nature medicine

Article

https://doi.org/10.1038/s41591-025-03842-0

Ultraprocessed or minimally processed
dietsfollowing healthy dietary guidelines
onweightand cardiometabolic health:a
randomized, crossover trial

Received: 24 February 2025

Accepted: 11 June 2025

Published online: 04 August 2025

% Check for updates

A list of authors and their affiliations appears at the end of the paper

Ultraprocessed food (UPF) consumptionis associated with noncommunicable

diseaserisk, yet no trial has assessed its health impact within the context
of national dietary guidelines.Ina2 x 2 crossover randomized controlled
feeding trial, 55 adults in England (body mass index =25 to <40 kg m~,
habitual UPF intake >50% kcal day™) were provided with two 8-week ad
libitum diets following the UK Eatwell Guide: (1) minimally processed
food (MPF) and (2) UPF, in arandom order. Twenty-eight people were
randomized to MPF then UPF, and 27 to UPF then MPF; 50 participants
comprised the intention-to-treat sample. The primary outcome was the
within-participant difference in percent weight change (%¥WC) between
diets, from baseline to week 8. Participants were blinded to the primary
outcome. MPF (%WC, -2.06 (95% confidence interval (Cl), -2.99, -1.13)
and UPF (%WC, -1.05 (95% Cl,-1.98,-0.13)) resulted in weight loss, with
significantly greater %WC on MPF (A%WC, -1.01 (95% CI,-1.87,-0.14),
P=0.024; Cohen’sd,-0.48 (95% Cl,-0.91,-0.06)). Mild gastrointestinal

adverse events were common on both diets. Findings indicate

greater weight loss on MPF than UPF diets and needing dietary
guidance on food processing in addition to existing recommendations.
Clinicaltrials.gov registration: NCT05627570.

Three billion people worldwide live with overweight or obesity’, driv-
ing increased risks of noncommunicable disease and early death?.
A proposed cause has been from recent major changes in the food
environment’. In particular, theincreased accessibility and consump-
tion of ultraprocessed food (UPF)**. Most commonly defined using
the Nova classification®, UPF are industrial formulations combining
extracts of original foods with additives and industrial ingredients’.
Examplesinclude breakfast cereals, sweets, and mass-produced bread’.
Over 50% of UK energy intake is reported to come from UPF¢, with
similarly high intakes in the USA and Europe’. Higher UPF intakes are
associated with increased risks of obesity®, cardiometabolic disease,

and all-cause mortality®'°. As aresult, countries including Brazil" and

organizations including the World Health Organization recommend
reducing UPF intake in their dietary guidance. Inthe UK, where nearly
two-thirds of adults live with overweight or obesity", calls have been
made for policy action on reducing UPF, yet this is still debated".
The Eatwell Guide (EWG) provides the UK public with guidanceona
healthy diet™*', following recommendations by the Scientific Advisory
Committee on Nutrition (SACN). The EWG focuses on macronutrients
(forexample, fat, protein, carbohydrate) and food groups (for example,
fruits and vegetables, dairy, starchy food), but not UPF*. Currently
fewer than 0.1% of UK adults follow EWG recommendations, and nearly
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70% follow less than half of the recommendations”. SACN recently
reported that there was insufficient evidence to include UPF within
dietary guidelines'®, with the 2025 US Dietary Guidelines for Americans
Committee (DGAC) reaching similar conclusions”.

Both SACN and the US DGAC" recommended that randomized
controlled trials (RCTs) are needed due to the lack of high-quality
interventional evidence'. SACN particularly recommended trials
comparing UPF with minimally processed food (MPF) in the context
of existing UK dietary recommendations'. Current evidence suggests
thattheassociations between UPF and adverse health outcomes are not
explained by macronutrient or food group guidance within dietary rec-
ommendations'. To date, two RCTs demonstrate unfavorable weight
changes on UPF compared with MPF diets matched for presented
energy and nutrients®>”, but no RCTs have assessed the health impact
of food processing in the context of dietary guidance.

Therefore, ‘Ultra processed versus minimally processed diets
following UK dietary guidance on health outcomes’ (UPDATE)—a
single-center, community-based, 2 x 2 crossover RCT—aimed to
compare the health effects between 8-week MPF and UPF diets fol-
lowing EWG recommendations (Fig. 1a)?%. The primary objective
was to compare percentage weight change (%¥WC) between diets.
Secondary objectives were to compare changes in anthropometrics,
body composition, cardiometabolic and appetite-related outcomes
between diets.

Results
Participant disposition
Between April 2023 and May 2024, 135 adults underwent screening, of
whom 55 (40.1%) were eligible and allocated randomly to either MPF
then UPF (n =28), or UPF then MPF (n =27) diets. The firstand last par-
ticipants were enrolled on 3 April 2023 and 7 May 2024, respectively.
Figure 1b presents participant flow. Six participants withdrew during
the first-period MPF diet (sequence MPF/UPF), two during washout
(sequence MPF/UPF) and four during the second-period MPF diet
(sequence UPF/MPF). In total, 50 participants provided primary out-
come data for at least one diet (intention-to-treat (ITT)) and 43 pro-
vided primary outcome data for both diets without withdrawal (per
protocol (PP)). Baseline characteristics are given in Table 1. Mean age
was 43.2 years (s.e., 1.5), 36 (65.5%) were of white ethnicity, 50 (90.9%)
were female and nine (16.4%) were nightshift workers. Mean weight
was 89.4 kg (s.e., 1.7),and body mass index (BMI) 32.7 kg m2(s.e., 0.5).
Mean habitual UPF intake was 67.4% kcal day™ (s.e., 1.1), with mean
macronutrient and food group intakes not adherent to EWG recom-
mendations, except red meat intake. Baseline characteristics for ITT
and PP samples are in Supplementary Tables 1-3.
Sociodemographic, clinical and dietary and baseline characteris-
tics were similar between dropouts (N =12) and nondropouts (N = 43)
(Supplementary Table 4).

Primary outcome

Inthe ITT analysis, %¥WC at 8 weeks was significantly lower on both
diets (MPF, -2.06% ((95% confidence interval (CI), -2.99, -1.13); UPF,
-1.05% (95% Cl, -1.98, —0.13)) (Fig. 2). Within-participant differences
in %¥WC were significantly greater on the MPF versus UPF diet (A%WC,
-1.01% (s.e., 0.43;95% Cl,-1.87,-0.14; P= 0.024). Unadjusted changes
areinSupplementary Table 5.

Results by randomizationarmare in Supplementary Table 6. A sig-
nificantdiet order effect was detected (P, eraciion < 0-05; Extended Data
Fig.1). Alarger A%WC was observed when analyzing the first-period diet
of eacharmonly (A%WC, -1.86% (s.e., 0.72); P= 0.012).

Secondary outcomes

Secondary ITT outcomes are in Table 2, with unadjusted changes
and changes by randomization arm in Supplementary Tables 5
and 6, respectively.

Anthropometrics. Weight and BMIwere significantly lower at 8 weeks
from baseline onboth diets. Waist circumference and waist-to-height
ratio did not differ significantly. Reductions in weight (-0.96 kg
(s.e., 0.40); P=0.019) and BMI (-0.34 kg m™(s.e., 0.14); P=0.021)
were significantly greater on the MPF versus UPF diet, with no signifi-
cantdifferences in waist circumference.

Body composition. Fat mass, body fat percentage, visceral fat rat-
ing and total body water mass were significantly lower at 8 weeks
from baseline on the MPF but not UPF diet. Muscle mass, bone mass,
fat-free mass and total body water percentage did not significantly
differ at 8 weeks from baseline on either diet. Reductions in fat
mass (-0.98 kg (s.e., 0.32); P=0.004), body fat percentage (-0.76%
(s.e.,0.28); P=0.010), visceral fat rating (-0.41 (s.e., 0.15); P=0.008)
and total body water mass (-0.51kg (s.e., 0.15); P= 0.002) were sig-
nificantly greater on the MPF compared with UPF diet. Other body
composition outcomes did not differ significantly between diets.

Heart rate and blood pressure. Systolic blood pressure (BP) (SBP)
and diastolicblood pressure (DBP) were significantly lower at 8 weeks
compared with baseline onthe MPF but not UPF diet, whereas heart rate
(HR) was significantly lower on the UPF but not MPF diet. Changesin
BP and HR did not differ significantly between diets.

Clinical markers. Total cholesterol, high-density lipoprotein cho-
lesterol (HDL-C) and non-HDL-C were significantly lower at 8 weeks
compared with baseline onboth diets. Glycated hemoglobin (HbAlc)
and triglycerides were significantly lower at 8 weeks compared with
baseline onthe MPF diet only, whereas fasting glucose and low-density
lipoprotein cholesterol (LDL-C) were significantly lower at 8 weeks
compared with baseline on the UPF diet only. Bilirubin, alkaline phos-
phatase, alanine transaminase, albumin, total-cholesterol-to-HDL
ratio and C-reactive protein (CRP) did not differ significantly at 8 weeks
compared with baseline on either diet. Changes in triglycerides were
significantly lower on the MPF than UPF diet (-0.25 mmol I (s.e., 0.08);
P=0.004), whereas changes in LDL-C were significantly lower on the
UPF than MPF diet (0.25 mmol I (s.e., 0.10); P= 0.016). Changes in
other biomarkers did not differ significantly.

Subjective appetite measures

The Power of Food Scale (PFS) (food present, tasted and total score)
and Control of Eating Questionnaire (COEQ) craving for sweet, savory
and difficulty toresist craved nominated food were significantly lower
at 8 weeks from baseline on the MPF but not UPF diet. CoEQ craving
control was significantly higher at 8 weeks on both diets. PFS food
available and CoEQ positive mood at 8 weeks did not differ signifi-
cantly from baseline on either diet. Improvements in CoEQ craving
for savory (-10.46 (s.e., 4.12); P=0.015), difficulty to resist craved
nominated food (-13.77 (s.e., 6.35); P=0.037) and craving control
(11.68 (s.e., 4.74); P= 0.019) were significantly greater on the MPF than
UPF diet. Other changes in CoEQ and PFS did not differ significantly
between diets.

Fasted and fed visual analog scales (VAS) did not significantly differ
at 8 weeks from baseline on either diet, and changes were not signifi-
cantly different between diets (Supplementary Tables 7and 8). Trends
were observed for lower postprandial hunger, capacity to eat, pleasure
to eat and feelings of fullness on the MPF versus UPF diet (Fig. 3).

Diet intake and adherence. Self-reported diet intake data from the
MPF and UPF diets are in Supplementary Tables 9-13. In the ITT sam-
ple, energy intake was —503.7 kcal day™ (s.e., 130.2; P < 0.001) and
-289.6 kcal day™ (s.e.,102.8; P= 0.007) lower during the MPF and UPF
diet compared with baseline, respectively. Self-reported energy intake
was significantly lower (-327.3 kcal day™ (s.e., 110.2; P= 0.005) on the
MPF versus UPF diet.
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Fig.1| UPDATE study design, measurement timepoints and CONSORT diagram. a, UPDATE study design and measurement timepoints. b, Consolidated Standards of
Reporting Trials (CONSORT) diagram.
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Table 1| Baseline demographic and clinical characteristics overall and by randomization arm

N=55 Overall By randomization arm
MPF/UPF (28) UPF/MPF (27)
Age in years at screening 43.2 (1.54) 43.5(2.42) 42.9(1.9)
Female sex 50 (90.9%) 25 (89.3%) 25 (92.6%)
White ethnicity 36 (65.5%) 21(75.0%) 15 (55.6%)
Occupation
Doctor 1(1.8%) 1(3.6%) 0 (0.0%)
Nurse 24 (43.6%) 9(321%) 15 (55.6%)
AHP 9 (16.4%) 5(17.9%) 4(14.8%)
Management 5 (9.1%) 3(10.7%) 2 (7.4%)
Administrative 11(20.0%) 6 (21.4%) 5 (18.5%)
Other 5 (9:1%) 4(14.3%) 1(3.7%)
Nightshift worker 9 (16.4%) 4 (14.3%) 5(18.5%)
Education level
None 0(0.0%) 0(0.0%) 0(0.0%)
GCSE/O-level equivalent 4 (7.3%) 3(10.7%) 1(3.7%)
A level or equivalent 4(7.3%) 1(3.6%) 3 (1.1%)
Degree 26 (47.3%) 14 (50.0%) 12 (44.4%)
Postgraduate 21(38.2%) 10 (35.7%) 11(40.7%)
Other 0 (0.0%) 0 (0.0%) 0 (0.0%)
Marital status
Single 21(38.2%) 12 (42.9%) 9(33.3%)
Married 17 (30.9%) 9(321%) 8(29.6%)
Living together 6 (10.9%) 2 (71%) 4 (14.8%)
Separated 3(5.5%) 3(10.7%) 0 (0.0%)
Divorced 4(7.3%) 1(3.6%) 3 (111%)
Widowed 4(7.3%) 1(3.6%) 3 (111%)
Civil partnership 0 (0.0%) 0 (0.0%) 0 (0.0%)
Family history of obesity 30 (54.5%) 15 (53.6%) 15 (55.6%)
Family history of diabetes 17 (30.9%) 7 (25.0%) 10 (37.0%)
Family history of cardiovascular disease 21(38.2%) 10 (35.7%) 11(40.7%)
Smoking
Yes, current 5(91%) 2(71%) 3 (11%)
Yes past 17 (30.9%) 6 (21.4%) 11(40.7%)
No, never 33 (60.0%) 20 (71.4%) 13 (48.2%)
AUDIT-C 2.55(0.20) 2.64(0.32) 2.44(0.24)
Weekly units of alcohol 3.30(0.63) 3.34(1.08) 3.26 (0.66)
Weight (kg) 89.41(1.74) 91.55 (2.65) 87.20 (2.22)
Height (m) 1.65 (0.01) 1.66 (0.01) 1.64(0.01)
Estimated basal metabolic rate (kcal) 1,673.64 (28.43) 1,703.61(44.66) 1,642.56 (34.63)
BMI (kgm™) 32.72(0.53) 3316 (0.73) 32.26 (0.77)
BMI
25-29.9kgm™ 18 (33%) 7 (25.0%) 1 (40.7%)
30-34.9kgm™ 21(38%) 12 (42.9%) 9(33.3%)
35-39.9kgm™ 16 (29%) 9(32.14%) 7(25.93%)
Waist circumference (cm) 97.25 (1.45) 99.68 (2.11) 94.72 (1.89)
Waist-to-height ratio 0.59 (0.01) 0.60 (0.01) 0.58 (0.01)
SBP (mmHg) 130.24 (1.84) 133.43 (2.68) 126.93 (2.39)
DBP (mmHg) 74.85 (1.26) 76.82 (1.76) 72.81(1.74)
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Table 1 (continued) | Baseline demographic and clinical characteristics overall and by randomization arm

N=55 Overall By randomization arm
MPF/UPF (28) UPF/MPF (27)

SBP>140mmHg or DBP>90mmHg 15 (27.3%) 8(28.6%) 7 (25.9%)

HbA1c (%) 5.51(0.06) 5.42(0.10) 5.61(0.07)

Fasting glucose (mmoll™) 4.80 (4.60-5.10) 4.85 (4.60-5.12) 4.80 (4.60-5.10)

Total cholesterol (mmol“") (N=53) 5.21(0.12) 518 (017) (N=27) 5.24 (0.16) (N=26)

Total cholesterol >5 mmoll™ (N=53) 33 (62%) 17 (63.0%) 16 (61.5%)

Participants self-reporting a condition 36 (65.5%) 21(75.0%) 15 (55.6%)

Participants self-reporting medication use 36 (65.5%) 22 (78.6%) 14 (51.9%)

Self-reported antihypertensive use 8 (14.5%) 6 (21.4%) 2 (7.4%)

Self-reported hypercholesterolemia medication use 3 (5.5%) 2(71%) 1(3.7%)

Total energy (kcalday™) 21225 (88.6) 2,010.4 (103.7) 2,238.8 (143.6)

MPF (percentage of kcalday™) 22.4(0.9) 21.0 (1.4) 23.8 (1.1)

PCl (percentage of kcalday™) 2.4(0.4) 1.9(0.5) 3.0(0.5)

PF (percentage of kcalday™) 76 (0.7) 7.9 (1) 71(0.8)

UPF (percentage of kcalday™) 67.4(1.1) 69.2 (1.5) 65.6 (1.5)

Fat (percentage of kcalday™) 37.0 (0.5) 36.0 (0.7) 38.1(0.8)

Saturated fat (percentage of kcalday™) 13.4(0.4) 12.8 (0.4) 14.0 (0.6)

Carbohydrate (percentage of kcalday™) 445 (0.7) 45.3 (1.0) 43.8(0.8)

Total sugar (percentage of kcalday™) 17.0(0.7) 16.7 (1) 17.2(0.8)

Total free sugar (percentage of kcalday™) 10.1(0.6) 10.1(0.9) 10.1(0.7)

Salt (gday™) 6.1(0.3) 5.8(0.3) 6.3(0.4)

Protein (percentage of kcalday™) 16.2 (0.4) 16.3 (0.5) 16.0 (0.5)

Fiber (gday™) 19.6 (1.0) 18.4(1.1) 20.9(1.7)

Alcohol (percentage of kcalday™) 2.2(0.5) 2.4(0.7) 21(0.7)

Red meat (gday™) 545 (5.2) 53.2(6.2) 55.8 (8.4)

Oily fish (gday™) 8.0 (1.9) 6.4 (2.8) 97(2.7)

Fruit and vegetables (portions day™) 3.3(0.2) 3.2(0.3) 3.3(0.3)

Average daily MVPA (min) (N=48) 47.2(37) 40.3 (5.0) (N=24) 54.2 (5.3) (N=24)

Data is presented as mean, count or median where appropriate with corresponding percentage, s.e. or interquartile range, respectively, in brackets. AHP, allied health professional; AUDIT-C,
alcohol use disorders identification test-consumption; PCI, processed culinary ingredient; PF, processed food.

Inthe ITT sample (V= 50), 32 and 35 participants provided com-
pleted food diaries for MPF and UPF diets, respectively. MPF adher-
ence was 84.5% and UPF adherence was 91.2%. Adherence was higher
in the first periods (MPF first, 91.8%; second, 78.5%; UPF first, 93.3%,
second, 87.4%).

Diet ratings are listed in Supplementary Tables 14 and 15 (by ran-
domization arm). There were no significant differences in ratings of
the diets overall, meals and snacks overall, textures, portion sizes,
hunger levels, contentment and sustainability. Flavors and tastes
(-1.08 (95% Cl, -1.99, -0.16); P=0.022) and delivery and prepara-
tion (-1.60 (95% Cl, -2.78, -0.42); P= 0.009) were rated significantly
lower on the MPF versus UPF diet.

Physical activity. There were no significant differencesin the change
in moderate-to-vigorous physical activity (MVPA) performed from
baseline to week 8 between diets (Supplementary Table 16).

Safety

Adverse events (AE) are listed in Table 3. AEs were common and mild on
both diets, with norelated serious AEs (SAEs). Gastrointestinal AEs were
most common. AEs did not differ significantly by diet (P = 0.088) or ran-
domizationarm (P=0.390). Notably, greater AEs were reported on the
UPF diet for constipation (MPF, 3; UPF, 11), dyspepsia/gastroesophageal

reflux (MPF, 29; UPF, 36), fatigue (MPF, 4; UPF, 16), sleep-related AEs
(MPF, 1; UPF, 7) and infections (MPF, 9; UPF, 17).

Exploratory outcomes
Changes in body composition corresponded to estimated daily
energy imbalances of —289.9 kcal day™ (95% Cl, -423.7,-156.1) and
-119.5 kcal day™ (95% Cl,-251.7,12.7) on MPF and UPF diets, respectively,
which was significantly lower on the MPF diet (-170.4 kcal day (s.e.,
57.9); P=0.005). Maintaining the 8-week weight loss trajectories over
1year would be estimated to result in ~9% and ~13% weight loss on the
MPF diet, and ~-5% and ~4% weight loss on the UPF diet, for female and
male participants, respectively. Habitual UPF intake and initial weight
were not significantly associated with %WC on either diet. Habitual
energy intake wasinversely associated with %WC on the MPF (P = 0.033)
but not UPF diet (P=0.090).

Changes in waist-to-height ratio at 8 weeks from baseline did not
differ significantly between diets (Supplementary Table 17).

Sensitivity analyses

In prespecified sensitivity analyses, results were consistent at 4 weeks
(Supplementary Table18), in repeated-measures analyses (Supplemen-
tary Table19),in PP analyses (Supplementary Tables 8 and 20-22) and
insensitivity analyses using inverse probability weighting and multiple
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freedom, 46.1), Cohen’sd,—0.48 (95% Cl,—0.91,-0.06); P= 0.024, not adjusted
for multiple comparisons. ¢, Difference in %$WC between MPF and UPF diets
from repeated-measures mixed-effects model estimated marginal means.

d, Unadjusted %WC on the minimally processed diet for each participant.

e, Unadjusted %WC on the UPF diet for each participant.

imputation (Supplementary Table 23).In post hoc sensitivity analyses,
results were consistent when analyzing primary outcome data only
where participants provided diet adherence data (Supplementary
Table 23), and when using first-period diet data only, except that BP
changes were significantly lower on the MPF versus UPF diet, and fast-
ing glucose change was no longer significantly differentbetween diets
(Supplementary Tables 6 and 8).

Discussion

Inthis study, both MPF and UPF diets following national healthy dietary
guidanceresultedin percentage weightloss after 8 weeks, with signifi-
cantly greater reductions on the MPF diet. Greater weight, BMI and fat
mass loss were also observed onthe MPF compared with the UPF diet,
aswell asgreater reductionsintriglycerides and cravings. Conversely,
LDL-Cwaslower onthe UPF diet. Overall, these results suggest favorable
changes in body composition and craving control from adhering to
national dietary guidance with a diet of MPF rather than UPF.

These findings build on two metabolic ward RCTs assessing the
healthimpacts of ad libitum UPF and MPF/non-UPF diets matched for
presented calories and nutrients, highlighting the importance of UPF
inadditionto traditional dietary guidance. Hall et al. observed weight
loss on a 2-week MPF diet (-0.9 kg) and weight gain on a 2-week UPF
diet (0.9 kg)*°, whereas Hamano et al. reported weight gain on both
7-day non-UPF and UPF diets, but with significantly greater weight gain
(1.1kg (95%Cl,0.2,2.0)) on the UPF diet”. In contrast with our hypoth-
esisgiven the body of observational evidence linking UPF with weight
gain®, the UPF diet following UK dietary guidance resulted in weight
loss. However, weight loss on the MPF diet was significantly greater
than on the UPF diet. Our study therefore confirms and builds upon
previous findings, showing significant differences in weight change
between matched UPF and MPF/non-UPF diets*?, within the context
of existing healthy dietary guidance.

Previous trials further considered changes inbody composition.
Hall etal. found that fat mass increased on the UPF diet, but decreased
on the MPF diet, differing significantly between diets®. Similar find-
ings were reported in Hamano et al.”, with additional findings of no
liver fat changes. Regarding fat-free mass, Hall et al. observed trends
for an increase on the UPF diet and decrease on the MPF diet, which
again showed differences®®, whereas Hamano et al. saw no significant
differences between diets?. Our study builds upon these findings by
considering body composition changes from UPF and MPF dietsin the
context of dietary guidance. We observed that the greater weight loss
on the MPF diet was through greater reductions in fat mass and total
body water mass, with no significant differencesin fat-free mass change
between diets. Despite the UPF diet leading to weight loss, there were
no significant reductions in adiposity (fat mass, body fat percentage
orvisceral fat rating), with the greater fat mass reductions on the MPF
diet being key in addressing obesity-related poor cardiometabolic
health?. However, no significant differences were observed for waist
circumference change between diets.

Clinically significant weight loss is related directly to favorable
changesin cardiometabolicrisk factors, including BP, blood glucose,
HbAlcandlipids®. However, the greater weight and fat mass reductions
on the MPF compared with the UPF diet did not translate into signifi-
cantimprovementsin cardiometabolic risk factors over the UPF diet,
except triglycerides. Indeed, the UPF diet led to reductions in several
cardiometabolic risk factors including HR, fasting glucose, choles-
terol and LDL-C. Whereas only the MPF diet resulted in significant BP
reduction, this did not differ significantly from the UPF diet. Similarly,
limited differences inbiomarkers were observed previously. Hall et al.
reported lower HDL-C on the MPF versus UPF diet, but no significant
differences in triglycerides, high-sensitivity CRP, HbAlc, glucose or
LDL-C between diets?®. Hamano et al. reported significantly greater
reductions in total cholesterol and HDL-C on the non-UPF versus UPF
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Table 2 | Changes in secondary outcomes from baseline to week 8 on each diet, and differences in changes in outcomes

from baseline to week 8 between diets

ITTN=50 MPF diet UPF diet MPF diet-UPF diet
Mean Lower Upper Mean Lower Upper Mean s.e. Lower Upper Pvalue
95% Cl 95% Cl 95% Cl 95% Cl 95% Cl 95% Cl

Weight (kg) -1.84 -2.68 -1.00 -0.88 -1.72 -0.05 -0.96 040 -176 -0.17 0.019
BMI (kgm™) -0.67 -0.98 -0.37 -0.33 -0.63 -0.03 -0.34 0.14 -0.63 -0.05 0.021
Waist circumference (cm) -170 -3.52 012 -0.18 -1.94 157 -1.51 1.03 -3.59 0.56 0.148
Fat mass (kg) -1.59 -2.32 -0.85 -0.61 -1.34 0.12 -0.98 0.32 -1.62 -0.33 0.004
Body fat percentage (%) -1.08 -1.66 -0.51 -0.32 -0.89 0.24 -0.76 028 -1.33 -019 0.010
Visceral fat rating -0.57 -0.81 -0.32 -0.16 -0.40 0.08 -0.41 015 -0.70 -0m 0.008
Fat-free mass (kg) -0.30 -0.78 0.19 -0.30 -0.77 0.18 0.00 0.28 -0.57 0.57 0.993
Muscle mass (kg) -0.29 -0.75 017 -0.28 -0.73 0.17 -0.01 0.27 -0.55 0.54 0.980
Bone mass (kg) -0.01 -0.03 0.02 -0.02 -0.04 0.01 0.01 0.02 -0.02 0.04 0.569
Total body water mass (kg) -0.65 -0.96 -0.33 -014 -0.45 017 -0.51 015 -0.81 -0.20 0.002
Total body water percentage (%) 0.21 -0.15 0.56 0.30 -0.05 0.65 -010 016 -0.42 0.23 0.563
SBP (mmHg) -5.75 -10.13 -1.36 -2.67 =701 1.67 -3.08 2.44 -7.99 1.84 0.214
DBP (mmHg) -3.52 -6.02 -1.02 -1.88 -4.35 0.60 -1.64 1.46 -4.59 1.31 0.268
HR (beats per minute) -3.57 -71.56 0.42 -4.35 -8.28 -0.42 0.78 2.36 -3.97 5.53 0.743
Bilirubin (umoll™) 0.15 -1.05 1.36 0.70 -0.47 1.87 -0.54 0.49 -1.53 0.45 0.274
Alkaline phosphatase (IUL™) 0.33 =317 3.83 -0.51 -3.78 277 0.83 208  -3.37 5.04 0.690
Alanine transaminase (IUL™) 1.99 -3.34 7.32 -0.52 -5.53 450 2.51 2.63 -2.83 7.84 0.347
Albumin (gl™) -0.18 -1.01 0.64 -0.09 -0.89 0.70 -0.09 0.48 -1.06 0.88 0.852
HbA1c (%) -0.08 -0.15 -0.01 -0.03 -0.09 0.04 -0.06 0.04 -0.14 0.02 0.165
Fasting glucose (mmoll™) -0.13 -0.27 0.00 -0.19 -0.32 -0.06 0.05 0.08 -0.10 0.21 0.488
Total cholesterol (mmoll™) -0.31 -0.51 -0.10 -0.44 -0.63 -0.24 013 0.12 -0M 0.37 0.283
Total-cholesterol-to-HDL ratio -0.04 -0.21 013 -0.13 -0.30 0.03 0.09 0.10 -0Mm 0.29 0.368
HDL-C (mmoll™) -0 -0.19 -0.03 -0.08 -0.16 -0.01 -0.03 0.05 -0.12 0.07 0.575
LDL-C (mmoll™) -0.13 -0.30 0.03 -0.38 -0.54 -0.22 0.25 0.10 0.05 0.45 0.016
Non-HDL-C (mmoll™) -0.22 -0.41 -0.03 -0.36 -0.54 -0.17 0.14 on -0.09 0.36 0.234
Triglycerides (mmoll™) -018 -0.32 -0.04 0.07 -0.06 0.20 -0.25 0.08 -0.42 -0.09 0.004
C-reactive protein (mgl™) -0.80 -1.90 0.31 -0.38 -1.44 0.69 -0.42 0.64 -172 0.88 0.519
PFS food available -0.41 -0.84 0.03 -0.12 -0.56 0.31 -0.28 018 -0.65 0.08 0.125
PFS food present -0.67 -115 -0.19 -0.38 -0.86 0.10 -0.29 0.18 -0.66 0.08 0.122
PFS food tasted -0.40 -0.79 -0.01 -0.21 -0.61 0.18 -0.19 0.17 -0.53 0.15 0.275
PFS total -0.50 -0.88 -0m -0.24 -0.63 0.15 -0.25 014 -0.55 0.04 0.089
CoEQ craving control 23.81 12.52 35.09 1213 0.76 23.49 11.68 474 2.07 21.28 0.019
CoEQ craving for sweet -9.67 -16.54 -2.81 -2.70 -9.61 421 -6.97 3.52 -14.10 0.16 0.055
CoEQ craving for savory -183.39  -21.57 =522 -2.94 -1116 5.28 -1046 412 -18.80 =212 0.015
CoEQ positive mood -1.23 -910 6.64 2.60 -5.33 10.52 -3.83 313 -10.18 2.52 0.229
CoEQ control over craved -28.44  -45.41 -11.47 -14.67 -31.76 2.4 -13.77 6.35 -26.66 -0.88 0.037

nominated food

Estimated marginal means and 95% Cls computed from mixed-effects models adjusted for randomization arm and nightshift status, with an interaction term for diet and randomization arm and

a random effect for participant.

diet, and significantly greater increases in liver function markers on
the UPF versus non-UPF diet, but no differences in other markers. For
our trialand the two previous trials, longer durations may be required
for sufficient weight loss differences to occur between diets for clini-
cally significant differencesin cardiometabolicrisk factors to emerge.

Several mechanisms are proposed for the contrasting weight
changes between UPF and MPF diets, including nutrient composition,
texture, energy density and eating rate®. In contrast to the two previ-
ous trials?®* and to typical nutrient-poor UPF diets”, the UPF diet in

this study followed national healthy dietary guidance. This included
nutritionally improved, reformulated UPF such as breakfast cereals,
ready meals and plant-based alternatives. These typically have nutri-
tion or health claims and green and amber front-of-package label
traffic lights (which guide consumer choice at point-of-purchase,
with red traffic lights for products high in fat, saturated fat, sugar
and/or salt)”. Such foods are nutritionally comparable to MPF in the
UK” and recommended in current UK dietary guidelines'. Thus, the
presented UPF diet contained recommended intakes of nutrients, fiber
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baseline on MPF and UPF diets. Estimated marginal means and s.e. computed
from mixed-effects models adjusted for randomization arm and nightshift

Time since meal (min)

. .
15 30 15
Time since meal (min)

30

How pleasant would it be
to eat right now?

— MPF diet
— UPF diet

|
o
o

Difference between
8 weeks and baseline
o

!
15 30

Time since meal (min)

status, with aninteraction term for diet and randomization arm, interaction term

for diet and time at visit (0, 15,30 min) and arandom effect for participant; ITT
N=50.Minute O, fasted; minutes 15 and 30, fed.

and fruit and vegetables'. Participants’ habitual diets were typically
misaligned with EWG recommendations and were above average for
UPF consumptionin the UK. Therefore, the improvementin diet qual-
ity towards EWG recommendations on the provided UPF diet without
necessarily increasing UPF intake from participants” habitual diets
likely explained the neutral or favorable changes and the absence of
detrimental changes on the UPF diet. However, despite this, the UPF
dietdid not resultin the same extent of weight loss as the MPF diet, nor
diditresultinsignificant fatloss. Reported energy intakes werein line
with the primary outcome findings, with adeficit on both diets, but to
agreater extent on the MPF diet. Removing UPF provided additional
benefit beyond existing dietary recommendations, suggesting other
potential mechanisms of UPF besides nutritional quality.

One potential mechanismis energy density. The UPF diet in this
trial was more energy dense than the MPF diet. This is representative
of nutritionally improved ‘healthy’ UPF in the UK, which have a higher
energy density than comparable ‘healthy’ MPFZ. In previous RCTs,
nonbeverage energy density of the UPF diet was also higher, with a
faster eating rate (both energy and weight)** and fewer chews per
bite on the UPF diet”, which can promote greater energy intake?.
Hyperpalatability and taste may also promote increased UPF con-
sumption®. Both previous trials reported similar appetite ratings
between diets®°. Similarly, we found comparable ratings between
diets. However, flavor and taste ratings were significantly lower on
the MPF diet. This may have impacted on eating behavior and led
to lower consumption on the MPF diet or greater consumption on
the UPF diet, as evidenced with withdrawals on the MPF diet but no
withdrawals onthe UPF diet. There were also improvements in crav-
ing control on the MPF versus UPF diet despite greater weight loss,
as well as significant reductions in hedonic appetite on the MPF but
not UPF diet, although differences were not significant. There were
also trends favoring improved subjective appetite in the immedi-
ate postprandial state on the MPF diet. Combined, these findings

may promote appropriate meal termination on the MPF versus UPF
diet, reflected in the greater weight loss, and further supporting
long-term weight loss maintenance®®. Marketing and advertising
heavily influence eating behavior®, particularly UPF*°. Previous trials
were conducted in metabolic wards, providing UPF without packag-
ing. In this study, UPF were delivered in their branded packaging as
experienced in the real world. Although no products on the UPF diet
included ‘reduced calorie’ labeling, many carried nutrition or health
claims. This may have influenced eating behavior and perceptions of
appropriate portion sizing®, eating the suggested UPF portion sizes
compared with eating ad libitum on the MPF diet.

Although nosignificant differencesin AEswere observed between
diets, ahigherincidence of fatigue and common gastrointestinal issues
including constipation and dyspepsia/reflux were observed on the UPF
diet. Growing evidence links UPF intake with gastrointestinal pathol-
ogy, including inflammatory bowel disease, colorectal cancer and
disorders of gut-brain interaction®. This study provides preliminary
experimental insights into potential gut disruption from UPF that
requires further investigation.

Anorder effect was observed, with less weight loss on the second-
period diets across both randomization arms. Hall et al. observed no
significant order effects between diets on energy intake, bodyweight or
body composition, despite no washout period®. Adherence was likely
a factor explaining the lower %WC during second-period diets here,
withanotable dropinadherence on the second-period MPF diet and,
to alesser extent, the second-period UPF diet. Furthermore, simulta-
neously and instantaneously switching onto a healthy diet devoid of
ultraprocessing may have had an additive effect on ¥WC compared with
amore modest effect from switching onto a healthy diet that remained
highin UPF. The subsequent transition onto the healthy diet devoid of
ultraprocessing may have had attenuated effects on %¥WC. Results were
consistent when analyzing data from the first-period diets only, with
significant differences 0f 1.86% in %WC between diets.
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Table 3 | AEs by diet and randomization arm

ITTN=50 Frequency by diet Frequency by randomization arm Preintervention/
MPF UPF Pvalue MPF/UPF  UPF/MPF  Pvalue washout

Participants reporting no AE 14 n 2 1 38

Gastrointestinal® 0.229 0.142

Vomiting/nausea 2 2 0 4

Constipation 8 n 7 7 1

Diarrhea (Loose stools, Frequent stools) 9 7 4 12

Dyspepsia/gastroesophageal reflux® 29 36 29 36

Gastritis 0] (0] 0 1

Abdominal pain 1 1 0

General 0.385 0.465

Fatigue (brain fog, tiredness) 4 16 8 12 1

Sleep related (sleepiness, poor sleep) 1 7 3 5

Headache (including migraine) 2 2 2 2

Dizziness (faint spells, light-headedness, vertigo) 3 4 4 3 1

Forgetfulness 1 0 0 1

Mood change/low mood 4 3 6 1

Acne 2 4 2 4

Musculoskeletal® 5 7 5 7 1

Dental® 1 3 3 1 1

Cardio-renal-metabolic 1.000 1.000

Elevated alanine transaminase 1 0 0 1

Mild hepatic steatosis/fatty liver 1 0 1 0

Kidney stone 1 0 1 0

Hematuria 1 (0] 1 0

Infection 0.739 0.686

COVID-19/viral infection/cold/gastroenteritis 15 7 16 6

Cellulitis 0 1 1 0

Scalp inflammation (history of alopecia) 1 0 1

Other infection 0 1 0 1

Other 0.236 0.746

Nocturia (0] 2 1 1

Hot flushes 1 (0] 0] 1

Premenstrual syndrome/premenstrual dysphoric disorder 1 0 0 1

Body odor change 0 1 1 0

Cough 0 0 0 0 1

Hand burn 0 1 0 1 1

Spider bite 1 0 0 1

Shingles 0 0 0 0 1

Puffy face 0 2 2 0

Panic attack 0 1 0 1

Hospitalization (unknown reason), unrelated SAE 1 0 0 1

Totals 0.088 0.390

Gastrointestinal 44 56 1 59 2

General 23 46 33 36 4

Cardio-renal-metabolic 4 0 3 1 0

Infection 9 17 8 18 6

Other 4 7 4 7 3

Total count 84 126 89 121 15

Statistical comparisons using Fisher’s exact test. Gastrointestinal adverse events: two vomiting/nausea, one diarrhea, one dyspepsia/gastresophageal reflux on the MPF diet and one vomiting/
nausea, one diarrhea on the UPF diet were not related to the intervention. "Dyspepsia/gastroesophageal reflux includes heartburn/acid reflux, stomach discomfort, flatulence, bloating,
belching, dry heaving and indigestion. °Musculoskeletal AEs include muscle cramp, muscle weakness, joint pain, back pain, plantar fasciitis and Achilles tendonitis. “Dental AEs include dental
pain, dental implant infection, gingivitis, caries and cracked tooth. Gastrointestinal adverse events: two vomiting/nausea, one diarrhea, one dyspepsia/gastresophageal reflux on the MPF diet
and one vomiting/nausea, one diarrhea on the UPF diet were not related to the intervention. Statistical comparisons using Fisher’s exact test.
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These findings highlight the benefit of following UK dietary rec-
ommendations. Maintaining the 8-week weight loss trajectories over
1year may result in an estimated 9-13% and 4-5% weight loss on MPF
and UPF diets, respectively**. However, this trial also demonstrates the
differential impact of UPF and MPF on weight and body composition
while following national dietary guidance, and the obesity-related
healthimplications of the foods constituting most of the energy intake
inthe UK population®.

These findings on the relative importance of food processing
should complement and expand, not displace, current understand-
ing of diet-related health. A House of Lords committee report high-
lighted the need for a healthier UK food environment®. The wider
food system is key in driving diet-related poor health and obesity by
enabling ready availability to cheap, unhealthy food*®. Little success”
hasbeen achieved inaddressing obesity since 1992, despite 14 govern-
ment obesity strategies in England”. Many obesity policies focus on
person-level actions, rather than system-level changes. The concept
of Nova and ultraprocessing shifts the focus onto the environmental
drivers of obesity and the influence of transnational food companies
inshaping unhealthy food environments®**¢, Reductionist approaches
focusing solely on nutrient reformulation or individual-level action
insufficiently address environmental factors. Stakeholders across
disciplines and organizations must align and focus on wider actions
to improve the food environment (for example, taxes and subsidies),
to enable affordable, available and desirable healthy diets for all®*°,

Strengths of UPDATE include the 8-week duration of each interven-
tion. Diets were matched for UK national dietary guidance, ensuring
results are directly relevant for UK public health food policy. Given
the similarities between UK and most dietary guidelines worldwide
that do not consider UPF, these findings are likely to be relevant to
many countries. The crossover design removed between-participant
confounding, and the free-living, community-based setting provides
real-world evidence directly applicable to the public. Participants were
blind to the primary outcome and not told to change their weight or
dietaryintake. Providing all food and drink ready prepared without cost
to participants’ homes helped maximize adherence, ensure internal
validity and minimize dropout®*°. UPF was sourced from leading UK
supermarkets and were not culinary preparations, providing a diet
representative of UPF available in the UK. Participants” habitual dietary
intakes were broadly similar to UK averages*, aiding generalizability to
the UK population. The trial was funded by amedical charity and non-
governmental organization, withoutindustry or commercial influence.

Limitations include that a potential carryover effect cannot be
ruled out. However, the washout period helped minimize this. Peo-
ple with dietary restrictions (for example, vegan, halal, kosher) were
excluded due to financial and logistical constraints, limiting generaliz-
ability. However, participants with minor dietary restrictions/intoler-
ances were eligible if such foods were not on menus. The results also
may not generalize to people with low UPF intake, and do not imply
that switching from a low- to high-UPF diet following dietary guid-
ance carries neutral or favorable effects. The lack of inpatient settings
limits monitoring of adherence. Not all participants returned their
food diaries to monitor adherence. However, reported adherence was
high, with previous studies indicating high adherence whenallfood is
provided and delivered to participants’homes®. Moreover, results were
unchanged when considering only the sample returning food diaries.
Itwas not possible to directly assess energy balance measures such as
energy intake or mechanisms such as eatingrate due to the free-living
design. To minimize participant burden, nutrient biomarkers and
stable isotope analyses were not used for diet assessment; however,
there are currently no validated biomarkers of UPF intake. Detailed
body composition analyses such as dual X-ray absorptiometry were
alsonot conducted. Finally, there was no processed food diet, though
the smaller number and range of processed foods limits the ability to
create a healthy, balanced processed food diet®.

In conclusion, ad libitum 8-week MPF and UPF diets meeting UK
dietary guidanceresulted in weight loss, but with significantly greater
reductions in weight on the MPF than on the UPF diet. These findings
highlight theimportance of food processingin public health policy and
dietary guidance in addition to existing recommendations.

Online content
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Methods

Thetrial protocol has been published previously®’. Standard Protocol
Items: Recommendations for Interventional Trials (SPIRIT) guidelines*
were used to design the protocol, and reporting was according to the
Consolidated Standards of Reporting Trials (CONSORT)*.

Participants and setting

Fifty-five adults were recruited from South East England and
London. Writteninformed consent was obtained before any screening
or research-associated measurement. The last participant last visit
was 13 October 2024.

Eligibility criteria

Inclusion criteria included any staff at University College London
Hospital (UCLH), age >18 years, BMI between >25 kg m2and <40 kg m™
(living with overweight or obesity), >50% kcal day™ of habitual dietary
intake consisting of UPF, weight stable (<5% variation in weight in the
last 3 months), medically safe to participate in a dietary interven-
tion, able to read and write in English, willing and able to give written
informed consent, able to comply with the study protocol and attend
relevant inperson and online sessions and use of contraception until
theend of theintervention period where necessary. Exclusion criteria
included contraindication for a dietary intervention, participation
in another clinical intervention trial, BMI > 40 kg m~ or basal meta-
bolic rate >2,300 kcal day™ (to ensure intervention diets are at least
300 kcal day™ greater than maintenance energy needs, based on excess
energy intakesreportedinref.20), diagnosis of type 2 diabetes or use of
insulin, eating disorder, celiac disease or inflammatory bowel disease,
any dietaryrestrictions (for example, vegan, vegetarian, Halal or kosher
requirements, diagnosed food allergy or other allergy) that limit the
ability to adhere to the dietary intervention, recent commencement
of medications that cause weight gain or weight loss, a history of drug
or alcohol abuse, pregnancy, breast-feeding or intention to become
pregnant and any other factor making the participant unsuitable in
the view of investigator.

Changes to protocol

0On 16 June 2023, the UPF intake inclusion criterion was lowered from
>60% to >50% to better reflect average UPF intake of prospective par-
ticipants in South East England and London®. Participants were also
asked to provide ratings of both diets after completion of the RCT
(detailed below).

Randomization

Participants were block randomized by the research team using Sealed
Envelope (https://www.sealedenvelope.com)to either (1) the MPF diet
then UPF diet (n =28), or (2) the UPF diet then MPF diet (n = 27). Sealed
Envelope generated the random allocation sequence. Randomization
was stratified by nightshift status, sex and ethnicity. Researchers were
not blind to assignment and enrolled participants. An independent
statistician verified the primary outcome analysis while remaining
blind to allocation assignment. Participants were not informed of the
processing groups of the diets. All participant communications omit-
ted the terms MPF or UPF, with diets being referred to as Diet A or Diet B.

Intervention

Participants were provided with an 8-week MPF diet and an 8-week UPF
diet, both following EWG recommendations, inarandom order, witha
4-week washout period. Participants were given all meals, snacks and
drinks for both diets, which were delivered to participants’ homes
twice per week. The Nova classification was used to classify food and
drink into UPF and MPF°. The research team agreed on UPF items
based on identifying ingredients of industrial use in product ingredi-
ent lists explicitly defining a product as UPF in published definitions
(for example, cosmetic additives)’. Meals and snacks on the MPF diet

were culinary preparations of individual ingredients (for example, raw
meat, vegetables, oats, butter) ensuring correct Nova classificationand
no ambiguous decision on mixed dishes/shop-bought items.

Diets were matched for, and followed, government recommended
nutrient intakes in the EWG™"¢, which focuses on specific macronu-
trients and food types. Guidance includes choosing foods lower in
saturated fat, added sugar and salt, consuming five daily portions
of fruit and vegetables, basing meals on starchy carbohydrates and
eating a variety of foods in the right proportions' (Supplementary
Table 24). To ensure ad libitum energy intake, diets were scaled
up to approximately 4,000 kcal day™. Menus were designed to be
representative of UK diets by identifying the most commonly con-
sumed food groups from the UK National Diet and Nutrition Survey*.
Practical and logistical aspectsincluding price, best-before dates, stor-
age and preparation requirements, and accessibility were factored
into the design**. Meals and snacks were matched across diets where
possible, with a 7-day rotating menu to prevent participant boredom
and sensory-specificsatiety*. A patient and public involvement focus
group provided feedback on the menu before the study. Menu guides
were provided with instructions and pictures to prepare each meal.
Supplementary Tables 24-26 report the average nutrient composi-
tions of the provided diets, the menus and the images of meals and
snacks on the menus, respectively.

As in previous ad libitum feeding trials investigating weight
change*®, participants were asked to consume as much or as little of the
provided diets as desired. Participants were told to consume only the
food and drink provided and to not consume any other food or drink,
except water, during each 8-week diet. Tea and coffee were provided.
Minor modifications to the intervention that did not alter the overall
design were acceptable for enabling adherence (for example partici-
pants were allowed to add additional herbs and spices to meals but were
notallowed to use any calorie- or salt-containing condiments). Alcohol
was allowed but not provided. Participants were told to keep alcohol
consumption within government guidelines (<14 weekly units)*. Par-
ticipants were educated on the EWG, but no further lifestyle guidance
was provided (thatis, noadvice on physical activity, smoking or sleep).
Participants were supported during each diet through weekly calls with
the research team to discuss any issues and to promote adherence.
Participantsreturned to their habitual diet during the 4-week washout
period to minimize carryover effects. No food was provided during the
2-week baseline periods.

Procedures

Figurelaoutlines the study design and measurement timepoints. Age,
sex, ethnicity, occupation, nightshift work pattern, educational level,
marital status, medical history, medication intake, alcohol consump-
tion, smoking habits and family history of obesity, cardiovascular
disease and diabetes were self-reported at screening.

The baseline period lasted 2 weeks to allow time to collect all
datato checkeligibility, including regarding habitual UPF intake with
two additional nonconsecutive recalls after screening, followed by
randomization and booking in the baseline visit, and then sufficient
notice and timeto set participants up with their first food delivery. For
consistency, a 2-week assessment window was used for the baseline
visit of the second diet.

Weight was measured using an electronicscale tothe nearest 0.1kg
(Tanita DC-430MAS; Tanita). Body composition, including fat mass,
body fat percentage, visceral fat rating, fat-free mass, muscle mass,
bone mass, total body water mass and total body water percentage were
assessed using bioelectricalimpedance analysis (BIA) (Tanita) ateach
visit. BIA at baseline and week 8 was conducted following an overnight
fast with no alcoholintake or strenuous activity in the preceding 24 h.
Assessments at week 4 were not fasted. Participants were provided
with standardized wordingin the week before their baseline and week 8
visits to maintain a consistent hydration status: “Please make sure that
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for the visit, you eat your usual diet for the 24 h before the visit day and
toavoid alcohol and strenuous exercise. Please fast from20:00 pmon
the night before the study visit, and drink only water. Please do try to
drink some water before the visit as this helps with the cannulation.”
Upon arrival, participants were asked to confirm that they had fasted
and given the opportunity to drink water to thirst before measure-
ments to ensure consistency. Basal metabolic rate was estimated by
the Tanita BIA scanner based on fat-free mass and participant age.
Height was assessed using a stadiometer to the nearest 0.5 cm. Waist
circumference was measured in centimeters using an inelastic tape
measure at the iliac crest**. BMI was derived from weight and height
(in kg m™), and waist-to-height ratio from WC and height. Estimated
daily energy imbalance was assessed using the energy densities of fat
mass and fat-free mass of 9,300 kcal kg™ and 1,100 kcal kg™, respec-
tively*. The mean daily energy imbalance (kcal day™) for each partici-
pant for each diet was calculated as (9,300 x change in fat mass (kg)
from baseline to week 8 + 1,100 x change in fat-free mass (kg) from
baseline to week 8)/exact number of days from the start of the diet to
the week 8 BIA assessment date. BP was recorded intriplicate, seated,
alongside HRwith an automated sphygmomanometer and oximeter. BP
wasrecorded as the average of the second and third recordings. Venous
blood samples were collected after an overnight fast and included
glucose, HbAlc, liver function tests (bilirubin, alkaline phosphatase,
alanine transaminase and albumin), lipids (total cholesterol, HDL-C,
LDL-C, total-cholesterol-to-HDL ratio, non-HDL-C and triglycerides)
and CRP.

CoEQ s a 21-item validated measure of the severity and type of
food cravings that a person experiences, as well as of their inhibitory
control of eating and subjective sensation of appetite and mood™.
The CoEQ contains four domains: overall craving control, craving
for sweet, craving for savory and positive mood and one question
on perceived control over resisting a self-nominated craved food.
PFSis a15-item validated measure of hedonic appetite, food reward
sensitivity and the psychological impact of living in food-abundant
environments®. PFS assesses the appetite for and motivation to con-
sume palatable foods at three levels: food available (but not physically
present), food present (but not tasted) and food tasted (but not yet
consumed)*?. An overall PFS score is then computed from the mean
of the three subscores. PFS and CoEQ were collected at baseline and
at4-and 8-week visits.

A30-minmealtest was used to assess acute changes insubjective
appetite levels in the fasted and fed state at baseline and at 8 weeks.
Afive-itemsubjective appetite VAS was completed following an over-
night fast. The questions capture aspects of hunger and the desire to
eat: “How hungry do you feel right now?,” “How sick do you feel right
now?,” “How much do you think you could eat right now?,” “How full do
you feel right now?” and “How pleasant would it be to eat right now?,” on
aten-point100-mmscale, with words anchored at either end marking
the extremes (“Not at all” and “Extremely”)>. A liquid meal (187.5 ml
Abbott Ensure (450 kcal, 17.5 g fat, 54.0 g carbohydrate, 19.1 g protein)
was then consumed, and the subjective appetite VAS assessments were
repeated at15and 30 min after starting the liquid meal.

Baseline habitual dietary intake was assessed using Intake24
(ref. 54)—avalidated, online, self-reported 24-h recall system, based
on a multiple-pass recall suitable for the general population (https://
intake24.co.uk)>>*°. Two nonconsecutive 24-h recalls were completed at
screening, baseline and at week 4 and week 8 on each diet. Food diaries
were provided to record adherence to the diets and report any foods
consumed off diet. Nonadherence was prespecified as consuming more
than one meal per week offthe provided intervention diet. Participants
were encouraged toreport any deviations from the provided dietsand
to be as honest as possible, with no repercussions. All completed and
returned food diaries were analyzed. Theresearch team provided sev-
eral options and opportunities for participants to return food diaries
to maximize collection, including drop off at follow-up visits or at the

research center at participants’ convenience during the trial. For any
unreturned food diaries, participants were followed up several times
to drop off food diaries at the research center at their convenience,
post them at no cost or to email their food diary.

MVPA was measured objectively using wGT3X-BT (ActiGraph)—
an accelerometer-based activity monitor providing information on
body movement using a motion sensor. The device is a reliable tool
and has been used widely in clinical research given its practicality,
noninvasiveness, and accuracy in measuring physical activity levels
infree-living adults”. Participants were instructed to wear the device
on their dominant hip continuously for 7 days, to be removed only
for water-based activities. Average daily MVPA is a validated meas-
ure obtained from hip-worn accelerometers*®. For data to be valid,
participants must wear the device for at least 4 days with at least
10 h of daily wear time. Wear time was validated in ActiGraph ActiLife
software (v.6.13.6), based on the criteriain ref. 59. Thereafter, the cut
points proposed by Freedson et al.** were applied to each participant’s
counts per minute data to derive the length of time spent in seden-
tary, light, moderate, vigorous and very vigorous physical activity to
calculate average daily MVPA.

Following completion of the RCT, participants were asked to rate
bothdietsonascale of 0-10, with O indicating a negative, poor or bland
experience, or the leastintensity of the attribute being evaluated, and
10indicating a positive, excellent or flavorful experience, or the great-
estintensity of the attribute being evaluated. Ratings were of the overall
experience, of meals and snacks, of flavors and taste, of textures, of
portionsizes, of delivery and required preparation, of hunger level, of
happiness/contentment and of diet sustainability. Further details on
theratings are provided in Supplementary Table 27.

Safety and AE monitoring

AEswererecorded by the clinical research team at baseline, at 4-week
and 8-week study visits and from weekly phone calls. The assessment
oftherelationship of an AE with theinterventionwas carried out by the
clinical research team. AEs were considered related if the causal rela-
tionship between theintervention and an AE was at least areasonable
possibility, that is, the relationship could not be ruled out. Reporting
of AEs and serious AEs was conducted according to the Sponsor’s
standard operating procedures, and updates on AEs were reported to
the Trial Steering Committee and Trial Management Group. All SAEs
were reported to the Sponsor within24 hofthe clinical research team
becoming aware. A Data and Safety Monitoring Committee was not
set up as no SAEs or notable risks were expected from participation.
Incidental findings were reported to participants and their general
practitioner as per written informed consent.

Outcomes

The primary outcome was the within-participant difference in ¥WC
between MPF and UPF diets at 8 weeks frombaseline. ¥WCis currently
used clinically in weight management clinics and across allNHS weight
management programs.

Prespecified secondary outcomes include changes in weight,
waist circumference, BMI, body fat percentage, fat mass, fat-free mass,
visceral fat rating, muscle mass, bone mass, total body water mass, total
body water percentage, HR, SBP, DBP, blood markers (HbAlc, glucose,
liver functiontests, lipids and CRP), PFS (food available, food present,
food tasted and total score), COEQ (overall craving control, craving
for sweet, craving for savory, positive mood, perceived control over
resisting a self-nominated craved food), fasted and fed changes in the
five-item subjective appetite VAS, dietary intake and average daily
MVPA. Secondary outcomes of brain magnetic resonance imaging
functional resting-state connectivity, physical function, sleep qual-
ity, mental health, quality of life and metabolomics, and results from
the follow-up 6-month behavioral support program* will be reported
separately.
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Nonprespecified outcomes included AEs, changes in waist-to-
height ratio, estimated daily energy imbalance and differences in post
hocratings of each diet.

Power calculation and sample size

The sample size is based on estimated within-participant variation?.
The expected weight loss trajectory over 8 weeks was modeled using
the National Institutes of Health bodyweight planner® (https:/www.
niddk.nih.gov/bwp) and based on data from Hall et al. showing 0.9 kg
weight loss following a 2-week MPF diet®, with a s.d. of the mean dif-
ference in weight change between MPF and UPF diets 0f1.98 kg (mean,
1.85kg). Intotal, 44 participants were required to detect a mean differ-
ence of 2.7% WCbetween groups, assuming weight loss on the MPF diet
and no WC on the UPF diet, with a s.d. of the mean difference of 5.4%
(power, 0.9; alpha, 0.05; two-sided paired t-test, SPSS v.27.0). The final
sample size was 55, factoring for a20% dropout rate.

Normally distributed variables were reported using means and
s.e., and non-normally distributed variables reported using medians
and interquartile ranges. Categorical variables were described using
frequencies and percentages, and analyzed using x> tests or Fisher’s
exacttests where appropriate. Values are presented by randomization
group and analyzed as randomized.

The primary outcome analysis was prespecified asanITT analysis,
with all available databeing analyzed as randomized. Any participants
were included regardless of dropout status if follow-up data on the
primary outcome was observed. To use all available data, any partici-
pants withdrawing from the trial were included in the ITT analysis if
they provided follow-up primary outcome data for at least one of the
diet interventions (that is, the minimum data required to contrib-
ute to the primary analysis). This includes participants who dropped
out after completing the first-period 8-week assessment (use of the
first-period data only), or participants who dropped out in the first
or second period before the 8-week assessment and agreed to attend
8-week follow-up assessments for measurement of weight (use of the
first-and second-period data).

The ITT analysis included participants with baseline and week 8
primary outcome values for at least one diet. The PP analysisincluded
participants with baseline and week 8 values for both diets, and no
withdrawal.

Statistical analysis

Primary analysis. Mixed-effects models were used in an ITT analysis
to assess the difference in %¥WC at 8 weeks and secondary outcomes,
with a random effect for participants, and adjusting for randomiza-
tion arm (including interaction with diet) and nightshift status. The
primary outcome effect size with 95% Cls was then computed from the
mixed-effects model using Cohen’s d*°.

Initially, aninteraction termwasincludedin the primary outcome
analysis mixed-effects model between the treatment (UPF or MPF
diet) and the randomization arm (MPF/UPF or UPF/MPF) to assess any
potential treatment-by-period or carryover effect. This interaction
was significant (P < 0.001) and included in the mixed-effects models
to account for the diet order/sequence.

The criteriaused for selecting potential adjustment covariates for
the mixed-effects model were prespecified in the protocol. These were
defined asthe randomization stratification variables (sex, ethnicity and
nightshift status selected a priori based on the literature® %), as well
as any baseline participant variables that were not balanced between
randomization arms.

Each potential participant baseline adjustment confounder identi-
fied fromthe prespecified criteriawas added to the base mixed-effects
model (the effect of diet adjusted for randomization arm, with an
interaction term for diet and randomization arm and a random effect
for participant). The significance of each confounder and the impact
on the ITT primary outcome analysis effect estimate was assessed to

determineinclusion in the final model (see Supplementary Table 23 for
the model adjustment results). In this respect, sex, ethnicity and esti-
mated baseline BMR were each individually not significant predictors
of ¥WCinthe mixed-effects model and did not alter the effect estimate
of the ITT primary outcome analysis (see Supplementary Table 23 for
the model adjustment results). These potential confounders were
therefore not included in the final model. In contrast, nightshift sta-
tus, when added individually, to the based mixed-effects model was a
significant predictor of ¥WC.

Mixed-effects model assumptions including normality of residuals
and homoscedasticity were checked visually and verified.

Sensitivity analyses. Unadjusted analyses of primary and secondary
outcomes at 8 weeks were compared with baseline, and differencesin
changes from baseline to 8 weeks between diets were assessed using
paired t-tests. Analyses were repeated for changesin outcomes at week 4
from baseline between diets, for changes at week 4 and week 8 from
baseline between diets using repeated-measures mixed-effects mod-
els, for the PP sample, and for results using data from the first period
of each randomization arm only. Carryover effects were not assessed
asitis not possible toidentify acarryover effect or adjust foritina2 x 2
crossover design®. No interim analysis was planned or conducted.

Theimpact of missing data on the primary outcome analysis was
assessed using multipleimputation with chained equations under the
assumption of data missing at random. Missing data for the primary
outcome were firstimputed using model variables (diet, randomization
arm, nightshift status and available data for ¥WC), and then imputed
using model variables and auxiliary baseline variables (diet, randomiza-
tion arm, nightshift status, available datafor %WC, ethnicity, sex, occu-
pation, education, family history of obesity, baseline estimated BMR,
baseline energy intake and baseline weight). The impact of missing
dataonthe primary outcome analysis was also assessed using inverse
probability weighting. Propensity scores for receiving the treatment
(MPF diet or UPF diet) were first calculated using the randomization
stratification variables: sex, ethnicity and nightshift status, and base-
line estimated BMR, and then calculated using randomization stratifi-
cationvariables and auxiliary baseline variables (randomizationarm,
nightshift status, available data for %WC, ethnicity, sex, occupation,
education, family history of obesity, baseline estimated BMR, baseline
energy intake and baseline weight). Stabilized weights were then used
to reweight the remaining sample.

Analyses were conducted in R v.2024.04.1+748. Data were presented
in tabular form using Microsoft Excel v.16.91 (24111020), figures were
created using Prism 10 v.10.2.3. Statistical significance was set at P< 0.05.
As secondary outcomes in this study are exploratory in nature, signifi-
cance values were not adjusted for multiple comparisons. Any apparent
significance of these results should be confirmed in future research.

Ethics

The Yorkshire and The Humber-Sheffield Research Ethics Committee
approved the trialon22 December 2022 (22/YH/0281). The study was
registered prospectively on ClinicalTrials.gov (NCT05627570). All
participants provided writteninformed consent before any screening
orresearch-associated measurement.

Patient and public involvement

NHS staff at UCLH provided input to the trial design following afocus
group session. Obesity Empowerment Network UK members with
lived experience of obesity also contributed to the study design. One
member of the trial steering committee was alay person. Participants
could consent to alay summary of the trial results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

UCListhe data controller for the datainthis study. Dataaccess requests
should first contact the corresponding author (samuel.dicken.20@
ucl.ac.uk) to discuss data of interest and to obtain approval. Data for
all outcomes in this paper can be requested. Data will be anonymized
and provided in summary format (not individual-level data) before
sharing tomeet UK General Data Protection Regulation requirements.
Thetimeline betweenrequesting dataand approval of datarequestsis
3 months. Data will be provided within 3 months of approval.

Code availability
Codefortheanalysisis publicly available and available without restric-
tion via GitHub at https://github.com/Samuel]Dicken/UPDATE.
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