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Abstract

Background: While the admittedly limited number of epidemiological findings on the association between diet-
related greenhouse gas emissions (GHGE) and diet quality are not always consistent, potential influence of bias in
the estimation of diet-related GHGE caused by misreporting of energy intake (El) has not been investigated. This
cross-sectional study evaluated diet-related GHGE in the UK and their association with diet quality, taking account
of El under-reporting.

Methods: Dietary data used were from the National Diet and Nutrition Survey rolling programme 2008/2009-2013/
2014, in which 4-day food diaries were collected from 3502 adults aged 219 years. Diet-related GHGE were
estimated based on 133 food groups, using GHGE values from various secondary sources. Diet quality was assessed
by the healthy diet indicator (HDI), Mediterranean diet score (MDS) and Dietary Approaches to Stop Hypertension
(DASH) score. El misreporting was assessed as reported El divided by estimated energy requirement (EI:EER).

Results: Mean value of daily GHGE was 5.7 kg carbon dioxide equivalents (CO,eq), which is consistent with those
reported from a number of national representative samples in other European countries. Mean EI:EER was 0.74.
Assuming that all the dietary variables were misreported in proportion to the misreporting of El, the mean value of
the misreporting-adjusted diet-related GHGE was 8.2 kg CO,eg/d. In the entire population, after adjustment for
potential confounders (i.e, age, sex, ethnicity, socioeconomic classification, smoking status and physical activity),
diet-related GHGE were inversely associated with HDI and DASH score but not with MDS. However, with further
adjustment for EIEER, diet-related GHGE showed inverse associations with all three measures of diet quality. Similar
associations were observed when only under-reporters (EI:EER < 0.70; n = 1578) were analysed. Conversely, in the
analysis including only plausible reporters (ELEER 0.70-1.43; n = 1895), diet-related GHGE showed inverse
associations with all diet quality measures irrespective of adjustment.

Conclusions: With taking account of El under-reporting, this study showed inverse associations between diet-
related GHGE and diet quality not only in the entire sample but also in the separate analyses of plausible reporters
and under-reporters, as well as potential underreporting of diet-related GHGE.
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Background

Rising concerns about climate change led the UK
Government to pass the 2008 Climate Change Act,
which mandates a reduction in greenhouse gas emis-
sions (GHGE) by 80% by 2050 against the 1990 level
[1]. The food supply chain is a major source of
GHGE, and the food sector has been estimated to
account for 15 to 30% of total GHGE in developed
countries [2—4]. Reducing this burden of contempor-
ary food consumption practices on the environment
while also improving human health concerns is thus
a major challenge of the twenty-first century [5].
While red meat is the top contributor to diet-related
GHGE in high-income countries [6-9], higher con-
sumption of red meat has been associated with an
increasing risk of total, CVD and cancer mortality
[10-12]. Conversely, higher intakes of plant-based
foods with lower GHGE such as vegetables, fruits,
whole grains and nuts have been associated with
lower mortality [11, 13].

Nevertheless, the admittedly limited number of epi-
demiological findings derived using self-selected diets
are not always consistent [14]. Some have reported in-
verse associations between diet-related GHGE and mea-
sures of diet quality [15, 16] while others report positive
associations [6]. These heterogeneous results might re-
flect differences in the types of data sources used, system
boundaries in the emission factors adopted, participant
characteristics and food and nutrient intake patterns as-
sociated with diet-related GHGE [7, 9, 17, 18], in
addition to different measures of diet quality. Alterna-
tively, because diet-related GHGE are directly correlated
with energy intake (EI) [8, 15, 19], these associations
might be confounded by misreporting of EI, particularly
under-reporting, which remains an ongoing problem
with all self-reported dietary surveys. Although several
researchers have raised concerns about the potential in-
fluence of this bias in this research field [7, 9, 20, 21], no
comprehensive evaluation of its putative impact has yet
been made.

A simple and easy way to account for EI under-
reporting is to exclude individuals with implausible EI
from the analysis, as conducted in several previous studies
[7, 9, 20, 21]. However, because EI under-reporting is as-
sociated with certain characteristics, particularly over-
weight and obesity [22-24], this procedure is likely to
introduce a selection bias (in addition to reducing sample
size) [22, 25]. Another way to account for EI under-
reporting is to incorporate the ratio of EI to estimated en-
ergy requirement (EER) as a covariate in statistical models
[26—29]. Here, we conducted a cross-sectional study to
evaluate the GHGE of self-selected diets in the UK and
their association with measures of diet quality, while tak-
ing account of EI under-reporting.
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Methods

Data source and analytic sample

The study was conducted under a cross-sectional design
using data obtained between 2008/2009 and 2013/2014
as part of the National Diet and Nutrition Survey
(NDNS) rolling programme. Details of that study are
provided elsewhere [30, 31]. In brief, a nationally represen-
tative sample (approximately 500 adults aged >19 years
and 500 children aged 1.5-18 years) is selected each year
via a multi-stage random probability design using a selec-
tion of post codes throughout the UK. Further, additional
recruitment is carried out in Scotland, Wales and Northern
Ireland to obtain country-specific representative data (up
to 600 participants per year) [32, 33]. Households are then
selected, followed finally by individuals (up to one adult
and one child) in participating households. Data collection
is conducted throughout the year. The overall response
rate ranged from 53% to 56%, depending on survey year
[30, 31]. The number of participants aged 219 years in the
2008/2009-2013/2014 NDNS rolling programme was
4738. After excluding individuals with missing or invalid
information on the variables of interest (1 = 330 for height
and weight; n=1 for smoking status; n = 814 for physical
activity (PA)) and those without 4-day dietary data (n = 91),
the final analytic sample comprised 3502 adults. None of
the women included in the analysis were pregnant or
breastfeeding during the survey period. The NDNS rolling
programme is conducted according to the guidelines laid
down in the Declaration of Helsinki and all procedures in-
volving human subjects are approved by the Oxfordshire
Research Ethics Committee. Written informed consent is
obtained from all participants. Data for the present study
were obtained from the UK Data Archive.

Assessment of basic characteristics

Body height (to the nearest 0.1 cm) and weight (to the
nearest 0.1 kg) were measured while the participant was
wearing light clothes only, without shoes. Body mass
index (BMI; kg/m2) was calculated as weight (kg) divided
by height (m) squared. Self-reported information was
collected on the following variables. Socioeconomic sta-
tus was determined by the National Statistics socioeco-
nomic classification [34], and categorized as higher and
managerial occupation, intermediate occupation, routine
and manual occupation or other. Ethnicity was catego-
rized as white or nonwhite. Smoking status was catego-
rized as current, former or never smoker.

PA was assessed by a validated questionnaire (i.e., Re-
cent Physical Activity Questionnaire) [35]. In brief, this
questionnaire is designed to assess a wide range of PA in
the past month in four domains (home, work, commut-
ing and leisure activities). As described elsewhere [36],
the time per day spent in moderate-to-vigorous physical
activity (MVPA) was calculated. Descriptions on PA
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categories (i.e., sedentary, low active, active and very ac-
tive) and the amount of time spent in MVPA are avail-
able in the US Dietary Reference Intakes (DRI) [37].
Specifically, the guidelines state that participation in an
additional 30 min of moderate activity raises an individ-
ual from the sedentary to the low-active PA category,
and about 60 min of moderate activity raises an individ-
ual from the sedentary to the active PA category [38,
39]. Thus, the following four categories on PA were cre-
ated and used in the present analysis: sedentary (<
30 min of MVPA), low active (=30 to <60 min of
MPVA), active (260 to < 120 min of MVPA) and very ac-
tive (=120 min of MVPA).

Dietary assessment

Dietary data were collected using a 4-consecutive-day
estimated food diary. A detailed description of the pro-
cedure has been published elsewhere [40]. In brief, the
participants were requested to maintain a record of all
items eaten or drunk for four consecutive days. The re-
cording schedule was designed so that all days of the
week were evenly represented. Each participant was sup-
plied with a recording diary and a set of photographs of
15 major foods in small, median and large portion sizes,
as well as written and verbal instructions by trained in-
terviewers on how the diary should be maintained. The
participants used the photographs to describe the por-
tion sizes of foods they consumed. For other foods, por-
tion sizes were described in household measures (e.g.,
one tablespoon of baked beans) or as the weight indi-
cated on the food package. Trained interviewers visited
the household once during the recording period and
once within three days after it to check on the complete-
ness of food recording, and whenever necessary sought
additional information or modification of the record.
The collected diaries were checked by trained coders
and editors for coding of food items and for portion
sizes. Estimates of daily intake for foods, energy and se-
lected nutrients were calculated based on the Depart-
ment of Health’s NDNS nutrient data bank, which itself
is based on McCance and Widdowson’s Composition of
Foods series [41]. For all dietary variables, mean values
over the 4 recording days were used in the analysis.

Assessment of diet quality

Overall diet quality was assessed using the healthy diet
indicator (HDI) [42, 43], Mediterranean diet score
(MDS) [43, 44] and Dietary Approaches to Stop Hyper-
tension (DASH) score [45, 46] (see Additional file 1:
Table S1). These diet quality measures have been pro-
spectively associated with certain desired health out-
comes, including lower mortality [16, 42, 44, 47, 48].
The HDI was chosen as a diet quality measure for its
primary focus on nutrient intake, while the MDS and
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DASH score were selected for their primary focus on in-
take of food group/type.

The HDI incorporates six nutrients and one food
group (saturated fat; polyunsaturated fat; protein; diet-
ary fibre; cholesterol; and non-milk extrinsic sugar;
and fruits and vegetables) [42, 43]. If intake remained
within the recommended WHO guideline range, that
component was assigned a score of one; if not, it was
assigned a score of zero, giving a total score range of
zero to seven, with a higher score reflecting a health-
ier dietary pattern.

The MDS represents the Mediterranean diet type,
based on the consumption of nine components (vege-
tables; legumes; fruits, nuts and seeds; cereals; fish;
unsaturated to saturated fat ratio; dairy products;
meat; and alcohol) [43, 44]. Regarding alcohol, mod-
erate intake (i.e, 10-50 g/d for men and 5-25 g/d
for women) was assigned a score of one. For dairy
products and meat, a score of one was assigned to in-
take below or equal to the sex-specific median. For
other components, a score of one was assigned to in-
take above or equal to the sex-specific median. Scores
for the nine components were summed to give a total
possible range of zero to nine, with a higher score
reflecting better consistency with a Mediterranean-
type diet.

The Fung’s DASH score, originally developed for the US
Nurse’s Health Study [45], was used with the slight modifi-
cation of Penney et al, which considered UK dietary
habits [46]. Components considered in this measure are
vegetables, fruits, whole grain foods, nuts and legumes,
low fat dairy products, red and processed meats, non-milk
extrinsic sugar, and sodium. Participants were classified
for each component into sex-specific quintiles by intake.
Scores ranged from 1 to 5 for each quintile; for vegetables,
fruits, whole grain foods, nuts and legumes, and low fat
dairy products, higher intakes were given higher scores,
while for red and processed meats, non-milk extrinsic
sugar and sodium, higher intakes were given lower scores.
Scores for the eight components were summed, giving a
total possible score range of 8, indicating lowest adher-
ence, to 40, for maximum adherence.

Estimation of diet-related greenhouse gas emissions

Diet-related GHGE, expressed as kg of carbon dioxide
equivalent (COjeq), were calculated as the sum of the
product of GHGE value of food group and intake of food
group. GHGE values of each food group were taken
from Green et al. [49], where values were calculated
using life cycle analysis data from the literature, mainly
from the UK and Europe, based on all stages from food
production, packing, distribution, storage/refrigeration,
transportation (farm-to-outlet and retailer-to-home),
food handling/preparation (including trimmings and
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cooking losses) to consumer waste (including spoilage
and plate waste). The GHGE value of each food group
(n =133) used in this study is shown in Additional file 1:
Table S2. GHGE for the following four food groups
were not included in the analysis because of a lack of
information in Green et al. [49]: tap water only; bev-
erages dry weight; nutrition powders and drinks; and
savoury sauces pickles gravies and condiments.

Evaluation of the accuracy of energy intake misreporting
Misreporting of EI was evaluated based on the ratio
of EI to EER, namely, the procedure proposed by
Huang et al. [50]. Participants were identified as
plausible reporters, under-reporters or over-reporters
of EI according to whether the individual’s ratio was
within, below or above the 95% confidence limits of
the expected EL:EER of 1.0. We calculated each sub-
ject’s EER, based on the information on age, weight,
height and PA category (i.e., sedentary, low-active,
active or very active, as mentioned above), with the
use of equations published from the US DRI [37].
The sex- and age-specific equations for use in popu-
lations with a range of weight statuses [37] were
used. The 95% confidence limits of the expected
EL:EER ratio of 0 on the natural log scale were cal-
culated, taking into account CV in intakes and other
components of energy balance (i.e., the within-
subject variation in EI: 23%; the error in the EER
equations: 11%; and the day-to-day variation in total
energy expenditure: 8.2%) [37, 50, 51] as well as the
number of diet recording days (4 d). Consequently,
under-reporters, plausible reporters and over-
reporters were defined as having an ELEER <0.70,
0.70-1.43 and > 1.43, respectively.

Statistical analysis

Statistical analyses were performed using SAS statistical
software (version 9.4, SAS Institute). All reported P
values are two-tailed, and P < 0-05 was considered to be
statistically significant. Initially, analyses were conducted
separately for men and women, but the results were es-
sentially the same, albeit that mean value of diet-related
GHGE and the percentage of under-reporters were
higher in men than women, as shown in the Results sec-
tion. We therefore present the results for men and
women combined.

Descriptive data are presented as means and SD for
continuous variables and percentages of participants for
categorical variables. Differences in diet-related GHGE
across categories of each of the selected characteristics
were examined by the independent ¢ test or ANOVA.
When the overall P value from ANOVA was <0.05,
Bonferroni’s post hoc test was performed. Differences in
plausible reporters and under-reporters (but not over-
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reporters, because of their small number) were tested by
the independent ¢ test for continuous variables and the
chi-square test for categorical variables. Correlations of
diet-related GHGE and measures of diet quality (HDI,
MDS and DASH score) with EI and EI:EER were investi-
gated using Pearson correlation analyses.

Associations between diet-related GHGE and mea-
sures of diet quality were investigated by linear regres-
sion analyses using the PROC REG procedure. Potential
confounding factors considered were age, sex, ethnicity,
socioeconomic classification, smoking status and phys-
ical activity (model 1). Further adjustment was made for
ELEER (model 2). All analyses were conducted for the
entire population, and also for plausible reporters only
and for under-reporters only. It should be noted that ad-
justment for EL:EER in the analysis of plausible reporters
was made because they are just those whose EI values
are not extreme enough to be labelled as under- or over-
reporters, and thus relatively small misreporting may
still occur in plausible reporters.

Data used in the present analysis were weighted to
account for the survey’s complex sampling structure
and non-response bias, using the published weights
for combining data from the NDNS rolling
programme 2008/2009 to 2013/2014, which has been
described elsewhere [33, 52].

Results

This analysis included 1429 men and 2073 women with
a mean age of 48 years (Table 1). The mean value of
crude diet-related GHGE was 5.7 kg CO,eq/d (1st, 5th,
95th and 99th percentiles: 2.1, 3.0, 9.5 and 11.6 kg
COseq/d, respectively). Compared with EER, EI was
under-reported by an average of 26%. Assuming that all
the dietary variables were misreported in proportion to
the misreporting of EI, the mean value of the
misreporting-adjusted diet-related GHGE was 82 kg
CO,eq/d (1st, 5th, 95th and 99th percentiles: 3.4, 4.2,
14.1 and 17.0 kg CO,eq/d, respectively). There were sig-
nificant associations between diet-related GHGE and all
of the potential confounding factors considered (Add-
itional file 1: Table S3).

The percentages of plausible reporters and under-
reporters of EI were 54 and 45%, respectively (only 29
participants (0.8%) were classified as over-reporters)
(Table 1). Compared with plausible reporters, under-
reporters were more likely to be younger, male,
employed in routine and manual occupations, current
smokers and physically active. They also had higher
means of BMI, EER, HDI and DASH score and lower
means of diet-related GHGE, EI and MDS.

In the entire population, red meat contributed about
one-quarter of diet-related GHGE (24.4%), followed by
dairy products, which contributed about one-eighth
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Table 1 Characteristics of participants °
All (n=3502) © Plausible reporters (n = 1895) Under-reporters (n=1578)
Mean SD Mean SD Mean SD Pc

Age (years) 476 17.7 499 184 450 16.2 <0.0001
Sex (% male) 49.2 44.3 553 < 0.0001
Ethnicity (% white) 894 90.0 884 0.13
Socioeconomic classification (%) <0.0001

Higher and managerial occupation 443 469 414

Intermediate occupation 19.7 204 187

Routine and manual occupation 317 279 36.1

Other 44 4.8 39
Smoking status (%) <0.0001

Current 215 179 249

Former 239 236 246

Never 54.7 585 50.5
Physical activity (%) <0.0001

Sedentary 39.1 504 250

Low active 194 219 16.8

Active 19.6 16.9 231

Very active 21.8 10.7 35.1
BMI (kg/m?) 274 54 264 49 286 56 <0.0001
El (kJ/d) 7653 2375 8611 2119 6410 1847 <0.0001
EER (kJ/d) 10,699 2673 9788 2340 11,821 2803 < 0.0001
EI:EER 0.74 023 0.89 0.14 0.55 0.11 <0.0001
Diet-related GHGE (kg CO,eq/d) 57 2.1 6.3 2.1 50 18 <0.0001
HDI 23 1.1 2.2 12 24 1.1 < 0.0001
MDS 45 1.7 46 17 43 1.7 < 0.0001
DASH score 243 52 239 52 24.7 52 < 0.0001

BMI body mass index, CO,eq carbon dioxide equivalents, DASH Dietary Approaches to Stop Hypertension, EER estimated energy requirement, E/ energy intake,
GHGE greenhouse gas emissions, HDI healthy diet indicator, MDS Mediterranean diet score
@Plausible reporters were defined as participants with an EI.EER 0.70-1.43; under-reporters were defined as participants with an EI:EER < 0.70

e Including over-reporters (n = 29), defined as participants with an E:EER > 1.43

€ P values for differences between plausible reporters and under-reporters based on the independent t test for continuous variables and the chi-square test for

categorical variables

(13.6%) (Table 2). Other important contributors (=5%)
were soft drinks (7.3%), cereals (6.9%), sugar and confec-
tioneries (6.0%), fish (6.0%), white meat (5.9%), fat and
oils (5.5%) and vegetables (5.3%). Similar results were
observed in the analysis of plausible reporters only and
of under-reporters only.

Diet-related GHGE were strongly positively correlated
with both EI and ELEER in the entire population (Add-
itional file 1: Table S4). While HDI and DASH score
showed weak inverse correlations with EI and ELEER,
MDS was weakly and positively correlated with these
measures. The correlations became somewhat weak (or
nonsignificant) when analysed for plausible reporters
and under-reporters separately, except for inverse corre-
lations for HDI and positive correlations for MDS in
under-reporters.

Table 3 shows associations between diet-related
GHGE and diet quality measures. In the entire popu-
lation, after adjustment for potential confounding fac-
tors (i.e, age, sex, ethnicity, socioeconomic
classification, smoking status and physical activity;
model 1), diet-related GHGE were inversely associated
with HDI and DASH score but not with MDS. How-
ever, with further adjustment for ELEER (model 2),
diet-related GHGE showed inverse associations with
all three measures of diet quality. Similar associations
were observed when only under-reporters were ana-
lysed (albeit that the inverse association for MDS did
not reach statistical significance). Conversely, in the
analysis including only plausible reporters, diet-related
GHGE showed inverse associations with all diet qual-
ity measures irrespective of adjustment.
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Table 2 Food group intake and percentage contribution of each food group to diet-related GHGE °

All (n=3502) © Plausible reporters (n = 1895) Under-reporters (n=1578)

Intake (g/d)  Contribution to GHGE (%) Intake (g/d)  Contribution to GHGE (%) Intake (g/d) Contribution to GHGE (%)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Red meat 852 671 244 169 905 698 242 16.2 779 613 248 17.8
White meat 443 554 59 6.8 449 593 54 6.3 426 479 65 7.3
Fish 308 373 60 7.5 351 393 64 74 255 339 55 7.5
Dairy products 2230 1503 136 8.6 2476 1554 143 8.7 1918 1346 127 84
Eggs 205 339 18 2.5 229 405 18 25 174 233 18 25
Cereals 1855 968 69 5.1 1988 999 68 49 1689 893 7.1 53
Potatoes 90.1 671 28 22 9.6 688 28 20 822 643 29 24
Vegetables 1392 933 53 4.0 1483 912 5.1 3.6 1278 943 55 45
Beans and pulses 244 358 07 1.2 254 357 07 1.0 232 361 08 1.5
Nuts and seeds 36 116 02 06 44 116 02 04 28 116 0.1 0.7
Fruit 101.2 1055 28 30 1113 1085 28 2.8 888 994 28 32
Fats and oils 138 111 55 49 160 116 58 50 11.0 91 50 4.6
Sugar and confectioneries 97.7 784 6.0 58 1127 783 62 52 771 702 56 6.4
Soft drinks 2226 3471 73 100 2236 3544 66 89 2164 3220 8.1 109
Fruit juice 501 1019 21 4.0 596 1105 23 4.0 374 786 18 38
Alcoholic beverages 2122 4015 48 80 2522 4520 52 80 1650 3188 44 80
Tea, coffee and water 7838 4943 39 4.5 8283 4922 35 3.7 7330 4926 45 53

GHGE greenhouse gas emissions

? Plausible reporters were defined as participants with a ratio of reported energy intake (El) to estimated energy requirement (EER) 0.70-1.43; under-reporters were

defined as participants with an ELEER < 0.70
® Including over-reporters (n = 29), defined as participants with an EI:EER > 1.43

Discussion
To our knowledge, this is the first study to examine
diet-related GHGE in relation to measures of diet
quality, taking account of EI under-reporting. As-
suming that all the dietary variables were misre-
ported in proportion to the misreporting of EI, diet-
related GHGE were underestimated by 30% in this
cross-sectional study based on the UK NDNS rolling
programme. In the entire population, diet-related
GHGE were inversely associated with HDI and
DASH score but not with MDS after adjustment for
potential confounders. However, with further adjust-
ment for ELEER, diet-related GHGE showed inverse
associations with all three diet quality measures.
Similar associations were observed when only under-
reporters were analysed, while in the analysis includ-
ing only plausible reporters, diet-related GHGE
showed inverse associations with all diet quality
measures irrespective of adjustment. These findings
highlight the importance of taking account of EI
misreporting in the entire sample, rather than just
excluding EI misreporters.

Our mean estimate of diet-related GHGE was 5.7 kg
CO,eq/d, which is consistent with those reported from a
number of national representative samples in other

European countries, such as France (4.1 kg CO,eq/d)
[6], Ireland (6.5 kg CO,eq/d) [9], Sweden (women:
4.1 kg COjeq/d; men: 5.5 kg COyeq/d) [18] and the
Netherlands (women: 3.7 kg COseq/d; men: 4.8 kg
COseq/d) [7]. These differences may be due to differ-
ences in the types of data sources used and in system
boundaries in the emission factors adopted, in addition
to differences in dietary assessment methods and partici-
pant characteristics (such as age range and dietary
habits). However, we observed that the mean value of
diet-related GHGE increased by 30% (8.2 kg CO,eq/d)
with an assumption that all the dietary variables were
misreported in proportion to the misreporting of EL
Under-reporting of EI was on average 26% in this study,
which is quite similar to that in a subsample of the
NDNS rolling programme as assessed against total en-
ergy expenditure by the doubly labelled water method
(34% in individuals aged 16—64 years and 29% in those
aged =65 years) [30]. Indeed, this degree of under-
reporting is quite common in dietary surveys [53]. It is
therefore highly likely that diet-related GHGE will be
underestimated to a certain degree if EI misreporting is
not taken into account.

In this study, red meat was the top contributor to diet-
related GHGE, followed by dairy products. This is
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Table 3 Associations between diet-related GHGE and diet qual-
ity measures °

Model 1 ° Model 2 ©
pd SEd P pd SEY P
All (n=3502) ©
HDI =012 001 < 0.0001 -014 001 < 0.0001
MDS 0.002 0.01 0.86 -007 002 <00001
DASH score =051 004 <00001 -042 005 <0.0001
Plausible reporters (n = 1895)
HDI -012 001 < 0.0001 -0.14 002 <0.0001
MDS -0.08 002 00003 -0.10 002 <0.0001
DASH score  —0.51 006  <0.0001 -047 006  <0.0001
Under-reporters (n=1578)
HDI -0.15 002 <00001 -015 002 <0.0001
MDS 0.01 003 070 -005 003 006
DASH score  —-042 007  <0.0001 -035 008 <0.0001

DASH Dietary Approaches to Stop Hypertension, EER estimated energy
requirement, E/ energy intake, GHGE greenhouse gas emissions, HD/ healthy
diet indicator, MDS Mediterranean diet score

2 Plausible reporters were defined as participants with an EL:EER 0.70-1.43;
under-reporters were defined as participants with an EIEER < 0.70

b Adjustment was made for age (years, continuous), sex (male or female),
ethnicity (white or nonwhite), socioeconomic classification (higher and
managerial occupation, intermediate occupation, routine and manual
occupation or other), smoking status (current, former or never), and physical
activity (sedentary, low active, active or very active)

¢ Adjustment was made for variables used in model 1 and EI:EER (continuous)
9 Indicating the change of diet quality measures with a 1-kg of carbon dioxide
equivalents increase of diet-related GHGE (per day)

€ Including over-reporters (n =29), defined as participants with an EI:EER > 1.43

consistent with previous studies in Ireland [9], the
Netherlands [7] and France [8]. Thus, this study pro-
vides further evidence based on self-selected diet that re-
ducing meat consumption is likely to contribute to
lower diet-related GHGE [2], as indicated in modeling
studies [49, 54, 55]. Nevertheless, avoidance or lower in-
take of animal foods such as red meat may also contrib-
ute to nutritional inadequacy of several micronutrients
such as iron, zinc and vitamin B-12 [56]. In any case,
further research is required to determine the amount of
meat consumption (particularly red meat) which is
optimum for not only human health but also for the
health of the planet.

Misreporting of dietary intake is a common
phenomenon. It appears to arise non-randomly [24, 53]
and be selective for different kinds of foods, and accord-
ingly nutrients [57—60]. Misreporting has the potential
to cause differential errors in dietary data, which in turn
hampers the interpretation of studies concerning diet
and health. In the worst case it can lead to spurious
diet-health relationships [22, 25, 58]. In our present
study, EI misreporter (i.e., under-reporters and over-
reporters) prevalence was 46%, which is similar to that
in previous studies based on similar dietary assessment
methods (37% [61] and 38% [62]). The present findings
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are similarly consistent with many other studies [22-24,
53, 61] showing that under-reporters differ considerably
from plausible reporters, such as with regard to higher
body fatness, higher PA, lower socio-economic status
and rate of current tobacco use. These differences not-
withstanding, the associations of diet-related GHGE with
diet quality (in addition to the contribution of food
groups to GHGE) seen in under-reporters were rea-
sonably similar to those seen in plausible reporters,
after taking into account ELEER. Nevertheless, misre-
porting (particularly under-reporting) of EI appeared
to confound the inverse associations with diet quality
(i.e., MDS), suggesting the importance of taking into
account of EI misreporting. The reason for this obser-
vation is not precisely known, but one speculation is
that even though foods are differentially misreported,
these reporting errors are correlated with EI misre-
porting, to some extent at least (Pearson correlations
between EI and food group intakes ranged from 0.08
to 0.46 in this study). This does not conflict with ob-
servations based on biomarkers of protein, potassium
and sodium (24-h urinary excretion) [57, 60, 63].

After taking account of EI misreporting, we identified
inverse associations between diet-related GHGE and all
three measures of diet quality (i.e., HDI, MDS and
DASH score). An inverse association with DASH score
was similarly observed in British [15] and Dutch [16]
populations. An inverse association with HDI was also
observed in the Dutch study [16]. Conversely, a study in
France showed a positive association between diet-
related GHGE and diet quality assessed as a composite
measure of three different indices, namely mean ad-
equacy ratio, mean excess ratio and energy density [6].
These heterogeneous findings may be at least partly ex-
plained by the use of different measures for diet quality,
given that different diet scores have conceptual differ-
ences. Given the improbability of identifying a diet qual-
ity index which is able to capture all aspects of healthy
diets, the use of different measures of diet quality, as
conducted in this study, may be an important approach
to ensuring the robustness of the findings.

The strengths of this study include its detailed dietary
information obtained from a 4-d food diary, measured
anthropometric data, and use of an individualized meas-
ure of EER to assess EI misreporting in a representative
sample in the UK. However, several limitations also war-
rant mention. First, because of the limited availability of
food-level GHGE data, we obtained the estimates of
diet-related GHGE from GHGE values for 133 food
groups, rather than those assigned to individual food
items (> 2000 in the NDNS). Accordingly, we have likely
underestimated variation in diet-related GHGE. Never-
theless, this strategy is currently the only feasible ap-
proach in many epidemiological studies given the
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challenges of building a standardised comprehensive
food database [64]. Further, our estimate of diet-
related GHGE is of a comparable magnitude to those
provided in studies in Europe [6, 7, 9, 18]. Second,
environmental impact was indicated using GHGE
only, rather than such criteria as land and water use
or biodiversity. As highlighted in a recent systematic
review [65], these should be simultaneously taken into
consideration in future studies.

At present, the use of doubly labelled water as a bio-
marker is the only way to secure unbiased information
on energy requirements in free-living settings [53].
Nevertheless, this technique is expensive and cannot be
practically applied to large-scale dietary surveys like the
NDNS. As a replacement, we determined EER with the
use of published equations [37]. In the absence of mea-
sured total energy expenditure, these equations with
high R? values (0.82 for men and 0.79 for women) [37]
would serve as the best proxy, although the selection of
PA category was based on self-report (ie. a validated
questionnaire), which may be susceptible to reporting
bias. This notion is evidenced, at the population level at
least, by the finding of under-reporting in this study, and
of under-reporting observed in comparison with total
energy expenditure using doubly labelled water in a sub-
sample of the NDNS rolling programme [30], as men-
tioned above.

Another limitation of this study is its relatively low
response rate (53 to 56% among survey years). How-
ever, an analysis based on the previous NDNS, which
had a response rate for dietary recording of 47%, con-
cluded that there was no evidence to suggest con-
founding by a serious non-response bias in the NDNS
[66]. Finally, although we adjusted for a variety of po-
tential confounding variables, residual confounding
could not be ruled out.

Conclusion

This cross-sectional study, based on self-selected diets
in the UK, revealed that consistent inverse associa-
tions between diet-related GHGE and measures of
diet quality were observed when misreporting of EI
was taken into account, as well as potential underesti-
mation of diet-related GHGE. Thus, misreporting
(particularly under-reporting) of EI appeared to con-
found the inverse associations with diet quality. How-
ever, because these associations were observed not
only in the entire population but also in both plaus-
ible reporters and under-reporters separately, simple
exclusion of individuals with implausible EI was not
justified. Given the widespread presence of misreport-
ing in dietary surveys [24, 53], and the fact that
reporting errors in the intake of individual foods and
nutrients appear to correlate with reporting errors in
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El to some extent at least [57, 60, 63], routine
utilization of procedures to take account of EI misre-
porting [26] would likely improve the accuracy of
studies of diet-related GHGE.
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