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Introduction

There is growing evidence for the impact of our food choices 
on health and the environment [1, 2]. Western diets, high in 
animal-based foods, are recognized as a leading risk factor 
of non-communicable diseases and premature mortality [2–
5]. Many studies have demonstrated associations between a 
high consumption of red and processed meat and increased 
incidences of cardiovascular disease, type 2 diabetes, and 
certain types of cancer, as well as mortality rates [6–10]. 
Besides, current food production and consumption patterns 
are estimated to contribute to 20–30% of total greenhouse 
gas emissions (GHGE) and are a major cause of biodiver-
sity loss, deforestation, and water extraction and pollution 
[11–14]. Particularly diets high in animal-based foods play 
a substantial role herein [15, 16]. Meat and dairy production 
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Abstract
Purpose  Investigate the associations of ultra-processed foods (UPF) in healthful (hPDI) and unhealthful (uPDI) plant-based 
diets with all-cause mortality, greenhouse gas emissions (GHGE), and blue water consumption (BWC).
Methods  Analyses were based on 35,030 participants (20–70 years; 74% females) from the EPIC-NL cohort who were fol-
lowed up from 1993 to 1997 through 2014. Plant-based diet indices (hPDI and uPDI) and UPF consumption were calculated 
from a validated FFQ, assessed at baseline. Cox proportional hazard and multiple linear regression models were used to 
estimate associations between combined quartiles of the PDI indices and UPF consumption.
Results  With lower hPDI and higher UPF diets as the reference, we observed the following. Risk estimates of all-cause 
mortality were 0.98 (95% CI: 0.83, 1.16) for lower UPF consumption, 0.86 (95% CI: 0.68, 1.08) for higher hPDI, and 0.78 
(95% CI: 0.66, 0.89) for combined higher hPDI and lower UPF consumption. Results with the uPDI were inconclusive. 
Mean differences in GHGE and BWC were 1.4% (95% CI: 0.3, 2.4) and 1.6% (95% CI: -0.5, 3.7) for lower UPF consump-
tion, -7.4% (95% CI: -8.6, -6.4) and 9.6% (95% CI: 7.2, 12.0) for higher hPDI, and − 6.8% (95% CI: -7.4, -6.1) and 13.1% 
(95% CI: 11.6, 14.8) for combined higher hPDI and lower UPF consumption. No apparent conflict between environmental 
impacts was observed for the uPDI; GHGE and BWC were lower for higher uPDI scores.
Conclusion  Mortality risk and environmental impacts were mostly associated with the amount of plant-based foods and to 
a lesser extent UPF in the diet. Shifting to a more healthful plant-based diet could improve human health and reduce most 
aspects of environmental impact (GHGE, but not BWC) irrespective of UPF consumption.

Keywords  Plant-based diet · Ultra-processed foods · NOVA classification · All-cause mortality · Environmental 
impact · Cohort study

Received: 14 August 2023 / Accepted: 31 July 2024
© The Author(s) 2024

The role of ultra-processed foods in plant-based diets: associations 
with human health and environmental sustainability

Merel C. Daas1  · Reina E. Vellinga1,2 · Maria Gabriela M. Pinho3 · Jolanda M. A. Boer2 ·  
W. M. Monique Verschuren2,4 · Yvonne T. van der Schouw4 · Pieter van’t Veer1 · Sander Biesbroek1

1 3

http://orcid.org/0009-0004-7909-2434
http://crossmark.crossref.org/dialog/?doi=10.1007/s00394-024-03477-w&domain=pdf&date_stamp=2024-8-14


European Journal of Nutrition

accounts for the largest share of environmental impact due 
to the inefficient conversion of animal feed into food, caus-
ing 50% of GHGE in the food sector and using 80% of total 
farmlands [17].

A transition towards a plant-based diet, focusing on a 
high consumption of plant foods and low to no consump-
tion of animal-based foods, has been of interest to provide 
benefits for both health and the environment [18–21]. Sev-
eral modelling studies that replaced animal-based foods by 
foods of plant origin have shown large reductions in GHGE 
and land use, and a lower risk of all-cause mortality [22–
25]. Despite these positive effects, it should be considered 
that various plant foods differ in terms of environmental 
impact and nutritional quality. For instance, several plant 
foods, such as nuts, fruits, and vegetables, have been asso-
ciated with a relatively high consumption of blue water as 
these foods require high amounts of irrigation water to grow 
[26–29]. Moreover, earlier studies revealed that the associa-
tions between plant-based diets and health depend on the 
types of plant foods consumed [18, 30–36]. Greater adher-
ence to a diet high in healthy plant foods (e.g. whole grains, 
vegetables, legumes, etc.) was shown to be associated with 
reduced incidences of cardiovascular disease and mortality 
rates, while individuals who consumed mostly unhealthy 
plant foods (e.g. sweetened beverages, fries, sweets, etc.) 
were at increased risk [30, 33, 35, 36].

As many of these unhealthy plant foods can be classi-
fied as ultra-processed foods (UPF), the adverse effects of 
unhealthy plant-based diets may be due to the high amount 
of UPF in these diets. UPF are defined as formulations of 
ingredients derived from foods and additives, that result 
from various processing steps during which substances 
are added to enhance shelf-life and palatability [37]. These 
foods often have a higher content of added sugars, saturated 
fats, and sodium, and contain reduced amounts of protein, 
fiber, and micronutrients [38, 39]. Considering that most of 
these nutritional factors are directly related to cardiometa-
bolic health, a higher consumption of UPF has been associ-
ated with an increased risk of non-communicable diseases 
and mortality rates [40–42]. In addition to the adverse health 
outcomes, UPF are thought to account for more than a third 
of environmental effects caused by the food sector due to the 
high number of processing steps, over-packaging, and lon-
ger transport distances [43, 44]. During the past decades, the 
global consumption of UPF has increased substantially, with 
vegetarians and vegans consuming even higher amounts 
than meat-eaters [5, 45–48]. A recent study reported that 
specifically individuals who consume unhealthy plant-based 
diets have a higher consumption of UPF compared to those 
who consume mostly healthy plant-based diets [49]. Given 
a potential substitution of animal-based foods with UPF, 
these findings suggest that the health and environmental 

benefits of a plant-based diet may depend on the degree of 
processing of the foods consumed.

While earlier research has established a solid founda-
tion for the beneficial associations of plant-based diets with 
human and planetary health [2, 15, 18], associations with 
plant-based UPF have been less explored. Therefore, this 
study aimed to investigate the associations of UPF in health-
ful and unhealthful plant-based diets with all-cause mortal-
ity, GHGE, and blue water consumption (BWC).

Methods

Study design and population

Data from the Dutch contribution to the European Prospec-
tive Investigation into Cancer and Nutrition (EPIC) study 
was used for the analysis. The EPIC study is a population-
based, prospective cohort that was initiated in ten European 
countries to study the role of diet and physical activity in 
the etiology of cancer and other chronic diseases [50]. The 
Dutch contribution (EPIC-NL) includes the Prospect cohort 
and MORGEN cohort and in total consisted of 40,011 partic-
ipants recruited between 1993 and 1997 [51]. The Prospect 
cohort comprised 17,357 females aged 49–70 years who 
participated in a regional breast cancer screening program 
in the city of Utrecht and its surroundings [52]. The MOR-
GEN cohort included 22,654 males and females aged 20–65 
years who were randomly selected from the general popula-
tion of Amsterdam, Maastricht, and Doetinchem [53, 54]. 
The EPIC-NL study complies with the guidelines described 
in the Declaration of Helsinki, and all procedures involv-
ing human participants were approved by the Institutional 
Review Board of the University Medical Centre Utrecht and 
the Medical Ethical Committee of TNO Nutrition and Food 
Research. All participants provided their written informed 
consent [51].

For the present analyses, exclusion criteria were miss-
ing dietary information at baseline (n = 217), no informed 
consent for follow-up of vital status (n = 925), withdrawal 
of informed consent during follow-up (n = 1), and missing 
follow-up data of vital status (n = 142). Participants with a 
history of cancer (n = 1627), diabetes (n = 718), myocardial 
infarction (n = 427), or stroke (n = 361) at baseline were 
excluded because their usual reported diet may be influ-
enced by their condition and not reflect their diet before 
diagnosis. To exclude implausible dietary values that could 
lead to incorrect analysis of the data, participants in the 
highest and lowest 0.5% of the reported energy intake to 
basal metabolic rate ratio (n = 332) were left out as well. 
Finally, participants with missing information on possible 
confounders, including BMI (n = 17), educational level 
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(n = 191), or smoking status (n = 23), were excluded. After 
these exclusions, in total 35,030 participants remained for 
the complete-case analysis.

Dietary assessment

Food consumption was measured at baseline (1993–1997) 
using a self-administered semi-quantitative food frequency 
questionnaire (FFQ), including questions on the usual fre-
quency of consumption of 77 main food categories during 
the year before enrolment. The questionnaire allowed esti-
mation of the usual daily dietary intake of 178 food items, 
and had been validated against twelve 24-h recalls and bio-
markers in 24-h urine and serum [55, 56]. Spearman rank 
correlation coefficients based on estimates of the FFQ and 
24-h recalls were 0.51 for potatoes, 0.36 for vegetables, 0.68 
for fruits, 0.39 for meat, 0.69 for dairy, 0.76 for sugar and 
sweet products, and 0.52 for biscuits and pastry in males. 
Similar results were obtained for females. Nutrient intakes 
were calculated using the 1996 Dutch Food Composition 
Table [57].

Plant-based diet indices

In order to assess participants’ adherence to a healthy and 
less healthy plant-based diet, the healthful plant-based diet 
index (hPDI) and unhealthful plant-based diet index (uPDI) 
were calculated based on the procedure used by Martínez-
González et al. [58] and adapted by Satija et al. [32]. Supple-
mental Table 1 displays the food groups with included foods 
and scoring criteria for the two PDI indices. First, 18 food 
groups were created based on nutrient and culinary similari-
ties within the larger categories of healthy plant-based foods 
(vegetables, fruit, legumes, whole grains, nuts and seeds, 
vegetable oils and fats, and tea and coffee), unhealthy plant-
based foods (refined grains, potatoes, juices, (sugar) sweet-
ened beverages, and sweets and desserts), and animal-based 
foods (meat, animal fats, eggs, fish and seafood, dairy prod-
ucts, and miscellaneous animal-based foods). All FFQ items 
were assigned to the appropriate food group and checked by 
a research dietician. We distinguished between healthy and 
unhealthy plant-based foods using the most recent empirical 
evidence on their associations with several chronic condi-
tions (i.e. obesity, hypertension, lipids, inflammation, type 
2 diabetes, cardiovascular disease, and certain cancers) 
[32]. Alcoholic beverages were not included in the indices 
due to differential associations with health outcomes, but 
included as a covariate in the analyses. Mixed dishes that 
contain substantial amounts of animal sourced ingredients 
(e.g. soups, pizza, and mayonnaise) were classified as mis-
cellaneous animal-based foods, in accordance with previous 
studies [30–34].

Second, food consumption in g/day of each food group 
was calculated for all individuals by summing the consump-
tion of the FFQ items. Within each food group, participants 
were classified into quintiles according to their consumption 
of that specific food group after adjusting for total energy 
intake using the residual method. Based on the quintiles 
within each food group, participants were given a positive 
score between 1 (lowest quintile) and 5 (highest quintile) 
or reverse score between 5 (lowest quintile) and 1 (high-
est quintile). For the hPDI, healthy plant-based food groups 
were assigned positive scores and unhealthy plant-based 
and animal-based food groups were assigned reverse scores. 
For the uPDI, unhealthy plant-based food groups were given 
positive scores and healthy plant-based and animal-based 
food groups were given reverse scores. To obtain the PDI 
indices, the 18 food group scores for each individual were 
summed and could range from 18 (lowest possible score) to 
90 (highest possible score).

Overall, the hPDI and uPDI give more points to high con-
sumers of healthy and unhealthy plant-based food groups, 
respectively. It should be noted that high PDI indices do not 
equal a vegetarian or vegan diet, but rather indicate a rela-
tively high consumption of plant-based foods and/or rela-
tively low consumption of animal-based foods compared to 
the total study population. The indices are thus dependent 
on the food consumption in our study population and cannot 
be directly compared to other populations where the overall 
consumption of plant-based or animal-based foods may be 
higher or lower.

UPF consumption

The NOVA classification was applied to assess the degree 
of food processing of the diet [37]. This classification 
includes four classes: unprocessed/minimally processed 
foods (MPF), processed culinary ingredients (PCI), pro-
cessed foods (PF), and ultra-processed foods (UPF). To dis-
criminate different foods between these classes, the NOVA 
classification takes into consideration the ingredient list of 
food items and all physical, chemical, and biological meth-
ods used during the food production process. An extensive 
description of the different classes can be found elsewhere 
[37]. All food items of the FFQ were previously assigned 
to one of the four classes of the NOVA classification based 
on the degree of processing [59]. To account for poten-
tial changes in food processing over time, three scenarios 
(lower, middle, and upper bound) were considered when 
classifying food items. The lower bound scenario encom-
passed food items that could have been less processed com-
pared to the middle bound scenario and were assigned to a 
less processed NOVA class, whereas food items that could 
have been more processed were included in the upper bound 
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processing, primary packaging, distribution, supermarket, 
retail, storage, preparation by the consumer, and waste or 
losses. Transport was only included from primary produc-
tion to supermarket and food waste was calculated by using 
food group-specific percentages for avoidable and unavoid-
able food losses throughout the food chain. When production 
processes led to more than one food product, environmental 
impact was divided using economic allocation, except for 
milk where biophysical allocation was applied.

The LCA data were available for 242 foods that were 
selected based on frequency and quantity of consump-
tion in the Dutch National Food Consumption Survey or 
its relatively high environmental impact per kg of food. 
These data were in prior linked to the EPIC-NL FFQ data 
[63]. For FFQ items of which primary data was not avail-
able, extrapolations were carried out by the Dutch National 
Institute for Public Health and the Environment (RIVM) 
based on similarities in type of food, production method, 
and ingredient composition. The LCAs are based on cur-
rent production practices and are assumed to be equal in the 
nineties when food consumption was assessed. Since a pre-
vious study measured high correlations between GHGE and 
several environmental indicators (land use, acidification, 
fresh water eutrophication, and marine eutrophication), with 
exception of BWC, this study focused on GHGE and BWC 
to assess environmental impact [29]. BWC refers to the total 
volume of water sourced from surface and groundwater, as 
defined by Hoekstra et al. [64]. For each participant, the 
daily GHGE (kg CO2-eq) and daily BWC (L) were calcu-
lated in absolute and standardized amounts. Standardized 
amounts were divided by total energy intake and expressed 
per 2000 kcal.

Mortality assessment

Vital status of all participants was obtained through linkage 
with the municipal population registries of the Netherlands. 
Participants were followed up over time until death from 
any cause, migration, loss to follow-up, or were censored. 
All-cause mortality was defined as death from any cause 
after study inclusion. Follow-up was completed on Decem-
ber 31st, 2014.

Statistical analysis

Interaction between the PDI indices and UPF consumption 
in the associations with all-cause mortality and environmen-
tal impact were evaluated following the recommendations of 
Knol and VanderWeele [65]. First, participants were divided 
into sixteen dietary categories based on quartiles of the 
hPDI and quartiles of UPF consumption. The most extreme 
quartiles were mainly of interest: (1) low hPDI score, high 

scenario and assigned to a more processed NOVA class. The 
middle bound scenario mostly resembled with the dietary 
assessment that was conducted in the nineties and was 
therefore used in all analyses.

The daily consumption in g/2000 kcal of MPF, PCI, PF, 
and UPF was calculated for each participant by summing 
the consumption of the FFQ items for each NOVA class and 
dividing these by the total energy consumed per individual 
multiplied by 2000. A weight ratio instead of an energy ratio 
was used to account for food that does not provide energy 
(e.g. artificially sweetened beverages) and non-nutritional 
substances related to food processing (e.g. additives). In the 
primary analysis, alcoholic beverages were included in the 
NOVA classes to adhere as much as possible to the origi-
nal classification. Sensitivity analyses in which alcoholic 
beverages were excluded from the calculation of the NOVA 
classes did not generate considerably different results 
(Supplemental Table 2). For the purposes of this study, we 
focused on UPF consumption from the NOVA classification 
as this was our main interest.

Covariate assessment

At baseline, several lifestyle factors were assessed using a 
general questionnaire, containing questions on demographic 
characteristics, presence of chronic diseases, and related 
potential risk factors. Weight and height were measured by 
trained staff according to standardized protocols [51] and 
BMI was calculated by dividing weight by height squared 
(kg/m2). Duration and types of physical activity were 
assessed with a validated questionnaire [60] and classified 
according to the Cambridge Physical Activity Index (CPAI) 
with imputed data for missing values [61]. The CPAI was 
divided into four different categories: inactive, moderately 
inactive, moderately active, and active. Smoking was clas-
sified as never, former, and current smoker. Educational 
level was coded as low (lower vocational training or pri-
mary school), medium (intermediate vocational training or 
secondary school), or high (higher vocational training or 
university).

Environmental impact

Environmental impact of the foods consumed was derived 
from the Dutch Life Cycle Assessment (LCA) food data-
base [62] and has previously been described in more detail 
[29]. In short, the LCA methodology was applied to quantify 
the environmental impact for six different indicators (land 
use, BWC, GHGE, acidification, freshwater eutrophication, 
and marine eutrophication) throughout the entire foods’ 
life cycle. All life cycle stages from cradle to grave were 
included in the analyses, including primary production, 
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All statistical analyses were performed using R software 
(version 3.5.0). A two-sided P-value of < 0.05 was consid-
ered statistically significant.

Results

Baseline characteristics

Baseline characteristics, consumption of food groups and 
NOVA classes, and nutrient intakes are presented for quar-
tiles of the PDI indices in Table 1. hPDI and uPDI scores 
ranged from a median of 47 points in the lowest quartile to 
62 points in the highest quartile. Participants with higher 
scores of the hPDI were higher educated, were less likely to 
smoke, were more physically active, and had a lower BMI, 
whereas these trends were reversed for the uPDI. Besides, 
males tended to have higher scores of the uPDI and older 
participants more often had higher scores of the hPDI.

Participants with higher uPDI scores consumed almost 
50% more UPF (Q1vsQ4: 278 to 409 g/2000 kcal) compared 
to those with lower scores (Table 1). These differences in 
UPF consumption were mainly due to a higher consumption 
of ultra-processed (sugar) sweetened beverages (Q1vsQ4: 
31 to 141  g/2000  kcal), sweets and desserts (Q1vsQ4: 
32 to 48  g/2000  kcal), refined grains (Q1vsQ4: 20 to 
24 g/2000 kcal), and juices (Q1vsQ4: 3.1 to 6.4 g/2000 kcal), 
although the consumption of ultra-processed vegetable oils 
and fats (Q1vsQ4: 16 to 12 g/2000 kcal) was lower (Supple-
mental Table 3). Reversed associations were observed for 
the hPDI with the consumption of total and specific UPF 
(Table  1, Supplemental Table 4). Exceptions were ultra-
processed sweets and desserts as well as meat for which 
the consumption was similar and lower across quartiles, 
respectively.

Whilst participants with higher scores of the hPDI had 
higher intakes of fiber, sodium, and alcohol and a lower 
intake of sugar, reversed associations were observed for 
quartiles of the uPDI (Table 1). Protein intake was similar 
across quartiles of the hPDI, but lower for participants with 
higher uPDI scores. For both the hPDI and uPDI, intakes 
of energy and saturated fatty acids were slightly higher and 
lower, respectively, for participants with higher scores com-
pared to those with lower scores.

Contribution of UPF consumption to environmental 
impact

Following UPF consumption patterns, UPF-related envi-
ronmental impacts varied between quartiles of the hPDI 
and uPDI (Fig.  1, Supplemental Tables 3 and 4). UPF 
contributed 21% to GHGE and 14% to BWC for diets of 

UPF consumption (Q1hPDI/Q4UPF), (2) low hPDI score, 
low UPF consumption (Q1hPDI/Q1UPF), (3) high hPDI 
score, high UPF consumption (Q4hPDI/Q4UPF), and (4) 
high hPDI score, low UPF consumption (Q4hPDI/Q1UPF). 
For example, the Q1hPDI/Q4UPF category represented 
diets that were low in healthy plant-based foods (hPDI ≤ 50 
points) and high in UPF (UPF > 433 g/2000 kcal), and was 
taken as a reference for all analyses. The same procedure 
was applied to the scores of the uPDI.

Cox proportional hazard models were used to estimate 
hazard ratios (HRs) with 95% confidence intervals (CIs) 
for the associations between the sixteen dietary catego-
ries and all-cause mortality. Risks are also presented per 
10-point increase in the PDI indices stratified by quartiles 
of UPF consumption. Person-years were calculated from 
the date of study inclusion to the date of death or the end 
of follow-up, whichever came first. Confounders were con-
sidered in two separate models. Model 1 was cox-stratified 
for age and adjusted for sex and total energy intake. Model 
2 was additionally adjusted for educational level, smoking 
status, physical activity level, and alcohol consumption. 
The proportional hazard assumption was checked using 
the Schoenfeld residuals test, but no evidence for violation 
of this assumption was found (all P > 0.05). Linear trends 
were tested by assigning median values to each quartile and 
entering this as continuous variables in the models. We eval-
uated additive interaction by estimating the relative excess 
risk due to interaction (RERI) based on continuous expo-
sure variables [66, 67]. The hPDI was recoded into a risk 
factor by multiplying with − 1 for correct calculation of the 
RERI. A RERI of 0 means a lack of significant interaction 
on the additive scale.

To investigate associations between the dietary catego-
ries and daily GHGE and BWC, multiple linear regression 
models were used to calculate differences in adjusted mean 
GHGE and BWC with 95% CIs for the different dietary cat-
egories. Mean differences are also presented per 10-point 
increase in the PDI indices stratified by quartiles of UPF 
consumption. These analyses were adjusted for age, sex, 
and total energy intake (Model 1). Assumptions of the lin-
ear model, including multicollinearity, homoscedasticity, 
independence and normality of the residuals, and linearity 
of the association, were checked by calculating VIF-values 
(all < 2) and generating various plots (scale-location, Q-Q, 
and residuals vs. fitted values). Interaction on the additive 
scale was evaluated by testing the product term (β3) of the 
PDI indices and UPF consumption [66]. This estimate of 
interaction is not the same as RERI, but rather reflects the 
change in absolute values instead of a change in relative 
risks. A product term of 0 means a lack of significant addi-
tive interaction.
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Interaction between PDI indices and UPF 
consumption: all-cause mortality

Compared to participants with a lower hPDI score and 
higher UPF consumption (Q1hPDI/Q4UPF), those with 
both a higher hPDI score and lower UPF consumption 
(Q4hPDI/Q1UPF) were associated with a statistically sig-
nificant 22% (HR: 0.78, 95% CI: 0.66, 0.89) decreased 
all-cause mortality risk (Fig.  2, Supplemental Table 5). 
Favorable associations (HR: 0.86, 95% CI: 0.68, 1.08) were 
observed for a solely higher hPDI score (Q4hPDI/Q4UPF), 
whereas we found no differences (HR: 0.98, 95% CI: 0.83, 
1.16) in mortality risk for a solely lower UPF consump-
tion (Q1hPDI/Q1UPF). Somewhat reversed trends were 
observed for the uPDI, although not statistically significant. 
Respective HRs for participants with a solely lower UPF 
consumption (Q1uPDI/Q1UPF), a solely higher uPDI score 

participants with higher scores of the uPDI compared to 
17% and 9%, respectively, for lower scores. These differ-
ences in UPF-related environmental impacts were mostly 
due to an increase in the consumption of sweets and des-
serts, (sugar) sweetened beverages, juices, and refined 
grains. Again, opposite trends were found for the hPDI, 
although these were less pronounced. Across quartiles of 
the hPDI and uPDI, UPF-related environmental impacts 
were largely coming from ultra-processed meat (GHGE: 
6.5–7.8%, BWC: 1.9–2.7%), sweets and desserts (GHGE: 
1.8–3.4%, BWC: 2.1–4.3%), and dairy products (GHGE: 
2.3–2.9%, BWC: 0.7–0.9%).

Fig. 1  Contribution of NOVA classes to diet-related greenhouse gas 
emissions and blue water consumption according to quartiles of the 
(A) hPDI and (B) uPDI in the EPIC-NL cohort. Q1 represents lower 
scores, whereas Q4 represents higher scores. hPDI healthful plant-

based diet index, MPF unprocessed/minimally processed foods, PCI 
processed culinary ingredients, PF processed foods, Q quartile, uPDI 
unhealthful plant-based diet index, UPF ultra-processed foods
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Fig. 2  Associations between the (A) 
hPDI and (B) uPDI and all-cause 
mortality risk by UPF consumption in 
the EPIC-NL cohort. HRs are adjusted 
for age, sex, total energy intake, 
educational level, smoking status, 
physical activity level, and alcohol 
consumption. Q1 represents lower 
scores or consumption, whereas Q4 
represents higher scores or consump-
tion. aRelative excess all-cause mortal-
ity risk due to interaction between a 
10-point decrease in the hPDI score 
or 10-point increase in the uPDI score 
and a 100 g/2000 kcal increase in UPF 
consumption. The hPDI was recoded 
into a risk factor for correct calculation 
of the RERI. CI confidence interval, 
HR hazard ratio, hPDI healthful plant-
based diet index, Q quartile, uPDI 
unhealthful plant-based diet index, 
UPF ultra-processed foods
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10-point increase in the uPDI compared to a 0.49–0.53 kg 
CO2-eq/day decrease in the lowest three quartiles. BWC 
decreased with 17.0 L/day per 10-point increase in the uPDI 
in the lowest quartile of UPF consumption compared to a 
11.5–14.1 L/day decrease in the highest three quartiles. In 
contrast, a borderline statistically significant negative addi-
tive interaction was found between the hPDI and UPF con-
sumption in the associations with BWC (β3: -0.005, 95% 
CI: -0.009, 0.000), meaning that the combined associations 
of a higher adherence to a healthful plant-based diet and 
lower consumption of UPF with BWC were less than addi-
tive. Within the lowest quartile of UPF consumption, BWC 
of the diet increased with 10.9 L/day per 10-point increase 
in the hPDI, whereas this increase was 8.0–8.4 L/day in the 
highest three quartiles.

Discussion

In this prospective study, we explored the consumption of 
UPF in healthful and unhealthful plant-based diets (accord-
ing to the hPDI and uPDI), reported in the nineties, and 
examined their associations with all-cause mortality, GHGE, 
and BWC. We observed lower mortality risks for a greater 
adherence to a healthful plant-based diet, which were com-
parable between lower and higher consumers of UPF. There 
was no consistent evidence for the combined associations 
of unhealthful plant-based diets and UPF consumption with 
risk of all-cause mortality. Besides, we identified discrepan-
cies between indicators of environmental impact for health-
ful plant-based diets, but not for unhealthful plant-based 
diets. Diets higher in healthy plant-based foods were associ-
ated with lower GHGE and a higher BWC, whereas both 
indicators were lower for diets higher in unhealthy plant-
based foods. Modest negative and positive additive interac-
tions were found between the uPDI and UPF consumption, 
indicating that the benefits of more unhealthful plant-based 
diets on GHGE and BWC were larger among high and low 
consumers of UPF, respectively.

Although limited to two studies, plant-based diets and 
UPF consumption have been associated before [45, 49]. A 
cross-sectional analysis performed in a sample of 21,212 
French adults found that a higher adherence to a plant-based 
diet was associated with a higher consumption of UPF, with 
an at least 6% higher consumption among vegans compared 
to meat-eaters [45]. Another French study that included 
1,774 adults revealed that such a higher UPF consumption 
was mostly associated with unhealthful plant-based diets, 
containing high amounts of sweet beverages, breakfast cere-
als, savory pastries, confectionary and chocolate, and fruit 
juices [49]. In line with Salomé et al. [49], we observed 
an almost 50% higher consumption of UPF in participants 

(Q4uPDI/Q4UPF), and both a higher uPDI score and lower 
UPF consumption (Q4uPDI/Q1UPF) were 0.95 (95% CI: 
0.77, 1.16), 1.17 (95% CI: 0.95, 1.46), and 1.13 (95% CI: 
0.88, 1.45).

Overall, there was no relative excess risk due to inter-
action between the hPDI (RERI: -0.015, 95% CI: -0.075, 
0.045) or uPDI (RERI: 0.007, 95% CI: -0.018, 0.031) and 
UPF consumption in the associations with all-cause mortal-
ity, indicating that the combined associations of adherence 
to a healthful or unhealthful plant-based diet and amount of 
UPF consumed were additive (Fig. 2, Supplemental Table 
5). Despite this, a 10-point increase in scores of the hPDI 
was associated with a statistically significant 13% (HR: 
0.87, 95% CI: 0.78, 0.98) and 12% (HR: 0.88, 95% CI: 0.78, 
0.99) decreased mortality risk only in the second and third 
quartiles of UPF consumption, respectively. Associations 
were not statistically significant for the uPDI.

Interaction between PDI indices and UPF 
consumption: environmental impact

Compared to diets of participants with a lower hPDI score 
and higher UPF consumption (Q1hPDI/Q4UPF), diet-
related GHGE were 6.8% (95% CI: -7.4, -6.1) lower and 
BWC was 13.1% (95% CI: 11.6, 14.8) higher for both a 
higher hPDI score and lower UPF consumption (Q4hPDI/
Q1UPF) (Tables  2 and 3). For a solely lower UPF con-
sumption (Q1hPDI/Q1UPF) and a solely higher hPDI score 
(Q4hPDI/Q4UPF), respectively, these estimates were 1.4% 
(95% CI: 0.3, 2.4) and − 7.4% (95% CI: -8.6, -6.4) for 
GHGE and 1.6% (95% CI: -0.5, 3.7) and 9.6% (95% CI: 
7.2, 12.0) for BWC. Different patterns were observed for the 
uPDI; GHGE were lower for diets of participants containing 
lower amounts of UPF and BWC was lower for participants 
with a higher adherence to an unhealthful plant-based diet. 
Compared to the Q1uPDI/Q4UPF category, mean differ-
ences in BWC were 1.6% (95% CI: -0.5, 3.7), -15.4% (95% 
CI: -17.4, -13.3), and − 15.4% (95% CI: -18.0, -12.8) for a 
solely lower UPF consumption (Q1uPDI/Q1UPF), a solely 
higher uPDI score (Q4uPDI/Q4UPF), and both a higher 
uPDI score and lower UPF consumption (Q4uPDI/Q1UPF), 
respectively.

We observed a statistically significant negative and posi-
tive additive interaction between the uPDI and UPF con-
sumption in the associations with GHGE (β3: -0.0002, 95% 
CI: -0.0003, -0.0001) and BWC (β3: 0.005, 95% CI: 0.001, 
0.010), respectively (Tables 2 and 3). The combined asso-
ciations of a higher adherence to an unhealthful plant-based 
diet and lower consumption of UPF with GHGE were less 
than additive, whereas these associations were more than 
additive for BWC. Within the highest quartile of UPF con-
sumption, GHGE decreased with 0.61 kg CO2-eq/day per 
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unhealthful plant-based diets. In line with Vellinga et al. 
[63], who quantified the environmental impacts of diets with 
a higher share of UPF and ultra-processed drinks (UPD) 
separately, these variations in UPF-related environmental 
impacts mainly came from UPD, such as ultra-processed 
(sugar) sweetened beverages and juices. Nonetheless, UPF 
contributed considerably less to total environmental impacts 
than MPF; GHGE were largely related to the consumption 
of meat and dairy products, while BWC was mostly driven 
by the consumption of fruit, tea and coffee, juices, and meat. 
In fact, the amount of plant-based or animal-based foods in 
the diet explained considerably more of the differences in 
environmental impacts than the consumption of UPF. These 
findings are in line with earlier conclusions that plant-based 
UPF, including sweets and desserts, snacks, and soft drinks, 
produce less GHGE than conventional meat and dairy prod-
ucts [43]. Large reductions in GHGE could thus possibly 
be achieved when switching to more plant-based diets and 
limiting the consumption of animal-based foods, irrespec-
tive of UPF consumption.

It should be emphasized, however, that different dimen-
sions of diet-related environmental impacts may not be 
compatible with each other and could lead to contrasting 
conclusions. While diets rich in plant-based foods have con-
sistently shown to be associated with lower GHGE and land 
use than conventional diets, high amounts of blue water are 
needed for the irrigation of specific plant foods, such as nuts 
from California and oranges from Spain [15, 16]. Indeed, 
we observed a higher BWC among participants consum-
ing a diet higher in healthy plant-based foods compared to 
those consuming lower amounts, whereas BWC was lower 
for more unhealthful plant-based diets rich in UPF. A recent 
study that investigated the trade-offs between GHGE and 
BWC in optimizing more sustainable (plant-based) diets, 
concluded there is good alignment between these indicators 
for high emitting foods but some diversity for low emitting 
foods [81]. Especially unprocessed plant-based foods, such 
as nuts and seeds, fruit, and vegetables, are major contribu-
tors to the total blue water footprint [26, 27]. The production 
of these crops could be of concern in regions with water 
scarcity where groundwater sources are depleted and water 
irrigation is limited [26]. Therefore, switching to more 
water-efficient crops, such as apples instead of citrus fruits, 
and/or improving water management could prevent large-
scale depletion of blue water resources [62, 82]. Consider-
ing that unhealthful plant-based diets were lower in GHGE 
and BWC, but may adversely influence health, clear dietary 
recommendations on the types and amounts of plant-based 
foods to incorporate in the diet are needed to maintain or 
even improve nutritional status within (environmentally) 
sustainable food systems.

with a higher adherence to an unhealthful plant-based diet 
compared to those with a lower adherence (when comparing 
extreme quartiles). More unhealthful plant-based diets were 
characterized by a higher consumption of ultra-processed 
(sugar) sweetened beverages, juices, sweets and desserts, 
and refined grains.

Building upon these earlier findings, our study is the first 
longitudinal study to investigate all-cause mortality risk of 
UPF consumption in plant-based diets. The protective role 
of plant-based diets for human health has been highlighted 
in multiple meta-analyses [18, 68, 69] and higher propor-
tions of UPF in the diet have repeatedly been linked to vari-
ous negative health effects [40–42]. In the present study, we 
observed a 12–13% decreased risk of all-cause mortality per 
10-point increase in the hPDI in the second and third quar-
tiles of UPF consumption, which is similar to the 10–11% 
decreases reported by previous studies [30, 31, 33]. Interest-
ingly, there were no significant differences in mortality risk 
between higher and lower UPF consumption among partici-
pants with both lower and higher hPDI scores. These results 
are not in line with earlier prospective cohort studies that 
reported 14–62% increased risks of all-cause mortality with 
higher shares of UPF in the diet (without considering adher-
ence to a plant-based diet) [70–75]. A possible explanation 
could be that the difference in UPF consumption between 
higher and lower UPF diets may have been insufficient in 
our study population to detect a significant association. 
For instance, other studies in which extreme quartiles were 
compared, reported an at least four times higher UPF con-
sumption, whereas we only measured a two times higher 
consumption across quartiles [70–73]. Furthermore, UPF 
consumption in our study population (12% of food weight) 
was lower than a 20-year follow-up in a sub-sample of the 
EPIC-NL cohort (18% of food weight) [76], and not compa-
rable to the higher amounts reported in more recent dietary 
surveys in Western countries (24–60% of energy intake) [48, 
77, 78]. As such, the amount of UPF in the diet may have 
been too low to adversely influence mortality risk. Since 
UPF and MPF were found to be inversely associated across 
quartiles of healthful and unhealthful plant-based diets, it 
could additionally be argued whether our results should be 
ascribed to the lower levels of MPF consumed instead of the 
higher levels of UPF.

The potential negative environmental impacts of UPF 
have been described in multiple reviews [43, 44, 79], with 
special concern for the impacts of the growing amount of 
highly processed plant-based meat and dairy alternatives 
on the market [80]. In the current study, we found that 
UPF-related environmental impacts differed across levels 
of healthful and unhealthful plant-based diets; UPF con-
tributed less to GHGE and BWC for more healthful plant-
based diets, whereas contributions were higher for more 
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Conclusions

UPF consumption was considerably lower and higher for 
participants consuming more healthy and unhealthy plant-
based foods, respectively. Despite this, the amount of 
plant-based foods in the diet seemed to explain more of the 
observed differences in all-cause mortality risk and envi-
ronmental impacts than UPF consumption. While a greater 
adherence to a healthful plant-based diet was associated 
with lower mortality risks, lower GHGE, and a higher BWC, 
no apparent conflict between GHGE and BWC was iden-
tified for more unhealthful plant-based diets. Thus, based 
on our study population, replacing animal products with 
healthy plant-based foods in the diet could improve human 
health and reduce most aspects of environmental impact 
(e.g. GHGE) irrespective of UPF consumption, although 
special concern needs to be given to the high BWC of spe-
cific plant foods. Future research should clarify whether 
this conclusion is generalizable to current settings in which 
populations consume higher amounts and different types of 
(plant-based) UPF.
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of the Dutch population with validated measures and long 
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Nonetheless, some limitations need to be addressed. 
First, usual dietary intake was self-reported using an FFQ 
which is prone to measurement errors and may not reflect 
actual intake, leading to misclassification of dietary catego-
ries [83]. Besides, the FFQ used in the present study was 
not designed to collect data specifically on food processing 
or plant-based foods. Although each food item was classi-
fied into the most likely NOVA class or PDI category, mis-
classification of some foods cannot be ruled out. Second, 
since we only used baseline dietary information from the 
nineties, we were not able to estimate dietary changes over 
time or include newer plant-based UPF such as meat replac-
ers and dairy substitutes in our analyses. Considering that 
modern food production and consumption have shifted to 
include more (plant-based) UPF, it is important to replicate 
our findings using more recent dietary intake information 
with repeated measurements to better understand the role 
of UPF in plant-based diets with health and environmental 
outcomes [5, 46, 47]. Third, the NOVA classification has 
been criticized before due to its very broad definition of the 
UPF category that includes markedly differing foods [84]. 
A recent study reported that distinct UPF consumption pat-
terns (cold/warm savory snack pattern, sweet snack pattern, 
or traditional Dutch cuisine pattern) were differently associ-
ated with incident type 2 diabetes, suggesting that not all 
UPF can be considered equally harmful to our health [85]. 
However, no better alternative than the NOVA classification 
has been proposed to date and it is the most used and recom-
mended approach for classifying UPF that enables compari-
son in public health nutrition [86, 87]. Fourth, the indicators 
for environmental impact used in the present study are 
based on Dutch production and consumption practices and 
may therefore not apply to other countries where life cycles 
of food products could differ.
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