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ABSTRACT

Background

Ultra-processed foods account for more than 50% of daily calories consumed in several
high-income countries, with sales of ultra-processed foods soaring globally, especially in
middle-income countries. The objective of this study is to investigate the association
between ultra-processed food (UPF) consumption and risk of type 2 diabetes (T2D) in a
UK-based prospective cohort study.

Methods

Participants of the UK Biobank (2007-2019) aged 40-69 years without diabetes at recruitment
who provided 24-hour dietary recall and follow-up data were included. UPFs were defined
using the NOVA food classification. Multivariable Cox proportional hazards regression
models were used to evaluate the association between UPF consumption and the risk of T2D
adjusting for socio-demographic, anthropometric and lifestyle characteristics.

Results

A total of 21,730 participants with a mean age of 55.8 years and mean UPF intake of 22.1%
at baseline were included. During a mean follow-up of 5.4 years (116,956 person-years), 305
incident T2D cases were identified. In the fully adjusted model, compared with the group in
the lowest quartile of UPF intake, the hazard ratio for T2D was 1.44, 1.04-2.02 in the group
with the highest quartile of UPF consumption. A gradient of elevated risk of T2D associated
with increasing quartiles of UPF intake was consistently observed (p value for trend <0.028).
A significantly increased risk of T2D was observed per 10 percentage points increment in
UPF consumption ([adjusted HR]: 1.12, 95% confidence interval [Cl]: 1.04-1.20).

Conclusions

Our findings demonstrate that a diet high in UPFs is associated with a clinically important
increased risk of T2D. Identifying and implementing effective public health actions to reduce
UPF consumption in the UK and globally are urgently required.

Keywords: Ultra-processed foods, diabetes, Biobank cohort, United Kingdom, prospective
study



INTRODUCTION

In recent decades, the emergence of a global, industrialised food system has displaced
traditional dietary patterns based on fresh or minimally processed foods in favour of
packaged, ready-to-consume foods.! As defined by NOVA, a food classification based on the
extent and purpose of food processing, ultra-processed foods are highly palatable, durable
and profitable food and drink formulations in which intact foods and their associated health
benefits are largely absent.! At present, ultra-processed foods account for 54%, 58% and
48% of daily calories consumed in the United Kingdom (UK), the United States and Canada
respectively, with sales of ultra-processed foods soaring globally, especially in middle-income
countries.?®

Ultra-processed foods are high in saturated fat, sugar and salt, and the growth in consumption
may be an important driver of the global obesity and diabetes epidemics. Prospective cohort
studies have demonstrated a link between higher consumption and greater risk of overweight
and obesity.1%12 These findings are supported by a recent clinical trial which found that ultra-
processed food consumption causes excessive energy intake and weight gain.'3

To date, only one prospective study has investigated the association between ultra-
processed food consumption and type 2 diabetes (T2D) incidence. Based on a French cohort
of 104,707 adult participants, the study reported a 13% increased risk for T2D incidence
(1.01-1.27) for every 10 percentage points increase in the contribution of ultra-processed
foods in the diet.!* However, this association has not be examined in settings with
substantially higher consumption of ultra-processed foods such as in North America and the
UK (where annual per capita sales of ultra-processed foods is 140.7 kg vs. 79.0 kg in France),
nor in populations with a higher burden of obesity.*>16 This study investigated the association
between ultra-processed food consumption and risk of T2D in a UK-based prospective cohort
study.



METHODS

Data source and study population
This study is based on a subsample of 21,730 UK Biobank participants without diabetes at
baseline and with valid 24-hour dietary recall and follow-up data available.

UK Biobank is a prospective cohort study of participants aged 40—69 years conducted at 22
assessment centres across the UK, with initial enrolment between 2007-2010 and follow-up
assessments between 2012-2019.1'® During baseline and follow-up assessments,
participants completed questionnaires about their socio-demographic, lifestyle and
psychosocial characteristics, and their anthropometric measurements were taken and a
detailed medical history and current medication use were recorded by trained research
staff.1’

Participants’ dietary intake was assessed using a web-based, self-administered
guestionnaire that collects quantities of over 200 common food and beverage items
consumed in the previous 24 hours.'® This web-based questionnaire has been shown to
capture similar food and beverage items as well as estimated energy and nutrient intakes as
an interviewer-administered 24-hour recall.?° It was introduced towards the end of the
recruitment period (2009-2010) and only a subset of participants with known email address
were invited to participate online between 2011-2012. Due to the inconsistencies in the timing
of assessment centre visits and administrations of 24-hour recalls, we considered
participants’ first 24-hour recall as this best represents their dietary intake at baseline, and
only participants who completed a 24-hour recall within 36 months of their baseline
assessment were considered relevant. Pregnant women (n=176) and those with implausible
dietary values (n=641) were excluded from our sample. As a result, a total of 23,009
participants with valid 24-hour recall and follow-up data were considered for inclusion.

Categorisation according to food processing

Participants’ ultra-processed food consumption was derived from their 24-hour recall. We
classified each food and beverage item captured by the 24-hour dietary recall into one of the
four food groups according to their extent and purpose of food processing as described by
the NOVA food classification system,! these are: 1) unprocessed or minimally processed
foods, e.qg. fruits, vegetables, legumes, roots and tubers, milk and meat; 2) processed culinary
ingredients, e.g. table salt, sugar, vegetable oils and butter; 3) processed foods, e.g. canned
vegetables in brine, salted or sugar-coated nuts, canned fish, freshly made breads and
cheeses; 4) ultra-processed foods, e.g. soft drinks, sweet or savoury packaged snacks,
confectionery, breakfast ‘cereals’, flavoured yoghurts, industrial-processed breads and buns,
reconstituted meat products and pre-prepared frozen or shelf-stable ready-to-eat/heat
meals.!

Since the UK Biobank provided respondents’ quantity of each food (and beverage) item
consumed but not the nutritional information for each item, we derived these estimates by
assigning each food item a typical portion size and a nutrient profile using UK'’s standard food
composition database.?>?? The estimated weight and energy intake for each food item was
calculated as a product of the quantity consumed, its assigned portion size and
corresponding nutrient profile. Individuals’ ultra-processed food consumption was computed
by dividing the amount of ultra-processed foods consumed (i.e. the 4" group of NOVA) by
the total amount of foods consumed in grams per day, and expressed as a proportion. This



was preferred over an energy ratio as it accounts for the ultra-processed foods with no energy
content, such as artificially sweetened beverages, but additional analyses were performed
using ultra-processed consumption derived from the proportion of daily energy intake and are
presented as supplementary. In addition, a categorical variable was constructed which
represents the sex-specific quartiles of the proportion of ultra-processed food consumption
out of total food intake.

Identification of incident T2D cases

The identification of diabetes cases was based on self-reported and nurse-interview data,
which enquired whether participants have ever been told by a doctor that they have diabetes.
Participants with diabetes were asked whether the diagnosis was only during pregnancy; the
type of diabetes; the age when diabetes was first diagnosed; and whether they started insulin
within one year of diagnosis. Those reported using glucose-lowering medication were asked
to provide details of the medication.

We derived an algorithm based on previously published work using UK Biobank to identify
people with or without incident T2D during follow-up (Supplementary Figure 1).22 Exclusion
criteria were applied to 274 participants with no diabetes status provided at baseline (n=68)
and follow up (n=206), 688 participants who were prevalent diabetes cases (n=52 type 1 and
n=636 type 2) and 104 participants who were diagnosed with T2D at an earlier age than their
age at dietary assessment (these were considered prevalent rather than incidence cases).
We also excluded participants who were followed for less than 12 months (n=213, including
62 people with T2D diagnosis) to minimise the potential for reverse causality bias, however,
sensitivity analyses including these participants were performed and presented in
Supplementary Table S1.

Covariates

Socio-demographic and lifestyle factors at baseline included age, sex, ethnicity
(white/black/other), family history of T2D (yes/no), current smoking status (smoker/non-
smoker), body mass index (BMI, kg/m?), quintiles of the Index of Multiple Deprivation (IMD),
and physical activity level (low/moderate/high).?4#2> We used the previously-derived physical
activity variable that was based on the validated and self-administered International Physical
Activity Questionnaire (IPAQ).2° IMD is a composite measure of deprivation for each small
area of the UK based on participants’ postcode, and we derived IMD quintiles based on
deprivation scores.?® A separate category was introduced for those who had no available
data on physical activity (13.5% missing) or IMD (2.1% missing). Less than 0.3% of the study
cohort had missing data on ethnicity (0.26%), smoking status (0.01%) and BMI (0.1%). They
were included in the unadjusted analyses but no ‘missing’ category was created for these
variables due to their small sample size.

Statistical analysis

We compared participants’ baseline characteristics by their quartile of ultra-processed food
consumption, using the analysis of variance for continuous variables and x? tests for
categorical variables. We examined the shape of survival functions between quartiles of ultra-
processed food consumption and between subgroups of other covariates using Kaplan-Meier
plots, and assessed the equality of survival functions between subgroups using log rank tests.
We used Cox proportional hazards regression models with age as the underlying time metric
to estimate the hazard ratios (HRs) and their corresponding 95% confidence intervals (CIs)
of the incidence of newly diagnosed T2D, separately for both exposures described above.



Participants contributed person time until the date of diagnosis for T2D or the date of their
last assessment, whichever occurred first. We derived the date of diabetes diagnosis from
participants’ age at follow-up assessment and their self-reported age when diabetes was first
diagnosed. When the age of diagnosis was not available, the mid-point between the date of
follow-up assessment when diabetes was identified and the date of previous assessment
was used instead. Covariates were added in a stepwise manner: Model 1 included age
(timescale) and the exposure variable; Model 2 additionally included sex, ethnicity and family
history of T2D; Model 3 additionally included quintiles of IMD; Model 4 additionally included
current smoking status, physical activity level and total energy intake; and Model 5
additionally included baseline BMI. Potential interaction between the exposure variable and
baseline BMI, physical activity level, current smoking status and Index of Multiple Deprivation
were assessed but no statistically significant interactions were identified. Proportionality
assumption was verified by testing Schoenfeld residuals against survival time, which revealed
violations for sex and ethnicity and these variables were therefore incorporated by
stratification that allows baseline hazards to differ between sex and ethnicity strata. The
linearity assumption between proportion of ultra-processed food consumption and T2D
incidence was confirmed by restricted cubic spline (P value for the test of linearity was 0.339).

All analyses were performed using Stata version 16.



RESULTS

Mean age of the study cohort at baseline was 55.8 years (SD=7.4), 52.9% were women and
most participants were white (97.9%). The mean contribution of ultra-processed foods to the
overall diet (in grams) was 22.1% (Table 1). The most commonly consumed ultra-processed
foods were beverages that contributed to 8.6% of total grams per day, followed by 6.6% from
bakery products and breakfast cereals and 4.4% from industrial-processed frozen/self-stable
prepared meals and salty snacks (Figure 1). Compared with participants who consumed the
lowest amount of ultra-processed foods (1st quartile), those with the highest consumption
(4th quartile) were more likely to be younger, living in more deprived areas, physically inactive
and overweight at baseline.

A total of 305 incident T2D cases were identified amongst participants during a mean follow-
up of 5.4 years (116,956 person years, 260 per 100,000 person-years). Across quartiles of
ultra-processed food intake (from lowest to highest) the incidence of T2D increased from 209,
216, 256, 362 per 100,000 person years, respectively.

When compared with study participants with the lowest ultra-processed food intake, a
gradient of elevated risk of T2D with increasing levels of ultra-processed food intake was
consistently observed in all unadjusted and adjusted regression models (p value for trend
<0.001). In the fully adjusted model (Model 5), compared with the group with the lowest ultra-
processed food intake (1st quartile), the hazard ratio for T2D was 1.44, 1.04-2.02 for the
highest (4th) quartile of ultra-processed food consumers. The hazard ratio estimated per 10%
absolute increment in ultra-processed food consumption was 1.22 (95% Confidence Interval
[CI]: 1.14-1.31) in the unadjusted model (Model 1) and remained significant after all
covariates were accounted for (Model 5: 1.12, 1.04-1.20) (Table 2).

The results of sensitivity analyses that included participants who were followed for less than
12 months were consistent with the main findings (Supplementary Table S1). Findings from
the analyses that considered ultra-processed food consumption as a proportion of daily
energy intake are presented in Supplementary Table 2. All models, except for the one when
baseline BMI was adjusted for, have consistently shown a significant dose-response
relationship between increased ultra-processed food consumption and risk of T2D, albeit to
a lesser extent. The model with BMI adjustment, however, showed an association which was
marginally significant statistically (p = 0.053).



DISCUSSION

In this UK-based cohort, participants with the highest levels of ultra-processed food
consumption had a 44% increased risk of developing T2D compared with those with the
lowest intake over a 5.4-year follow-up time, and the risk of incident T2D increased by 12%
for every 10 percentage points increment in ultra-processed food consumption. Given the
current high levels and growing consumption of ultra-processed foods in the UK and many
countries worldwide,>* these findings highlight an alarming threat to the health of populations.

Our findings are consistent with the only prospective study conducted in France which
identified a HR of 1.13 (95% CI: 1.01-1.27) for T2D incidence per 10 percentage points
increase in ultra-processed foods consumption.* While both the French and British cohorts
were followed-up for similar times and consumed substantial amounts of ultra-processed
foods (17.3% and 22.1%, respectively), categories of ultra-processed food intake largely
differed between cohort participants. The most prominent ultra-processed foods consumed
by the French cohort were sugary products (28%), ultra-processed fruits and vegetables
(18%) and beverages (16%), whereas in the British cohort, ultra-processed foods were
mainly sourced from beverages (39.1%), industrial-processed bakery products and breakfast
cereals (29.9%), and industrial-processed frozen/self-stable prepared meals (19.3%). This
suggests that ultra-processed foods may be associated with an increased risk of T2D
incidence regardless of the specific categories of foods and beverages consumed.

There are several potential underlying mechanisms that may plausibly explain the
associations observed. First, diets rich in ultra-processed foods are of poor nutritional quality.
In the past decade, analyses of nationally representative food intake surveys conducted in
several countries, including the UK, have consistently reported that increasing dietary share
of ultra-processed foods results in higher intakes of free sugars and saturated fat, but lower
content of fibre and protein in the overall diet.>>® Furthermore, research has demonstrated
that ultra-processed foods have a higher glycaemic response but lower satiety potential,
when compared with their less processed alternatives.?’

The vast variety of chemical compounds that are commonly added to ultra-processed foods,
formed during their manufacturing processes or released from their packaging materials are
another potential mechanism. For instance, emulsifiers and carrageenan (a thickening and
stabilizing agent) are common ingredients of ultra-processed foods and the former has been
found to be associated with the development of metabolic syndrome and other chronic
inflammatory diseases whereas the latter has been shown to be associated with increased
glucose intolerance and insulin resistance.?82°

The concentration of bisphenol-A, present in food packaging materials and drink containers,
has been found to interfere with the physiological effects of hormones such as oestrogen,
androgen and thyroids and with cell pathways related to weight and glucose homeostasis,
and a positive association between bisphenol-A and T2D has been previously documented.*°
Generation of neo-formed contaminants, such as acrylamide and acrolein metabolites, during
the production of ultra-processed foods using high-temperature heating and extruding
methods have been found associated with insulin resistance.3%3? Polycyclic aromatic
hydrocarbons that are released during the manufacturing of ultra-processed foods have also
been shown associated with diabetes.33

The final potential mechanism is through obesity. Prospective cohort studies have shown a
positive association between ultra-processed food consumption and increased risk of



overweight and obesity, including in a Spanish cohort study with 8.9 years of follow-up
(adjusted hazard ratio: 1.26, 95% CI: 1.10-1.45), and in a Brazilian cohort study with 3.8 years
of follow-up (relative risk: 1.20, 95% CI: 1.03-1.40), and recently in a British cohort study with
5.6 years of follow-up (adjusted hazard ratio: 1.82, 95% CI: 1.06-3.06).%1%-12 These findings
are further supported by a recent cross-over clinical trial that allocated 20 weight-stable adults
into an ultra-processed diet or an unprocessed diet with matched calories, sugar, fat, fibre
and macronutrients for 14 days each.'® The authors concluded that ultra-processed food
consumption contributed to a significantly higher energy intake (508+106 kcal/day) and
weight gain (0.9£0.3 kg) among study participants.'3

This research builds on an increasingly robust and consistent evidence base which suggests
that continued growth in ultra-processed food consumption, especially in middle-income
countries, represents an important driver of disease burden and a potential threat to health
systems globally. This urges the identification and implementation of effective public health
actions to counteract the growth in ultra-processed food consumption. Health authorities in
Brazil, Uruguay, Ecuador and Peru have taken the lead in explicity recommending the
avoidance of ultra-processed foods in their food-based dietary guidelines.3*3" France
recently set an ambitious goal of a 20% reduction in ultra-processed food consumption by
2022.38 Evaluation of the actions to be undertaken to meet this goal is likely to provide
valuable lessons for other countries. Further research is needed to elucidate the mechanistic
pathways between ultra-processed food consumption and the development of T2D.

Limitations

This study has several important limitations. First, identification of incident T2D cases was
based on self-reported and nurse-interview data. Self-reported data are often limited by
under-reporting and misclassification resulting in the under-detection of diabetes cases
although the nurse interview included detailed questions about age at diabetes diagnosis and
history of glucose-lowering medications. Second, the classification of some food items was
limited by a generic description used in 24-hour recall. However, this was addressed by
assigning them into the most probable food group based on published findings of common
foods and drinks consumed in the UK.> Additionally, misclassifications in the NOVA
categories would lead to a non-differential measurement error, probably bringing the results
towards the null hypothesis. Third, the estimation of ultra-processed food consumption was
based on one 24-hour recall instead of multiple days. Due to the inconsistencies in the timing
of diabetes measurements and the administrations of 24-hour recalls, we considered the first
completed 24-hour recall as the best representation of participants’ dietary intake at baseline
though this does not fully represent their usual consumption. Also, participants’ diet may
have changed during follow-up that the current analyses do not account for. Fourth, because
our main analyses considered UPF consumption as the percentage of total dietary intake in
grams, the effect of liquid as soft drinks could have more importance. Nevertheless, we
performed additional analyses to further adjust the final statistical model for percentage of
calories from sugar-sweetened beverages, and the association remained similar (adjusted
hazard ratio 1.11, 95% CI. 1.02-1.21 for each 10 percentage points increment in UPF
consumption). Fifth, missing data is a limitation although this was very low for smoking status,
weight measurement and ethnicity. We incorporated a missing category for IMD and physical
activity to capture any common effects among those with missing data. Sixth, our study cohort
is healthier than the general population, with fewer smokers, lower BMI levels, and healthier
dietary pattern3® Therefore, the results may be an under-estimation the association due to a
lower contrast between extreme quartiles of ultra-processed consumption, the burden of



ultra-processed food consumption in the UK should consider this. Finally, the observational
nature of the study means that residual confounding cannot be completely ruled out.

Conclusion

Our findings demonstrate that ultra-processed food consumption is associated with a
clinically important increased risk of T2D. Recommendations to highlight the harmful effects
of ultra-processed foods in dietary guidelines, and identifying and implementing effective
public health actions to reduce the growth in ultra-processed food consumption are urgently
required.
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Figure 1. Sub-categories of ultra-processed foods contributed to mean weight of

foods consumed
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Note: Other ultra-processed foods’ included chocolate/nut spread, spreadable cheese, sweeteners,
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Table 1: Baseline characteristics of the study cohort by sex-specific quartiles of ultra-processed food consumption derived from

weight of foods consumed

Quartile of ultra-processed food consumption

All participants  1st quartile (lowest intake) 2nd quartile 3rd quartile  4th quartile (highest intake)
n=21,730 n=5,446 n=5,419 n= 5,444 n=5,421 p-value
Mean ultra-processed foods consumption (%)
Relative to total grams consumed 22.1 7.7 154 23.6 41.9 <0.01
Total Energy, mean (SD)
Kcal 2065.3 (679.2) 1799.3 (565.1) 2011.1(597.0) 2170.0(670.5) 2281.6 (767.6) <0.01
Age, mean (SD)
Years 55.8 (7.4) 56.6 (7.0) 56.5 (7.2) 55.9 (7.5) 54.2 (7.7) <0.01
Sex (%)
Women 52.9 52.8 52.9 52.9 53.0 0.996
Men 47.1 47.2 47.1 47.1 47.0
Ethnicity (%)
White 97.9 98.2 98.0 97.9 97.4 0.121
Black 0.8 0.7 0.8 0.8 11
Others 1.3 1.1 1.2 1.3 1.5
Family history of T2D (%)
No 80.8 82.5 82.2 80.4 78.3 <0.01
Yes 19.2 175 17.8 19.6 21.7
Index of Multiple Deprivation (%)
Least derived quintile 19.6 20.6 20.8 19.9 17.2 <0.01
2nd quintile 195 20.2 195 19.7 18.6
3rd quintile 19.6 20.5 19.3 19.6 19.1
4th quintile 19.6 19.1 204 194 19.3
Most deprived quintile 19.6 17.4 18.1 19.3 23.6
Missing 2.1 2.3 1.9 2.0 2.1
Current smoker (%)
No 94.5 94.4 94.2 95.0 94.4 0.231
Yes 5.5 5.6 5.8 5.0 5.6
Physical activity level (%)
Low 15.7 14.2 15.2 15.3 18.0 <0.01
Moderate 36.4 36.2 36.4 37.7 35.4
High 34.4 37.1 34.1 33.8 325
Missing 135 125 14.3 13.2 14.2
BMI mean (SD)
Kg/m? 26.5 (4.2) 26.1(3.8) 26.2(4.0) 26.4(4.1) 27.2(4.6) <0.01




Table 2: Hazard ratios (95% confidence interval) for the associations between ultra-processed food consumption (derived
from weight of foods consumed) and incidence of T2D, estimated by multivariable Cox proportional hazards regression.

Quartile of ultra-processed food consumption

Per 10% absolute increment in 1st quartile 4th quartile p-value
ultra-processed foods intake  p-value (lowest intake) 2nd quartile 3rd quartile (highest intake) for trend
Number of
cases/non-cases 305/21,425 62/5,384 63/5,356 74/5,370 106/5,315
Model 1 1.22 (1.14-1.31) <0.001 1 1.05(0.74-1.49) 1.27 (0.91-1.79) 1.97 (1.44-2.70) <0.001
Model 21 1.21 (1.13-1.30) <0.001 1 1.06 (0.74-1.50) 1.23(0.88-1.73) 1.88(1.37-2.59) <0.001
Model 3 1.20 (1.12-1.29) <0.001 1 1.04 (0.74-1.48) 1.22 (0.87-1.71) 1.85(1.34-2.53) <0.001
Model 4% 1.20 (1.12-1.29) <0.001 1 1.03 (0.73-1.48) 1.22(0.86-1.72) 1.84(1.32-2.55) <0.001
Model 58 1.12 (1.04-1.20) <0.002 1 0.98 (0.68-1.39) 1.10(0.76-1.55) 1.44(1.04-2.02) <0.028

Model 1 included age (timescale) and the exposure variable.

Model 2 = Model 1 + family history of T2D (yes/no), and stratification by sex and ethnicity.

Model 3 = Model 2 + Index of Multiple Deprivation (least derived quintile/2™ quintile/3™ quintile/4™ quintile/most deprived quintile/missing).
Model 4* = Model 3 + physical activity level (low/moderate/high/missing), current smoking status (yes/no), and total energy intake.

Model 5% = Model 4 + BMI continuous at baseline
* <0.3% of the participants with missing data on ethnicity, smoking status or weight measurement were omitted from subsequent regression models due to the small sample size of the ‘missing’

category for these variables



