 1984 (68.4) 2062 (71.6) 2044 (71.0) 2044 (68.9)
Living with a spouse or partner, n (%) 2598 (88.6) 2626 (90.6) 2644 (91.9) 2622 (91.1) 2683 (90.4)
Household income, n (%)
<$50000 304 (10.4) 263 (9.1) 280 (9.7) 293 (10.2) 310 (10.4)
$50000 to $99999 995 (33.9) 1079 (37.2) 1069 (37.1) 1069 (37.1) 1185 (39.9)
+$100000 1009 (34.4) 995 (34.3) 960 (33.4) 931 (32.3) 908 (30.6)
Missing 623 (21.3) 562 (19.4) 569 (19.8) 585 (20.3) 564 (19.0)
Education attainment of spouse or partner, n (%)
High school or less 414 (14.1) 410 (14.1) 433 (15.0) 439 (15.3) 502 (16.9)
College degree 1365 (46.6) 1319 (45.5) 1327 (46.1) 1331 (46.2) 1382 (46.6)
Graduate degree 901 (30.7) 923 (31.8) 910 (31.6) 889 (30.9) 856 (28.9)
Missing data 251 (8.6) 247 (8.5) 208 (7.2) 219 (7.6) 227 (7.7)
Offspring characteristics
No of participants 3978 4011 3985 3991 3993
Body mass index 18.2 (2.2) 18.2 (2.3) 18.2(2.3) 18.3 (2.3) 18.4 (2.3)
Age (years) 12.2(1.9) 12.1(1.9) 12.1(1.9) 12.2 (1.9) 12.2(1.9)
Male sex, n (%) 1799 (45.2) 1740 (43.4) 1848 (46.4) 1784 (44.7) 1765 (44.2)
Ultra-processed foods (servings/day) 6.3(3.2) 6.8 (3.2) 7.1(3.3) 7.4 (3.4) 8 (3.7)
AHEI-10 score 36.8 (7.5) 35.7 (7.2) 35.3 (7.5) 34.8 (7.4) 33.9(7.3)
Total energy intake (kcal/day) 2026 (675) 2107 (664) 2173 (697) 2220(701) 2289 (732)
Physical activity (h/week) 16.2 (10.9) 16.4 (10.9) 16.3 (10.4) 16.5 (10.8) 16.7 (11)
Sedentary time (h/week) 46.3(23.3) 45.8 (22.7) 46.6 (22.9) 46.2 (23.1) 47.4(23.1)

Values are mean (standard deviation) unless indicated otherwise. $1.00=£0.86, €0.99.

AHEI=Alternative Healthy Eating Index. METs-h/week=metabolic equivalent task hours/week.

*The interquintile range of ultra-processed foods (servings/day) for each group (1-5) was 2.9-4.0, 4.8-5.6, 6.3-7.1, 7.9-8.9, and 10.4-13.1, respectively.

tIncludes diabetes, hypertension, cardiovascular disease, and cancer.
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Table 2 | Association between maternal consumption of ultra-processed foods during child rearing period and offspring body weight measures

Measure Group 1 Group 2 Group 3 Group 4 Group 5 P for trendt
Overweight or obesity

No (%) 458 (11.5) 438 (11.0) 501 (12.6) 480 (12.0) 594 (14.9) =

Relative risk (95% CI* 1 (reference) 1.00 (0.87 to 1.14) 1.11(0.97 to 1.27) 1.07 (0.92t0 1.23) 1.26 (1.08 t0 1.47) <0.001
Obesity

No (%) 164 (3.4) 181 (3.8) 171 (3.6) 210 (4.4) 272 (5.7) =

Relative risk (95% C* 1 (reference) 1.1 (0.89t0 1.37) 1.02 (0.81t0 1.28) 1.14 (0.9 to 1.44) 1.35(1.06t0 1.72) <0.001
Body mass index percentile

Mean (SD) 53.6 (27.9) 54.5(28.1) 55.4 (28.0) 56.3 (28.1) 58.5 (28.0) =

Mean difference (95% CI)* 1 (reference) 0.87 (0.32t0 1.42) 1.35 (0.7 to 1.99) 1.59 (0.88 t0 2.29) 2.11(1.31t02.91) <0.001

Ultra-processed food intake categorized into five equal groups.
*Relative risk and 95% confidence interval (Cl) for overweight or obesity and obesity were estimated by generalized estimating equation and mean difference (95% Cl) for body mass index was
estimated by mixed linear model. All models were adjusted for maternal risk factors (baseline age, race, total energy intake, 2010 Alternative Healthy Eating Index, body mass index, physical activity,
smoking, personal history of chronic disease, living status, household income, and spouse’s education) and offspring’s sex, ultra-processed food intake, physical activity, and sedentary time.

tlLinear trend was tested using standardized maternal ultra-processed food consumption as a continuous variable.

creamers) increased. Across five groups of maternal
ultra-processed food consumption during the child
rearing period, maternal age at delivery (30.0+4.0
years), maternal body mass index before pregnancy
(22.1£3.3), and baseline age of offspring (12.2+1.9
years) were similar (table 1). As maternal ultra-
processed food consumption increased, maternal
intake of carbohydrates, trans fatty acids, and sodium
increased, while maternal intake of protein and
overall diet quality assessed by the Alternative Healthy
Eating Index 2010 decreased. Similarly, as maternal
ultra-processed food consumption increased, the
consumption of ultra-processed foods among 19958
offspring also increased (Spearman’s correlation
coefficient 0.21; P<0.001), whereas offspring’s
overall diet quality decreased. Similar trends for
these characteristics by maternal ultra-processed food
consumption during peripregnancy were observed
among a subsample of 2790 mothers and 2925
children (supplementary table 1).

Risk of overweight or obesity in offspring
Over a median follow-up of 4 years (interquartile
range 2-5 years), 2472 (12%) offspring developed

overweight or obesity in the full analytic cohort.
Maternal ultra-processed food consumption during the
child rearing period was associated with an increased
risk of incident overweight or obesity in offspring. We
observed a 26% higher risk of overweight or obesity in
the group with the highest maternal ultra-processed
food consumption (group 5: 12.1+2.4 servings/day)
compared with the group with the lowest consumption
(group 1: 3.4+0.8 servings/day; relative risk 1.26, 95%
confidence interval 1.08 to 1.47, P for trend<0.001;
table 2, supplementary table 2), after controlling for
established risk factors (including maternal body mass
index, physical activity, smoking, and socioeconomic
factors, and offspring’s ultra-processed food
consumption, physical activity, and sedentary time).
Similarly, maternal ultra-processed food
consumption during the child rearing period was
associated with an increased risk of childhood
obesity and increased body mass index (table 2,
supplementary table 2). In sensitivity analysis, we
assessed offspring overweight or obesity with multiple
imputation of missing body mass index data and
found that the positive association between maternal
ultra-processed food intake during the child rearing

Subgroup Relative risk Relative risk
(95% CD (95%CD)
Ultra-processed breads and breakfast foods —_— 1.10(1.06 to 1.15)
Sauces, cheeses, spreads and gravies -—— 1.03(0.99 to 1.08)
Beverages — 1.01(0.97 to 1.05)
Packaged sweets and desserts —_— 0.97(0.92t0 1.01)
Dairy based desserts - 1.04 (0.99 to 1.08)
Frozen and ready-to-eat meals —_— 0.97(0.92t0 1.02)
Packaged savory snacks - 1.03(0.99 to 1.07)
Meats and meat substitute products —_— 1.02 (0.98 to 1.06)
Others —— 1.02(0.98 to 1.06)
0.9 1.0 1.1 1.2

Fig 2 | Association between maternal consumption of individual types of ultra-processed foods during child rearing period and risk of overweight or
obesity in offspring. Relative risks and 95% confidence intervals were estimated for each one standard deviation increase in ultra-processed food
intake using generalized estimating equation adjusted for maternal risk factors (baseline age, race, smoking, physical activity, total energy intake,
Alternative Healthy Eating Index 2010, body mass index, personal history of chronic disease, living status, household income, spouse’s education),
and offspring’s risk factors (sex, consumption of ultra-processed foods, physical activity, sedentary time). Individual types of ultra-processed foods

were mutually adjusted
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Subgroup No (%) Relative risk P-heterogeneity
(95% CI)

Offspring age
7-11 years 1330(16.8) & 0.75
12-18 years 1141 (9.5) L 4

Offspring sex
Male 1338 (15.0) L 4 0.24
Female 1133(10.3) &

Pregnancy complications
No 1487 (12.0) & 0.54
Yes 672(14.2) *

Birth weight
3.20-3.89 kg 987(12.0) —_— 0.54
<3.200r>3.89kg 1082(13.2) L 4

Gestational age
<40 weeks 646 (12.9) * 0.22
>40 weeks 1435(12.5) &

Gestional weight gain
Normal 999 (13.9) _— 0.64
High 583(19.9) L 4

Maternal concurrent BMI
<25 1167 (9.5) L 4 0.81
25-29.9 773(15.4) L 4
=230 531(19.7) *

0.6 0.8 1.0 12 14 16 18 20

Fig 3 | Association between maternal consumption of ultra-processed foods during child rearing period and risk of overweight or obesity in offspring
by risk factors. Relative risks and 95% confidence intervals for group with highest consumption of ultra-processed food (group 5) compared with
group with lowest consumption (group 1) estimated using generalized estimating equation adjusted for maternal risk factors (baseline age, race,
smoking, physical activity, total energy intake, 2010 Alternative Healthy Eating Index, body mass index (BMI), personal history of chronic disease,
living status, household income, spouse’s education), and offspring’s risk factors (sex, consumption of ultra-processed foods, physical activity,
sedentary time). Information for gestational weight gain is only available in GUTS I. P for heterogeneity was calculated using Cochran’s Q test

period and risk of childhood overweight or obesity
was not materially altered (group 5 v group 1, relative
risk 1.26, 95% confidence interval 1.15 to 1.37, P for
trend=0.01; supplementary table 3). The analysis that
excluded participants with missing covariates showed
similar results (1.24, 1.04 to 1.48, P for trend=0.001;
supplementary table 4).

When assessing subtypes of ultra-processed foods,
ultra-processed breads and breakfast foods were
independently associated with childhood risk of
overweight or obesity (relative risk per one standard
deviation increase 1.10, 95% confidence interval
1.06 to 1.15; fig 2). In a stratified analysis (fig 3), we
found positive associations between maternal ultra-
processed food consumption during child rearing
and risk of overweight or obesity among boys, older
children, children with normal birth weight, children
born over term, and children born to mothers without
pregnancy complications, excess gestational weight
gain, or obesity. However, tests of heterogeneity were
not statistically significant, suggesting the association
of maternal ultra-processed food intake and offspring
adiposity did not substantially differ by offspring
age, sex, pregnancy complications, birth weight,
gestational age, gestational weight gain, or maternal
body mass index.

thebmj | BMJ2022;379:e071767 | doi: 10.1136/bmj-2022-071767

Peripregnancy ultra-processed food consumption in
subsample

A total of 845 (28.9%) offspring with overweight or
obesity were reported in the subsample. Peripregnancy
consumption of ultra-processed foods was not
significantly associated with an increased risk of
overweight or obesity in offspring when comparing
the group with the highest ultra-processed food intake
(group 5: 11.7+2.1 servings/day) with the group with
the lowest intake (group 1: 3.3:0.7 servings/day;
relative risk 1.17, 95% confidence interval 0.89 to
1.53, P for trend=0.07; supplementary table 5). The
associations of peripregnancy ultra-processed food
consumption and offspring obesity, body mass index,
birth weight, and body somatotype at age 5 were null
(supplementary table 6). In a sensitivity analysis with
multiple imputation of offspring body mass index, the
association between peripregnancy ultra-processed
food intake and offspring overweight or obesity was
slightly attenuated (group 5 v group 1, relative risk
1.12, 95% confidence interval 0.83 to 1.51, P for
trend=0.26; supplementary table 7). Among the nine
subgroups of ultra-processed foods (supplementary
fig 2), sugar sweetened beverages (relative risk per
one standard deviation increase 1.08, 95% confidence
interval 1.01 to 1.16) and dairy based desserts (1.08,



1.01 to 1.15) were more strongly associated with
the risk of overweight or obesity in offspring. The
associations between peripregnancy ultra-processed
food consumption and offspring overweight or obesity
were not modified by offspring’s age, sex, birth weight,
gestational age, parity, or maternal prepregnancy body
mass index according to tests for heterogeneity in a
stratified analysis (supplementary fig 3).

Comparing maternal ultra-processed food
consumption during peripregnancy and child
rearing period in subsample

Maternal consumption of ultra-processed foods
changed little from peripregnancy to child rearing
period (Spearman’s correlation coefficient 0.46,
P<0.001, meansstandard deviation -0.1+3.1
servings/day; supplementary tables 1 and 8), which
had a null association with the risk of overweight or
obesity in offspring. With additional adjustment for
peripregnancy consumption of ultra-processed foods
in the fully adjusted model (supplementary table 9),
maternal ultra-processed food consumption during
child rearing remains positively associated with
childhood overweight or obesity (relative risk per one
standard deviation increase 1.15, 95% confidence
interval 1.01 to 1.32, P=0.03).

Discussion

In this large cohort study of mothers and children
with long term follow-up, we found that maternal
consumption of ultra-processed foods during the
child rearing period was associated with an increased
risk of developing overweight or obesity in offspring
during childhood and adolescence, independent of
offspring’s intake of ultra-processed foods, physical
activity, and sedentary time. Offspring of mothers
who were in the highest consumption group of ultra-
processed food had a 26% increased risk of incident
overweight or obesity compared with mothers in the
lowest consumption group. These associations were
similar among participants with different risk profiles,
including maternal body weight, history of pregnancy
complications, gestational weight gain, offspring sex,
birth weight, and gestational age. In a subsample of
mother-child pairs, the positive association between
maternal ultra-processed food consumption during
child rearing and offspring overweight or obesity
remained even after adjusting for peripregnancy
ultra-processed food consumption, suggesting that
maternal ultra-processed food consumption during
child rearing might have a stronger association with
offspring overweight or obesity than peripregnancy
ultra-processed food consumption.

Strengths and limitations of study

Our study has several strengths. We used data from
several large ongoing prospective cohorts with
standardized questionnaires covering a wide range
of socioeconomic, lifestyle, and other health risk
factors. The long term follow-up from preconception
among mothers and through childhood and
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adolescence of offspring ensured that maternal risk
factors were assessed prospectively, before incident
overweight or obesity in offspring. Additionally,
detailed dietary assessments using validated food
frequency questionnaires allowed us to distinguish
ultra-processed foods from other foods and estimate
maternal ultra-processed food intake in detail.

Our study also has limitations. Although we have
adjusted for various potential risk factors in our
models, we cannot rule out the possibility of residual
confounding due to the observational nature of our
study. Nevertheless, a randomized controlled trial of
ultra-processed food is infeasible and unethical given
what is already known about ultra-processed food
intake and chronic disease risk.'**? Additionally, self-
reported diet and weight measures might be subject to
misreporting. However, body weight reported by NHS
IT participants has been validated in a large random
subsample with measured versus reported weight*’
and similar validation studies of US children suggested
good accuracy with a tendency to underreport among
those with obesity,” ** which might have attenuated
our results.

Similar to all transgenerational studies, some
offspring participants were lost to follow-up, which
resulted in a few of our analyses being underpowered,
particularly those related to peripregnancy intake.
However, our sensitivity analysis with multiple
imputation of missing offspring body mass index
data produced consistent associations, and we do not
anticipate loss to follow-up to be related to our primary
exposure (differential misclassification), which would
have attenuated our results. A previous study has
shown that loss to follow-up in our offspring cohort
(16.5%) was unrelated to maternal lifestyle, and
obesity classified using imputed body mass index had
excellent specificity (99.3%) and moderate sensitivity
(61.3%).'

Mothers in our cohort were predominantly
white, had similar familial and personal
educational attainments, and were of comparable
socioeconomic backgrounds, which could restrict
study generalizability but increase internal validity.
Although we lack more detailed information on
maternal educational attainments, we adjusted for
partner’s education and household income in this
study of US based nurses. Furthermore, our food
frequency questionnaires were not specifically
designed for pregnancy intake or administered
specifically during pregnancy. Instead, we used
a subsample design in which mothers who had
completed questionnaires that encompassed their
pregnancy period to assess peripregnancy maternal
ultra-processed food intake. We used the same food
frequency questionnaire during peripregnancy and
child rearing to ensure consistency, and no major
differences were observed in maternal ultra-processed
food intake between these two periods. This finding is
in line with a previous study in the United Kingdom
showing relative consistency in dietary intake during
prepregnancy and pregnancy.*?
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We used data collected from offspring from age 7
years onwards and were therefore unable to assess
the risk of overweight in early childhood, although
our results showed that maternal ultra-processed
food intake was not associated with birth weight and
body shape at age 5. Finally, we did not collect specific
information on whether offspring lived with their
mothers at the time of a given assessment. However,
consistent with previous studies,'® we only followed
offspring until age 18 years, a common age at which
offspring leave their maternal home.

Comparison with other studies
Several studies have investigated the impact of ultra-
processed food consumption on maternal and child
health.”*** For example, Silva and colleagues linked
ultra-processed food consumption to increased
gestational weight gain and glucose levels in pregnant
women with gestational diabetes,** and a prospective
birth cohort study showed that the trajectories of
body mass index and waist circumference from 7 to
24 years of age were greater among British children
who had higher ultra-processed food consumption.*
According to a recent systematic review,”> only one
cohort study tested the association between maternal
ultra-processed food consumption and offspring body
composition.*® Among 45 US women, Rohatgi and
colleagues found that ultra-processed food intake
during pregnancy, which was assessed by a one
month food frequency questionnaire, was associated
with increased thigh skinfold, subscapular skinfold,
and total body adiposity in the neonate.*® Our study
enrolled a larger population using a more detailed and
validated dietary inventory with longer follow-up.*®
This design filled the research gap of large longitudinal
investigations examining the association between
maternal ultra-processed food intake and offspring
body weight into adolescence and early adulthood.
Most previous transgenerational studies have
focused on the relation between overall maternal
diet quality with offspring adiposity and suggested
that adherence to a healthier dietary pattern during
pregnancy might be associated with lower risk of
offspring overweight or obesity.)” ® However, these
dietary patterns are often unable to determine the
level of industrial modifications among foods of the
same food group (eg, brown rice v whole wheat bread
and plain yogurt v sweetened yogurt). In contrast,
our study using the NOVA classification system to
distinguish ultra-processed foods from other foods,
which provides robust epidemiological evidence for
the role of maternal ultra-processed food consumption
in the development of childhood obesity. Additionally,
by showing that the relation between maternal ultra-
processed food consumption and offspring adiposity is
not fully explained by the overall maternal diet quality,
our results offer further lines of inquiry on the specific
biological interactions between ultra-processed food,
diet quality, and adiposity. Moreover, our findings
might offer support for more actionable and concrete
dietary guidance to reduce ultra-processed food intake

thebmj | BMJ2022;379:e071767 | doi: 10.1136/bmj-2022-071767
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for risk mitigation of overweight or obesity compared
with broader recommendations to consume a less
Western diet.

Potential mechanisms

Although the underlying pathways of our findings have
not yet been fully elucidated and remain beyond the
scope of this investigation, maternal diet during child
rearing is likely to shape offspring’s diet and lifestyle
choices, which subsequently exert a profound impact
on their risk of overweight or obesity.” ** Randomized
controlled trials have previously shown that parent-
only interventions are similarly effective compared with
parent-child interventions on child weight loss.***° The
positive correlation between maternal and offspring
consumption of ultra-processed foods in our cohort
supports these hypotheses. Our results showed that
the association between maternal ultra-processed food
intake during the child rearing period and offspring
risk of overweight or obesity was independent of
offspring’s lifestyle risk factors. This finding indicates
that there might be other pathways through which
maternal ultra-processed food intake might influence
childhood overweight risk; for example, long term in
utero imprinting and the presence of uncharacterized
gene by environment factors.’'* Further research is
needed to investigate these pathways.

There are a few potential mechanisms by which
peripregnancy ultra-processed food intake could
affect offspring adiposity, including epigenetic
modification of offspring’s susceptibility to obesity.
Animal and human studies have shown that maternal
undernutrition and poor diet quality could lead
to persistent epigenetic change in genes involved
in the regulation of growth, energy balance, and
insulin resistance in offspring.”'>* Other biological
mechanisms might involve the proinflammatory
additives in ultra-processed foods, including sodium,’*
emulsifiers,”>®” sugar,”® and artificial sweeteners.*
Chronic maternal inflammation, possibly mediated
through ultra-processed food intake, has been linked to
increased offspring adiposity in mice and humans.®
For example, using an experimental model for human
gut microbial communities, Chassaing and colleagues
showed that synthetic emulsifiers polysorbate
80 and carboxymethylcellulose increased the
proinflammatory potential of human gut bacteria.’®
Emulsifiers and sweeteners are common ingredients
found in store bought beverages and dairy based
desserts such as ice cream and frozen yogurt, both
of which were associated with childhood overweight
or obesity in our peripregnancy analysis. However,
larger studies with dietary assessment specifically
targeting the pregnancy period are needed to confirm
our findings.

Conclusion and public health implications

We found that maternal consumption of ultra-
processed foods was associated with an increased
risk of incident overweight or obesity in offspring,
independent of various maternal and offspring factors.

9



RESEARCH

10

Our study highlights the potential benefits of limiting
ultra-processed food consumption among mothers
and women of reproductive age to reduce the risk of
overweight in their children. However, we should not
overlook social determinants of health that could
impede women from reducing ultra-processed food
intake. These might include a lack of adequate time
to prepare unprocessed food, the additional costs of
a more healthy diet (including limited shelf life that
might result in greater waste), the possibility that
mothers are not solely responsible for household
foods, and limited access to healthy food options
due to geographical location.®®> Additionally, many
women might already experience shame for weight
related health behaviors during pregnancy and child
rearing,®* and we caution against using these data to
further stigmatize their food choices.

Addressing these financial and social structural
barriers to making healthy food choices is critical
for developing achievable and responsible dietary
guidelines for women of child bearing age. Further
studies are warranted to investigate specific biological
mechanisms and socioeconomic determinants
underlying the observed associations between
maternal ultra-processed food intake and offspring
overweigh and obesity.
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