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SUMMARY

Diet is recognised as the main driver of changes in the gut microbiota. However, linking
habitual dietary intake with the composition and activity of the microbiome remains
a challenge. Indeed, the collection of dietary data in conjunction with microbiome data
has been under-evaluated, leading to most microbiome studies containing little or no
information about diet.

This thesis aims to design and validate a short food frequency questionnaire (sFFQ) to
relate diet to the microbiome composition in a healthy adults population.

For this purpose, we conducted two consecutive studies (n = 84). A first pilot study
(n= 40) was designed to build and validate a simplified semi-quantitative 46-item sFFQ
against a reference method (mean of three 24-h dietary recall (3-24HR)) to evaluate the
dietary habits of our population. Furthermore, a second study (n = 44) was implemented to
redesign and validate a web-based 58-item sFFQ from the data provided by the pilot study,
using the 3-24HR as a reference method. Faecal samples were collected to relate the gut
microbiome profile (based on the 16S rRNA gene) with the dietary data extracted from the
sFFQ.

Relative validation analysis provided acceptable classification and agreement for 13
out of 24 (54%) food groups and 20 out of 29 nutrients (69%) based on at least three
of the following statistical methods: Wilcoxon test, Bland & Altman analysis, Spearman’s
correlation, intraclass correlation coefficient and cross-classification. Microbiome analysis
showed that higher diversity was positively associated with age, vaginal delivery, and fruit
intake. In contrast, diversity was negatively associated with BMI classification, processed
meats, ready-to-eat meals, sodium, and saturated fat. Our analysis also revealed a
correlation between food or nutrient groups and microbial composition.

Overall, the present work provided the first validated dietary assessment tool to
correlate diet intake with microbiome data for a healthy adult population. This tool could
be adapted and used in population studies and pave the way to better understand the
contribution of diet to health.
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Se reconoce que la dieta es el principal impulsor de los cambios en la microbiota
intestinal. Sin embargo, vincular la ingesta dietética habitual con la composicién y la actividad
del microbioma sigue siendo un desafio. De hecho, la recopilacién de datos dietéticos junto
con los datos del microbioma se han subestimado, lo que ha llevado a que la mayoria de los
estudios de microbioma contengan poca o ninguna informacién sobre la dieta.

El objetivo de esta tesis es disefiar y validar un cuestionario de frecuencia de consumo
alimentario corto (CFCAc) para relacionar la dieta con la composicién de microbioma en una
poblacién de adultos sanos.

Para ello, realizamos dos estudios consecutivos (n = 84). Se disefid un primer estudio
piloto (n= 40) para construir y validar un CFCAc semicuantitativo de 46 items contra un
método de referencia (media de tres recordatorios alimentarios de 24 horas (24HR)), para
evaluar los habitos alimentarios de nuestra poblacién. Ademas, se implementd un segundo
estudio (n = 44) para redisefiar y validar el CFCAc de 58 items realizado via web a partir de los
datos proporcionados por el estudio piloto, utilizando tres 24HR como método de referencia.
Ademas, se recolectaron muestras fecales para relacionar el perfil del microbioma intestinal
(basado en el gen 16S rRNA) con los datos dietéticos extraidos del CFCAc.

El analisis de validacidn relativa proporciond una clasificacién y concordancia aceptables
para 13 de 24 (54%) grupos de alimentos y 20 de 29 nutrientes (69%) basado en al menos
tres de los siguientes métodos estadisticos: Prueba de Wilcoxon, andlisis de Bland & Altman,
correlacion de Spearman, coeficiente de correlacion intraclase y clasificacién cruzada. El
andlisis del microbioma mostré que una mayor diversidad se asocid positivamente con
la edad, el parto vaginal y la ingesta de fruta. Por el contrario, la diversidad se asocié
negativamente con la clasificacion del IMC, las carnes procesadas, las comidas listas para
consumo, el sodio y las grasas saturadas. Nuestro analisis también revelé una correlacion
entre los grupos de alimentos, nutrientes y la composicidon microbiana.

En resumen, el presente trabajo proporciond la primera herramienta de evaluacion
dietética validada para correlacionar la ingesta dietaria con los datos del microbioma en
una poblacién adulta sana. Esta herramienta podria adaptarse y utilizarse en estudios de
poblacidn y allanar el camino para comprender mejor la contribucion de la dieta a la salud.
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1. INTRODUCTION






1.1 DIET

Feeding is the set of actions during which we provide food to our body (1). It is a
complex process as the selection and availability of meals depend on geography, culture,
religion, socioeconomic situation and psychological aspects (2). Our daily consumed foods
contain thousands of specific chemicals components digested and absorbed by our bodies
to maintain a proper function. These food components can be classified (3,4) as detailed
in Figure 1.

Figure 1. Chemical food component categories (that are not mutually exclusive). Adapted
from (1,4).

Food intake is difficult to measure as it varies from day to day. Therefore, in most dietary
assessment studies, habitual intake is measured, which corresponds to the average dietary
intake of an individual over a relatively long period of time (5).

Although there are broad interests in measuring human food consumption (6), dietary
intake is a complex human exposure. It is multidimensional since people consume multiple
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foods, macronutrients, micronutrients, phytochemicals, among others, in different
combinations. Moreover, it is dynamic since it varies over time depending on the life cycle
stage we find ourselves (7).

Assessment of nutritional status is important at individual as well as group (population)
level (8,9).

The individual-level assessment reflects the habitual intake, allows classifying individuals
according to their intake level within the population. This information may show great
dietary adequacy or insufficiency, which could translate into dietary advice, prescription of
a therapeutic diet or evaluation of the nutritional intervention.

The group-level assessment reflects the frequency and distribution of dietary intake
and estimates the average consumption of foods and nutrients of a population. The results
provide the nutritional status of the group. The assessment can explore the relationship of
a diet with various health indices or can attempt to identify the intake of desirable nutrients
for health status improvement.

To evaluate the habitual diet of a population, several aspects should be taken into
considerations (5):

e The dimensions or “layers” of food that are of interest (e.g. the dimensions of food
could be based on its content on vitamins, minerals, macronutrients, chemicals (such
as types of polyphenols), contaminants, or its grouping in different food categories,
chemical (such as types of polyphenols), etc.) (7).

e Assess how close these estimated values are to the true habitual intake of the study
population.

e Evaluate the degree to which the data provided by the dietary assessment tool
correspond to the food dietary exposure of interest. (e.g. if the objective is to measure
the consumption of vitamin A in the population. Does this instrument measure it? To
what degree?).

¢ The objectives for the use of a specific dietary assessment method (e.g. to obtain an
accurate estimate of a total absolute intake of a single dietary component, such as fat
or iron, a method with properties fitted of capturing the frequency of consumption
and amounts consumed of all foods contributing to the dietary component of
interest) (5).



1. INTRODUCTION

1.1.1 DIETARY ASSESSMENT METHODS

The dietary assessment evaluates food and nutrients intake and dietary patterns. It is
one of the four nutritional evaluation approaches alongside anthropometric, biochemical
parameters, and clinical examination (9).

The direct dietary assessment collects information at the personal level, classified
according to different criteria, including the time frame of the data collected (retrospective
or prospective) and duration of recorded time (one year, one month, etc.) and others
(10,11). There are currently several methods to evaluate dietary intake. However, the choice
of one of them may depend on many factors such as environment, population, age, literacy,
interviewer training and experience, cost, choice of nutrients and the study’s objective. In
the following section, we will describe the most used assessment methods.

1.1.1.1 Food diary or food record methods

The food diary is an open method where the participants self-report daily the food
and beverages consumed during a specific time to minimise memory dependence. Each
respondent must be trained in the level of detail required to describe the food adequately;
the portion sizes consumed, the name of the food (brand name), culinary techniques
(cooking type) and food mix recipes to complete the food record (12).

The portion size of foods can be assessed by estimating volumes (visual atlas, food
models or food packages) or weighing foods before and after consumption. The Weighed
Food Record is the most accurate method at the individual level. It has been one of the
most widely used methods in the United Kingdom (UK) and Europe to evaluate habitual
food and nutrient intake (9,10).

1.1.1.2 Dietary history

Burke developed the dietary story in 1947, it evaluates in detail the habitual intake and
eating patterns over a long or short time period. This approach includes a 24-hour dietary
recall (24HR), a 3-day dietary recall, and a checklist of foods consumed during a specific
period. Highly trained personnel are usually needed for its administration, being impractical
for population studies. The checklist of food was the forerunner of the more structured
dietary questionnaires in use today (e.g. food frequency questionnaires (FFQs)) (4,10,12).

1.1.1.3 24-hour dietary recall

The 24HR method is an open method in which personnel trained in interview techniques
asks respondents to recall and report all foods and beverages consumed during the previous
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24 hours. The 24-hour period starts with the first thing eaten by the respondent in the
morning until the last food item intake before he/she get up the following day (10,12). It
measures habitual intake; however, a single record is not enough to measure individuals’
food and nutrient intake. Therefore, a minimum of 2-3 non-consecutive days, including a
weekend day, is usually required to capture the day’s variability (13,14). Additionally, multi-
day data collection is often used to validate an FFQ (10).

When there is more than one interviewer, it is necessary to carry out a standardised
procedure and structured interviews to help collect the dietary intake information, such
as the automated multi-step method to lower interviewer bias (14—-16). The interview can
be administered face-to-face, by telephone or via self-administered computer-assisted. To
help describe serving sizes, photo atlases, food models, or standard household measures
could be used. The food data can be recorded in an open or structured 24HR (9-11).

Once the information has been collected, the interviewer code the raw or cooked food
(depending on the aim of the study and the nutritional composition table used) and convert
the data into grams for further analysis (11).

1.1.1.4 Food frequency questionnaire

FFQ emerged from the dietary history food intake checklist. It measures the frequency
of consuming certain foods or food groups at a specific time (week, month, year, etc.). It
evaluates the diet in the long term and can be self-administered, reducing the costs and
burden of the participants compared to other methods. Therefore, it is often considered
the most suitable method for nutritional epidemiological studies (10,12,17).

The FFQ can be adapted from an existing questionnaire or developed from some basic
principles. Once created, the FFQ requires validation.

The questionnaire includes a list of closed foods and a category of consumption
frequency according to the study’s objectives. Sometimes, it can contain information on
the size of the portions, allowing to estimate the amounts of food and nutrients intake (9).

® Food list

An FFQ is constituted by a food list. To set up a food list, preliminary considerations
should be taken into account (17-19) as follows:

- The food must be used reasonably often by an appreciable number of
individuals.
- The selected foods must contain the nutrient(s) of interest for the study.

- To be discriminatory, the use of the foods must vary from person to person.
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Generally, the food list of an FFQ may include between 5 and 350 foods items; there are
several approaches to create the list: simple selection, selection by exclusion, selection by
open data and food selection through a bibliographic review (10,17):

- Simple selection: examining the nutritional composition tables and
identifying the foods with the nutrients of interest, with the risk of selecting
foods with low consumption.

- Selection by exclusion: starting a list of potentially essential foods for
the study, but some of them could be, later on, eliminated based on
the results of a pilot study. However, before removing a food item, its
nutritional value to the study’s objectives should be considered. For
example, beef liver should not be eliminated if the aim is to study vitamin
A intake.

- Selection by open data: identifying and selecting foods that contribute
significantly to the nutrient intake of the study population using a 24HR.

- Food selection through a bibliographic review: searching for foods of interest
and using data from national food consumption surveys carried out in the
population of interest.

® Frequency categories

Frequency categories should always be continuous, with no gaps, as the sensitivity of
the questionnaire could be reduced, and respondents could be frustrated if they do not
find their response. The number of choices are between 1 and 12 but may mainly depend
on the intended use of the questionnaire (19).

The range of frequency choices should reflect the time frame of interest. The frequency
categories should emphasise the extreme consumption frequency of the distribution for
most foods (e.g. number of times per week o per day). However, from foods that are eaten
infrequently but make a significant contribution to nutrient intake (e.g. liver), it is important
to include a less frequent option, say less than once a month. If there are options of more
than once a day, this tends to lead to gross overestimates for some people (19).

® Portion size

The estimation of the portion size of each food item of the questionnaire allows us to
classify the FFQ into three categories:
- Qualitative: the amount consumed is not determined.

- Semi-quantitative: the standard portion size is given to each item of the
FFQ, or an option is provided to choose between different sizes.

- Quantitative: the usual portion size is determined by employing homemade
measurements or photographic food albums (11,12).
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The FFQ must be associated with a food composition database to estimate the
energy and nutrient intake from the semi-quantitative and quantitative questionnaires
(10). Currently, several food composition tables are available and will be explained in
section 1.2

1.1.1.5 Short dietary assessment methods or screeners

Short questionnaires (or screeners) are often used to measure the intake of certain food
groups (vegetables, fruits) or dietary patterns. They are generally used as a last resource
if the burden on participants and investigators is too high compared to other methods
such as the 24HR. Extracted nutritional data are limited, mainly due to the incapacity to
assess energy intake. The food list of the questionnaires varies between 5 and 40 foods,
and it can either be administered face-to-face or as telephone interviews, or it can be self-
administered (11,12,14). One example is the Mediterranean Diet Adherence Screeners
(MEDAS) that contains 14 questions, validated in Spain and recently in the UK (20,21). The
Healthy Eating Index (HEI) of 13 items assesses the quality of diet based on adherence to
the Dietary Guidelines recommendations for the American population (22). The “Indice de
alimentacidn saludable” (IASE) for the Spanish population is based on the HEI methodology
and the recommendations of the Dietary Guidelines (23) and the Healthy Food Diversity
Index (HFD-index) that captures dietary diversity (24).

1.1.1.6 Integration of new technologies to improve dietary
assessment methods

Technological development has enabled the creation of new tools to collect and
process dietary intake. There are currently six main groups of innovative technologies that
are promising to improve, complement or replace traditional dietary assessment methods
(12,25):

Personal digital assistant technologies (McClung et al. (26), Fukuo et al.
(27)).

- Mobile phone-based technologies (Shang et al. (28), Ruiz et al. (29)).

- Camera- and tape recorder-based technologies (Higgins et al. (30), Dahl
Lassen et al. (31)).

- Interactive computer-based technologies (Baranowski et al. (32), Vereecken
et al. (33)).

- Web-based technologies (Subar et al. (34)).

- Scan-and sensor-based technologies (Makhsous et al. (35), Jia et al. (36)).
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1.1.2 FOOD COMPOSITION DATABASE

Databases or food composition tables (FCDB/FCT) are used to convert the data obtained
from the dietary assessment into energy and nutrients.

The nutritional composition of foods could be highly variable since it may be affected by
environmental factors (insolation, type of soil, water regime to grow fruits and vegetables),
genetics and culinary processes (8). Therefore, the inclusion of novel foods into the FCDB/
FCT is essential to account for changes in the population dietary behaviour (10).

Ataninternational level, there are databases with a large number of foods and nutrients,
such as those from the US (USDA National Nutrient Database for Standard Reference)
(37), France (Table of the nutritional composition of foods (CIQUAL)) (38) and Australia
(Australian Food, Supplement and Nutrient Database (AUSNUT)) (39).

In Spain, there are 19 nutritional programs based on European or Spanish FCDB (40).
The Spanish FCDB have several limitations:

- They include a relatively limited number of foods:

Food composition database Number of foods

International FCDB
USDA (37) 8,618
CIQUAL (38) 3,185
AUSNUT (39) 5,740
Spanish FCDB
Farran et al. 2003 (41) 698
Mataix-Verdu et al. 2009 (42) 1,100
Moreiras et al. 2019 (43) +900
Martin Pefia et al. 1997 (44) 700
Ortega et al. 2004 (45) 700
BDCA et al. 2010 (46) 950

- Theydo notinclude the nutrients or food components necessary for diet and
microbiome association studies, such as separating soluble and insoluble
fibre, starch, lactose, polyols, polyphenols, etc.

- They do not include post-cooking nutritional values.

- They majority are not updated. New foods such as vegetable drinks,
kombucha, kimchi, among others, have not been included.

- Some are not free access.
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The choice of an FCDB/FCT may depend on the geolocation of the population of interest
as the food components (fibre, vitamins, polyphenols) could vary greatly depending on
each country’s climatic conditions and production practices (47-49). Therefore, the use of
an FCDB/FCT from one country may not be appropriate for another.

1.1.3 METHODOLOGICAL ASPECTS OF
THE VALIDATION OF A FOOD FREQUENCY
QUESTIONNAIRE (FFQ)

Day-to-day
variability

Seasonality \ l / Between subject
variation

Sources of dietary variation

Age and sex within a/ \Within subject
population group variation

Number of days of
recalls or record of
food intake

Figure 2. Potential sources of confounding factors in dietary assessment methods.

The usual dietary intake could be assessed through different methods (as we
commented previously). However, a series of factors could significantly influence the
design, planning, data collection and analysis and should be taken into consideration
(Figure 2).

The use of these instruments are facing two key challenges (9,12):

- We need to know how to deal with measurement error (frequent in the
data collected with dietary assessing tools).

- We must determine the extent to which a given tool accurately measures
true intake. For this, the reproducibility and validity of the dietary assessment
instruments should be evaluated.
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1.1.3.1 Errors in dietary assessments methods

The food and nutrient intake measurement presents a certain degree of error. The
direction and extent of error may vary depending on the method used, the population
of interest and the nutrient under investigation. Two types of errors, random error and
systematic error (bias), are often encountered (5).

Random error is bi-directional, leads to inaccurate measurements resulting in unreliable
conclusions, and can affect the reproducibility of a method. It arises from three sources:
individual biological variation, sampling error and measurement error.

Biasis a condition where the results deviate from the true value in a consistent direction.
It can reduce the accuracy and validity of a method. It arises from three sources: selection
bias, measurement bias, and confounding bias (9).

Several sources of error can significantly affect the estimation of habitual intake and
the validity of the dietary assessment methods, but measurement errors and bias can be
reduced and corrected (5).

Measurement errors in dietary intake

Measurement errors and biases can be broadly defined as deviations from the true
value (true mean, true variation, or both). We can evaluate them by calculating the
sample mean and the variation around the mean, expressed by the variance (or standard
deviation) (12).

In epidemiological studies, these errors can occur at two different levels, at the
individual level (within-person) and the group or population level (between-person).
Several measurement errors can be minimised by incorporating different strategies and
quality control procedures during the dietary data collection, as detailed in Table 1.

In addition, several statistical techniques have been developed to deal with the errors
and improve the performance of diet assessment tools at the data analysis stage. To
correct systematic and random errors, linear regression calibration, analysis of variance,
and energy adjustment could be used. The energy adjustment improves the correlation
coefficient values of dietary intake obtained from the test method (FFQ) and the reference
method of the validation studies (24HR). One possible explanation for this adjustment is
that energy and nutrient intake errors are correlated and tend to cancel out each other in
energy-adjusted nutrient intake. The nutrient density method and the residual nutrients
are the most used methods (12,17).
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Table 1. Major measurement errors in dietary assessment methods and strategies to

reduce them. Adapted from (9).

Measurement errors

Non-response bias

The reason why people may refuse to
participate in the survey or drop out of the
intervention study could be due to a lack of
understanding of the study objectives.

Respondent’s bias

This error corresponds to one of the most
significant sources of error in dietary
assessments and results from over-reporting
or under-reporting the food consumed.

Interviewer bias

It may occur if different interviewers
probe for information to differing degrees,
intentionally omit specific questions, or
record subjects’ responses incorrectly.

Memory lapses of the respondent

This may result from unintentional omission
or addition of food.

An incorrect estimate of the size of the
portion consumed

This error can arise from respondents failing
to accurately quantify the amount of food
consumed or the misconception of the
average portion size.

Omission of information on the use of
nutritional supplements

This omission could lead to errors in the
calculation of nutrient intake.

Encoding error

This error may happen when portion size
estimates are converted from household
measures into grams and when food items
are assigned to codes.

Mistake in the handling of mixed dishes
This error may result in incorrect estimates
of their nutrient content, per se, as well as
errors in their assignment to a specific food
group.

Strategies to reduce these errors

Simplify the dietary assessment methods.

Carrying out mailed or telephoned reminders
in surveillance studies. Training interviewers to
convey warmth, understanding and trust.

Identify misreporting through biomarkers-doubly
labelled water, urinary biomarkers, Goldberg cut-
off method, among others.

Use standardized 24HR.

Use multi-pass interview techniques, probing
questions, standardised prompts, or memory
aids such as food models.

Minimising the period of time between actual
food intake and recall.

Use household measures, food photographs or
food models as a memory aid.

Include close-ended questions about the specific
brand taken, the amount per pill, frequency, and
duration of use.

Establish a standardised coding system or use
bar-code scanners.

Mixed dishes should be broken down into simple
ingredients to be classified into their appropriate
food groups.
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1.1.3.2 Reproducibility of an FFQ

The reproducibility or reliability analysis evaluates the consistency of the repeated
measurements of a specific assessment method. The reproducibility can be determined
through a test-retest design; for this, an identical FFQ is repeated on the same person under
a similar time period, after a defined time interval between repetitions.

The consistency of consumption, not the precision of measurement, is evaluated as
dietary intake is rarely totally replicated. Only estimates are obtained as values can be
affected by a series of factors such as (9):

- Sample size.

- The time interval between administration.

- Mode of administration (24HR or FFQ).

- The method used to estimate the serving size.

- Seasonality may influence changes in eating habits.

- Nutrient intake that can vary between measurements.
- Random measurement errors.

- Intra and inter-individual variability.

Random measurement errors can be minimised, for example, by increasing the number
of repetitions of 24HR. However, reducing intra- and inter-individual variability is not

recommended, as variability may be a characteristic of a group of people’s true habitual
food intake (10).

Statistical methods to evaluate the reproducibility of an FFQ

The reproducibility of the FFQ can be evaluated at the individual and group level, based
on the test-retest method, through different statistical tests.

At the individual level, correlation analysis or intraclass correlation coefficient can be
used to assess the degree to which two administrations are related. The percentage of
misclassification is calculated by comparing the number of pairs (repetition of the same
FFQ) of FFQ with a similar agreement.

A paired t-test or a Wilcoxon test can be used at the group level to compare the mean
or median intake, respectively. Bland & Altman’s analyses can be used to test the degree of
correspondence between the mean and the standard deviation of two replicates through
limits of agreement, which will be detailed in section 1.3.3.
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If there are more than two days of feeding measurements (e.g. 24HR), the variance
could be analysed to estimate the variability between- and within- individuals (9,12,19).

1.1.3.3 Validation of an FFQ

Validation determines the degree to which a questionnaire measures what it intends to
measure. Methods for assessing dietary intake are usually difficult to validate since there is
not a gold standard method has been yet reported; therefore, “relative validation” is often
performed. Relative validity is a process in which the dietary values estimated by a test
method are compared to those from a reference method (FFQ v/s 24HR). The reference
methods must have a greater degree of demonstrated validity and errors independent
of the test method; however, they rarely occur (10,12). The results of validation can be
affected by systematic errors.

One way to avoid these errors is to use an external marker independent of the intake,
such as biomarkers. Nevertheless, they have limited use since they are only available for a
limited number of nutrients (50).

When designing validation methods, a series of factors may be taken into account
(10):

- The selection of subjects for the validation study should be representative
of the population under investigation. Validation can be done on a small
sample but must be large enough to estimate the correlation between the
reference method and the test with reasonable precision.

- The reference method should have equivalent objectives and measure
similar parameters to the test method.

- The test methods should be administered before the reference method in
a validation study to simulate the situation chosen as the objective of the
study.

- The spacing between the administration of both instruments should be
considered so that the test method does not influence the responses of the
reference method.

- Physiological characteristics such as sex, age, socioeconomic status,
ethnicity, and health status can affect the validation results.

Several combinations are recommended between the test method and the reference
method to perform a relative validation of dietary assessment methods (e.g. single 24HR
v/s single-day weighted record, dietary history v/s single day weighted record). However,
a good agreement between these combinations does not necessarily indicate validity.
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Indeed, the agreement could reflect similar errors between both methods. Moreover, the
limited validity of a test method can be attributed to errors associated with the reference
method (9).

Statistical methods to perform a relative validation of an FFQ

Currently, there are several statistical approaches to the relative validation of an FFQ.
However, there is no consensus on the ideal method and the number of statistical tests
required to validate a diet assessment tool as it depends on the objectives of the study.
The results of the different statistical tests should be interpreted with caution because they
reflect different facets of validity, such as concordance, association or bias at the group and
individual levels of a particular food or nutrient. In addition, an FFQ could be valid for some
foods and nutrients but not for all (17,51).

Assessing the distribution of the data should be a preliminary step before the validity
evaluation. A logarithmic transformation could be applied to data that present an abnormal
distribution, as well as the use of non-parametric statistical tests. The most commonly used
statistical methods to perform a relative validation of an FFQ and interpretation criteria
applied to the results are shown in Table 2.

In summary, dietary assessment methods, specifically the FFQ, are considered a relevant
tool for obtaining data on habitual intake patterns since its principal objective is to assess
diet over long periods of time in large populations (17,52). Indeed, the FFQ is a relatively
inexpensive, quick and easy-to-implement method that can provide in-depth insights into
food, nutrient intake and dietary patterns (19). However, the FFQ must be validated in the
population for which it has been designed before being applied. To validate an FFQ, the
reproducibility and validity of its measurements must be verified using different statistical
methods (17,51).

Various studies in nutritional epidemiology have shown the association between diet
and the risk of suffering from certain chronic non-communicable disorders or cancers (6,53).
However, a new actor appears to influence this relationship between diet and disease risk,
the microbiome (54).
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Table 2. Statistical tests, interpretation criteria and example of the Bland & Altman plot of
the relative validation of an FFQ (9,13,51,55).

*Bland & Altman plot: The Bland & Altman plot is showing the difference between the measurement (test - reference
measure) (y-axis) against the mean of the two measures (test measure + reference measure/2) (x-axis) for each subject.
The limit of agreement (95% confidence limits of the normal distribution) is calculated as the mean difference £1.96 SD
and reflect over and underestimation of estimates.



1.2 MICROBIOME

Humans have co-evolved with millions of microorganisms (bacteria, fungi, viruses,
archaea and protozoa) to establish a complex and mutually beneficial relationship. In
the gastrointestinal tract (56), almost 10 million non-redundant bacterial genes have
been identified (57). The microbiota is estimated to outnumber host cells by a ratio of
10:1 (58). However, they have recently estimated that the ratio is much closer to 1:1
(59).

1.2.1 TECHNICAL APPROACHES FOR MICROBIOME
ANALYSIS

Recent advances in high-throughput sequencing have expanded our understanding of
the gut microbiome, particularly prokaryotes belonging to bacterial and archaeal domains.
The most common methods of microbiome characterisation are targeted sequencing and
shotgun sequencing on microbial DNA or RNA. Targeted sequencing approaches focus on
a specific microbial gene used to describe the taxonomic composition of the samples. In
contrast, shotgun sequencing focuses on the whole extracted genomic DNA. This approach
allows identifying gut microbial potential functions; however, not all these genes are active
at sampling. Other omics approaches have been developed to overcome these limitations.
Metatranscriptomic, metaproteomics and metabolomics are approaches based on RNA
shotgun sequencing to identify active genes, overall proteins and metabolites seeking to
detect metabolic activities, respectively (60).

Targeted-sequencing methods involve the amplification of marker genes by Polymerase
ChainReaction (PCR). PCRis performed at an orthologous locus (marker gene) to differentiate
microbial community members depending on the analysed microorganisms. The most
commonly analysed locus is the 16S ribosomal RNA (16S rRNA) gene containing several
conserved regions, each flanked by nine hyper-variable areas V1 to V9 that potentially differ
between species. Conserved areas allow the use of universal primers to detect all bacteria
present in a sample, whereas hypervariable regions determine which microorganism is
being detected (61,62).
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Overall, V4 is the most analysed hypervariable region that allows microbial identification
down to the genus level in biological samples. Besides, their short length (254 base pairs
approximately) is suitable for small-length read technologies such as the HiSeq and the
MiniSeq lllumina platforms, which uses paired-end reads that can be joined into ~300
nucleotides (63,64).

Figure 3. Summary of bioinformatics workflow and statistical analysis of the microbiome
studies. Adapted from (65,66).

High-throughput targeted sequencing results in millions of sequences that correspond
to bacteria and archaea in microbial communities. The 16S rDNA sequences could be
processed using several available bioinformatic pipelines and public databases to recover
taxonomic profiles.

The raw sequence reads obtained by the Illumina platform are filtered and processed
using bioinformatics pipelines such as QIIME (67,68) (Quantitative Insights Into Microbial
Ecology), mothur (69), UPARSE (70), DADA2 (71), etc. Most of these tools use public
databases such as Greengenes (72), Silva (73), EzBioCloud (74) and PATRIC (75) and are
based on clustering raw sequences into operational taxonomic units (OTUs) following
different clustering algorithms. They classify each OTU into a bacterial taxon down to the
species level. Recently developed tools such as DADA2, implemented in QIIME2, denoise,
dereplicate and filter out chimaeras sequences into amplicon sequence variants (ASVs).
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The OTU and ASVs data generate bacteria abundances tables used to perform taxonomic
classification, alpha- and beta-diversity, and differential abundance analyses. The summary
of bioinformatics workflow and statistical analysis of the microbiome studies by 16S RNA is
shown in Figure 3.

1.2.2 GUT MICROBIOME PROFILING

Prokaryotes can be classified into different phylogenetic levels: phyla, class, order,
family, genus and species. 90% of the gut microbiota is composed of the phyla Firmicutes
and Bacteroidetes followed in minor proportions by Proteobacteria, Actinobacteria,
Fusobacteria and Verrucomicrobia phyla. (76,77).

The human gut harbours a diverse community of microbes that exhibit significant
between-person variations (56,78). 1200 species of bacteria have been detected in most
human samples, of which 160 to 400 species are estimated to present in each individual
(76,79). The intestinal microbiome has relatively slow temporal dynamics compared to the
oral or cutaneous microbiome. Possibly reflecting trends in response to long-term factors
such as dietary patterns (80).

Also, the gut microbiome has been shown to have high temporal stability. It conforms
to a power-law function where significant differences in community composition occur on
shorter time scales while a stable core set of strains persists at longer scales. Higher stability
is typically observed in Actinobacteria and Bacteroidetes phyla compared to Proteobacteria
and Firmicutes phyla (81).

In the gastrointestinal tract, the density and composition of the microbiota vary along
the longitudinal and transverse axes. The difference in the chemical-nutritional gradient
and the compartmentalised immunological activity of the host increases the number and
diversity of species from the stomach to the colon (82,83). The colon is the most colonised
area since it contains 70% of the microorganisms that make up our body and has the highest
metabolic activity (59,84). The close symbiotic relationship between the host and the gut
microbiota leads to various functions that help support and maintain the host’s health.
Among the main tasks performed by the intestinal microbiota is modulation of the immune
system and interaction with the enteric nervous system, protection against colonisation by
pathogenic organisms, and metabolic activities (84,85).

One of the most important metabolic functions of the gut microbiota is to ferment
the components of the diet not digested by the small intestine. In addition, its proteolytic
potential converts ingested dietary and endogenous proteins (e.g. host enzymes, mucin and
sloughed off intestinal cell content) into several metabolic substrates. As a result, critical
metabolic substrates, such as short-chain fatty acids (SCFA), amino acids and derivatives,
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phenolic compounds, and gases including H,, CO, and H,S are produced that contribute to
the host’s health. (86,87).

SCFA have different functions (88):

- Butyrate is the primary energy source for the colonocytes as it provides 70%
of the ATP production in the colon. It has anticancer activity by inducing
apoptosis of malignant cells and regulating the expression of genes involved
in the inhibition of histone deacetylation. It also activates intestinal
gluconeogenesis.

- Propionate inhibits endogenous cholesterol synthesis and regulates
gluconeogenesis in the liver.

- Acetate is the most abundant SCFA; it is essential for the growth of other
bacteria and is used as a substrate for the synthesise of lipids and cholesterol
at the peripheral level (87,89).

Other functions of butyrate and propionate are to serve as ligands regulators of the
excretion of enteroendocrine hormones, that control or modulate appetite and food intake,
as shown in mice (90).

Likewise, the intestinal microbiota participates in other metabolic functions, supports
the absorption of Ca*2, Mg* and Fe*? ions, synthesises vitamin K and other B-complex
vitamins, and participates in the bile acids catabolism (86,91).

The close functional relationship between humans and their microbiome is essential to
maintain proper homeostasis. However, several intrinsic and extrinsic factors can negatively
affect microbial composition and activity, triggering alterations in the microbial community,
namely dysbiosis. A decrease in microbial diversity has been reported in low and high-
grade inflamed mucosa that has been associated with a vast number of diseases (92), as
shown in Figure 4.

1.2.3 FACTORS AFFECTING THE GUT MICROBIOME

Many studies have shown that host genetics can impact the structure and composition
of the gut microbiome (93,94). For instance, the association of nucleotide-binding
oligomerisation domain-containing protein 2 (NOD2) mutations with some inflammatory
pathologies, including Crohn's disease, have been shown to be associated with immune
response and microbiome alterations (95,96). Nevertheless, the combination of multiple
extrinsic factors such as mode of birth, frequency of drug use such as antibiotics, lifestyle,
age, environment and especially diet have a significant impact on the microbial community
during our lives (97-99).
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Figure 4. Factors that influence the gut microbiome composition and the association
of dysbiosis in developing diseases in the host. Adapted from (100). Created with
BioRender.com

1.2.3.1 Age, delivery and type of feeding

The age of the host has been shown to have a significant effect on the gut microbiota.
Colonisation begins when we are born and varies depending on the mode of delivery.
Infants born vaginally are shown to be mostly colonised by the mother’s vaginal and faecal
microbiota. In contrast, those babies born by caesarean section (C-section) are often
inhabited by the mother’s skin microbiota. The lack of inoculation of bacteria from the
birth canal in children born by C-section could negatively affect the development of their
intestinal microbiota since it increases the susceptibility to specific pathogens and the risk
of developing certain diseases such as atopy allergy and asthma (101,102). Colonisation
may be chaotic during the first months of life since the microbiome composition could be
affected by several environmental factors such as diseases, antibiotic intake, and feeding
(103,104). Various studies have observed that infants fed with breast milk have a different
microbiota composition than those fed formula-fed infants. Breast milk provides several
substrates for bacterial function and offers certain bioactive compounds that help digestion
and absorption of nutrients, immune protection, and antimicrobial defence, absent in
formula milk (104,105). When solid feeding begins, the most significant compositional
change in the infant’s gut microbiome occurs.
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1.2.3.2 Lifestyle

New evidence suggests that physical activity can modify the composition and functional
activity of the microbiota in mice (106—-108) and humans (109). An increase in the richness,
microbial diversity and more significant presence of Faecalibacterium prausnitzii has been
observed in rugby players (110). Individuals who perform high-intensity cardiorespiratory
exercises present greater microbial diversity than those who do them at a lower intensity
(111). However, it is unclear what type of physical activity is the most appropriate since
most studies have been done on mice. Human studies have been inconsistent; the modality,
intensity, and duration of exercise necessary to produce a significant effect on the gut
microbiota have yet to be determined (112).

Smoking also has shown animpact on the intestinal microbiota. Various studies indicated
an increase in the relative abundance of Firmicutes and Actinobacteria and a reduction of
Bacteroidetes and Proteobacteria in stool samples from individuals undergoing smoking
cessation (113,114). However, more evidence is necessary as there are few studies.

1.2.3.3 Antibiotic therapy

The use of antibiotics (115,116) and non-antibiotic drugs (117) may have harmful
effects on the microbiome. Several studies showed that antibiotics alter the microbiome
composition by increasing, decreasing or eliminating certain species and producing an
imbalance between Firmicutes and Bacteroidetes. This alteration depends on the class of
antibiotic, the dose, the period of exposure, the pharmacological action and the bacterial
target (118). After antibiotics intake, the recovery of microbial diversity can take months or
years, as it varies between individuals (119).

In a recent study, researchers screened more than 1,000 marketed non-antibiotic drugs
against 40 representative gut bacterial strains. They found that 24% of the drugs with
human targets, including members of all therapeutic classes, inhibited the growth of at
least one strain in vitro. Therefore, these pharmaceuticals could contribute to a decrease in
microbiome diversity in modern Western societies (120).
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1.2.3.4 Environmental factors

Figure 5. Changesin dietary patterns following westernisation, accompanied by alterations
in dietary components, result in remarkable changes in the gut microbiome composition
and function. Adapted from (121).

Several studies have reported changes in the taxonomic composition of faecal
samples from different ethnicities and geographic areas (Figure 5). De Filippo and
colleagues (99) compared children’s intestinal microbiome from a rural village in Burkina
Faso and European children. They observed a higher relative abundance of Bacteroidetes
(associated with a rural diet) in African children and a higher proportion of Firmicutes
(associated with a diet high in protein and low in fibre) in European children. Yatzunenko
and colleagues (98) compared the bacterial communities between the American
population and two rural villages in Venezuela and Malawi, and they observed a clear
difference in faecal microbiota composition. One of the possible causes is that the
American diet (a diet rich in protein) differs significantly from the diet of Venezuela and
Malawi (a diet rich in corn and cassava).

Additionally, differences in cultural tradition, exposure to pets and livestock, sanitation,
hygiene, and climate could also influence how and where the gut microbiome is acquired.
However, the diet has a dominant role over these variables (99). Notably, urban areas offer
a wide variety of foods, which could lead to more significant inter-individual variability of
the gut community than the rural areas’ more homogeneous and simple diets (121).
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1.3 DIET AND MICROBIOME

Diet constitutes one of the principal determinants in establishing the cross-talk between
the intestinal microbiome and host genes (122). Multiple studies have suggested that diet is the
central modulator of microbial communities in humans and other species (123). Indeed, diet
would explain 57% of the microbial variation in mice and around 20% in humans (along with drugs
and anthropometric measurements), which makes the diet a potential therapeutic target in the
management of diseases through the modulation of the gut microbiome (124,125).

Short- and long-term dietary intervention studies have demonstrated the ability to
alter microbial diversity in humans rapidly; however, these changes may be transitory
since the microbial composition returns to a basal state (126—128). Even after extensive
dietary changes, an individual’s microbiota maintains its unique personalised composition,
suggesting that the forces that control the ecological homeostasis of the microbiome
extend far beyond diet (129,130).

Although the intestinal microbiome has high plasticity in terms of composition, its function
in an individual shows high stability against external and internal disturbances, suggesting
that microbial communities are resilient and resistant to changes (92,131). However, more
permanent modulation of the microbiome community has been shown possible in several cases.
For instance, post-infectious gastroenteritis (induced by bacteria, parasites or viruses), which
stimulated aberrant immune responses and was associated with an alteration of the microbiome
composition, could increase the risk of developing irritable bowel syndrome (IBS) (132,133). A
study carried out in germ-free mice, which underwent a faecal transplant of twins discordant
for obesity, showed the transmission of the lean and obese phenotype (134). Cohabitation
experiments showed that “lean microbiota” could be successfully transmitted into mice with
“obese microbiota” and could partially prevent obesity. However, this was only the case while
the mice were consuming low-fat / high-fibre diets. Once the animals were exposed to high-fat,
low-fibre diets, all mice experienced an increase in body mass and fat mass, and co-housing of the
lean and obese mice failed to attenuate or block the development of obesity (134). These findings
emphasised the importance of diet in developing obesity and the close relationship between diet
and microbiota composition (135).

Habitual dietary patterns that acts as continuous external disturbances with a constant
level maintained over a period of time (136), could drive the establishment of stable, dominant
microbial networks in the gut microbiome of each individual (129, 130, 137). Therefore, we
expect that a permanent change of diet could induce the proliferation of very low previously
undetectable species, increasing microbial diversity and potentially beneficial taxa (130).
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Before evaluating the degree to which a dietary intervention could modify the microbial
communities, the effect of the different dietary habits (Western-type, vegan and vegetarian,
Mediterranean diet, etc.) of the population in the gut microbiome should be investigated.
The lesson learned from the impact of diet on the gut microbiota will provide support to
carry out nutritional interventions that could be individualised and sustainable over time.

Population-level studies have observed that the habitual diet represents only a tiny
proportion of microbiome variation (125,138,139). Insignificant and modest differences
have been found between groups of people who consume very different dietary patterns,
such as omnivores v/s vegetarians (140) and omnivores, vegetarians and vegans with three
different levels of adherence to the Mediterranean diet (141).

However, Johnson et al. evaluated the habitual diet and found that the interactions
between food and microbes are highly personalised. This personalised response might be
one of the reasons how diet has been shown to have a small effect in shaping the gut
microbiome in population-level studies; therefore, the impact of diet could be much more
significant than these studies suggest (142). Indeed, if the same foods impact different
bacterial populations in an individualised manner, such effects may not be detectable
in cross-sectional investigations. In addition, Johnson and colleagues observed that the
microbial composition was more strongly associated with food choice than with conventional
nutrient profiles. Therefore, evaluating diet using the conventional nutrient approach
could be insufficient to connect dietary intake with microbiome variation. Unfortunately,
the limited available information on food composition (as discussed above, section 1.2)
relevant to the microbiota (additives, preservatives, polyphenols, etc.) makes it challenging
to detect correlations between microbial functions and nutrient intake (142,143).

Another factor recently explored is the impact of seasonality on the habitual diet and
the microbiome. In animal models, it has been reported that seasonality probably affects
the composition and function of the gut microbiome in response to seasonal changes in
diet (144,145). Smits et al. collected faecal samples from the Hadza tribe of Tanzania in
a longitudinal manner during one year (146). They showed that the microbiota of these
hunter-gatherers reflects the seasonality of their diet, where the dry and wet seasons
affect the availability of certain types of food. Also, they observed a considerable shift in
the intestinal microbiota composition with cyclical characteristics between seasons, with
several taxa undetectable in one season and reappeared in the next.

Other studies have revealed that the gut microbiota can be affected by circadian rhythms,
as they fluctuate depending on the availability of nutrients (147). The feeding regimen
could also influence gut microbial composition and function. Kaczmarek et al. observed
in humans that several bacteria were related to the timing of eating and overnight-fast
duration (148). At the same time, Collado et al. discovered that the timing of the main meal
could affect the diurnal rhythms of the microbial profile in ten individuals. They found that
eating late (17:30hr) increases diversity in saliva, specifically pro-inflammatory microbial
taxa, but has no effect on the faecal composition (149).
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We currently understand that diet widely affects the microbial community composition
within an individual (150). However, identifying the exact importance of specific foods and
nutrients in shaping the microbiome composition across populations remains a challenge
(142). Therefore, building new diet assessment tools should improve our understanding of
these close relationships.

Next, the current state of knowledge will describe some food components and dietary
habits that may impact the gut microbiome signature.

1.3.1 FOOD COMPONENTS AND GUT MICROBIOME

1.3.1.1 Carbohydrates and gut microbiome

Carbohydrates (CHOs) are separated into two classes, digestible or indigestible.
Digestible carbohydrates such as glucose, fructose, galactose (present in sugar, honey, fruit,
pastries) and starch (present in cereals and derivatives and potatoes) are enzymatically
degraded in the small intestine. In contrast, the indigestible carbohydrates are resistant to
enzymatic degradation and are released into the large intestine (151).

Recent human studies indicate that dietary mono and disaccharides affect intestinal
microbiota and increase Bifidobacteria while decreasing Bacteroides (152,153). The intake
of polyols, another type of digestible carbohydrates, produces a similar effect (154).

Indigestible carbohydrates, known as dietary fibre, are fermented by gut microbes in
the large intestine. However, not all dietary fibre is fermentable (Figure 6). Several clinical
trials showed that a high fibre dietary intervention increases the relative abundance of
beneficial bacteria such as Bifidobacterium spp., Lactobacillus spp., Akkermansia spp.,
Faecalibacterium spp., Roseburia spp., Bacteroides spp. and Prevotella spp. (155). In
addition to reducing the Firmicutes/Bacteroidetes ratio (156) and improving microbial
diversity (99,157,158). Compositional differences between various types of resistant starch
have been found to have differential effects on the host microbiota (159). The consumption
of 100g/day of resistant starch type 2 and type 4 for three weeks in healthy adults is
associated with an increase in Bifidobacterium spp., Faecalibacterium spp., Eubacterium
spp. and Ruminococcus spp. (160).

Fermentable non-digestible carbohydrates are considered prebiotic since they are non-
digestible dietary components with beneficial effects on the host’s health. They selectively
stimulate the growth and activity of certain microorganisms (161), in addition to being part
of the “microbiota accessible carbohydrates”, or MAC (162), a term used to describe the
CHOs that are metabolically available to gut microbes.

45



46

DOCTORAL THESIS « FRANCISCA YANEZ ARAYA

Figure 6. Scheme of fibre subtypes and their food sources. The red rectangular represents
fibre with low fermentability, and the green rectangular represents fibre with high
fermentability. Abbreviations: MU, monomeric units. Adapted from (159,163).

1.3.1.2 Fat and gut microbiome

The quantity and quality of fats in the diet may severely affect the composition and
function of the gut microbiome, which in turn influences the host’s metabolism. High-
fat diets (HF-diet) in animal models decrease Bacteroidetes and increase Firmicutes and
Proteobacteria (164,165). In particular, saturated fatty acid (SFAs) could induce dysbiosis
and the consequent alterations of the intestinal barrier (151). In humans, an HF-diet,
mainly SFAs, is associated with a reduction in microbiome richness and diversity (166).
An interventional study showed that an HF-diet in healthy adults is related to increases in
Alistipides and Bacteriodes species and decreases in Faecalibacterium species (167).

The modulation of the gut microbiome by dietary fats is still unclear since findings are
inconsistent. However, a recent systematic review in human studies showed that HF-diet
and SFA could exert unfavourable effects on the intestinal microbiota and are associated
with an unhealthy metabolic state. The authors of this review reported that diets rich in
monounsaturated fatty acids (MUFA) could negatively affect the gut microbiota or metabolic
health outcomes, but not polyunsaturated fatty acids (PUFA) (166).

Another study performed in individuals with metabolic syndrome suggests that a low-
fat diet led to an increased faecal abundance of Bifidobacterium. Inversely, a high total fat/
high SFA diet increased the relative abundance of Faecalibacterium prausnitzii compared
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to baseline. Finally, subjects with high MUFA intake did not encounter shifts in the relative
abundance of any bacterial genera. However, they did have overall reduced bacterial load
and plasma total- and LDL-cholesterol (168). Supplementation with omega 3-PUFA (in fatty
fish) in healthy subjects reversibly increases the abundance of butyrate-producing bacteria
such as Bifidobacterium, Roseburia and Lactobacillus; however, it does not produce
significant changes in a or B diversity or the composition at the phylum level (169).

1.3.1.3 Protein and gut microbiome

The effect of proteins on the microbiome composition varies according to the type
(vegetable or animal) between individuals (170). A rich animal protein intake (red meat and
dairy products) can increase the abundance of bile-tolerant anaerobic bacteria (Alistipes,
Bilophila and Bacteroides species). On the contrary, it decreases levels of Firmicutes
(Roseburia species, Eubacterium rectale, Ruminocococcus bromii) that metabolise dietary
plant polysaccharides (127,171,172). The increased risk of inflammatory bowel disease (IBD)
has been associated with prolonged consumption of animal protein through the cumulative
production of hydrogen sulfide (H,S) by sulfate-reducing bacteria (Desulfovibrio and Bilophila
species) (173). However, a significant impact on the abundance of these reducing bacteria has
not been observed when consuming a diet rich in sulfur amino acids (methionine, cysteine,
taurine) (174). Additionally, increased trimethylamine N-oxide (TMAOQ) (from L-carnitine (red
meat) metabolism by bacteria and the liver) was shown to be associated with the risk of
atherosclerosis and could be increasing cardiovascular risk (173).

On the other hand, a high vegetal protein diet intake (based on glycated pea proteins)
was shown to increase commensal beneficial bacteria (Bifidobacterium and Lactobacillus),
which increases the production of SCFA in humans. On the contrary, a decrease in pathogens
such as Bacteroides fragilis and Clostridium perfringers was observed (161,175).

1.3.1.4 Micronutrients and gut microbiome

Various micronutrients such as vitamins taken as dietary supplements has been shown to
shape microbial composition and provide critical functions within bacteria (150). Vitamin D
could affect intestinal microbiota composition. Vitamin D3 supplementation leads to a shift in
intestinal bacterial composition in Crohn’s disease patients but not in healthy controls (176).

Metals can drastically alter the microbiome, as they appear to be necessary cofactors
for numerous physiological processes in mammals and bacteria (150). Iron is an essential
micronutrient for the growth of pathobionts that could therefore influence the microbiota
structure. In fact, in mice, a diet rich in heme was shown to decrease microbial diversity,
increase the abundance of Proteobacteria, and reduce the abundance of Firmicutes (177).
In developing countries, zinc deficiency could be a risk factor for life-threatening childhood
diarrhoea as it increases populations of pathobionts (178).
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Saltintake has also been associated with microbiome alteration; recent data suggest that
diets high in salt are mediated by reduced levels of Lactobacillus and subsequent increases
in pro-inflammatory T-helper 17 cells in experimental animals and humans (150,179).

1.3.1.5 Polyphenols and gut microbiome

Dietary polyphenols are bioactive compounds present in various foods (Figure 7). In the
last decades, they have been extensively studied for their antioxidant properties. Recently,
they have been shown to have a significant impact on the gut microbiome. (180,181).
However, it is difficult to determine the true effects of these compounds on human health
since absorption and availability remain unclear and controversial. Furthermore, there is
a wide interindividual variation in their responses, probably due to differences in the gut
microbiome composition (182).

Figure 7. Primary sources of dietary polyphenols (180).

Polyphenols and the gut microbiome have a two-way relationship. Polyphenols are
biotransformed into metabolites by the intestinal microbiome and could modulate the
microbial community’s composition by inhibiting pathobionts and stimulating beneficial
bacteria (181). In vitro, an enrichment of the Bifidobacterium and Lactobacillus genera
has been observed after using different extracts rich in polyphenols (153,183). In a
human intervention study of 22 people, cocoa-flavanols were reported to promote
the growth and proliferation of Bifidobacterium spp. and Lactobacillus spp. (184).
As an opposite effect, the use of anthocyanins would also stimulate the growth of
Enterococcus spp. (185).
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1.3.1.6 Dietary additives and gut microbiome

In the last decades, the consumption of processed foods, characteristic of the Western
dietary pattern, has increased considerably. Many studies suggest that the harmful effect of
this type of diet may be due to food additives (such as sweeteners, emulsifiers, colourants,
preservatives and fortifying agents) (150) since they significantly impact the gut microbiota
and its gut homeostasis (186,187).

There is evidence that non-caloric artificial sweeteners such as saccharin, sucralose,
aspartame, cyclamate, neotame, and acesulfame-potassium cause dysbiosis and disrupt
metabolic homeostasis in rodents (122). In humans, only the effect of saccharin and
sucralose (154) has been observed. In a small-scale intervention trial in humans, Suez
et al. (188) showed that saccharin consumption is associated with the induction of
glucose intolerance through compositional (relative increase in the Bacteroidales order,
Lactobacillales order and decrease in the Clostridial order) and functional alterations of
the intestinal microbiota. These metabolic effects are transferable to germ-free mice by
faecal microbiota transplantation. However, the response to artificial sweeteners in healthy
individuals is personalised, possibly linked to differences in the composition and function of
the microbiota (150,188).

On the contrary, investigations on natural sweeteners such as steviol glycosides
(extracted from the stevia leaf) have not reported consistent microbial changes in anaerobic
faecal cultures taken from healthy human subjects (151).

The supplementation of dietary emulsifiers such as polysorbate-80 and carboxymethyl
cellulose (present in chewing gum, soft drinks, pastry, among others) in mice produces
a reduction in Bacteroidales an increase in Ruminococcus gnavus and other mucolytic
bacteria. These alterations could increase bacterial translocation through the intestinal
epithelium in vitro, promoting chronic gut inflammation and developing colitis and
metabolic syndrome (189).

A recent review showed that exposure to TiO, (colourant present in cakes, sweets and
sauces) might produce variations in the abundance of specific bacterial species and lead to
intestinal dysfunctions in animal models (190).
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1.3.2 EFFECTS OF DIETARY HABITS ON GUT
MICROBIOME

Previously we have discussed the critical association between diet and gut microbiota.
Nevertheless, the approaches discussed previously could be reductionist since most research
studies were implemented on isolated nutrients. Our diet is accompanied by a mixture of
nutrients, and bioactive compounds continuously and indefinitely supplied to our intestinal
ecosystem. Therefore, it is considered relevant to evaluate the effect of habitual diets or
dietary patterns that comprises a combination of nutrients and non-nutrients on the gut
microbiome rather than a specific nutrient (151).

1.3.2.1. Gut microbiome in the vegetarian diet

The vegetarian diet is characterised by excluding the consumption of meat. However,
within vegetarianism, there are distinctions depend on whether they include animal-based
foods such as fish, chicken, eggs, or dairy products, or if the diet is 100% plant-based (vegans
or strict vegetarians). The vegans are a subgroup of vegetarians (191).

Some researchers reported higher proportions of Bacteroides/Prevotella, Bacteroides
thetaiotaomicron, Clostridium clostridioforme, Klebsiella pneumoniae and Faecalibacterium
prausnitzzi and lower ratios of Clostridium cluster XIVa and Bilophila wadsworthia in
vegetarians and vegans compared to omnivores (192,193). However, intervention and cross-
sectional studies have observed modest differences in the gut microbiota between omnivores
and vegetarians (140,194,195). These studies suggested that the effects of dietary patterns
on the microbiota are more significant at the genus and species level and relatively minimal
on more general compositional characteristics, such as diversity and richness (150).

1.3.2.2. Gut microbiome in the Western diet

It has been reported that the Western diet (characterised by being rich in total fat, animal
protein and refined sugars) shows a marked underrepresentation of the Prevotella genera
(98,99) and a decrease in total bacteria and beneficial species such as Bifidobacterium and
Eubacterium (129,172,196). Simultaneously, a diet based on animal protein intake increases
the abundance of bile-tolerant microorganisms such as Alistipes, Bilophila and Bacteroides,
and decreases the levels of Firmicutes that metabolise dietary polysaccharides (127).

1.3.2.3. Gut microbiome in the Mediterranean diet

The Mediterranean diet (MD) is rich in fruits, vegetables, olive oil, nuts, legumes, whole
grains and wine. Several studies have shown that greater adherence to the MD has a
beneficial impact on the gut microbiota (141,197,198). However, a recent MD intervention
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study (N=343) only showed minor changes in the Lachnospiraceae and Ruminococcaceae
families and did not found differencesin the alpha, beta diversity and Prevotella / Bacteroides
ratio one year post-intervention (199).

1.3.2.4. Gut microbiome and other types of diet

Many studies have highlighted a pronounced change in the composition of the gut
microbiota due to the Gluten-free diet (GFD), low-FODMAP (fermentable oligo-,di-,
monosaccharides, and polyols) diet and the ketogenic diet (KD), employed as a treatment
for different diseases. However, the modification of the gut microbiota seems to be more
pronounced in patients who followed a GFD and low-FODMAP diet, while the effect was
not clear for KD. More studies are needed to confirm and expand on these findings (200).

1.3.3 COLLECTING DIETARY DATA IN GUT
MICROBIOME STUDIES

Dietary assessment in microbiome studies is based on different nutritional assessing
methods (See section 1.1). Nevertheless, studies integrating diet and microbiome
published to date contain limited information on dietary intake. Most of them collected
dietary information by one-day food records, 24HR or FFQs. However, these methods
are associated with advantages and disadvantages relevant to the investigation of diet-
microbiome (Table 3).

One of the main dietary tools used is the FFQ. The advantage of FFQs is that they are
convenient, easy to administer, and require less participant time than other methods. A
study participant indicates the frequency and amount consumed of certain foods, and these
answers are used to estimate the total caloric and primary nutrient intake. Although FFQs
cannot capture diet as accurately as other methods, global dietary parameters through
dietary patterns or a healthy eating index could be evaluated (201). The dietary patterns
estimated by FFQ provides an idea of how the habitual diet contributes to the microbiome’s
profile modulation. These findings are supported by research showing that changes in dietary
patterns or habitual diet affect the makeup of the microbiome (98,99,139). However, the
currently used FFQs are not designed and validated to provide data that can link foods with
changes in microbial composition. In addition, the extensive list of foods and the measurement
of food consumption from the previous year -of the majority of FFQs used- increases the
burden on the participants and does not allow to capture the changes in diet.

Therefore, creating a tool that allows evaluating diet, not from a nutrition-centric
perspective but a microbiologist-centric perspective, shall allow a more adapted way to
correlate dietary patterns with microbial community composition and activity and by
extrapolation to associate food with health status (143).
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Table 3. Dietary assessment methods, main advantages and disadvantages, and diet-
microbiome research where these methods have been used. Adapted from (202,203).

Dietary
assessment
method

Description

Study design

Weighed food Participants weigh and record Energy, fibre, macronutrient,  Experimental ‘whole
record all food and beverages in real- micronutrients, additional diet’ interventions;
time food constituents supplementation studies to
Usual duration 37 days (depending on food check background intake
composition data) Cohort Case-control Cross-
Food groups sectional Longitudinal
Number of meals
Unweighed food Participants record estimated As for weighed food record As for weighed food record
record quantities of food and
beverages in real-time
Usual duration 3-7 days
24-h recall Food and drink intake between  As for weighed food record Cohort Case-control Cross-
Examples of midnight to midnight the day sectional Longitudinal

online versions:
ASA24, myfood24,
Intake24

prior to data collection through
a structured interview with a
trained interviewer

Food frequency
questionnaire
Examples: Harvard
FFQ, EPIC FFQ,
AES, Food4Me

Questionnaire that assesses the
frequency of consumption of
individual foods over a defined
period (e.g.,1 year)

Most include 80-120 items

Energy, fibre, macronutrient,
micronutrients and
additional food constituents
(dependent on food
composition data)

Food groups

Experimental studies
requiring long-term diet data
Cohort Case-control Cross-
sectional Longitudinal

Diet quality and dietary patterns

Diet quality
Examples: ‘HDI,
HDS, HEI, AHEI,
MDS

A priori score measuring overall
healthfulness of the diet based
on current evidence

Components aggregated to
obtain a final score. Higher
score indicates better diet
quality.

Cohort Case-control Cross-
sectional Longitudinal

Diet pattern
analysis

A posteriori approach

Derives patterns using principal
components/ exploratory factor
analysis or cluster analysis
Patterns such as ‘prudent’ or
‘Western’ can be derived

Identifies foods consumed
together (principal
components analysis) or
clusters individuals with
differing dietary intakes
(cluster analysis)

Cohort Case-control Cross-
sectional Longitudinal

Note: Blue: (Number item FFQ, time frame recall) * The American Gut Project cohort used VioScreenFFQ. ¥ TwinUK
cohort where they used EPIC-STUDY NORFOLK FFQ. B FFQ Human Nutrition of Wageningen University. Bl NutritionQuest
by Block98.2. @ National Cancer Institute’s Diet History Questionnaire 12 (DHQ). Abbreviations: AES, Australian Eating
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Advantages in diet-microbiome

research

Most precise measurement of actual
dietary intake

Useful for associating very recent dietary
intake with microbiota profile

Good agreement with biological dietary
biomarkers

Disadvantages in diet-
microbiome research

Very burdensome for
participant

Burdensome for researcher
May influence eating behaviour
May require assessment of
interobserver agreement
between coders

Microbiota-dietary studies that used
this tool method

De Filippis 2016 (141)

Less burdensome for the participant than
weighed food record

Useful for associating very recent dietary
intake with microbiota profile

Burdensome for researcher
May influence eating behaviour

Participants may under-or over-
estimate quantities

Johnson 2019 (142); Jenning 2018 (204);
Dao 2016 (205); David 2014 (126); David
2014 (127); Cotillard 2013 (171)

Low burden for participant

Online versions available

Multiple 24-h recalls demonstrating good
agreement with dietary biomarkers
Single 24-h recall acceptable for large
cross-sectional studies

Risk of recall error

Requires trained interviewer
Interviewer bias (data accuracy
dependent on interviewer
expertise, consistency between
interviewers)

Single 24-h recall is usually not
appropriate due to day-to-day
variation in dietary intake

Bellikci-Koyu 2019 (206); Vangay 2018
(139); Fujio 2017 (207); Wu 2016 (140);
Zeevi 2015 (208); Yatzunenko 2012 (98);
Wu 2011 (129).

Accounts for weekly/seasonal variation in
intake

Useful for assessment of habitual diet—
microbiome associations

Low burden for participant

Simple to administer

Practical for large scale studies

Validated tools available for specific
populations, specific nutrients

Time consuming for the
participant (up to 60 min)
Requires mathematical skill

to calculate intake using
frequency categories
Infrequently consumed foods
may be missed due to fixed
food lists

Greater risk of under-reporting
and error compared with other
methods

Bolte 20217 (183 item, 1m) (209); Asnicar
2021%(156 item, 1y) (210); Gacesa 2021°
(183 item,1m) (211); Taylor 2020* (155
item, 3m) (212); Le Roy 2019* (156 item,
1y) (213); Skikany 2019°% (127 item,

1y) (214); McDonald 2018* (155 item,
3m) (215); Rothschild 2018 (create by
dietitian) (125); Zeevi 2015 (create by
dietitian) (208); Suez 2014 (126 item, 1y)
(188); David 2014° (134 item, 1y) (127);
Claesson 2012 (147 item, 1y) (216); Wu
2011 (-,1y) (129).

Accounts for complexity of the diet and
interactive effects of dietary factors
Many indices validated by relating index
score against health outcomes

Majority require nutrient
intake assessment (i.e. food
record, 24-h recall or FFQ) for
calculating final score

Taylor 2020 (212); Rothschild 2018 (125);
De Fillipis 2016 (141).

Accounts for complexity of the diet and
interactive effects of dietary factors

Can be used as a covariate to determine if
the effect of a nutrient is independent of
the overall dietary pattern

Requires nutrient intake
assessment

Patterns empirically derived
from data not from diet-health
evidence

Arbitrary decisions required
(e.g., food groups, number of
factors/clusters to be retained)

Bolte 2021 (209); Johnson 2019 (142);
Shikany 2019 (214).

Survey; AHEI, Alternate Healthy Eating Index; ASA-24, Automated Self-administered 24-hour Dietary Assessment Tool;
FFQ, food frequency questionnaire; HDI, Healthy Diet Indicator; HDS, Healthy Diet Score; HEI, Healthy Eating Index; MDS,
Mediterranean Diet Score. Acronyms: m: month y: years
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HYPOTHESIS

While collecting and analysing microbiome data methods have improved over the past
decade, there has been little change in the analysis and collection of dietary data. The
current relationship results between diet and intestinal microbiome have been based on
epidemiological studies that capture the usual diet through different evaluation methods,
as shown in section 1. However, these tools were designed and validated for association
studies of cancer or chronic non-communicable diseases and not to establish associations
with the gut microbiome.

First, we believe that developing a new short FFQ (sFFQ) would provide a satisfactory
relative validity and reproducibility, and thus, properly assessing the dietary intake of a
healthy population between 18 and 65 years.

Second, we hypothesise that the newly developed sFFQ based on the foods with higher
potential importance for the gut microbiome and based on the foods most consumed
by the population could establish a relationship between diet and intestinal microbiota
composition for future population studies. Additionally, this sFFQ could be easily adapted
to a population with intestinal diseases or metabolic syndromes and a population from
another region of the world.
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OBJECTIVES

3.1 MAIN OBJECTIVES

Design and validate a short semi-quantitative food frequency questionnaire to relate
diet with microbiome composition in healthy adults.

3.2 SPECIFIC OBJECTIVES

1. Design and validate a simplified semi-quantitative food frequency questionnaire self-
administered to be used in studies of gut microbiota.

2. To characterise the diet of our study population and compare the results with
population studies carried out on the Spanish population.

3. To characterise the composition of the intestinal microbiota in relation to participant’s
characteristics, the consumption of certain food groups, energy and nutrients.
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4.1 ETHICAL COMMITTEE 'S

APPROVAL FOR HUMAN STUDIES

The protocols were presented and approved by the Vall d’'Hebron University Hospital
ethics committee code PR (AG) 84-2020 (Barcelona, Spain). The subjects were informed
about the study during the admission interview and gave their consent before inclusion.
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4.2 STUDY DESIGN

We carried out an observational, monocentric and longitudinal study between April
2017 and August 2020 at the Vall d’"Hebron Research Institute (VHIR), Barcelona, Spain.
We designed the research to assess the association between food intake and the intestinal
microbial community composition by developing and validating a sFFQ. We used a 24HR
as a reference method for the relative validation of the sFFQ. For this purpose, between
April 2017 and June 2018, a pilot study was conducted. Healthy volunteers underwent two
self-administered sFFQs to evaluate the reproducibility and three 24HRs, including one
non-working day. Participants also provided two consecutive stool samples, one just after
the first sFFQ and 24HR and one after the second sFFQ and last 24HR. The samples were
processed to determine the microbial composition.

After detecting some problems in designing and validating the pilot sFFQ (sFFQp), we
integrated some modifications into the next version of the sFFQ. Finally, between February
and August 2020, we re-validated the sFFQ with 44 new participants. The study design is
shown in Figure 8.

Figure 8. Study design for the validation of the sFFQ. In the pilot and final study,

participants were interviewed three times by trained staff over one month in the form of

three dietary recalls (3-24HRs) (baseline, day 15 (d15) and day 30 (d30)) and complete two

sFFQs (baseline and day 30). Participants in the pilot and validation study provided two

frozen stool samples (day2 or d3 and d32 or d33) for microbiome analysis. d, day; 24HR,

24-hour dietary record; sFFQp, pilot short food frequency questionnaire; sFFQ, short food
frequency questionnaire.
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4.3 STUDY POPULATION

A total of 98 healthy volunteers from Barcelona, Spain (45 people in the pilot study
and 53 in the sFFQ validation) were recruited between May 2017 and August 2020 by
disseminating an announcement (approved by the committee of ethics) in the Vall d’"Hebron
Hospital Campus of the University of Barcelona, Spain.

Power calculation showed that to validate the FFQ (by mean of three 24HR), a minimum
of 40 subjects would be needed to give 85% power to detect a significant correlation at the
5% level.

Exclusion criteria were:

e Under 18 years and over 70 years.
¢ Intake of antibiotics in the three months before study entry.
¢ Intake of proton pump inhibitor medications.

¢ Anydisorders potentially associated with an altered gut microbiome, such as diabetes,
digestive pathology, inflammatory bowel disease, or autoimmune disease.
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4.4 24HR: REFERENCE
METHOD FOR THE RELATIVE

VALIDATION THE SHORT FFQ

In the pilot and validation study, we administered three 24HRs to healthy subjects to
assess the habitual diet and validate the sFFQ. Trained staff performed the three interviews,
two of them during week-days and one at the weekend, through which they collected food
consumption of the previous day from the first intake in the morning to the last meal and
liquid consumed during the night. In the pilot, we conducted face-to-face interviews. While
in the validation study, we carried out the interviews face-to-face or online due to COVID-19
norms.

To avoid the introduction of potential biases during the 24HR recall response, we
conducted the interviews as randomly as possible in time, taking into account the
participants’ availability. We assigned an alphanumeric code to each person to maintain
anonymity and registered the food in a 24HR open-form designed by the Nutrition
Department of the University of Chile (Annex 1: 24HR collection form). The document
includes questions about meal-type and meal-times, specific ingredients of each
preparation, amount eaten in homemade serving size measures, net grams and food
description (detail of the particular characteristics of the food such as fresh, frozen,
canned, type of cooking, brand, etc.). Also, we included a question about the consumption
of dietary supplements, vitamins or minerals and drugs.

As memory aids, we used photographic albums: “Guide for dietary studies” from the
University of Granada (217) and the “SU.VI.MAX Portions Alimentaires” (218) to evaluate
the serving size of each food and liquid objectively.

To estimate the serving weight provided by the participant, we created a “Table of
standardised household measures” based on the publication of Moreira’s et al. from the
Complutense University of Madrid (43) and on the measurement of homemade foods (food
for which information on their weights was not available) realised in the lab. For the latter,
different laboratory staff members weighed the food (with household measures such as a
level or stacked teaspoon) to recover an average weight for each food.
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Figure 9. Automated multiple pass method. Adapted from (16).

To reduce possible bias introduced by interviewers, we applied a standard operating
procedure (SOP) (Annex 2: Standard operating procedure to data collection of the 24HRs)
for data collection of the 24HRs, based on the five-step interview proposed by the USDA
(Figure 9) (15,16).



4. METHODS

4.4.1 EXTRACTION OF ENERGY AND NUTRIENT
FROM THE 24HR

4.4.1.1

4.4.1.2

Pilot study

The calculation of energy and nutrients of the 24HR from the pilot study
was performed using the PCN-GRAMS1.1 program. This program uses the
nutritional composition database from the “Centro de Ensayos de Nutricion y
Dietética Superior” (CESNID, Spain) (41), which includes a list of 698 foods and
33 nutrients.

We obtained the nutritional data of foods not available in this program from
the FCT of the French Agency for Food Safety, Environment and Occupational
Health (CIQUAL, France) (38) and the nutrition labelling of food.

Nevertheless, we encountered some issues quantifying energy and nutrients
using this methodology (see section 3.1 in results); therefore, we made a series
of modifications in the validation study.

Validation study

Initially, we transformed the 24HR food data into energy and nutrients using
the EvalFinut® software (219). We selected this software because it uses a unified
database of food composition BEDCA developed by the government of Spain,
which includes a list of 950 foods and 31 nutrients (46). In addition, it contains
the USDA food database, consisting of a list of 8,618 foods and 150 nutrients (37).

However, we encountered many issues during its use:

¢ |t only allowed the connection of a single user.

e The long food list could lead to possible food selection biases (for
instance, the variety of bread made it challenging to classify different
types of cereal bread).

* The food search system did not allow working with food codes.
e Lack of updated nutritional information on new and processed foods.
e Difficulty to include new recipes and foods.

e Therefore, we decided to create a new database of the nutritional
composition of foods.
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Development of in-house food composition database (ihFCDB)

We created an updated food database based on the food code to facilitate the search
and decrease encoding error in food selection to nutritional quantification of the 24HRs.
For this purpose, we combined several food composition databases, including the BEDCA
Spanish database (46), the Moreiras’ table (43) and the USDA nutritional database (37).
The mixed dishes and recipes were broken down into simple ingredients; the participants
were asked to describe the recipes and cooking procedures in detail. We then calculated
their nutritional composition following the recommendations of the “Workbook to develop
nutritional food labels” based on the Chilean Health Food Regulation (220).

Our in-house food composition database (ihFCDB) currently contains 1104 foods and
mixed dishes, grouped into 13 food groups and 31 nutrients plus energy for 100g of food.

4.4.2 ANALYSIS OF DATA EXTRACTED FROM THE
24HR

We verified the correct estimation of the homemade measurements in grams of food
recorded by the 24HRs, according to the “Standardised table of homemade measurements”
and SOP for data collection of the 24HRs (Annex 2: Standard operating procedure to data
collection of the 24HRs) in both studies.

Furthermore, in the validation study, we checked the correct estimation of grams of the
homemade measurements and corroborated the proper selection of the food code (from
ihFCDB) by the staff for the nutritional quantification of the 24HRs.



4.5 SHORT FOOD FREQUENCY

QUESTIONNAIRE (sFFQ)

We conducted a brainstorming group among researchers with knowledge of the
microbiome in our centre before developing the questionnaire. The objective was to
acknowledge what type of food groups or other variables could be related to microbiome
modulation and, therefore, could be considered and used to generate questions to be
integrating into the sFFQ (Figure 10). To develop the sFFQp and then the sFFQ, we followed
the recommendations from previous works by Cade (18,19), Willett (17,221) and Lombard
(51), as we will describe in the next sections.

4.5.1 THE SEMI-QUANTITATIVE AND SHORT FOOD
FREQUENCY QUESTIONNAIRE: PILOT STUDY
(sFFQp)

4.5.1.1 Design and development

We developed the food list of the sFFQp based on:

¢ The food consumption data published by the ENALIA2 survey (National
Food Survey on adults, the elderly and pregnant women) (222).

e FFQs applied in the Spanish population (223,224) and other countries
(225-227).

e According to current evidence of the foods that have been linked to the
gut microbiome profile (127,129,171,215,228-233).
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Figure 10. Brainstorming group. Variables of interest in gut microbiota were indicated by

our researcher and including in the FFQ.

In total, we selected 216 foods to include in the list according to their higher
intake within the population and their relationship with the gut microbiome.
Then, we grouped them into 46 items according to their nutritional composition
and group of food, for instance, vegetables, fruits, bread, legumes, etc.

We categorised the frequency of consumption for the previous month into
six possible responses for each item:

lor2 lor2 3 or more Once 2 or more

Never per month per week per week per day times per day

We estimated the standard food serving size in grams and household
measures for each item of the questionnaire, based on the food portion on the
FFQ of the PREDIMED study and the results of different survey and guidelines,
including the ENALIA2 (222), the Guidelines of the Community Nutrition
Spanish Society (234), the Guideline of the Scientific Committee “5 a day “
(235,236) and the size of the portions assigned by the food industry.

We also added questions that could pinpoint to relevant factors with
a potential effect on microbiome composition changes, as previously
demonstrated, such as demographic data (age, sex) (216,237,238),



4. METHODS

anthropometric data (usual weight and height) (239), other variables (blood
group (240), type of delivery (241), follow a special diet (151,242), consumption
of ready-to-eat meals (243)) and supplements or drugs intake (117,120).

Finally, we applied a pre-questionnaire to the participants and research
staff to help identify any difficulties in the pilot questionnaire completion.

4.5.1.2 Method of administration of the sFFQp

The two sFFQp, in paper format, was self-administered on the same day of
the first and third 24HR interviews (one day and d30) (Figure 8). Once we got
the responses from both diet questionnaires, we checked the missing data with
the participants.

4.5.1.3 Construction of the energy and nutritional composition
table data extracted from sFFQp items

Using the PCN-GRAMS1.1 program (commented in section 4.1.1), we
calculated the unweighted mean of each of the 46 items. For example, for
the vegetable item formed by lettuce, endive, sprouts, and mixed salad, we
calculated the mean content of energy and nutrients per 100 grams of each of
these foods.

4.5.1.4 Analysis of responses of the sFFQp

The frequencies and quantities of food consumed by the participants were
collected monthly and weekly by the sFFQp. They were divided by 30 and 7,
respectively, to get the mean daily intake of food, energy, and nutrients. For
example, for the legume item with a consumption frequency of 1 to 2 times per
week (1.5 /7 days = 0.21) and a serving size of 150 grams, the final value would
be 0.21 x 150g = 31.5g/d. These values will be compared later with the average
daily intake of the 24HR to determine the relative validity of the questionnaire.

Once the sFFQp and 24HRs were obtained, we classified and consolidated
the foods and liquids into 15 food groups for statistical analysis.
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1..Vegetable 9. Sausages

2. Fruits 10. Oils and fats

3. Nuts and seeds 11. Cakes and pastries

4. Cereals or grains 12. Sauces and condiments
5. Milk and dairy products 13. non-beverage alcohol
6. Meat, meat products 14. Beverages alcohol

7. Fish and seafood 15. Sugar and sweet

8. Legumes

We then evaluated the data and performed statistical analyses to validate
the sFFQp, and decided to make a few modifications to the design of the
questionnaire based on the observations and results obtained in order to
improve. The reasons for these modifications are indicated in the subsection
3.3 of the results section.

4.5.2 THE SEMI-QUANTITATIVE AND SHORT FOOD
FREQUENCY QUESTIONNAIRE: VALIDATION STUDY
(sFFQ)

The validation study was performed using the modified sFFQ. We kept most
of the components; however, we implemented some changes that are detailed
below.

4.5.2.1 Design and development of the sFFQ

We used the food selection criteria from the previous sFFQ and the food
list based on the information provided by the prior 24HRs (n=40). This design
allowed us to identify the foods most consumed by our study population,
several of which were absent in the pilot questionnaire. In total, we selected
310 foods on the basis of the above-mentioned criteria and on to higher
intra- and interindividual variability of consumption. Subsequently, these
foods were grouped into 58 items based on their possible impact on the
gut microbiome and were subsequently disaggregated according to their
nutritional composition.
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The frequency of consumption “1 or 2 per month” was changed to “1 or 3
per month”. Previously, we did not consider the frequency of consumption of
three times per month.

Serving size was kept for most food items of the sFFQ. However, we
considered the values of the food portions obtained from the 24HR of the pilot
study. From the analysis of the dietary intake using the sFFQp, we also realised
that participants could have considerable difficulty perceiving the serving size
in grams of certain items, such as 30g of nuts. Therefore, to facilitate estimation
of the serving size in grams of the 58 items, size indication in gram was replaced
by household measurements (tablespoon, a dessert teaspoon, etc.) or portions
assigned by the food industry (such as yoghurt container, canned beer, etc.) in
the sFFQ.

To further improve the estimation of the amount of food consumed in the
sFFQ, we included memory aids such as food photographs and added three
consumption alternatives for the serving size: “1/2 of the standard serving

size”, “standard serving size”, and “double the standard serving size” based on
the recommendations of Subar and colleagues (244).

In addition, we added some questions that could be related to the
microbiome, such as menstruation period (245), smoking (113), use of
sweeteners (188) and amount of liquids consumed per day based on previous
studies.

Finally, the final version of the sFFQ (Annex 3: Short food frequency
questionnaire) was evaluated and tested on non-health professionals
volunteers, researchers, and medical doctors from the VHIR, Barcelona, Spain.
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4.5.2.2 Creation of food photography

According to previous studies, we created a support document based on
food photographs to estimate the amounts of food consumed in the sFFQ
(246-250).

Methodology
a. Food selection and serving size

We selected foods with the highest consumption rate and nutritional
interest and with the greatest variability in amount inside the sFFQ.

We generated two types of food photographs:

* A unique photo with three different meal timing; breakfast, lunch and
dinner and meal snack (Figure 11); for which we applied the standard
food serving size.

e A series of three food photographs of the meals with the highest
interpersonal and intrapersonal consumption variability (was observed
80 in the 24HR of the pilot study), Figure 12. We used the 1: 2: 3 ratios for
the portion size, where “2” corresponded to the standard serving size of
the sFFQ.

b. Preparation of the food photographs

To take the photos, we used a Canon DS126071 camera and an electronic
kitchen scale (EKS 8250) with a 5kg capacity. In addition, we used different
eating utensils, such as white plates with different diameters (19cm and 26cm
diameter), cutlery (21cm long knife, 20cm long fork, 18,5cm long spoon, 13cm
long teaspoon), bowls and cups with different capacity, glasses (400, 300 and
100cc) and wine glass (150cc) to show portion size of the several foods.
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Figure 11. Photographs of the three meal times used in the sFFQ. A: Breakfast; B: Lunch
and dinner; C: Meal snack.
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c.- Procedure for producing the food photographs

First, we cooked some of the food. We weighed food before and after
cooking. Second, we served the food and drinks on/in the plates, bowls and
glasses with the characteristics mentioned above. Third, we added silverware
to the table to get a perspective of the proportions and portion sizes. Fourth,
we took the photographs on a white background, 42° above the horizontal
and light standard conditions. Finally, we edited the photographs and added
them to the online version of the sFFQ. The pictures, printed in colour and size
140x95mm, were used as memory aids in the 24HRs.

4.5.2.3 Method of administration of the sFFQ

The sFFQ was self-reported using SurveyMonkey Inc. (San Mateo, California,
USA) online platform. On the first 24HR interview, we provided the participants
with a web link or QR code to complete the online sFFQ. Once we obtained the
responses, we verified the missing data. We contacted participants if there was
a lack of response to any of the items on the sFFQ.

4.5.2.4 Energy and nutrient composition of the sFFQ items

To estimate the energy and nutrient intake of the sFFQ, we used our
ihFCDB. We calculated and evaluated the differences in nutritional composition
between the unweighted and weighted mean of energy and nutrient for each
item.

For the unweighted mean of energy and nutrients, we added the nutritional
values per 100g of food that made up a given item, and we divided by the total
values.

For the weighted mean, we based our calculation on the data obtained
from the 24HR of pilot study and the amount consumed in the ENALIA2
survey (222). The foods collected from the 24HR and ENALIA2 were classified
and cross-check into 58 items the sFFQ. We then recovered the proportions
contributed by each food to each of the 58 items from the 24HR of the pilot
study and used them as weighted factors to calculate the energy and nutrient
intake for each item in the sFFQ through the ihFCDB.
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4.5.2.5 Analysis of the sFFQ responses

We created an excel sheet linked to an external database to calculate the nutritional
composition of each food item (with unweighted and weighted values of energy and
nutrients). This database is a nutritional composition table of the sFFQ. We applied an SOP
(Annex 4: Standard operating procedure to sFFQ nutritional composition quantification) to
facilitate the analysis and eliminate possible errors in the transformation from weekly or
monthly consumption to daily consumption frequency and in the calculations of g/day of
the sFFQ to compare with the values obtained from the 24HR for its validation.

Figure 12. Photographic series of food used in the sFFQ in the 1:2:3 ratios. Letter B or ratio
2, corresponds to the standard serving size of the sFFQ.

Finally, we consolidated the information obtained from the sFFQs and
24HRs. We classified foods and drinks into 13 groups based on the EUROCODE
2 Classification (251). Nevertheless, we regrouped and subdivided them into 24
subgroups foods based on their potential and similar role on the gut microbiota
modulation:
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1. Alcoholic beverage

2. Appetisers

3. Biscuits breakfast cereals
and cereals bars

4. Chocolates and derivatives

5. Fats and oils

6. Fish and shellfish

7. Fruit and fruit products

8. Legumes

9. Meats and eggs

10. Milk and dairy products
except for fermented milk

11. Non Alcoholic beverage

12. Nuts and seeds

13. Pastries and sweetbreads

14. Potatoes and other tubers

15. Ready to eat meals

16. Sauces and condiments

17. Sausages and other meat products

18. Sugar and other sweets

19. Vegetables and vegetable products

20. White bread

21. White grains and white pasta

22. Wholegrain or wholemeal bread

23. Wholemeal grains and
wholemeal pasta

24.Yoghurt and fermented milk



4.6 IDENTIFICATION OF
UNRELIABLE RESPONSES TO

QUESTIONS OF sFFQs AND 24HRS

We verified each value obtained from the quantification of the sFFQs and 24HRs. When
a possible outlier was detected, we examined each data entry involved in leading to this
value. For instance, we excluded participants with calorie intake values lower than 800
kcal/day or higher than 4,200 kcal/day in men and lower than 600 kcal/day or higher than
3,500 kcal/day in women, in both the sFFQs and mean of 3-24HRs (225,252).

85






4.7 STATISTICAL ANALYSES
OF THE RELATIVE VALIDATION
AND REPRODUCIBILITY OF

THE sFFQ IN THE PILOT AND
VALIDATION STUDIES

In the pilot and validation studies, we calculated median and 25-75 percentile of food,
energy and nutrient consumption from the mean 3-24HRs and the two sFFQs. Nutrient
intake values were log-transformed to transform skewed data to conform to normality.
The nutrients were energy-adjusted using the residual and density method in the pilot and
validation study, respectively (253) to control the confounding effect of calories.

We evaluated the relative validity (sFFQ2 versus mean 3-24HRs) and the reproducibility
(sFFQ1 versus sFFQ2) of the sFFQ using a series of statistical tests.

In the pilot study, we used Wilcoxon signed-rank test, the Bland & Altman plots,
Spearman’s correlation coefficient, the intraclass correlation coefficient and the
concordance correlation coefficient (CCC) in the pilot study. While in the final study, we
evaluated the concordance between the two measures. First, at the group level, we applied
the Wilcoxon signed-rank test to determine the differences in food, energy and nutrient
consumption between the two sFFQs and the mean 3-24HR. Second, we used the Bland &
Altman analysis to check the degree of agreement between sFFQ2 and 24HRs. Third, we
plotted the differences between the two methods (sFFQ2 — mean 3-24HRs) against the
mean intake of the measures ((sFFQ2 + 24HR)/2) and evaluated the limits of the agreement
defined as the mean + 1.96 SD of the mean between both methods (254). In addition, to
illustrates the magnitude of the possible systematic difference, we calculated the 95% ClI of
the means differences. Finally, we calculated the Spearman correlation between the mean
and the mean difference of the two methods to reflect proportional bias (55).

To evaluate associations between the two different measurements at the individual
level, we used Spearman’s correlation coefficient to estimate the strength and direction
of the association (51). To control inter-and intra-individual variation, we calculated the
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ICC (255,256) between sFFQ and mean 3-24HR. Moreover, we used cross-classification
to categorised individuals into equal third or opposite third for food group and energy-
adjusted nutrient intake extracted from sFFQ2 and 24HR (257).

We decided not to use the CCC in the final validation as it provided similar information
to the ICC (258). Instead, we prefered to add statistical tests that allowed us to evaluate
other facets of the validation (see section 1.3 of Introduction) not examined in the pilot,
such as a cross-classification analysis. We performed the statistical analysis on GraphPad
Prism (v8) and the R_Studio (Version 1.4.1106) package.



4.8 COMPARISON OF
THE SELF-REPORTED
INTAKE OUR POPULATION

WITH THE NUTRITIONAL
REFERENCE INTAKES OF THE
SPANISH POPULATION

We compared the macro and micronutrient intake data obtained from the sFFQ of this
study with the Nutritional Reference Intakes (NRI) of the Spanish population according to
age and sex (259). The disparity between reported consumption and the level needed for
adequacy was calculated comparing with 80% of the Spanish NRI (260), as suggested by the
ANIBES study (288).
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4.9 HEALTHY EATING INDEX

OF OUR POPULATION

To evaluate the quality of the diet of our population, we calculated the Healthy Eating
Index (IASE) for the Spanish population from the consumption frequency data obtained by
the sFFQ (23). The IASE comprises 10 variables as listed below. We grouped the sFFQ items
into the ten variables.

IASE variables sFFQ items

Daily consumption
Grains and derivatives 18-19-20-21-22-23
Vegetables 1-2-3-4-5-6-7-8-9-10
Fruits 14-15
Dairy products 24-25-26-28-29-30-31
Weekly consumption

Meats 32-33-34
Legumes 13

Occasional consumption
Cold-processed meats 35
Sweets 44-46
Beverage 39
Diet variety Depending on whether you meet each of the daily and weekly recommendations

For each variable, a score was assigned according to the frequency of consumption
obtained by the sFFQ. For the “daily consumption” variables, the scoring criteria were 10
(once per day), 7.5 (3 or more times per week), 5 (1-2 times per week), 2.5 (<1 time per
week) and 0 (never or rarely) points. For the “weekly consumption” variables, the scores
were 10 (1-2 times per week), 7.5 (3 or more times per week), 5 (<1 time per week),
2.5 (once per day), and 0 (never or rarely) points, and for the “occasional consumption”
variables, the scores were 10 (never or rarely), 7.5 (<1 time per week), 5 (1-2 time per
week), 2.5 (3 or more times per week) and 0 (once per day), points.

91



92

DOCTORAL THESIS « FRANCISCA YANEZ ARAYA

We calculated the IASE by adding the score obtained for each variable (maximum score
being 100 points). Then, we divided the food classification into three categories according
to the total score; healthy eating (> 80 points), need-for-change (>50 to 80 points), and little
healthy (<50 points).



4.10 IDENTIFICATION OF

MISREPORTING IN THE sFFQ

To evaluate the level of reporting bias on energy intake collected by the sFFQ, we
used the EFSA guidance on “Protocol for identification of under- and over-reporting”
and “Guidance on the Menu methodology” (261), which is based on the cut-off method
developed by Goldberg and revised by Black et al. (262,263).

The procedure proposed by EFSA evaluates the energy intake reported (Elrep) of the
sFFQ against the supposed energy requirements. Elrep is expressed as a multiple of the
mean basal metabolic rate estimated (BMRest), and it is contrasted with the supposed
energy expenditure of the studied population. Subsequently, the ratio Elrep: BMRest is
referred to as the physical activity levels (PAL).

Table 4. Calculated misreporting cut-off at the group and individual levels for the sFFQ2.

Confidence limit Group level Individual level
Lower 1.510 1.122
Upper 1.687 2.280

Note: We used the value of the physical activity level (PAL) of 1.6 for all our population.

The protocol indicates that the analyses should be performed at the group and
individual levels. The group level determines the general bias towards reported Elrep,
and the individual level shows the rate of under and over reporters. The lower and upper
cut-off values for misreporting of our population at both levels (Table 4) were calculated
based on the values proposed by Black. The BMRest was estimated using the Schoefield
equations (264), and we used the PAL 1.6 value recommended by the EFSA to the adult
population between 18-69 years.
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4.11 FAECAL MICROBIOME

ANALYSIS

4.11.1 SAMPLE COLLECTION AND GENOMIC DNA
EXTRACTION

On the first and third food interviews, each participant received a freezer package and
a collection kit with instructions to collect their stool samples with a 2-day window (d2 and
d32), or if not possible, the first stool after the food interviews (Figure 13). Each participant
kept the faecal sample in their domestic freezer at -20°C, then took it to the laboratory
(maintaining the cold chain), where we stored it at -80°C until further processing. We
made 250mg aliquots of faeces in solid CO, (using a dry ice environment), maintaining
the sample’s frozen state to avoid possible nucleic acid degradation. Before starting the
extraction procedure, we added 800mg of 0.1mm previously sterilised zirconia/silica beads
to the tubes. We extracted DNA following the recommendations of the International
Standards for the Human Microbiome (265).

Figure 13. Sample collection and genomic DNA extraction.
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To perform chemical lysis, we added 250ul of guanidine thiocyanate to each sample,
40ul of 10% N-lauroyl sarcosine and 500ul of 5% N-lauroyl sarcosine, and we incubated
at 70°C for 1 hour. To ensure disruption of most of gram-positive bacteria’s cell walls, we
performed the additional mechanical disruption using a Beadbeater (Biospec Products ©)
(266). We added Polyvinylpolypyrrolidone (PVPP) in multiple wash steps to precipitate and
discard aromatic molecules. We performed enzymatic digestion of the RNA of the sample.
Then, we precipitated with ethanol the extracted DNA and re-suspended in 200ul of Tris-
EDTA buffer.

We quantified the DNA of each sample using a NanoDrop ND-1000 spectrophotometer
(Nucliber).

4.11.2 LIBRARY PREPARATION FOR ILLUMINA
SEQUENCING

16S rRNA gene amplification

We used the V4 hypervariable region of the 16S bacterial and archaeological RNA
gene by PCR for microbiome composition profiling. For this, we used the 5 ‘ends of
the forward (V4F_515_19) and reversed (V4R_806_20) primers that target the V4
region of the 16S gene and were labelled with specific sequences for the lllumina®
MiSeq technology (Figure 14). In addition, we specified twelve base-pair Golay codes
downstream of the reverse primer sequence (VV4R_806_20) to allow individual sample
multiple identifications (48).

Subsequently, we performed a standard PCR using 0.75units of Tag polymerase
(AmpliTaq Gold, Life Technologies®) and 20pmol/ul of the forward and reverse primers (IDT
Technologies®). A final volume of 50ul was run on a Mastercycler gradient (Eppendorf®) at
94°C for 3 minutes, followed by 35 cycles of 94°C for 45 seconds, 50°C for 60 seconds, 72°C
for 90 seconds, and finally a cycle of 72°C for 10 minutes.

Agarose gel electrophoresis and amplicons purification

To visualise the amplicons from the PCR amplification, we first made a 1% agarose gel
stained with RedSafe® and ran in 1X Tris Acetate EDTA (TAE) buffer. We then mixed 5ul of
each amplicon with 6x loading dye (0.25% bromophenol blue, 0.25% xylene cyanol FF, 30%
glycerol in water). We loaded the amplicon into the solidified agarose gel wells and used a
100bp of DNA XIV molecular weight marker (Roche ©).



4. METHODS

The current of the electrophoresis was run at 100V for 30 minutes. Subsequently, we
visualised the amplicon bands in a Gel Doc XR + system (Bio-Rad®©). The appearance of
bands confirmed the generation of amplicons during PCR amplification. In contrast, his
absence could be explained by the low presence of bacterial DNA in the sample (especially
for samples with low biomass content) or added PCR inhibitors throughout the procedure.

Once the amplification was confirmed, we purified the samples using the QIAquick PCR
purification kit (Qiagen, Barcelona, Spain) according to the manufacturer’s instructions.
Subsequently, we quantified the purified DNA with a NanoDrop ND-1000 spectrophotometer
(Nucliber©). Moreover, we examined the amplicons pooled in 2nM by microcapillary
electrophoresis. Finally, we used an Agilent 2100 bioanalyser with the DNA 12,000 kit,
which solves the distribution of double-stranded DNA fragments up to 12,000bp in length.

Figure 14. Library preparation. We detailed the primers used to amplify the 16S rRNA gene.

The pooled amplicons (240ng of DNA per sample) were sequenced using the lllumina
MiSeq technology at the Autonomous University of Barcelona (UAB, Spain), following the
standard lllumina platform protocols.

4.11.3 ILLUMINA SEQUENCING

The following steps of lllumina, Next Generation sequence, are described by the lllumina
website (267) (https://www.illumina.com/content/dam/illumina-marketing/documents/
products/illumina_sequencing_introduction.pdf.) Which consists of:
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“Cluster Generation: For cluster generation, the library is loaded into a flow cell where
fragments are captured on a lawn of surface-bound oligos complementary to the library
adapters. Each fragment is then amplified into distinct, clonal clusters through bridge
amplification (Figure 15). When cluster generation is complete, the templates are ready for
sequencing.

Sequencing: lllumina SBS technology uses a proprietary reversible terminator—based
method to detect single bases as they are incorporated into DNA template strands (Figure
15). Sequencing reagents, including fluorescently labelled nucleotides, are added, and
the first base is incorporated. The flow cell is imaged, and emission from each cluster
is recorded. As all four reversible terminator—bound dNTPs are present during each
sequencing cycle, natural competition minimises incorporation bias and greatly reduces
raw error rates compared to other technologies. The emission wavelength and intensity
are used to identify the base. This cycle is repeated “n” times to create a read length of “n”
bases.

Figure 15. Overview of cluster generation and sequencing of the Illumina Platform.
Created by BioRender.com

16S rRNA sequencing

The 16S rRNA amplicons pooled equal concentration (240ng of DNA per sample) were
diluted to 2nM and spiked with 15-30% denatured PhiX. Then, denatured templates were
further diluted to 5pM and subsequently combined to give an 85% 16S rRNA gene amplicon
library and 15% PhiX control pool.



4. METHODS

With the use of a MiSeq (lllumina Technologies©) Reagent Cartridge (300-cycle PE kit),
we performed sequencing in the technical support unit of the Autonomous University of
Barcelona (UAB Spain), following the standard protocols of the lllumina platform.

4.11.4 16S rRNA SEQUENCES ANALYSIS AND
STATISTICAL ANALYSES

Sequence data were analysed using the QIIME 2™, which is a bioinformatics platform that
stands for Quantitative Insights Into Microbial Ecology. The sequences were demultiplexed
to attribute sequence reads to the appropriate samples and were then denoised and
dereplicated into Amplicon Sequence Variants (ASVs) using the dada2 tool, which also
filtered out chimaeras. Each sequence read was trimmed to a length of 298 bp. A total of
3.1 million sequences of the 16S rRNA gene were generated from the 166 samples, with
a mean of 19,000 sequences per sample. A feature table was generated for all samples
with a minimum of 9,159 sequences per sample. One sample with a very low number of
reads was removed for further analysis. The feature table of the 165 remaining samples
was then used to perform taxonomic classification, alpha- and beta-diversity analyses,
and differential abundance measurements in different experimental groups. Taxonomy
was assigned to each ASV using a database that combined the Greengenes (version 13.8)
and PATRIC (version 2016) databases. To study the association between the microbiome
data and clinical or dietary variables, we then used linear mixed models as implemented
in the Microbiome Multivariable Association with Linear Models (MaAsLin2) package
MaAsLin2 (268), which was setup with the following parameters: normalization="TMM”,
transform="LOG", correction="BH”, analysis_method="LM", max_significance=0.25 (default
significance threshold), min_abundance= 0.0001, min_prevalence=0.1. Age, gender, other
characteristics of the participants, and dietary data were added as fixed effects. All models
were adjusted for gender, and as participant samples from two-time points were included,
the participant identification number was added as a random effect. Results with a False
Discovery Rate (FDR) lower than 0.25 were considered significant.
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5.1 STUDY POPULATION

We recruited a total of ninety-eight participants. Five individuals were excluded from
the pilot study because they took antibiotics or did not provide stool samples. While
nine individuals did not continue during the validation study as a consequence of the
COVID-19 pandemic situation. Forty individuals completed the two sFFQp, three 24HR,
and provided two stool samples in the pilot study. While 44 participants completed
the two sFFQs, three 24HRs, and 42 participants provided the two stool samples in the
validation study.

5.1.1 DESCRIPTION OF THE POPULATION IN THE
PILOT STUDY

The mean age of the participants in the pilot population was 32.6 years,
65% of the population was female, and the mean BMI was 22 + 2.6 kg/m?.
72.5% of this cohort was of Spanish nationality, and the remaining were of
other nationalities such as French (n=5), German (n=1), Brazilian (n=2), Chilean
(n=1), Colombian (n=1) and Peruvian (n=1) (Table 5). Most of the participants
indicated being born via vaginal birth (87.5%), being non-smokers (80%) and
consuming a conventional diet (77.5%). Around half of the population in the
pilot study reported ready-to-eat-meal consumption (57.5%).

5.1.2 DESCRIPTION OF THE POPULATION IN THE
VALIDATION STUDY

The mean age of the population in the validation study was 35.7 years,
47.7% of the population was female, and the mean BMI was 23.1 + 3.3 kg/
mZ. 88.6% of this cohort was of Spanish nationality, and the remaining were
of other nationalities such as French (n=2), Honduran (n=1), Brazilian (n=1)
and Chinese (n=1). Most of the participants indicated being born via vaginal
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birth (84.1%), being non-smokers (65.9%) and consuming a conventional diet

(84.1%). Also, 63.6% and 25% reported consuming ready-to-eat meals and
sweeteners, respectively (Table 5).

There were no significant differences between the pilot and validation
population for age (p=0.600; p<0.05); gender (p=1.120; p<0.05) and BMI

(p=0.200; p<0.05).

Table 5. Description of the total population, pilot study and validation study of the sFFQ

(mean £ SD).

Age (years)

18-29 years, n (%)
30-39 years, n (%)
40-49 years, n (%)
50-59 years, n (%)
> 60 years, n (%)

Female gender, n (%)

BMI (kg/m?)

Weight status, n (%)
Underweight (< 18.5 kg/m?)
Normal (18.5-24.9 kg/m?)
Overweight (25-29.9 kg/m?)
Obese (> 30 kg/m?)

Nationality, n (%)

Spanish
European - non-Spanish
Others

Birth type, n (%)
Vaginal birth
C-section

Blood type, n (%)
A
B
AB
0

Unknown

Total

84
3424127
44 (52.4)
19 (22.6)
7(8.3)
9(10.7)
5(4.2)
47 (55.9)
22.5+3.0

5(4.2)
67 (79.8)
10 (11.9)

2(2.4)

68 (81.0)
8(9.5)
8(9.5)

72 (85.7)
12 (14.3)

26 (30.9)
4(4.7)
1(1.2)

33(39.3)

20 (23.8)

Pilot study

40
32.6+11.1
21 (52.5)
13 (32.5)
2 (5.0)
3(7.5)
1(2.5)
26 (65.0)
22.0+2.6

3(7.5)
35 (87.5)
2 (5.0)
0

29 (72.5)
6 (15)
5(12.5)

35 (87.5)
5(12.5)

14 (16.7)
2(2.4)
0
15 (17.9)
9(10.7)

Validation study
44
35.7+14.0
23 (52.3)

6 (13.6)
5(11.4)

6 (13.6)
4(9.1)
21(47.7)
23.1+3.3

2 (4.5)
32(72.2)
8 (18.1)

2 (4.5)

39 (88.6)
2(4.5)
3(6.8)

37 (84.1)
7 (16.0)

12 (14.3)
2(2.4)
1(1.2)

18 (21.4)

11 (13.1)
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Total Pilot study  Validation study
n 84 40 44
Smoking status, n (%)
Non-smoker 61 (72.6) 32 (80) 29 (65.9)
Smoker 9(10.7) 2 (5) 7 (15.9)
Former smoker 8(9.5) 0 8(18.2)
Unknown 6(7.1) 6 (15) 0
Diet type, n (%)
Conventional 67 (79.8) 31(77.5) 37 (84.1)
Vegetarian diet 6(7.1) 4 (10.0) 2 (4.5)
Vegan diet 2(2.4) 1(2.5) 1(2.3)
Organic diet 2(2.4) 2 (5.0) 0
Others diet 7 (8.3) 2 (5.0) 4(9.1)
Intake of ready-to-eat meals, n (%)
Yes 51 (60.7) 23 (57.5) 28 (63.6)
No 33(39.3) 17 (42.5) 16 (36.4)
Intake of sweeteners, n (%)
Yes - B 11 (25.0)
No - - 33(75.0) 105
Intake of supplements or drugs, n (%)
Dietary supplements 20(23.8) 8(20.0) 12 (27.3)
Probiotics 1(1.2) 1(2.5) 0
Oral contraceptive 6(7.1) 4 (10.0) 2 (4.5)
ACE inhibidors 3(3.6) 2 (5.0) 1(2.3)
Fibrate 1(1.2) 1(2.5) 0
Statin 1(1.2) 1(2.5) 0
Levothyroxine 2(2.4) 1(2.5) 1(2.3)

Other drugs 8(9.5) 4 (10.0) 4(9.1)







5.2 RELATIVE VALIDITY AND

REPRODUCIBILITY OF THE sFFQp

Daily intake of foods groups, energy and nutrients of sFFQ1p, sFFQ2p and
mean 3-24HR are shown in the 25th, 50th and 75th percentiles in Table 6. We
selected the sFFQ2p to cover the same time period as the 3-24HR (as discussed
in section 1.3.3) to assess its relative validity. For the food group, the sFFQ2p
tended to report higher consumption of fish and shellfish, legumes, oil and fat
and alcoholic beverages than the 24HR. While for energy and nutrients, sFFQ2p
showed an underestimation of energy, water, total protein, animal protein,
SFA, cholesterol (CHOL), carbohydrates, sugar digestible, sodium, vitamin A,
carotenoids, vitamin D, vitamin B,, vitamin B, and vitamin C intake than the

24HR (Table 6). 107
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Table 6. Daily consumption of food, energy and nutrients estimated by two sFFQp (sFFQ1p
and sFFQ2p) and a mean of 3-24HR.

sFFQ1p
Food group (g/d) Median
Vegetables 103.25 171.00 250.00
Fruits 200.00 400.00 400.00
Nuts 6.30 6.30 30.00
Cereals or grains 123.43 164.73 217.11
Milk and dairy products 72.00 120.00 177.60
Meat meat products 59.70 74.70 108.45
Fish and seefood 16.58 54.60 54.60
Legumes 31.50 31.50 31.50
Sausage 1.50 8.80 16.80
Oils and fat 15.86 30.00 31.20
Pastries and cake 6.45 12.55 26.33
Sauces and condiments 1.28 2.60 4.20
Non-alcoholic beverage 88.75 122.75 151.50
Alcoholic beverage 21.50 73.05 90.30
Sugar and sweet 0.47 2.10 5.00
108 Energy and nutrients
Energy (kcal) 1475.80 1677.81 2101.98
Water (g) 663.07 808.73 988.46
Total Protein (g) 61.93 76.46 91.50
Protein vegetal (g) 25.03 32.74 42.55
Protein animal (g) 29.76 42.65 56.77
Total Fat (g) 63.30 78.83 100.45
SFA (g) 17.61 23.93 33.77
MUFA (g) 24.59 34.11 43.83
PUFA (g) 11.12 13.79 16.39
Cholesterol (mg) 206.19 241.42 323.04
Total Carbohydrates (g) 144.80 167.13 191.28
Sugar digeribles (g) 63.46 72.53 84.33
Starch digeribles (g) 67.90 84.15 104.74
Fibre (g) 21.54 32.19 43.03
Ethanol (g) 1.28 3.97 6.54
Sodium (mg) 1219.28 1415.53 2280.02
Potassium (mg) 3063.52 3889.96 5041.34
Calcium (mg) 598.84 821.05 1170.91
Magnesium (mg) 294.40 398.96 499.31

Phosphorus (mg) 1043.55 1318.31 1527.30
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sFFQ2p Mean 3-24HR
Median P75 P25 Median
103.25 171.00 200.00 169.13 243.87 322.42
200.00 200.00 400.00 115.17 249.67 426.58
1.50 6.30 15.00 0.00 8.17 21.92
103.51 147.30 204.78 167.42 210.42 326.54
56.40 101.30 145.20 94.58 159.33 300.83
47.70 69.30 103.01 57.08 103.83 132.00
18.20 44.20 54.60 4.00 36.04 71.67
31.50 31.50 31.50 0.00 20.83 45.00
1.50 12.80 23.50 2.96 19.42 40.00
15.75 30.00 30.75 15.17 19.25 23.13
6.10 12.55 20.10 5.17 17.17 40.92
2.10 2.60 5.18 0.00 6.83 22.50
73.75 118.75 157.50 92.50 169.00 312.92
21.50 60.75 90.30 0.00 10.00 95.67
0.10 2.10 5.00 242 6.88 16.58
1398.76 1584.75 1818.14 1408.98 1755.57 2085.33
633.36 769.23 891.99 726.31 966.06 1142.25
59.21 73.12 83.70 63.02 76.10 96.86
24.76 28.77 37.73 17.78 21.83 26.02
30.37 41.45 52.14 33.07 46.19 53.60
66.57 74.56 90.48 57.26 74.00 85.75
16.95 23.39 28.60 17.66 22.24 33.76
26.21 34.32 40.10 19.18 25.17 33.14
10.76 13.28 17.32 7.77 10.41 12.59
191.16 241.46 307.08 185.73 238.17 295.73
131.34 154.29 181.50 144.15 181.29 246.60
49.44 63.94 85.57 61.74 78.62 107.77
59.27 80.80 103.62 56.33 84.51 102.89
20.83 31.90 42.38 18.35 21.34 24.48
1.28 3.79 6.14 0.00 1.44 4.86
1200.29 1459.85 1773.56 1514.50 1938.01 2659.35
3041.59 3956.77 4574.09 2363.45 2790.57 3303.51
531.45 748.98 1067.36 513.81 654.92 922.47
304.18 380.38 458.41 215.69 255.98 299.33
1071.50 1161.23 1444.37 836.60 1055.43 1243.34
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sFFQ1p

Food group (g/d) P25 Median P75
Energy and nutrients
Iron (mg) 12.86 15.02 18.27
Zinc (mg) 10.76 12.97 17.17
Vitamin A (mcg.e.r) 516.35 695.63 964.28
Total retinoids (mcg) 206.54 279.74 410.10
Total carotenoids (mcg) 1763.43 2359.07 3631.77
Vitamin D (mcg) 2.11 3.40 3.90
Vitamin E (mg.e.t) 9.40 10.80 13.96
Vitamin B1 (mg) 1.12 1.35 1.51
Vitamin B2 (mg) 1.14 1.39 1.76
Niacin (mg) 18.55 24.26 29.32
Vitamin B6 (mg) 1.53 1.94 2.23
Folic (mcg) 300.81 386.68 442.36
Vitamin B12 (mcg) 5.10 6.31 8.31
Vitamin C (mg) 105.21 172.18 197.86

Note. sFFQp, short food frequency questionnaire pilot; 24HR, 24-h dietary recall.

The relative validation of the sFFQ2 using various statistical tests and the
means of 3-24HR as a reference method is shown in Table 7. For the food group,
the Spearman correlation values were between 0.33 (nuts and fish and shellfish)
and 0.78 (meats and products meat) with a median of 0.45. Correlations were
> 0.5 for meats and meat products, sausages, milk and dairy products, pastries
and cakes, and sauces and condiments. The ICC presented values between 0.06
(sauces and condiments) and 0.91 (milk and dairy products) with a median
of 0.43. Milk and dairy products, sausages, meat and meat products, fruits,
cereals and grains, oils and fats, vegetables, cakes and cake, fish and shellfish
presented values higher than 0.4. The CCC values were between 0.06 (sugar
and sweet) and 0.88 (sausages), with a median of 0.33.

For energy and nutrients, Spearman correlation values were between
-0.07 (vitamin D) to 0.78 (animal protein) with a median of 0.36 and between
-0.02 (vitamin B,) and 0.77 (animal protein) with a median of 0.37 for energy-
unadjusted and -adjusted values, respectively. Correlations adjusted for energy
were > 0.5 for animal protein, cholesterol, and MUFA. ICC values not energy-
adjusted ranged between 0.00 (vitamin D) and 0.68 (animal protein) with a
median of 0.34. The energy-adjusted values were between 0.00 (vitamin D) and
0.80 (animal protein), with a median of 0.35. Energy-adjusted ICC values greater
than 0.4 were for animal protein, cholesterol, MUFA, total carbohydrates,
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sFFQ2p Mean 3-24HR
P25 Median P75 P25 Median P75
12.28 13.80 16.83 8.05 10.23 11.46
10.16 12.50 15.14 5.80 7.10 8.95
529.16 666.03 806.98 562.06 775.22 1109.84
186.79 308.76 381.16 133.26 220.01 293.05
1662.91 2278.04 2858.95 2078.59 3588.28 5216.17
1.87 3.36 4.00 0.87 1.47 4.13
8.91 10.65 12.92 6.55 7.72 11.01
1.06 1.26 1.49 0.81 1.12 1.38
1.04 1.27 1.64 0.92 1.17 1.63
16.91 23.65 30.72 12.94 15.47 22.24
1.40 1.78 2.00 1.58 1.84 2.14
263.67 340.17 403.26 254.24 283.62 371.69
4.43 6.04 7.20 2.40 3.36 5.08
94.64 142.25 187.48 111.33 179.07 235.08

water, zinc, digestible sugar, ethanol, calcium, folic acid, and total protein.
Using CCC, energy-unadjusted values were from 0.15 to 0.67 (median of 0.29)
and adjusted values were from 0.19 to 0.70 (median of 0.33).

The reproducibility evaluation of the two sFFQp (sFFQ1p vs sFFQ2p) using
Spearman’s rank correlation, ICC and CCC, is shown in Annex 5: Table of
reproducibility pilot sFFQ. The Spearman correlation for the food group ranged
from 0.56 (milk and dairy products) to 0.93 (alcoholic beverage) with a median
of 0.78. The ICC values were between 0.53 (sauces and condiments) and 0.98
(meats and meat products), with a median of 0.75. Meanwhile, the CCC values
presented a range from 0.53 (sauces and condiments) to 0.98 (meats, meats
and products) with a median of 0.75. The Spearman correlation values for
energy and nutrients not adjusted for energy ranged from 0.51 for Vitamin B,
to 0.93 for Vitamin B,,, with a median of 0.70. Meanwhile, the adjusted values
for energy ranged between 0.59 (digestible sugar) and 0.95 (Vitamin B_,), with
a median of 0.80. The ICC for values not adjusted for energy was between 0.51
to 0.93, with a median of 0.70. While, for energy-adjusted nutrients, the values
were between 0.57 and 0.95, with a median of 0.80. The CCC for unadjusted
values were between 0.56 to 0.93 (median of 0.68), and for adjusted energy
values, CCC ranged from 0.54 to 0.95 (median of 0.75).
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Table 7. Relative validity of sFFQp: correlation between food groups, energy and nutrients
intake between sFFQ2p and mean 3-24HRs.

Spearman’s rank coefficient

Wilcoxon signed-rank

Food groups (g/d)
test Un-adjusted Energy-adjusted
Alcoholic beverage 0.02 0.35 -
Cereals or grains 0.00 0.46 -
Fish and seafood 0.38 0.33 -
Fruits 0.95 0.41 =
Legumes 0.00 0.39 -
Meat and meat products 0.04 0.78 -
Milk and dairy products 0.00 0.66 -
Non alcoholic beverage 0.38 0.37 -
Nuts 0.38 0.33 =
Oils and fat 0.00 0.47 -
Pastries and cake 0.88 0.55 -
Sauces and condiments 0.50 0.50 -
Sausage 0.11 0.77 -
112 Sugar and sweet 0.00 0.45 -
Vegetables 0.00 0.43 -
Energy and nutrient
Energy (kcal) 0.23 0.39 -
Water (g) 0.00 0.45 0.47
Total Protein (g) 0.34 0.35 0.43
Vegetal protein (g) 0.00 0.32 0.17
Animal protein (g) 0.38 0.78 0.82
Total Fat (g) 0.18 0.39 0.37
SFA (g) 0.99 0.41 0.23
MUFA (g) 0.00 0.56 0.59
PUFA (g) 0.00 0.35 0.38
Cholesterol (mg) 0.80 0.68 0.71
Total Carbohydrates (g) 0.00 0.45 0.47
Sugar digeribles (g) 0.02 0.31 0.43
Starch digeribles (g) 0.80 0.35 0.06
Fibre (g) 0.00 0.37 0.30

Ethanol (g) 0.01 0.46 0.44
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Intraclass Correlation Coeficient (ICC) Concordance Correlation Coefficient (CCC)
Un-adjusted Energy-adjusted Un-adjusted Energy-adjusted

0.38 - 0.33 -
0.58 - 0.27 -
0.41 - 0.48 -
0.65 - 0.52 -
0.19 - 0.15 -
0.77 - 0.80 -
0.91 - 0.62 -
0.28 - 0.26 -
0.17 - 0.23 -
0.46 - 0.45 -
0.43 - 0.43 -
0.06 - 0.07 -
0.87 - 0.88 -
0.12 - 0.06 - 13
0.43 - 0.26 -
0.39 - 0.38 -
0.45 0.47 0.35 0.46
0.35 0.42 0.34 0.40
0.32 0.17 0.21 0.16
0.77 0.80 0.76 0.80
0.39 0.37 0.39 0.33
0.42 0.22 0.41 0.22
0.56 0.59 0.46 0.57
0.34 0.38 0.26 0.36
0.68 0.71 0.67 0.70
0.45 0.47 0.38 0.44
0.30 0.43 0.27 0.42
0.34 0.06 0.33 0.05
0.36 0.29 0.26 0.28

0.44 0.43 0.37 0.42
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Spearman’s rank coefficient

Wilcoxon signed-rank

Food groups (g/d)
test Un-adjusted Energy-adjusted

Energy and nutrient

Sodium (mg) 0.00 0.54 0.37
Potassium (mg) 0.00 0.36 0.20
Calcium (mg) 0.24 0.45 0.44
Magnesium (mg) 0.00 0.32 0.29
Phosphorus (mg) 0.00 0.26 0.05
Iron (mg) 0.00 0.13 0.09
Zinc (mg) 0.00 0.34 0.45
Vitamin A (mcg.e.r) 0.05 0.47 0.47
Total retinoids (mcg) 0.00 0.44 0.35
Total carotenoids (mcg) 0.00 0.38 0.37
Vitamin D (mcg) 0.02 -0.07 0.00
Vitamin E (mg.e.t) 0.00 0.17 0.27
Vitamin B1 (mg) 0.02 0.26 0.10
Vitamin B2 (mg) 0.32 0.26 0.32
Niacin (mg) 0.00 0.31 0.28
Vitamin B6 (mg) 0.38 0.09 -0.02
Folic (mcg) 0.03 0.33 0.45
Vitamin B12 (mcg) 0.00 0.38 0.38
Vitamin C (mg) 0.14 0.27 0.30

Green colour code: good or acceptable outcome based on at least three statistical tests. Red colour code: poor
outcome, did not pass more than two statistical tests. (Lombard et al. (51)). Energy adjustment by residual methods.
Student paired t-test or Wilcoxon signed-rank test at p<0.05.

The Bland & Altman analysis confirmed the overestimation of sFFQ2p as
compared to the mean 3-24HR for fish and shellfish, legumes, oil and fats,
and alcoholic beverages. While for energy and nutrients, sFFQ2p tended to
overestimate its values by 58% compared with the 24HRs. For most food groups,
we observed that the mean error in the intake values by the sFFQ2p changed
the dietary intake increase. For fruits, nuts, fish and shellfish, legumes, oils and
fats, cakes and cakes, sauces and condiments, sugar and sweets, the low intakes
were overestimated, and the sFFQp underestimated the high intake. While for
nutrients, this proportion bias was observed only for vegetable protein, fibre,
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Intraclass Correlation Coeficient (ICC) Concordance Correlation Coefficient (CCC)

Un-adjusted Energy-adjusted Un-adjusted Energy-adjusted

0.54 0.35 0.46 0.34
0.34 0.19 0.24 0.19
0.45 0.43 0.44 0.43
0.31 0.27 0.17 0.26
0.26 0.05 0.21 0.05
0.13 0.09 0.06 0.08
0.34 0.45 0.15 0.43
0.42 0.35 0.38 0.35
0.43 0.36 0.36 0.35
0.34 0.32 0.28 0.31
0.00 0.01 -0.06 0.00
0.16 0.26 0.12 0.26
0.26 0.08 0.23 0.08
0.26 0.31 0.26 0.30
0.31 0.27 0.22 0.27 s
0.06 0.00 0.05 -0.01
0.33 0.43 0.30 0.42
0.38 0.39 0.34 0.38
0.27 0.30 0.25 0.29

sodium, potassium, calcium, magnesium, zinc, vitamin A and total carotenoids
(Annex 6: Differences in daily intake between pilot sFFQ2 and mean 3-24HRs
based on Bland & Altman plots).






5.3 DESIGN AND DATA TREATMENT
OF THE FINAL sFFQ FROM THE

RESULTS OF THE PILOT STUDY

In this section, we will explain the re-design of the FFQ from the results of the pilot
questionnaire. Also, we will present the considerations that we took into consideration in
the treatment of the data for the final validation of the sFFQ.

5.3.1 IDENTIFICATION OF ISSUES RELATED TO THE
DESIGN OF THE PILOT QUESTIONNAIRE

117

From the results obtained from the sFFQp, we observe several errors in its design that
we tried to correct to improve the final sFFQ, as detailed below.

1. When using the sFFQp, the participants reported difficulties estimating the
questionnaire’s standard food serving size since it was described in grams and not in
household measures. To reduce this problem;

- We incorporated food photographs for several items.
- We defined the food standard serving sizes in household measures.
- We added three consumption alternatives to the standard serving sizes.
2. Participants did not report consuming two items of processed milk (item 18) and viscera
(item 22) using the sFFQp and during the 24HR interview. We compared these findings

with the consumption data from the ENALIA2 survey, where the values were also
relatively low. Therefore, we decided to remove these two items from the final sFFQ.

3. The consumption of sweeteners between the sFFQp (item 46) and 24HR were not
concordant. The participants indicated not to consume them in the sFFQp but
reported eating them in the 24HRs. For example, we realised that the participants
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misreported food containing sweeteners during the 24HR interviews. Indeed, the
presence of sweeteners could be detected only after we checked the nutritional
labels and ingredients of the products from the commercial brands.

Consequently, we decided to remove this item from the final sFFQ list, as it provided
measurement errors. Still, we replaced it with the following question: “Do you eat
foods containing sweeteners like...... yesorno?” at the beginning of the questionnaire.

4. Many participants reported consuming plant-based drinks not included in the sFFQp.
Therefore, we add this item to the new sFFQ.

5. The high difference in energy and fat content of milk, cheese and yoghurt did not
allow us to convert these foods reported by the 24HR into items 15 (high-fat dairy
products, such as whole milk and cheese) and 16 (low-fat dairy products, such as skim
milk and low-fat cheese) of the sFFQp. Accordingly, we split them into six different
items in the final sFFQ.

6. The low agreement between sFFQp and 24HR in fibre intake led us to regroup items
1 and 2 (of the pilot questionnaire) of vegetables into 12 different food groups since
their fibre content varied considerably.

7. The wide variety of new foods and the few available nutritional information
(micronutrients) make it challenging to choose a food with a similar nutritional profile
in the FCDB. Therefore, we decided to replace the CESNID nutritional composition
table used in the pilot study with our in-house database (see section 5.1.3 of the
method). The CESNID table was insufficient to provide the nutritional composition
data of the 491 foods registered by the 24HRs.

The results of the relative validation of the sFFQp were not satisfactory to validate
the questionnaire since the various statistical tests used did not evaluate the different
facets of validity of the questionnaire. In addition to the issues in the design of the sFFQp,
commented previously, the statistical tests showed low correlation and agreement
between sFFQp and 24HRs based on the most used interpretation criteria for validation
(51). However, these data helped us improve our questionnaire. Moreover, we used the
information provided by the 24HR to know the usual intake of our study population and
thus enhance the design of this study.

To adapt and replace possible deficiencies in our food list and increase the external
validity of the final sFFQ, the 491 foods reported by the 24HR from the pilot study were
compared and cross-checked with the data from the ENALIA2 survey. We selected 310 foods
based on their highest intake within the population (Figure 16), greater intra- and inter-
individual consumption variability, and potential relationship with the gut microbiome as
commented in sections 5.1.1 and 5.1.2 of methods.
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In summary, the final sFFQ food list comprises 310 foods, classified into 58 items and
grouped into 24 food groups.
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Figure 16. Foods (%) most consumed by the population from the pilot study were grouped

into vegetables, fruits, cereals, meat and meat products, milk and dairy products and

miscellaneous. Values obtained from 24HRs. Foods that contributed to <1% of the food
group are not shown.
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5.3.2 DATA TREATMENT OF THE RELATIVE
VALIDATION OF THE FINAL sFFQ

While interpreting the results from the pilot study, two questions arose about analysing
the data obtained from the sFFQp and the 24HR before performing the statistical analyses
of the relative validation of the final sFFQ.

Will it be necessary to include olive oil consumption according to the intake
of each individual, or do we assign an average intake value for all participants?

Dietary data obtained from the pilot study showed that 60% of the individuals exceeded the
fat intake recommendations (by 25 to 35%) (259). Since olive oil contributes significantly to lipid
intake, we wonder if these values were due to an erroneous quantification of olive oil intake
during the 24HRs. To test this hypothesis, we evaluated the contribution of olive oil to total fat
intake as a percentage of total kcal. In addition, we calculated the nutritional composition of the
data obtained from the mean 3-24HRs of the final study, with and without olive oil.
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Figure 17. Contribution of olive oil to total fat intake as a percentage of total calories from
24HRs of the final study.

As a result, we observed that the olive oil intake, when it is included or not modified
significantly total energy (p<0.0001; p=0.05) and total fat (p<0.0001; p=0.05). However, it
would only explain 3% of the total fat consumption of the population in the final study (Figure
17). Therefore, we decided to quantify the olive oil according to each participant’s intake and
not assign an average consumption value as was performed in another study (224).

How do we calculate the nutritional composition of each item of the sFFQ?

Each sFFQ requires a database to estimate energy and nutrient intake. However, to
our knowledge, there are two possible approaches to calculate nutritional composition
(223,225). We calculated the unweighted (UWM) and weighted mean (WM) of energy and
nutrients for each item of the sFFQ (see section 5.2.4 of methods) to evaluate differences
between the nutritional value of sSFFQ-UNW, sFFQ-WM and 24HR (reference methods).

As a result, we observed significant differences (p < 0.05) between sFFQ-UWN and sFFQ-
WN nutritional composition values for all nutrients except phosphorus. While comparing
the energy and nutrient values of the 24HRs with the values obtained from sFFQ-UWN and
sFFQ-WN, the differences were significantly different for 60% and 43% of the nutrients,
respectively (Table 8). Therefore, we decided to use the sSFFQ-WM nutritional composition
since fewer differences with the 24HRs values. In addition, when calculating the nutritional
composition, we gave more or less strength to the food depending on its intake in our
population.
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Table 8. Means and standard deviations of three 24HRs compared with nutritional
composition (weighted and unweighted) of the sFFQ2.
Nutritional

Composition sFFQ2
Unweighted (FFQ-

Nutritional

Mean 3-24HR Composition sFFQ2

Weighted (FFQ-WM)

Mean

SD

Mean

SD

p*

Mean

UWMm)
)

p*

Energy (kcal) 183270 41752 162141 53472 009 168925 55051  0.30
Total fat (g) 8113 3105 6064 2804 <0000l 6742 2942 002
Total protein (g) 7758 3063 7760 3746 041 7719 3692 047
Total water (g) 1211.89 37113 127495 59400 004 126178 58725  0.06
Total fiber (g) 1976 704 2302 1086 001 2463 1126 0.0
Total carbohydrates (g) 179.08 4874 17120 6755 083 17306 6680  0.70
MUFA (g) 3440 1202 2529 1163 <00001 2857 1244 001
PUFA (g) 1309 557 98 451 000 1007 394 000
SFA (g) 2760 1379 2038 1338 000 2299 1450 005
Alcohol (g) 765 1067 754 866 050 895 1030  0.04
Cholesterol (mg) 323.48 20827 26143 15267 001 26891 15485  0.03
Vitamin A (ug retinol eq) 84378 54646 89553 53299 061 1293.77 74838 <0.0001
Vitamin D (1g) 5.71 841 849 957 <00001 1172 1163 <0.0001
129 Z'ttf)r:;?efélr)“g 1076 505 1103 536 036 1255 565 001
Biotine (1g) 3.02 560 138 125 060 190 126  0.33
Folate (ug) 29584 10874 39750 17587 <0.0001 427.72 183.12 <0.0001
Eq Niacin (mg) 3199 1279 7131 5932 <00001 5424 37.29 <0.0001
Vitamin B5 (mg) 0.66 106 116 110 <00001 129 107 <0.0001
Riboflavin (mg) 1.89 08 18 08 081 19 087 027
Tiamin (mg) 1.27 043 129 051 020 132 049 012
Vitamin B12 (ug) 2496 7193 2424 7161 098 2581 7131 002
Vitamin B6 (mg) 2.35 160 224 090 008 215 08 028
Vitamin C (mg) 12999 7495 18093 9498 <0.0001 167.85 8440  0.00
Calcium (mg) 766.14 34838 869.87 61652 004 88301 59408 002
Iron (mg) 1405 396 138 559 090 1522 635 016
Potassium (mg) 306432 852.25 324475 120274 010 3347.08 125550  0.03
Magnesium (mg) 387.41 21531 40396 16195 0.05 @ 41350 16404 0.03
Sodium (mg) 2309.00 85452 144117 71807 <0.0001 1532.68 75831 <0.0001
Phosphorus (mg) 1301.88 43724 136622 59062 007 1370.80 58328  0.06
lodine (ug) 11408 12845 10559 5661 040 10420 5592  0.42
Selenium (ug) 8201 2874 6723 2858 000 7789 3423 054
Zinc (mg) 8.51 282 829 325 089 820 320 0.0

p<0.05 between sFFQ2 (unweighted and weighted) and mean 24HRs using paired t-test and Wilcoxon test.



9.4 RELATIVE VALIDITY AND
REPRODUCIBILITY ANALYSIS

OF THE FINAL sFFQ

Dietary data extracted from the 24HRs were classified into the 58 food items,
as they are presented in the sFFQ to compare and validate the questionnaire.
The 58 food items were also grouped into 24 food groups, total energy and
29 nutrients. The participants spent an average of 22 min answering the sFFQ
(SD=16.2 min, max=86 min, min=4 min).

The daily intake of food groups, energy and macro- and micronutrients
from sFFQ1, sFFQ2, and mean 3-24HR are shown in the 25th, 50th and 75th
percentiles in Table 9.
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For the food group, the sFFQ2 tended to report higher consumption
of appetiser and vegetables than the mean 3-24HR. While for energy and
nutrients, sFFQ2 showed an underestimation of energy intake, total fat, PUFA,
SFA, cholesterol, sodium and selenium than the mean 3-24HR.
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Table 9. Daily consumption of food, energy and nutrients was estimated by two sFFQ
(sFFQ1 and sFFQ2) and a mean of 3-24HR.

Food group (g/d)

Alcoholic beverage 18.56 84.97 168.20
Appetizers 3.30 3.30 10.50
Biscuits breakfast cereals and cereal bars 1.73 10.50 25.00
Chocolates and derivatives 0.79 2.52 7.26
Fats and oils 8.12 10.92 13.75
Fish and shellfish 27.39 51.06 67.49
Fruit and fruit products 47.57 184.30 216.50
Legumes 19.80 43.88 57.71
Meats and eggs 42.32 69.30 136.20
Milk and dairy products except fermented milk 30.71 79.48 224.40
Non Alcoholic beverage 63.83 150.00 260.60
Nuts and seeds 1.24 1.98 15.00
Pastries and sweets breads 0.00 3.30 3.30
Potatoes and other tubers 9.90 25.65 31.50
Ready to eat meals 0.00 13.20 19.80
Sauces and condiments 2.64 5.52 12.21
Sausages and other meat products 2.97 5.33 9.45
Sugar and other sweets 0.00 2.37 8.40
Vegetables and vegetable products 204.20 295.30 436.60
White bread 5.30 32.20 44.80
White grains and white pastas 16.85 25.31 45.24
Wholegrain or wholemeal bread 0.00 4.62 31.85
Wholemeal grains and wholemeal pastas 0.00 0.00 7.95
Yogurt and fermented milk 8.25 26.25 80.00
Energy and nutrients

Energy (kcal/d) 1262.00 1588.00 2014.00
Total fat (g/d) 41.53 56.13 71.78
Total protein (g/d) 56.60 72.71 93.31
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Mean 3-24HRs

Median
22.02 101.30 208.40 0.00 110.00 305.80
2.06 4.28 10.50 0.00 0.00 8.33
2.06 10.50 18.60 0.00 15.42 40.00
0.79 2.52 7.68 0.00 3.83 16.17
6.50 10.53 20.48 7.54 12.00 16.67
27.39 43.86 69.18 6.75 20.28 76.33
53.80 139.60 259.90 32.50 158.70 397.00
20.03 31.50 54.68 4.83 27.50 49.58
40.88 69.30 151.50 24.58 99.17 156.70
34.68 83.73 218.60 45.83 130.80 191.50
65.48 156.60 335.20 111.70 231.70 366.90
0.99 5.13 11.85 0.00 8.00 20.00 125
0.00 3.30 10.50 0.00 8.92 35.64
9.90 31.50 43.88 0.00 16.67 66.67
1.65 13.20 20.70 0.00 47.50 130.10
2.64 4.08 12.69 5.17 13.70 33..82
2.97 5.33 9.45 0.00 28.33 58.83
0.17 2.37 9.60 0.00 3.33 12.50
193.90 278.50 427.40 107.40 174.50 254.00
7.35 14.70 44.80 7.50 35.33 65.04
16.85 25.31 51.36 10.67 28.33 65.50
0.58 5.99 20.48 0.00 0.00 18.42
0.00 1.32 5.48 0.00 0.00 0.00
8.25 26.25 80.00 0.00 41.67 83.33
1285.00 1571.00 1877.00 1546.00 1761.00 2059.00
39.89 52.14 74.85 60.21 74.08 95.80

53.11 71.31 86.65 58.00 72.02 85.13
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sFFQ1
Food group (g/d) Median
Energy and nutrients
Total water (g/d) 861.20 1094.00 1593.00
Total fiber (g/d) 17.07 21.63 31.59
Total carbohydrates (g/d) 120.80 155.60 222.00
Alcohol (g/d) 1.75 4.64 8.43
MUFA (g/d) 17.61 21.47 31.94
PUFA (g/d) 6.89 9.60 11.71
SFA (g/d) 12.97 18.72 22.85
Cholesterol (mg/d) 157.00 242.20 335.40
Vitamin A ug retinol (eq/d) 552.50 738.50 1066.00
Vitamin D (pug/d) 3.12 5.15 9.42
Vitamin E (mg a tocoferol/d) 8.23 9.50 12.92
Folate total (ug/d) 284.90 390.20 520.70
126 Total niacin equivalent (mg/d) 35.14 50.10 99.30
Riboflavin (mg/d) 1.17 1.86 2.32
Tiamin (mg/d) 1.00 1.22 1.69
Vitamin B12 (ug/d) 3.59 4.74 6.55
Vitamin B6 (mg/d) 1.72 2.18 2.88
Vitamin C ascorbic acid (mg/d) 119.00 163.90 245.30
Calcium (mg/d) 554.40 742.20 1066.00
Iron (mg/d) 9.99 13.74 17.81
Potassium (mg/d) 2477.00 3244.00 3986.00
Magnesium (mg/d) 273.10 399.50 521.50
Sodium (mg/d) 951.30 1388.00 1652.00
Phosphorus (mg/d) 1015.00 1300.00 1665.00
lodine (pg/d) 67.33 96.10 124.50
Selenium (ug/d) 45.60 62.48 84.33
Zinc (mg/d) 6.48 7.98 9.80

sFFQ, food frequency questionnaire; 24HR, 24-h dietary recall
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sFFQ2 Mean 3-24HRs
Median Median
802.40 1153.00 1584.00 937.20 1184.00 1492.00
14.25 18.08 27.24 13.47 18.80 24.86
115.70 172.70 201.00 152.10 176.40 212.30
1.56 5.38 10.40 0.00 3.52 10.56
16.98 21.56 36.02 26.77 32.33 38.20
6.68 8.94 11.79 9.21 11.46 16.98
12.98 17.52 25.09 19.65 24.80 33.36
175.30 233.10 279.50 175.30 300.90 437.50
580.40 724.40 1091.00 542.90 750.30 1010.00
3.26 5.72 8.75 1.81 3.27 5.4
7.45 9.17 13.98 7.29 9.63 11.90
265.00 366.10 454.80 217.40 274.10 366.90
35.77 50.04 91.34 23.09 28.89 39.53 127
1.29 1.59 2.28 1.34 1.70 2.08
0.88 1.16 1.56 0.91 1.15 1.52
3.56 4.49 6.29 2.85 4.10 7.49
1.72 2.09 2.45 1.52 1.96 2.52
115.10 153.80 241.20 69.64 125.40 166.20
488.60 688.30 1120.00 521.00 702.50 920.10
9.49 12.30 15.27 11.35 13.46 16.32
2405.00 2976.00 3788.00 2379.00 2967.00 3679.00
257.50 379.20 466.00 280.40 348.90 432.80
965.20 1331.00 1704.00 1825.00 2053.00 2610.00
1010.00 1248.00 1587.00 1056.00 1236.00 1384.00
74.65 93.11 124.10 70.93 94.12 113.50
49.62 61.61 76.66 65.20 82.62 89.66
5.59 7.69 9.51 6.52 7.90 10.04




128

DOCTORAL THESIS « FRANCISCA YANEZ ARAYA

The relative validity of the sFFQ2 compared with the 24HRs is shown in
Table 10. The means intake of fifteen groups of food (out of 24) did not show
significant differences between both methods. The Spearman correlation
values were between 0.18 (appetisers) and 0.78 (non-alcoholic beverage)
with a median of 0.42. 45.8% of the food groups had correlation values higher
than 0.5. The ICC presented values between 0.05 (ready to eat meals) and
0.83 (alcoholic beverage) with a median of 0.36. 37.5% of the food groups had
correlation values higher than 0.4.

For energy and nutrients, we observed significant differences only in 10 of
30 nutrients evaluated by 24HR and sFFQ2. The Spearman correlation values
for unadjusted and energy-adjusted dietary data were from 0.01 (sodium)
to 0.66 (alcohol) with a median of 0.42 and between 0.10 (sodium) and 0.71
(total carbohydrates) with a median of 0.46, respectively. 44.8% of the nutrient
values adjusted for energy had correlation values 2 of 0.5. ICC values for not
adjusted data ranged from 0.05 (iodine) to 0.99 (B,, vitamin) with a median
of 0.44. Meanwhile, the ICC values energy-adjusted data were between 0.08
(selenium) and 0.98 (B, vitamin), with a median of 0.55, with 72% of the ICC
values being higher than 0.4

The Bland & Altman analysis confirmed the underestimation and
overestimation of some foods and nutrients data collected from the sFFQ2
compared with the 24HR. The 95% confidence intervals of the mean
difference (sFFQ2 — mean 3-24HR) did not reach the line of equality (y=0)
(Table 10); see the value of the mean difference of the 95% Cl in the Bland &
Altman analysis). The underestimation was observed for biscuits, breakfast
cereals and cereals bars, chocolates and derivatives, pastries and sweets
bread, ready-to-eat meals, sauces and condiments, sausages, energy, total
fat, PUFA, SFA, cholesterol, sodium and selenium. The overestimation was
detected for appetisers, vegetables, vitamin D, total folate, total niacin and
vitamin C.

Moreover, we observed a systematic variation in agreement (proportional
bias) between the two methods for 9 of the 24 food groups. The sFFQ
overestimated lowintakes and underestimated high intakes of biscuits, breakfast
cereals and cereals bars, chocolates and derivatives, pastries and sweet bread,
potatoes and other tuber, sauces and condiments, sausages and other meat
products, sugar and other sweets, vegetables and vegetable products, white
bread and wholegrain bread (Annex 7: Differences in daily intake between final
sFFQ2 and mean 3-24HRs based on Bland & Altman plots).
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While, for energy and nutrients, the sFFQ2 underestimated low intakes
and overestimated high consumption of water, carbohydrates, fibre, folic
acid, niacin, vitamin C, calcium, potassium and phosphorus. At the same
time, it overestimated low intakes and underestimated high cholesterol
intakes (Figure 18).
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Table 10. Relative validation of sFFQ2 for food group, energy and nutrients, with the
mean 3-24HRs as the reference method.

Wilcoxon
signed-rank Bland & Altman analysis
test
Food group (g/d) p value Mean Difference [95% ClI] Ll?ovﬁr
Alcoholic beverage 0.15 -10.87 [-46.08, 24.34] -237.90
Appetizers <0.0001 3.62 [0.74, 6.51] -14.99
Biscuits breakfast cereals and cereals bars 0.59 -8.85 [-15.03, -2.68] -48.65
Chocolates and derivatives 0.21 -2.90 [-5.59, -0.21] -20.25
Fats and oils 0.61 1.72 [-1.39, 4.83] -18.35
Fish and shellfish 0.01 14.21 [-8.56, 36.98] -132.5
Fruit and fruit products 0.06 3.98 [-62.58, 70.54] -425.10
Legumes 0.04 2.59 [-12.93, 18.11] -97.46
Meats and eggs 0.30 -4.41 [-26.35, 17.53] -145.80
Milk and dairy products except fermented milk 1.00 29.64 [-17.16, 76.44] -272.00
Non Alcoholic beverage 0.46 32.27 [-77.41,141.95] -674.80
130 Nuts and seeds 0.10 -3.99 [-8.76, 0.79] -34.75
Pastries and sweets breads 0.67 -17.67 [-28.68, -6.66] -88.63
Potatoes and other tubers 0.02 -7.02 [-23.98, 9.95] -116.40
Ready to eat meals 0.04 -68.08 [-102.41,-33.75 -289.30
Sauces and condiments <0.0001 -15.03 [-22.10, -7,96] -60.57
Sausages and other meat products 0.22 -26.90 [-36.55, -17.25] -89.09
Sugar and other sweets 0.97 -4.05 [-9.73, 1.64] -40.65
Vegetables and vegetable products <0.0001 134.30 [68.56, 200.04] -289.50
White bread 0.22 -6.87 [-16.86, 3.12] -71.25
White grains and white pastas 0.95 -8.13 [-18.75, 2.49] -76.55
Wholegrain or wholemeal bread 0.01 3.75 [-4.38,11.89] -48.68
Wholegrain cereals 0.00 -1.99 [-7.04, 3.06] -34.55
Yogurt and fermented milk 0.59 -1.46 [-17.92, 15.00] -107.60
Energy and nutrients
Energy (kcal/d) 0.00 -218.10 [-388.59,-47.61] -1317.00
Total fat (g/d) <0.0001 -20.69 [-30.03, -11.35] -80.88
Total protein (g/d) 0.35 -0.01 [-9.05, 9.04] -58.30
Total water (g/d) 0.78 70.71 [-68.80,210.22] -828.60
Total fiber (g/d) 0.50 231 [-0.74, 5.36] -17.34
Total carbohydrates (g/d) 0.16 -10.02 [-28.33, 8.29] -128.10
Alcohol (g/d) 0.02 0.42 [-1.57, 2.42] -12.44
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Intraclass Correlation

Spearman’s rank Coeficient (ICC) Cross-Classification

coefficient

Bland & Altman analysis

Spearman

Uppertone  comlaton  Unadusted  ERUEL, Unaused EREF, Same Oppeste
216.20 -0.26 0.76 - 0.83 - 72.73 2.27
22.23 0.20 0.18 - 0.27 - 25.00 9.09
30.94 -0.51 0.65 - 0.58 - 54.55 4.55
14.45 -0.37 0.44 - 0.38 - 54.55 9.09
21.79 0.32 0.35 - 0.22 - 29.55 9.09
161.10 0.26 0.35 - 0.25 - 38.64 18.18
433.11 -0.05 0.63 - 0.60 - 56.82 6.82
102.60 -0.11 0.18 - 0.25 - 36.36 20.45
137.00 -0.13 0.65 - 0.56 - 65.91 6.82
331.30 0.18 0.64 - 0.47 - 59.09 6.82
739.30 0.07 0.78 - 0.34 - 68.18 2.27
26.78 -0.26 0.58 - 0.49 - 63.64 11.36 131
53.29 -0.76 0.24 - 0.12 - 43.18 18.18
102.40 -0.38 0.28 - 0.12 - 52.27 22.73
153.20 -0.80 0.31 - 0.05 - 47.73 13.64
30.51 -0.72 0.46 - 0.31 - 52.27 9.09
35.29 -0.84 0.36 - 0.26 - 38.64 15.91
32.56 -0.39 0.57 - 0.33 - 63.64 11.36
558.10 0.37 0.30 - 0.40 - 35.09 13.64
57.51 -0.22 0.76 - 0.59 - 61.36 4.55
60.29 -0.40 0.58 - 0.47 - 54.55 6.82
56.18 0.01 0.24 - 0.20 - 29.55 15.91
30.57 0.27 0.45 - 0.47 - 59.09 15.91
104.70 -0.13 0.68 - 0.63 - 59.09 2.27
880.90 0.18 0.30 - 0.37 - 34.09 15.01
39.50 0.03 0.28 0.53 0.43 0.58 54.55 6.82
58.29 0.19 0.46 0.66 0.69 0.73 52.27 2.27
970.00 0.49 0.61 0.62 0.59 0.55 54.55 4.55
21.96 0.40 0.53 0.56 0.49 0.60 50.00 11.36
108.00 0.30 0.50 0.71 0.49 0.75 63.64 2.27
13.29 -0.19 0.66 0.71 0.79 0.75 61.36 4.55
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Wilcoxon
signed-rank Bland & Altman analysis
test

Food group (g/d) p value Mean Difference [95% Cl] Ll?&ear

Energy and nutrients

MUFA (g/d) <0.0001 -0.92 [-4.90, 3.05] -34.86
PUFA (g/d) <0.0001 -3.33 [-4.99, -1.67] -14.01
SFA (g/d) <0.0001 -7.15 [-10.85, -3.45] -31.02
Cholesterol (mg/d) 0.06 -63.80 [-123.92, -3.68] -451.40
Vitamin A pg retinol (eq/d) 0.64 31.37 [-160.20, 222.94] -1203.00
Vitamin D (ug/d) <0.0001 3.00 [0.77, 5.24] -11.39
Vitamin E (mg a tocoferol/d) 0.87 0.07 [-1,65, 1.79] -11.02
Folate total (ug/d) 0.00 88.10 [41.39, 134.81] -213.10
Total niacin equivalent (mg/d) <0.0001 37.17 [22.80, 51.54] -55.47
Riboflavin (mg/d) 0.48 -0.04 [-0.29, 0.20] -1.63
Tiamin (mg/d) 0.75 0.00 [-0.15, 0.16] -1.01
Vitamin B12 (ug/d) 0.76 -0.63 [-2.39,1.12] -11.94
Vitamin B6 (mg/d) 0.63 -0.11 [-0,60, 0.38] -3.28
132 Vitamin C ascorbic acid (mg/d) 0.00 50.48 [21.19,79.77] -138.30
Calcium (mg/d) 0.48 84.52 [-28.93, 197.97] -646.70
Iron (mg/d) 0.17 -0.56 [-2.49, 1.38] -13.03
Potassium (mg/d) 0.95 132.60 [-224.99, 490.19] -2173.00
Magnesium (mg/d) 0.52 10.58 [-48.14, 69.30] -367.90
Sodium (mg/d) <0.0001 -871.80  [-1165.38,-578.22] -2764.00
Phosphorus (mg/d) 0.99 56.01 [-77.24,189.26] -802.80
lodine (pg/d) 1.00 -8.98 [-51.61, 33.65] -283.70
Selenium (pg/d) 0.00 -14.19 [-25.95, -2.43] -89.97
Zinc (mg/d) 0.18 -0.31 [-1.20, 0.57] -6.03

Green colour code: good or acceptable outcome based on at least three statistical tests. Red colour code: poor outcome,
did not pass more than two statistical tests. (Lombard et al. (51)). Energy adjustment by residual methods.

2Upper and lower limits of agreement (LOA)

bSpearman correlation was calculated between the difference and the average values of the sFFQ2 and mean 3-24HRs.
Student paired T-test or Wilcoxon signed rank test at p< 0.05.
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Intraclass Correlation

Spearman’s rank Coeficient (ICC) Cross-Classification

coefficient

Bland & Altman analysis

Spearman

Upper LOA® Eg;;?ilcai;i:trl Un-adjusted aE d'}ﬁ;%: d Un-adjusted aE d'}ﬁ;%g d ili::'; oﬁﬁ:’rﬂte
16.37 0.07 0.34 0.50 0.34 0.48 40.91 4.55
7.35 -0.21 0.37 0.39 0.41 0.40 40.91 13.64
16.72 -0.06 0.23 0.46 0.55 0.62 47.73 11.36
323.80 -0.44 0.50 0.55 0.44 0.60 52.27 6.82
1266 0.00 0.27 0.23 0.27 0.38 38.64 15.91
17.39 0.22 0.39 0.41 0.70 0.83 43.18 11.36
11.15 0.12 0.42 0.45 0.43 0.51 47.73 9.09
389.20 0.41 0.57 0.37 0.43 0.55 47.73 15.91
129.80 0.71 0.34 0.20 0.16 0.13 34.09 25.00
1.54 0.16 0.59 0.53 0.57 0.54 38.64 4.55
1.01 0.19 0.38 0.35 0.47 0.39 40.91 13.64
10.68 -0.24 0.40 0.53 1.00 0.98 50.00 9.09
3.06 0.00 0.55 0.34 0.29 0.16 45.45 9.09
239.30 0.33 0.43 0.35 0.41 0.34 52.27 11.36 133
815.70 0.41 0.45 0.51 0.62 0.55 43.18 6.82
11.91 0.20 0.35 0.46 0.25 0.49 54.55 11.36
2438.00 0.35 0.48 0.26 0.42 0.42 38.64 13.64
389.00 0.26 0.64 0.70 0.51 0.61 50.00 0.00
1021.00 -0.25 -0.01 0.22 0.25 0.20 38.64 13.64
914.80 0.41 0.43 0.48 0.66 0.65 50.00 9.09
265.70 0.05 0.24 0.28 0.05 0.08 47.73 15.91
61.59 0.07 0.28 0.10 0.21 0.08 29.55 18.18
5.40 0.15 0.51 0.64 0.57 0.68 68.18 2.27

The cross-classification values satisfactorily classified participants based on
their consumption obtained from the sFFQ2 and the 24HRs. More than 50% of
the participants were classified in the same tertile for 14 food groups and 13
nutrients. Meanwhile, less than 10% were classified in the opposite tertile for
12 food groups and 15 nutrients.
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Figure 18. Bland & Altman plots show the relations between the difference in daily

intake of carbohydrates, fibre, vitamin C and cholesterol estimated by sFFQ2 and mean

3-24HRs, and the corresponding mean daily intake calculated by the two methods. Plain

lines represent the mean difference, and the dashed line represents lower and upper 95%
limits of agreement.

Reproducibility was evaluated using the Wilcoxon signed-rank, Spearman’s
rank correlation, and ICCin Annex 8: Table of reproducibility of the final sFFQ. The
mean intake of the 24 food groups did not show significant differences between
both sFFQs. The Spearman correlation ranged from 0.33 (appetisers) to 0.90
(wholemeal grains), with 87.50% of the values being above 0.5 (median of 0.72).
The ICC values were around 0.21 (potatoes and other tubers) to 0.90 (sugar and
other sweets), with 62.50% of the values being above 0.4 (median 0.63).

For energy and nutrients, the mean intake did not show significant
differences between both sFFQs. The Spearman correlation ranged from
0.65 to 0.87 (median 0.78) and 0.54 to 0.86 (median of 0.70) for unadjusted
and energy-adjusted data, respectively. The ICC ranged between 0.47 to 0.99
(median 0.73) for data unadjusted for energy. While the values were between
0.58 and 0.96 (median 0.74). All Spearman correlation and ICC values were
above 0.5 and 0.4, respectively.



9.5 CHARACTERIZATION OF

THE STUDY POPULATION DIET

The daily intake values for food groups, energy and nutrient obtained by the sFFQ2 are
presented in medians and quartiles in Table 9.

The diet of our study population is made up of the following food groups in descending
order: vegetables (21%), non-alcoholic beverages (17%), fruits (14%), milk and dairy products
except fermented milk (10%), alcoholic beverages (9%), meat and eggs (6%), fish and shellfish
(4%), yoghurt and fermented milk (3%) and legumes (3%) as shown in Figure 19.
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Figure 19. Percentage of food group most consumed by our population as assessed by the
sFFQ2. Values less than 1% were grouped in others.
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The mean energy intake was 1614.63 + 568.1 kcal/d. The contribution of macronutrients,
expressed as a percentage of energy, was 42% for carbohydrates, 33.4% for total fat, 19%
for proteins, 3.5% for alcohol and 2.7% for fibre.

According to the recommendations for nutritional intakes for the Spanish population
(259), 79.55% of the participants met 80% of the recommendations for daily protein intake
(0.83g/kg per day), 63.6% for total fat (20-35%E), 38.6% for carbohydrates (45-60%E) and
34.1% for fibre (> 25 g/day). Values below the recommendations were observed for protein,
carbohydrates and fibre, and those above were observed for total fat.

More than 50% of the people met the recommendations for daily micronutrient intake
by sex and age, except for vitamin D (20.45%), calcium (47.73%), iodine (27.27%) and zinc
(45.45%), as we showed in Figure 20.
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Figure 20. Percentage of participants with adequate and inadequate daily nutrient intake
based on the 80% cut-off of the recommendations for the Spanish population.



5. RESULTS

Based on the frequency of consumption data obtained from the sFFQ2, we classified
our population according to the quality of the diet given by the Healthy Eating Index (IASE)
for the Spanish people. As a result, 23% of the participants showed healthy feeding, 70%
need-for-change, and 7% have a little-healthy diet.

5.5.1 EVALUATION MISREPORTING OF SFFQ

As commented in section 10 of the method, we followed the EFSA recommendations to
calculate misreporting information, which is based on the Goldberg and Black works (261-
263). The sFFQ2 tended to under-report energy at the group level. At the individual level,
48% and 83% of females and males tended to underreport energy intake using the sFFQ2,
respectively.

Figure 21: Fecal microbiome composition of the population by sequencing the V4 region
of the 16S rRNA gene. A. Microbial richness was calculated based on the Chaol index
(A, left) and microbial richness and evenness on the Shannon index (A, right). Using the
Wilcoxon test, the microbiome of the basal faecal sample and one month later did not
present significant differences. p<0.05. B. Relative abundance (%) of phyla at basaline and
one month later. We excluded three participants (one sample did not provide sufficient
high-quality sequences and two subjects provided only one sample at baseline). (N=84, 165
faecal samples).

137






5.6 GUT MICROBIOME PROFILES

AND ALPHA-DIVERSITY

We collected two faecal samples from participants in the pilot (n=40) and validation
(n=44) studies at baseline and one month later (first stool after each sFFQ). Microbiome
composition was analysed based on the amplification and sequencing of the V4 region of
the 16S rRNA gene.

In total, we identified 14 phyla and 143 genera in 165 stool samples. The alpha diversity
estimated by the Shannon index and Chaol index was 6.72 + 0.51 and 195.03 * 61.60,
respectively (Figure 21.A). There were no differences in alpha diversity (Shannon index
p=0.87; Chao index p=0.82), at the phylum level (p>0.05) and the genus level (p>0.05, for 11
main genera) between the baseline stool (BS) and the stool obtained one month later (LS).
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Figure 22. Distribution of the abundances of the genera that are part of the core
microbiota. The core microbiota is defined as the list of genera present in at least 95% of
the samples in the study (N=84, 165 faecal samples).
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The most relative abundant phyla were Firmicutes (61.89 + 12.89%) and Bacteroidetes
(31.53 + 12.47%), followed by Proteobacteria (2.54 + 7.41%) and Actinobacteria (1.10 #
0.84%). We detected Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria in
all individuals except in one sample at BS and four samples at LS. We identified a high
inter-individual variability in the microbiota composition: the relative abundances ranged
from 2.85 to 92.54% for Firmicutes, 2.73 to 72.04% for Bacteroidetes, 0.00 to 94.42% for
Proteobacteria, 0.00 to 17.40% for Verrucomicrobia and 0.00 to 4.73% for Actinobacteria
(Figure 21B).

The current data set yielded a core microbiota (i.e., the genera shared by 95% of
the samples) composed of 15 genera with a median core abundance (MA) of 72.25%
(Figure 22).



5.7 CORRELATION
BETWEEN PARTICIPANT 'S

CHARACTERISTICS AND
MICROBIAL DIVERSITY AND TAXA

We evaluated the association between microbial alpha-diversity (richness and evenness)
or taxonomic profile (relative abundance of microbial genera) and several characteristics of
the participants, including age, BMI, gender, smoking habit, blood type and type of birth.
To this end, we used linear mixed models implemented in the MaAsLin2 tool. We took
into account the longitudinal setting of the study, as the participant identification number
(Subject ID) was added as a random effect.
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Figure 23. Association between participants’ characteristics and microbial diversity and

taxa. Linear mixed models implemented in MaAsLin2 were used to associate microbiome

with demographic and clinical data such as age (A) and BMI (B) in the pilot and validation

studies (N=84, 165 faecal samples). BMI, body mass index (BMI) based on the classification
of the World Health Organization (WHO).

We found that age was positively correlated with diversity (FDR=0.06 for Shannon
index) and negatively correlated with Bilophila (FDR=0.005) (Figure 23A). Gender was not
found associated with diversity but was associated with a depletion of Bilophila (FDR=0.04)
in male participants. The pre-obese and obese group (BMI above 25) was associated with
a lower microbial diversity (FDR=0.018 for Chaol and FDR=0.12 for Shannon) and depleted



5. RESULTS

in members of the Clostridiales order such as Faecalibacterium (FDR=0.10) (Figure 23B).
Vaginal birth was associated with higher microbial diversity (FDR<0.02 for Chao1 (richness)
and Shannon (evenness) indices) and was enriched in several bacterial genera, including
an unclassified genus from the Ruminococcaceae family (FDR= 6.37 x 107), from the
Clostridiales order (FDR= 5.80 x 10%) and RF39 (FDR= 0.0006) as compared with C-section
births (Figure 24.A).
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Figure 24. Association between participants’ characteristics and microbial diversity and

taxa. Linear mixed models implemented in MaAsLin2 were used to associate microbiome

with demographic and clinical data such as the birth type (A) and intake sweeteners (B) in
the pilot and validation studies (N=84, 165 faecal samples).
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Smoking habit (smoker, non-smoker or ex-smoker) was not associated with diversity or
any microbial taxon. The use of sweeteners was negatively associated with Desulfovibrio
(FDR=0.07) (24.B).
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Figure 25. Principal coordinate analysis (PCoA) of weighted (A) and unweighted (B) Unifrac

distances of the gut microbiome associated with different types of diet. Unweighted

UniFrac distances take into consideration only the microbial composition, and weighted
UniFrac distances consider the microbial composition and abundance.

We performed a microbiome clustering analysis based on unweighted and weighted
Principal Coordinate Analysis-UniFrac metrics (PCoA) on all cohort samples to visually
explore variation between the sample’s microbial composition and abundance.

PCoA representations based on unweighted and weighted UniFrac distances showed
that different types of diet did not cluster, as shown in Figure 25.



9.8 CORRELATION BETWEEN
DIETARY INTAKE AND MICROBIAL

DIVERSITY AND TAXA

To correlate microbiome data with dietary intake, we first used the 58 food items from
the sFFQs (N=44, 85 faecal samples). One sample did not provide sufficient high-quality
sequences,andtwosubjects provided only one sample baseline). The analysis was performed
using MaAsLin2. The results are shown in Figure 26. Item 14, which consisted of fresh fruit,
was positively associated with richness and evenness (FDR=0.009 for Chaol and Shannon)
and the relative abundance of a member of the Ruminococcaceae family (FDR=0.1) (Figure
26.A). Item 35, which consists of processed meats, was negatively associated with richness
(Chaol, FDR=0.034), evenness (Shannon, FDR=0.03), and an unclassified genus from the
Clostridiales order (FDR=0.1) (Figure 26.B). Item 58, which comprised processed foods, was
negatively associated with richness and evenness (FDR=0.009 for Chaol and Shannon) and
an unclassified genus from the Clostridiales order (FDR=0.19) (Figure 26.C).
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Figure 26. Correlation between food groups and microbial diversity and taxa. Linear

mixed models implemented in MaAsLin2 were used to analyse the microbiome and dietary

data extracted from the validation study. A: Item 14, which consisted of fresh fruit such

as orange, grapefruit, banana, apple, pear and others. B: Item 35, which consisted of

processed meats such as salami, pork sausage, blood sausage and others. C: Item 58, which

comprised processed foods such as pizza, lasagna, cannelloni, chicken nuggets and others.
(N=44, 85 faecal samples).

We then correlated microbiome data with the 24 food groups extracted from the sFFQ.
Fruits and fruit products, which encompassed food items 14, 15 and 16, were also positively
correlated with microbial diversity (FDR=0.005 for Chaol and Shannon indices). Sausages
and other processed meats and ready-to-eat meals, which corresponded to food items 35
and 58, respectively, were found to be negatively correlated with microbial diversity and
taxa, as mentioned above. No association was observed between microbiome data and the
other items or food groups.



5. RESULTS

Finally, we did not uncover any association between the 29 nutrients and total energy
extracted from the sFFQs and microbial diversity, except for sodium (FDR=0.005) and SFA
(FDR=0.04) (Figure 27), whose levels were negatively correlated with both richness and
evenness. Sodium was positively correlated with Holdemania and negatively correlated with
Ruminococcus and Methanobrevicter, a member of the Ruminococcaceae family (FDR<0.05).

Figure 27. Correlation between nutrients and microbial diversity. Linear mixed models

implemented in MaAsLin2 were used to analyse the microbiome diversity and nutrients

data extracted from the validation study (N=44, 85 faecal samples). SFA, saturated fatty
acids. SFA are displayed in grams and sodium in mg.

Other nutrients such as alcohol, total fat and total fibre were also associated with several
microbial genera (Figure 28). Alcohol was positively correlated with two genera from the
Coriobacteriaceae family, one of them being Collinsella (FDR=0.0004) (Figure 28.A), and
negatively correlated with a member of the Peptostreptococcaceae family (FDR=0.03). Total
fat and SFA were negatively correlated with Ruminococcus (Figure 28.B, D); total fat was
also positively correlated with Clostridium (Figure 28.C). MUFA were negatively correlated
with Methanobrevibacter (FDR=0.03) (Figure 28.E). The total fibre was positively correlated
with a member of the Clostridiaceae family (FDR=0.009) (Figure 28.F).
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Figure 28. Correlation between nutrients and taxa. Linear mixed models implemented

in MaAsLin2 were used to associate the taxonomic profile with nutrients data extracted

from the validation study (N=44, 85 faecal samples). SFA, saturated fatty acids; MUFA,
monounsaturated fatty acids. All nutrients are displayed in grams.



6. DISCUSSION






DISCUSSION

sFFQs have been developed to establish associations between diet and long-term risk of
cancer or chronic non-communicable diseases (269,270). However, their use in association
studies with the gut microbiome has exponentially increased, despite a lack of validation
of these tools.

To address this knowledge gap, in this thesis, we implemented a pilot study (N=40)
to design and improve a new sFFQp and a second study to validate a final version of
the sFFQ (N=44) and to establish associations between dietary intake data and the gut
microbiome.
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6.1 DESIGN AND RELATIVE

VALIDATION OF THE sFFQ

The main objective of designing this new sFFQ was to integrate efficiently dietary,
demographic and microbiome data. The newly developed online sFFQ, which contains 58
food items converted into 24 food groups and 29 nutrients, reports the dietary intake of
an adult population in the last month. The lowest possible number of items was chosen to
reduce respondents’ burden, reduce omission and response biases, and maximise their full
attention. The time frame of one month represented an attempt to match habitual dietary
intake with changes in the microbiome community (130). Furthermore, respondents
completed the sFFQ in an average of 22 min, which is much less time than performed by
participantsin studies with the most commonly used FFQs (from 30 to 60 min in FFQs greater
than 100 items) (271). We considered that a short FFQ would attract more volunteers, who
will be more willing to repeat the experiment several times in a year to cover, for instance,
every season or long-term diet fluctuations.

The results showed that the sFFQ had high reproducibility. While for relative validation,
the sFFQ reported 20 out of 29 (69%) nutrients and 13 out of 24 (54%) food groups with
good or acceptable outcomes compared to the reference method, as evaluated by at least
three distinct statistical methods (Table 10).

At the group level, the Bland & Altman analysis reflected good levels of agreement
between the sFFQ and the mean 3-24HR, and the plots showed that most of the data
fell within the limits of agreement. The sFFQ showed only 24% underestimation and 11%
overestimating for food groups, energy and nutrients. The results obtained for several
food items (biscuits, breakfast cereals and cereals bars, chocolate and derivatives, pastries
and sweetbreads, ready-to-eat meals, sauces-condiments and sausages) for energy and
certain nutrients, such as total fat, PUFA, SFA, cholesterol, sodium and selenium, should
be interpreted with caution since they were underreported. In contrast, vitamin D, folate,
niacin, and vitamin C were overreported in the sFFQ compared to the mean 3-24HR.

For food groups, the substantial overestimation of vegetables observed in our study
(+ 134.30g/day) was comparable with other validation studies using FFQs: Verger et al. (+
123g/day) (225), Steinman et al. (+ 138g/day) (272) and Shu et al. (+ 111g/day) (272).
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For energy and nutrients, the underestimation of energy (-218.1 kcal/day, -15%) and
total fat (-20.79g/day, 31.7%) is similar to other publications (272-274). However, since
the main objective of this dietary assessment was not to measure energy intake, the
underestimation of energy should not impact the overall design of our sFFQ. Although
there is an underestimation of total fat at the group level, the sFFQ has good validity at the
individual level. For fibre, no underestimations or overestimations were observed between
the sFFQ and mean 3-24HRs; however, the concordance between both methods decreases
as the mean fibre intake increases (275). In addition, for some food groups and nutrient, a
considerable dispersion of the data was observed, suggesting a lower concordance when
the mean intakes were higher or lower (proportional bias), as it has been observed in other
studies (223,276).

The underestimation or overestimation trends of certain foods or nutrients could be
explained by a series of characteristics of the participants and the social approval of certain
foods (277,278). Indeed, consuming foods considered “good for health”, such as fruits and
vegetables, is usually over-reported. In contrast, “bad foods”, such as foods high in fat or
sugar, are traditionally under-reported (279-281).

At the individual level, the correlation values for the food groups (Spearman between
0.177 and 0.78 and ICC between 0.049 and 0.83) were within the ranges observed in
previous validation studies in adults (226,275,282,283). However, making a direct food
group comparison is difficult because of the difference in food classification methods.

The cross-classification values were reasonable to classify the participants according to
their intake based on both methods. More than 50% of the participants were ranked in the
same tertile for 14 food groups and 13 nutrients. Less than 10% of the participants were
classified in the opposite tertile for 12 food groups and 15 nutrients. The most significant
discrepancies in the cross-classification analysis were observed for foods eaten sporadically
(fish and shellfish, legumes, pastries, ready-to-eat meals, sausages), possibly due to the
low probability of encountering these foods during the 3-24HRs interview. A short food
list could decrease efficiency in ranking people according to their intakes (284). However,
a systematic review on FFQs (281) did not detect an association between the number of
items and greater reliability and correlation coefficients compared to our findings.



6.2 COMPARISON OF OUR STUDY
WITH OTHER EPIDEMIOLOGICAL

STUDIES CARRIED OUT IN SPAIN

The characteristics of diets of our study are similar to results observed in the Spanish
epidemiological studies (ANIBES and ENALIA2) (222,285,286). However, for foods groups,
the order of distribution of the three main groups consumed was different. For example, in
ANIBES and ENALIA2, the most consumed food groups were non-alcoholic beverages and
milk dairy products, followed by vegetables in ANIBES and fruitsin ENALIA2 (222,287). While
in our study, the most consumed food groups were vegetables, followed by non-alcoholic
beverages and fruits. These differences may be caused by the demographic characteristics
of our population (the majority was healthcare and research workers), who may pay more
attention to a healthy diet (higher fruits and vegetable intake). In addition, the emerging
consumption of plant-based drinks (in non-alcoholic beverages) in our population may
replace the consumption of dairy products observed in these epidemiological studies, as
they were carried out between 2013 and 2015. Unfortunately, to the best of our knowledge,
there are no updated epidemiological diet studies carried out to date in the healthy Spanish
population.

Most of the participants in our study met the dietary reference intakes for the Spanish
population for most nutrients (259). However, this was not the case for carbohydrates,
fibre, vitamin D, calcium, iodine, and zinc. These findings were similar to those observed in
other studies (288-290) except for iodine. This discrepancy could be due to the fact that we
did not add any questions on the consumption of added salt, which is fortified with iodine
(ionised salt).

The role of fibre as a possible modulator of the gut microbiota is currently recognised.
The low intake of fibre (only 34% of the participants comply with the NRI > 25g/day) would
suggest a negative microbial diversity. However, no association between the amount of fibre
intake and diversity has been found (see section 8 for results), which could be either due to
the microbial stability given by a habitual diet or to need to recruit a larger study cohort.

Currently, much importance has been given to vitamin D deficiency, as it has been
associated with increased autoimmunity and increased susceptibility to infections (291).
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Although levels of vitamin D does not depend only on food intake but also on other
factors, such as endogenous synthesis, its deficiency has been demonstrated and has been
considered a major public health problem worldwide (292). A study of 2,260 participants
showed that, although Spain is a country with many hours of sunshine, a third (33.9%) of
the Spanish population could be at risk of vitamin D (25-hydroxyvitamin D) deficiency (293).
Moreover, active vitamin D has recently been linked to microbial diversity and several
beneficial microbial taxa (294). Therefore, it may be important to consider vitamin D’s level
and intake in diet-microbiome studies.

A relationship between the HEI index (similar to the IASE but for the US population) and
the gut microbiome has been reported (295). Therefore, in our study, we measured the diet
quality through the IASE index (based on the compliance to Dietary Guidelines for Spanish
people) but did not detect any association (296,297). However, we observed that 70% of
our cohort need changes in their diet, similar to reported in another study (23). These low
HEI scores were mainly due to the lower weekly consumption of legumes and the higher
occasional consumption of could-processed meats, sweets, beverages and low variety of
the diet. Moreover, the participants who followed a vegetarian diet had a lower score by
not consuming dairy products or meat (10 points for daily consumption of dairy products
and 10 points for consumption 1 to 2 times per week of meat). Therefore, although this tool
could be helpful to classify the diet of the Spanish population, it may underestimate the
quality of the diet of vegetarians.

The agreement of our extracted data with two published epidemiological studies
(ANIBES and ENALIA2) investigating the usual diet of the Spanish population suggests
that the newly built sFFQ could be applied at the population level. Moreover, the high
repeatability of the questionnaire indicates that only one sFFQ would be needed to
cover food intake over one month. However, to adapt the questionnaire to another
population it would recommended to make additional necessary changes to the sFFQ
and validation.



6.3sFFQ AS ANEWTOOL TO

RELATE DIET WITH MICROBIOME

Our study captured the effects of certain demographic data and BMI on the diversity
and composition of the gut microbial community, using the data obtained from the pilot
and validation study on 84 healthy individuals (165 faecal samples).

We did not found changes in the diversity and microbial composition of the two
stool samples collected over one month, which could be a product of the resilience and
stability of the intestinal microbiota (92,131). We confirm previous findings of high inter-
individual variability in the composition of the gut microbiota (56,78,142). Furthermore,
our dataset provided a microbial core composed of 15 genera, of which five (Bacteroides,
Ruminococcacea family, Lachonpiraceae family, Faecalibacterium and Blautia) and seven
(Roseburia and Coprococcus) were previously identified in a cohort of 18,300 (298) and
4,300 (138) individuals, respectively.

Multivariate analysis of variance on distance matrices (weighted and unweighted
UniFrac) did not cluster the microbial community by types of diet (reported by the
participants) as it has been shown in other studies (140,194,195,199). This observation
could be due to the meagre number of participants or to the fact that dietary intake is more
variable than the microbial composition both within and between-person (142).

Our findings showed that the depleted bacterial groups in individuals delivered by
C-section belonged mainly to Clostridiales (specifically Ruminococcaeae) and Mollicutes
(RF39), abundant bacterial groups in those born vaginally. The impact of the type of birth on
the gut microbial ecosystem has been widely studied during early life (299,300). A persistent
effect of mode of delivery on the microbiome composition, the host immune system (301),
and natural antibiotics’ biosynthesis (302) has been reported during the first years of life.
However, to the best of our knowledge, our study is the first to describe this effect in
adult subjects. Moreover, our results corroborate previous studies (303,304) regarding the
relationship between age and diversity, depletion of Clostridiales and overweight-obesity.

Contradictory findings have been published about the effect of sweeteners such as
saccharin on glucose tolerance and dysbiosis in healthy individuals (188,305,306). Our study

157



158

DOCTORAL THESIS « FRANCISCA YANEZ ARAYA

observed that sweeteners, which consisted mainly of aspartame and saccharin, decreased
Desulfovibrio, a sulfate-reducing bacterium.

On the one hand, through the sFFQ, we were able to associate high microbial diversity,
which is considered a health-promoting factor (307), with fruits intake and low diversity with
processed meat, ready-to-eat meals, total fat, saturated fatty acids and sodium intake. On
the other hand, the sFFQ allowed us to correlate food items or nutrients with specific groups
of microorganisms. Some members of the Clostridiales order were positively associated
with fruits and total fibre, whereas others, including Ruminococcus, were negatively related
to total fat, saturated fatty acids and sodium intake. The association with the latter should
be interpreted with caution, given that the comparison between sFFQ2 and the mean three
24HRs based on Bland & Altman analysis showed that participants underreported sodium.

A low dietary fibre intake has been related to loss of diversity, particularly Clostridiales
(308), and the class Clostridia (309). The non-association observed between vegetables
and microbial diversity could be explained by the cooking method used. Indeed, fruits
and vegetables may contain similar nutrients (bioactive compounds derived from plants,
such as polyphenols) that could be lost or could be altered the food matrix during cooking
procedures usually used to prepare vegetables and not fruits. Cooking, which transforms
fibre and starch, increasing their absorption in the small intestine and thus reducing their
fraction in the colon, has been shown to reshape the structure and function of the gut
microbiota (310). The significant association between fruits and the gut microbiome
observed in our study could be explained by the type of fibre present in the fruits. A recent
study compared between-subject variation in fibre sources with the microbiome beta-
diversity. They found that subjects who obtained their fruit fibre or grain fibre from similar
foods tended to have more similar microbiome profiles than other foods with high fibre
content, such as vegetables and legumes. They also concluded that the gut microbiota
composition was more related to food choice than the conventional nutrient profile
typically used in nutritional research. Probably because of the limited information available
on nutrients and substrates relevant to the microbiota as hundreds of additional chemical
compounds are present even in a single piece of fruit were ignored (142).



6.4 LIMITATIONS AND STRENGTHS

The present study has several strengths and limitations. One of the limitations of our
research is the low heterogeneity of the study population, which can be a significant
limitation when generalising our results to other populations, despite finding similar diet
results in population studies such as ENALIA2 and ANIBES.

Second, this study relies only on 16S rRNA analysis, revealing only the microbiome
composition. In the future, it could be complemented by functional analysis through DNA
and RNA shotgun sequencing or metabolomics analysis.

Third, the newly developed sFFQ can capture the habitual diet, as reflected by
its validation with a reference method and a comparison of our results with other
epidemiological studies. However, the results obtained on several food items, energy
and nutrients should be interpreted with caution since they are misreported in the sFFQ
compared to three 24HRs. The 24HR, used here as a reference method, is not the gold
standard. This reporting method also relies on memory-based and may be biased due to
underestimation or overestimation. This limitation could be addressed using metabolomic
biomarkers, although only a few validated biomarkers of food intake are available.

While self-report data collection has laid the foundation for numerous studies, the degree
of error in measuring energy intake from FFQs has been widely discussed (269,311,312).
However, Beaton stated that “there will always be an error in dietary assessments. The
challenge is to understand, estimate, and make use of the error structure during analysis”
(313). For example, underestimating of energy detected in the sFFQ through the cut-off
point estimated by the Goldberg equation will allow us to face these challenges. Assessing
the degree of measurement error of our data, correcting these errors using statistical
methods or classify individuals according to their level of reporting would allow us to
improve the result’s interpretation.

Finally, the database of the nutritional composition of foods used in this study is also
a limitation as it is insufficient to measure the wide variety of foods consumed by the
population. To date, food databases inadequately capture dietary compounds that may
have relevant effects on the microbiota, such as preservatives, additives, organic acids,
cooking methods, among others. Currently, 150 key nutritional components have been
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documented, representing only a small fraction of more than 26,000 distinct, definable
biochemicals present in our foods (314). Even for food components found in our nutritional
databases, such as fibre, it remains challenging to relate their intake to microbiome data
due to the variety of measurement techniques to dietary fibre and the existence of a large
number of different chemical structures that are jointly referred to as “fibre” (315,316).

First, the great strength of this FFQ is that it is a validated questionnaire that measures
the habitual intake of food groups and nutrients relevant to the gut microbiota in healthy
adults. Previous studies used FFQs to measure specific nutrients relevant to the intestinal
microbiota (non-starch polysaccharide (317), fibre (318), inulin and oligosaccharides (319)).
However, before developing these specific tools, we believe that we should first understand
how the habitual diet interacts with the gut microbiota. This knowledge will further improve
our understanding of the microbiome modulation by dietary interventions, in particular,
testing specific nutrients.

Second, few diet questionnaires used the information obtained from a similar pilot
population to reformulate the questionnaires.

Third, regarding the study design, our study is one of the few that matched the 24HR
with stool collection. Indeed, the collection of stool samples was carried out 1 or 2 days
after the food recall, which may reflect the transit time appropriately. (143).

Fourth, the response time of the sFFQ of approximately 20 min, much shorter than the
response to any other FFQs, could be easily implemented in future designs of a population
study that relate diet to the microbiome.

Finally, we also showed the feasibility of relating microbiome profiles or diversity
with dietary and demographic data in the present work. Indeed, compared to previously
published studies, the newly developed molecular, bioinformatics, and statistical tools have
made these analyses possible.
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CONCLUSIONS

The results of the present doctoral thesis, despite its limitations, offer a validated dietary
assessment tool and valuable insights into the relationship between dietary data and gut
microbiome, leading to the following conclusions:

1. The validated new sFFQ allows to evaluate the habitual diet of healthy adults, as
shown by the good and acceptable outcomes of at least three different statistical
methods compared with the data estimated by three 24 hour dietary records.

2.The sFFQ, developed as a web-based tool, was shown to be a fast, simple and adequate
tool to extract food groups and nutrients from the habitual intake and demographic
data with relevance to the gut microbiota modulation in healthy adults.

3. The application of the sFFQ showed that higher fruit consumption was associated
with an increase in the gut microbiome diversity. Inversely, the higher intake of
processed foods, processed meats, short fatty acids, and sodium was associated with
a decreased diversity.

4. Age and vaginal delivery were found positively correlated with microbial diversity,
whereas, individuals classified as pre-obese and obese were associated with low
diversity.
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FUTURE PERSPECTIVES

Our study provides a new validated tool to assess the consumption of the habitual diet
in studies of the gut microbiome in humans. Nevertheless, it will be necessary to develop
specific tools to measure specific food and nutrients intake, such as particular fibre,
polyphenols, additives, etc. relevant to microbiome modulation.

Future studies with large cohorts that repeatedly measure diet and the microbiome
could provide a more powerful validation study and a deeper insight into the relationships
between diet and the microbial ecosystem. Moreover, future interventional and longitudinal
studies could isolate the impact of certain changes in dietary intake on gut communities in
human hosts.

The update of food composition databases with relevant nutritional and non-nutritive
components could be key component to better characterise nutrients and new chemical
compounds derived from foods. The emergence of new methodologies to determine the
composition of foods (e.g. mass spectrometry) would likely reveal significant associations
between foods and could be used to improve our understanding of the role of foods in our
health from a biochemical perspective.

Future diet-microbiome studies should utilise multiple omic measurements such
as metagenomic, metatranscriptomic, metaproteomics, and metabolomics to provide
mechanistic insights that identify the distinct diet-driven microbial alterations beneficial
for human health. However, there are still some challenges in statistics and bioinformatics
tools as well as financial costs to combine the multiple dietary and omic data, in particular
for population studies.

Finally, the collaboration of nutritional science, microbiology, statistics, and
bioinformatics is critical to elucidate the interactions between the human diet and the gut
microbiome.
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ANNEX 1. 24HR COLLECTION FORM

Encuesta alimentaria de Recordatorio de 24 horas

N° de Encuesta (1:19dia/ 2:2°dia / 3:3° dia ) []
Hombre encUeStadl. ..o e et e e e e e No. [dentificacion ..................

Mombre encuestador. ..o e e e e e

Dia de semana: Lu [JMa [CMi [JJu [Jvi [J 3a [JDo [] Fecha i i

Hom Menu | Ingredientes Codigo Cantidad Cantidad | Observaciones
(alimento o preparaciones) medidaz cazeras gr.total

Desayuno
hrs

Lugar:

Media Manana
hrs.

Lugar

Comida

hrs.

Lugar
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Hora M enu | Ingredientes Codigo Cantidad Cantidad | Observaciones
(alimento o preparaciones) medidas caseras gr.total

Merienda

© hrs
Lugar
Cena

: hrs.
Lugar
Entre Horas

: hrs.
Lugar

PREGUNTAS ADICION ALE S

Usted utiliza regularmente suplementos de vitaminas o minerales? S5if ) Ne | ]
En el caso afirmative, cuantas veces Pordia? Porsemana?

iCual es la cantidad consumidalvez?
En el caso afirmative, que tipo de suplemento utiliza [nembre, marca, etc)?
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ANNEX 2. STANDARD OPERATING PROCEDURE TO
DATA COLLECTION OF THE 24HRs

Code :

Procedimiento de registro | Date: 20/01/2017

de recordatorio alimentario | Updated: 21/02/2020
de 24 horas Pages: 3

Prepared by:
Date: 20/01/2017

Msc. Francisca Yafiez
Updated: 21/02/2020 MICROBIOME LAB

Reviewed by:

1.- OBJETIVO
Establecer un procedimiento que estandarice la realizacion y registro de un recordatorio
alimentario de 24 hrs a participantes del estudio de dieta y microbiota intestinal.

2.- ALCANCE
Aplicable a todos los participantes que cumplan con los criterios de inclusiéon y hayan
firmado el consentimiento informado de participacién en el estudio.

3.- DOCUMENTOS ASOCIADOS

“Guia para estudios dietéticos”. Album fotografico de alimentos, Fotografias de alimentos
del sFFQ, “Tabla estandarizada de medidas caseras”, “Base de datos de composicion de
alimentos”, “Tabla de factores de conversién de peso de alimentos cocidos a crudos”

4.- RESPONSABILIDAD

Responsable ejecucién: Personal previamente capacitado en la realizacion del
recordatorio alimentario de 24 horas.

Responsable monitoreo: Dietista/Nutricionista a cargo del estudio.

5.- DEFINICIONES (1,2)

Alimento: toda sustancia, elaborada, semielaborada o bruta, que se destina al consumo
humano, incluyendo las bebidas, goma de mascar y cualesquiera otras sustancias que se
utilicen en la fabricacién, preparacion o tratamiento de los alimentos, pero no incluye los
cosmeéticos ni el tabaco ni las sustancias utilizadas solamente como medicamentos.
Ingrediente: cualquier sustancia, incluidos los aditivos alimentarios, que se empleen en
la fabricacion o preparacion de un alimento y esté presente en el producto final, aunque
posiblemente en forma modificada.

Preparacion culinaria: mezcla o unién de determinados ingredientes que se combinan o
se consumen en un mismo plato o recipiente o preparacién; ya sea que han sido
sometidos a coccién o no.

Minuta o menu: conjunto de alimentos y/o preparaciones consideradas en un tiempo
comida.

Medida casera: utensilios comunmente utilizados por el consumidor para medir
alimentos.

Racién: cantidad estandar de alimento que se aconseja consumir en las guias
alimentarias tratando de que aporte una cantidad similar de los nutrientes principales
Porcion: cantidad de un alimento, expresada en medidas caseras, que generalmente es
consumida por una persona en una oportunidad y que varia de una comida a otra y de
una persona a otra.

Peso bruto: peso de alimento entero tal y como se compra

Peso neto: peso de la parte comestible del alimento.
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6.- INSUMOS

Boligrafo, Formulario de registro de 24h, “Guia para estudios dietéticos Album fotografico
de alimentos”, Fotografias de alimentos del FFQ, “Tabla estandarizada de medidas
caseras” y “Base de datos de composicion de alimentos”

7.- PROCEDIMIENTO (3)

1° Paso: Informacién basica
- Completar datos del participante que permita su identificacion (codigo numérico
especifico para cada participante) y codigo del entrevistador
- Completar datos que permitan identificar “FECHA DE LA ENTREVISTA” y “DIA
DE LA SEMANA” al que corresponde el recordatorio alimentario.

2° Paso: Lista rapida de alimentos
- Enla columna “MENU”, registrar todos los alimentos o preparaciones consumidas

por el participante durante el dia anterior (desde que se levanté hasta que se
acostd). Preguntar directamente por el consumo de grupo de alimentos como
frutas, vegetales, lacteos. etc

- Enla columna “HORA” registrar los horarios y ocasién en que fueron consumidas
dichas preparaciones.

- Dejar que participante indique todo lo que consumié sin intervenir.

32 Paso: Registro detallado de cada alimento/preparacion/bebida reportado
- En la columna “INGREDIENTES’ registrar los alimentos utilizados en cada

preparacion detallando si fueron consumidos en crudo, congelado o cocido, con o
sin piel, con o sin cascara, con o sin hueso, enlatados con o sin aceite, en
conserva, con o sin alcohol.

- Con apoyo de la “Guia para estudios dietéticos Album fotografico de alimentos” y
Fotografias de alimentos del sFFQ, completar la columna “CANTIDAD EN
MEDIDAS CASERAS” utilizadas en cada alimento/ingrediente

- En “OBSERVACIONES” registrar el lugar de consumo, marca comercial u otra
caracteristica no mencionada.

- En el caso, que se haya realizado una preparacién casera como pastel, bizcocho,
etc registrar el numero de porciones totales que se obtienen de la receta e
ingredientes con sus respectivas medidas caseras o gramajes.

- Para evitar olvidar algun alimento/preparacion, ir en orden de consumo en el dia.

- Dejar que el participante indique todo lo que consumid sin intervenir, excepto para
reforzar si hubo algo mas que consumio o extrapolar una cantidad x de alimento a
medida casera.

4° Paso: Revision final

- Repasar la lista completa de alimentos consumidos con sus respectivas “HORAS”,
“INGREDIENTES”, “cantidad en medida caseras” y “observaciones” por posible
olvido de algun alimento consumido fuera del horario.

- Reforzar si hubo algo mas que consumié, como té, café, onza de chocolate,
aceite. etc

- Registrar el consumo de suplementos dietéticos, vitaminas o minerales con su
respectivo nombre, dosis y frecuencias de consumo en “PREGUNTAS
ADICIONALES”.
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Una vez finalizada la entrevista, el entrevistador debera completar las columnas
“CANTIDAD GR TOTALES” y “CODIGO” de cada alimento/preparacion, registrada en el
Formulario de registro de 24h.

5° Paso: Transformacién de medidas caseras a gramajes

Con apoyo de la “Guia para estudios dietéticos Album fotografico de alimentos” y
“Tabla estandarizada de medidas caseras”, transformar las medidas caseras de
cada alimento a gramajes y registrar en columna “CANTIDAD GR TOTALES”.
Para la transformacién de peso cocido a crudo, utilizar Album fotografico de
alimentos” y “Tabla estandarizada de medidas caseras” o “Tabla de factores de
conversién de peso de alimentos cocidos a crudos”

En el caso que no aparezca el gramaje de la porcion casera de un alimento
determinado, buscar en otras encuestas, etiquetado nutricional (en el caso que se
alla registrado la marca comercial del alimento) o comprar el alimento y promediar
su peso con la medida casera en cuestion. Ante cualquier, duda preguntar al
responsable del monitoreo.

6° Paso: Codificacién de alimentos

En “Base de datos de composicion de alimentos”, buscar el “codigo”
correspondiente para cada alimento/preparacion y registrar en columna
“CODIGO” del formulario.

En el caso que el alimento no esté en la base de datos, elija otro similar teniendo
en cuenta el tipo de alimento y su perfil nutricional. Ante cualquier, duda preguntar
al responsable del monitoreo

Referencias:

1.
2.
3.

Alimentarius C. Norma general para el etiquetado de los laimentos preenvasados. Codex
Aliment. 2018;1(1):1-8.

Moreiras O, Carbajal A, Cabrera L, Piramide CC-ME, 2019 undefined. Tabla de
composicion de alimentos. 19. a edicion.

Raper N, Perloff B, Ingwersen L, Steinfeldt L, Anand J. An overview of USDA’s Dietary
Intake Data System. J Food Compos Anal. 2004;17(3—4):545-55.
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ANNEX 3. SHORT FOOD FREQUENCY
QUESTIONNAIRE

CUESTIONARIO DE FRECUENCIA DE CONSUMO ALIMENTARIO

Indicaciones

o El cuestionario consta de dos partes: en la primera debera responder preguntas de informacién
general y en la segunda debera completar 59 preguntas a cerca de la frecuencia de consumo de
alimentos del mes anterior

e La presencia de un * indica que se trata de una pregunta con respuesta obligatoria

e El tiempo de respuesta de la encuesta va a ser evaluado

e En caso de tener dudas con la racién estandar indicada, puede consultar ver imagen (alimento
sefalado con una flecha roja) a modo de apoyo

e Se deben responder todos los grupos de alimentos

* Datos personales

Fecha (dd/mm/aaaa) ‘ ‘

Codigo de identificacion ‘ ‘

Sexo (H/M) ‘ ‘

Fecha de
nacimiento (dd/mm/aaaa) ‘ ‘

Peso (kg) ‘ ‘

Talla (cm) ‘ ‘

* Nimero de cuestionario realizado

1° cuestionario

2° cuestionario

Si usted es de sexo femenino. ¢ Esta menstruando actualmente?

Sl
NO

Menopausia

* ¢ Cual fue su via de nacimiento?
Parto Vaginal
Cesérea

No sabe
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* ¢ Usted fuma?
Sl
NO

En el pasado

* ¢ Cudl es su grupo sanguineo?
CJo
R
B
|8
BLLC!
D Rh (+)

l:‘ No se sabe

* ¢ Usted sigue algun tipo de alimentacién especifica?

NO
Sl (indique cual)

¢ Cudl? (especifique)

*

¢Usted consume alimentos listos para el consumo o precocinados comprados en tiendas como tortilla de
patatas, pizza, lasafias, hamburguesa?

Sl

NO

*

¢Usted consume alimentos con edulcorantes como sacarina, sucralosa, aspartamo, acesulfamo o stevia ?

Sl

NO

¢, Qué cantidad total de liquidos ingieres de forma aproximada a lo largo
del dia? Incluyendo agua, infusiones, café, leche, bebidas vegetales,
zumos, refrescos, cerveza u otras bebidas alcohdlicas.




10. ANNEXES

Indigue cuanto consume de cada alimento presentado a continuacion. Luego, marque con una "X" en el
recuadro la frecuencia de consumo de ese alimento durante el MES ANTERIOR. (en el caso de responder

erroneamente la frecuencia de consumo, sefiale con una "-" y vuelva a responder con una "X")

VERDURAS, LEGUMINOSAS Y PATATAS
lo2veces +de3 +de 2

¢ Cuanto come de la racién estandar No 1 a3 veces ;
porla vecesalalvezaldia vecesal

indicada? consumo  al mes i
semana semana dia

1/59. Verdura de hoja
cruda como
espinaca, lechuga,
endibia, escarola,
apio, penca,
candnigo, hinojo,
brote de soja,...
(racion estandar: 1/2
plato) ver imagen

2/59. Verdura de hoja
cocida como
espinaca, acelga,
penca, hinojo,
esparrago, brote de
soja,...(racién
estandar: 1/2

plato) ver imagen

3/59. Tomate (racion
estandar: 1 unidad)

4/59. Cebolla,
cebolleta o puerro
(racién estandar: 1/2
unidad)

5/59. Calabacin,
berenjena o
pepino (racién
estandar: 1/2
unidad)

6/59. Zanahoria,
calabaza o
remolacha (racion
estandar: 1/2
plato) ver imagen
7/59. Pimiento,
pimiento
Padrén (racién
estandar: 1/2 plato)

8/59. Crucifera como
brécoli, coliflor, nabo,
col o rdcula (racion

estandar: 1 plato)
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. » lo2veces +de3 +de 2
¢ Cuanto come de la racion estandar No 1a3veces B
L porla vecesalalvezaldia vecesal
indicada? consumo  al mes i
semana semana dia

9/59. Verduras en
vinagre o escabeche
como pepinillos,
alcaparras,
zanahorias,
cebollines,
alcachofas (racién
estandar: 1/2 taza)

10/59. Maiz y
leguminosas frescas
como habas,
guisantes (racién
estandar: 1/2
plato) ver imagen

11/59. Setas en
general (racién
estandar: 1/2 plato)

12/59. Patata, boniato
excepto patata frita
tipo snack (racién

estandar: 1 unidad),

judia verde (1/2
plato)

De las LEGUMBRES, mire la imagen adjunta y elija la opcién correspondiente ver imagen

¢ Cuanto come de la
., . la3vecesal 102veces +de 3vecesa . +de2veces
racion estandar ~ No consumo 1 vez al dia .
. mes por la semana la semana al dia
indicada?
13/59. Lenteja, alubia
(pinta, blanca o negra),

garbanzo cocido
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FRUTAS Y FRUTOS SECOS

) ” . la3 lo2 +de3 +de2
¢ Cuéanto come de la raciéon estandar No 1vezal
o veces al veces por veces ala . veces al
indicada? consumo ia i
mes lasemana semana dia

14/59. Fruta fresca
(racion estandar: 1
unidad excepto
cuando se indique lo
contrario) como
naranja, pomelo,
platano, manzana,
pera, nectarina, kiwi,
mandarina (2
unidades), fresa (6
unidades), sandia o
mel6n (1 tajada), uva
(1 racimo), o jugo de
fruta natural (1
vaso) ver imagen
15/59. Fruta de alto
contenido en grasa
como aguacate, olivas,
coco (racién estandar:
1/4 plato) ver imagen

16/59. Fruta deshidrata
como pasas, higos
secos, arandanos

deshidratados (racién

estandar: 1/3
bowl) ver imagen

17/59. Frutos secos y
semillas como nueces,
almendras,
cacahuetes, avellanas,
pistachos, pifiones,
pipas, semillas,...
(racion estandar: 1/3
bowl) ver imagen
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CEREALES Y DERIVADOS

. ” < lo2veces +de3 +de 2
¢ Cuénto come de la racién estandar No 1a3veces ;
s porla vecesala 1vezaldia vecesal
indicada? consumo  al mes i
semana  semana dia

18/59. Pan blanco
como baguete, pan
de payés, pan de
molde, pan de
leche,... (racién
estandar: 2
rebanadas o 1/3 de
barra) ver imagen

19/59. Pan integral
como pan
baguete integral,
pan molde integral,
pan integral cereales
varios,... (racion
estandar: 2
rebanadas o 1/3 de
barra) ver imagen

20/59. Cereal para el
desayuno como corn
flakes, avena, muesli
u otros (racién
estandar: 1/2
bowl) ver imagen

21/59. Galleta
normal/integral o
bizcocho (racién

estandar: 5

unidades o 1

racién) ver imagen

De los CEREALES, mire la imagen adjunta y elija la opcién correspondiente ver imagen

¢ Cuéanto come

de la la3vecesal 102 veces por+de 3 veces a . +de2vecesal
” . No consumo 1 vez al dia .
racion estandar mes la semana la semana dia
indicada?

22/59. Cereales y pastas
como fideos,
macarrones, espaguetis,
arroz blanco, cuscus,
bulgur y otros granos
cocidos

23/59. Cereales y pastas
integrales o altas en fibra
como fideos integrales,
espaguetis integrales,
arroz integral, arroz
salvaje, quinoa y otros
granos cocidos

LACTEOS Y DERIVADOS




10. ANNEXES

Recuerda, se esta evaluando el consumo del MES ANTERIOR

> < lo2veces +de3
¢ Cuanto come de la racién estandar No 1 a3veces +de 2

. porla  vecesala 1vezaldia .
indicada? consumo  al mes veces al dia
semana  semana
24/59. Leche
entera (racion: 1
vaso o taza) ver

Imagen

25/59. Leche semi-
desnatada (racién:
1 vaso o taza) ver

Imagen

26/59. Leche
desnatada (racion:
1 vaso o taza) ver

Imagen

27/59. Bebida y
producto de base
vegetal como leche
de almendras, de
arroz, de avena o
de soja (racién
estandar: 1 vaso
o taza) ver imagen

28/59. Queso alto
en grasa como
queso curado,

parmesano,
manchego,
roquefort, gruyere,
gorgonzola, grana
padano (racion
estandar: 1
racién) ver
imagen
29/59. Queso bajo
en grasa como la
mozzarella, bufala,
camembert,
cheddar, queso de
cabra, requesén

(racién estandar:

1 racién) ver

imagen
30/59. Lacteo
fermentado como
yogur, yogur
liquido, kéfir
(racién estandar:
1 envase o pote)
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. - lo2veces +de3
¢ Cuanto come de la racién estandar No 1a3veces | +de 2
. porla  vecesala 1vezaldia .
indicada? consumo al mes veces al dia
semana  semana

31/59. Postre
lacteo como
tiramisu, natillas,
flan, helado de
crema (2 bolas)
(racion estandar:
1 envase o

pote) ver imagen

HUEVO, PRODUCTOS CARNICOS Y PESCADOS

. L . lo2veces +de3 +de 2
¢ Cuanto come de la raciéon estandar No 1 a 3 veces B
o porla vecesalalvezaldia veces al
indicada? consumo  al mes ,
semana semana dia

32/59. Huevo de
gallina, pato, ganso,
codorniz (racion
estandar: 1 unidad)

33/59. Carnes grasas
como vacuno, ternera,
cerdo, cordero, jabali,
ciervo, caballo (racién
estandar: 1
racion) ver imagen

34/59. Carnes magras
como pollo, pavo,
conejo, liebre, cabrito,
otras aves (racién
estandar: 1
racién) ver imagen

35/59. Carnes
procesadas como
salchichoén, chorizo,
chistorra, morcilla,
mortadela, salchicha,
butifarra, sobrasada,
tocino, bacon,
panceta, jamén
curado, jamén
dulce,... (racién
estandar: 3 lonchas
o 1 racién) ver
imagen
36/59. Pescado azul o
alto en grasa como
anchoa, anguila,
angula, atun, bonito,
jurel, salmén,
sardina,... (racién
estandar: 1
racién) ver imagen
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. ” lo2veces +de3
¢ Cuanto come de la racion estandar No 1 a 3 veces

+de 2
- porla vecesalalvezaldia veces al
indicada? consumo  al mes i
semana semana dia
37/59. Pescado

blanco o bajo en
grasa como bacalao,
merluza, lenguado,
rape, pescadilla,
rodaballo,... (racién
estandar: 1
racioén) ver imagen

38/59. Pescado
enlatado en aceite
como atun, jurel,
caballa,
bonito,... (racién
estandar: 1 lata)

De los MOLUSCOS, mire la imagen adjunta y elija la opcién correspondiente ver imagen
;,Cuanto come de la
¢ u” la3vecesal 102veces +de3vecesa
racion estandar  No consumo

1vez al dia .
o mes por la semana la semana al dia
indicada?
39/59. Molusco y

crustaceo como

mejillon, almeja,
calamar, pulpo, sepia,

gamba, langostino

+ de 2 veces
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ACEITES Y GRASAS
" . lo2veces +de3 +de 2
¢ Cuanto come de la racién estandar No 1a3veces B
porla vecesala 1vezaldia vecesal
consumo al mes i
semana  semana dia

indicada?

40/59. Aceite de
oliva (racién
estandar: 1
cucharada
sopera) ver
imagen
41/59. Aceite de
girasol (racién
estandar:
1 cucharada
sopera)

42/59. Otro aceite
como de maiz,
colza, pepita de
uva,... (racién
estandar: 1
cucharada sopera)

43/59. Mantequilla y
margarina (racién
estandar: 1
cucharada
sopera) ver

imagen

10
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BOLLERIA Y PASTELERIA

. ” < lo2veces +de3
¢ Cuanto come de la racion estandar No 1a3veces +de 2

. porla vecesala 1vezaldia .
indicada? consumo al mes veces al dia
semana  semana
44/59. Bolleria
como donuts,
croissants,
palmeras, churros,
bufiuelos, tartas,
pasteles (racion
estandar: 1 unidad
de 509 o0 2
unidades
pequefias de 259
cada una) ver

Imagen

45/59. Chocolate
negro (> 50% de
cacao) o cacao en
polvo (racion
estandar: 2
cucharaditas o 1
onza) ver imagen

46/59. Confiteria
como barra de
caramelo,
gominola,
caramelo, goma de
mascar, turrén,
mazapan (racion
estandar: 1/3
bowl) ver imagen

SALSAS

, » . lo2veces +de3
¢ Cuénto come de la racién estandar 1 a3 veces ; +de 2
. No consumo porla  vecesala 1vezaldia .
indicada? al mes veces al dia
semana  semana
47/59. Salsa de
tomate envasada,
tomate enlatado
(racion estandar:
1 cucharada

sopera)

48/59. Otras
salsas como
mayonesa,
kétchup, mostaza,
pesto, alioli,
balsamico (racién
estandar: 1
cucharada
sopera) ver

Imagen

11
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BEBIDAS NO ALCOHOLICAS

la3 1lo2veces +de3 +de 2
veces al porla vecesalalvezaldia veces al
mes semana semana dia

¢ Cuanto come de la racién estandar No
indicada? consumo

49/59. Té (cony sin
cafeina) o infusién
(racién estandar: 1
taza 100mL) ver

Imagen

50/59. Café (cony sin
cafeina) de todo tipo
(racion estandar: 1

taza 50mL) ver
im n
51/59. Refrescos
como bebidas
gaseosas (coca cola o
pepsi cola), refrescos
light, isoténicas o
saborizadas (racion
estandar: 1 vaso)

52/59. Zumos o néctar
de fruta envasado
(racion estandar: 1
vaso) ver imagen

BEBIDAS ALCOHOLICAS

lo2veces +de3 +de 2
porla vecesalalvezaldia veces al
semana  semana dia

¢ Cuanto come de la raciéon estandar No 1 a3 veces
indicada? consumo  al mes

53/59. Vino o cava
(rosado, tinto, mosto,
blanco,
moscatel) (raciéon
estandar: 1 copa de
vino 100mL) ver

Imagen

54/59. Cerveza
(racion estandar: 1
lata o vaso
330mL) ver imagen

55/59. Whisky,
vodka, ginebra,
cofiac, ron,... (racién
estandar: 1 vaso
destilado 50mL) ver

Imagen

12
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OTROS
. . < lo2veces +de3 +de 2
¢ Cuanto come de la raciéon estandar No 1a3veces .
L porla vecesalalvezaldia vecesal
indicada? consumo  al mes i
semana  semana dia

56/59. Azlcar
agregada, miel,
mermelada,
membirillo (racién
estandar: 1
cucharadita) ver
imagen
57/59. Snack como
patata frita, nacho,
rosquilleta, pico,
colin, cracker (racién
estandar: 1 bolsa
50gr o plato de
postre) ver imagen

De la COMIDA PROCESADA, mire la imagen adjunta y elija la opcién correspondiente ver imagen

¢ Cuanto come de
L . la3vecesal 102veces +de3vecesa . +de2veces
la racion estandar  No consumo 1vez al dia .
. mes por la semana la semana al dia
indicada?
58/59. Comida
procesada como pizza,
lasafia, canelones,
nuggets, tortilla de
patata

59/59. Si durante el mes anterior consumiste vitaminas y/o minerales (incluyendo calcio) o
productos dietéticos especiales (salvado, leche con &cidos grasos omega-3, flavonoides,
etc.) o medicamentos, por favor indica la marca y frecuencia con que los tomaste:

13
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ANNEX 4. STANDARD OPERATING PROCEDURE
TO sFFQ NUTRITIONAL COMPOSITION
QUANTIFICATION

Protocolo de Code :
cuantificacion del sFFQ | Date: 21/04/2020
Pages: 2

Prepared by:
Msc. Francisca Yafez

Date: 21/04/2020 MICROBIOME LAB Reviewed by:
Dra. Chaysavanh Manichanh
Date:
1.- OBJETIVO

Establecer un procedimiento que estandarice el ingreso de respuestas del FFQ a formulario
de datos externos del estudio de dieta y microbiota.

2.- ALCANCE
Aplicable a todos las sFFQ completados por los participantes del estudio de dieta y
microbiota.

3.- DOCUMENTOS ASOCIADOS
Tabla de composicién nutricional de FFQ

4.- RESPONSABILIDAD

Responsable ejecucion: Personal previamente capacitado en ingreso de respuestas del
FFQ al formulario de datos externos.

Responsable monitoreo: Dietista/Nutricionista a cargo del estudio.

5.- DEFINICIONES

Frecuencia de consumo: cantidad de alimento consumido al dia, mes o afio

Racion: cantidad estandar de alimento que se aconseja consumir en las guias alimentarias
tratando de que aporte una cantidad similar de los nutrientes principales

6.- INSUMOS
Ordenador con Excel, Formulario de datos externos asociado a tabla de composicion
nutricional FFQ. Respuestas del FFQ

7.- PROCEDIMIENTO
- Abrir pdf de FFQ a cuantificar

- Abrir archivo Excel “TCA.FFQ_FranY_v10.20
- Clickear pestafa “Comp_Nut_Transp_FFQ”

Racién estandar (RE) | {Cuanto come dela ) Cédigo
2 |Lista de Alimentos FFQ gr/MES racién estandar? | frecuencia/mes
3 |1.Verdura de hoja cruda co 50-100-200 100 2
4 |2. Verdura de hoja cocida 100-200-400 200 1
5 |3. Tomate 75-150-300 150 3
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- En columna “Cédigo frecuencia/mes” ingresar el codigo de respuestas de los 48 items
del FFQ (desde la casilla B3 a B60), segun si participante selecciono una de las siguientes
frecuencias de consumo:

Frecuencia de consumo | Cédigo de respuesta
No consumo
1 a 3 veces al MES
1 a 2 veces a la SEMANA
+ de 3 veces a la SEMANA
1 vez al DIA
+ de 2 veces al DIA

QB |WIN|=|O

- En columna “Cuanto come de la raciéon estandar’ ingresar el valor de la cantidad
consumida de la racion estandar (RE) para cada item (sefalada en tabla Excel con el
nombre “Racién estandar (RE) FFQ gr/MES”), en donde;

Racidn estandar (RE)

FFQ gr/MES
50-100-200
100-200-400
Y2 racion Racion estandar Doble de la racion

estandar

- Paralos items 13, 22, 23, 39 y 58 ingresar el valor seleccionado por el participante, segun
la siguiente tabla

FFQ Alternativa A | Alternativa B | Alternativa C
Item 13 759 150 g 225¢g
Item22y23 [40g 80.25¢g 120.5g

Item 39 7549 150 g 2259

Item 58 100 g 200 g 300 g

-Una vez ingresados todos los valores del sFFQ, clickear en pestafa
"Cuantificacion_FFQ".

- En la fila 63, vera la composicién energética y nutrientes de todo el sFFQ
- Para finalizar, copiar toda la tabla de la pestafia "Cuantificacion_FFQ" a archivo Excel

“FFQv2_cuantificacion”, en la pestafia correspondiente al codigo del participante del
sFFQ cuantificado.
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ANNEX 5. TABLE OF REPRODUCIBILITY PILOT
sFFQ. CORRELATION BETWEEN FOOD GROUPS,
ENERGY AND NUTRIENTS INTAKE BETWEEN

sFFQ1p AND sFFQ2p
sl Sl Spearman’s rank coefficient
rank test
Food groups (g/d) p value Un-adjusted Energy-adjusted

Alcoholic beverage 0.73 0.93 -
Cereals or grains 0.41 0.69 -
Fish and seafood 0.77 0.87 -
Fruits 0.54 0.66 -
Legumes 0.96 0.66 -
mgzzi:sd meat 0.41 0.84 -
Milk and dairy products 0.55 0.56 -
Non alcoholic beverage 0.93 0.87 -
Nuts 0.23 0.80 -
Oils and fat 0.93 0.67 -
Pastries and cake 0.60 0.85 -
Sauces and condiments 0.95 0.78 -
Sausage 0.41 0.92 -
Sugar and sweet 0.36 0.67 -
Vegetables 0.60 0.61 -
Energy and nutrient

Energy (kcal) 0.25 0.63 -
Water (g) 0.25 0.62 0.69
Total Protein (g) 0.25 0.63 0.83
Protein vegetal (g) 0.30 0.65 0.79
Protein animal (g) 0.25 0.91 0.95
Total Fat (g) 0.25 0.72 0.72
SFA (g) 0.25 0.76 0.80
MUFA (g) 0.25 0.75 0.80
PUFA (g) 0.43 0.79 0.90

Cholesterol (mg) 0.30 0.87 0.89
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Intraclass Correlation Coeficient (ICC) Concordance Correlation Coefficient (CCC)

Un-adjusted Energy-adjusted Un-adjusted Energy-adjusted
0.78 - 0.77 -
0.67 - 0.65 -
0.89 - 0.89 -
0.68 - 0.67 -
0.73 - 0.73 -
0.98 - 0.98 -
0.63 - 0.62 -
0.90 - 0.89 -
0.77 - 0.75 -
0.75 - 0.74 -
0.95 - 0.95 -
0.53 - 0.53 -
0.94 - 0.93 -
0.68 - 0.66 -
0.64 - 0.63 -
0.63 - 0.60 -
0.62 0.67 0.58 0.63
0.63 0.82 0.60 0.74
0.65 0.78 0.64 0.75
0.91 0.95 0.90 0.94
0.71 0.70 0.70 0.60
0.75 0.79 0.72 0.75
0.75 0.80 0.74 0.75
0.79 0.90 0.79 0.86
0.86 0.89 0.85 0.88
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Wilcoxon signed-

Spearman’s rank coefficient

rank test
Food groups (g/d) p value ‘ Un-adjusted Energy-adjusted ‘

Energy and nutrient

Total Carbohydrates (g) 0.26 0.60 0.63
Sugar digeribles (g) 0.25 0.62 0.59
Starch digeribles (g) 0.38 0.56 0.61
Fibre (g) 0.38 0.75 0.83
Ethanol (g) 0.72 0.79 0.80
Sodium (mg) 0.25 0.70 0.82
Potassium (mg) 0.40 0.74 0.85
Calcium (mg) 0.28 0.72 0.83
Magnesium (mg) 0.38 0.68 0.82
Phosphorus (mg) 0.26 0.57 0.79
Iron (mg) 0.30 0.63 0.77
Zinc (mg) 0.25 0.72 0.83
Vitamin A (mcg.e.r) 0.25 0.73 0.68
Total retinoids (mcg) 0.25 0.77 0.82
Total carotenoids mcg) 0.30 0.68 0.66
Vitamin D (mcg) 0.40 0.81 0.81
Vitamin E (mg.e.t) 0.59 0.77 0.85
Vitamin B1 (mg) 0.38 0.51 0.66
Vitamin B2 (mg) 0.30 0.58 0.82
Niacin (mg) 0.36 0.71 0.77
Vitamin B6 (mg) 0.25 0.65 0.71
Folic (mcg) 0.26 0.68 0.84
Vitamin B12 (mcg) 0.30 0.93 0.95
Vitamin C (mg) 0.25 0.70 0.69

p<0.05 between FFQ2 and mean 3-24HR using paired t-test and Wilcoxon test.
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Intraclass Correlation Coeficient (ICC) Concordance Correlation Coefficient (CCC)

Un-adjusted Energy-adjusted Un-adjusted Energy-adjusted
0.59 0.62 0.56 0.54
0.61 0.57 0.59 0.55
0.55 0.60 0.54 0.58
0.76 0.83 0.75 0.81
0.80 0.81 0.79 0.80
0.70 0.82 0.68 0.79
0.74 0.84 0.74 0.81
0.71 0.83 0.69 0.82
0.68 0.82 0.67 0.78
0.57 0.79 0.55 0.70
0.63 0.77 0.62 0.70
0.71 0.83 0.69 0.80
0.72 0.68 0.70 0.65
0.77 0.80 0.75 0.79
0.68 0.66 0.67 0.64
0.78 0.79 0.78 0.78
0.76 0.85 0.76 0.80
0.51 0.66 0.50 0.58
0.58 0.82 0.56 0.75
0.71 0.76 0.70 0.74
0.64 0.70 0.62 0.61
0.68 0.84 0.66 0.79
0.93 0.95 0.93 0.95
0.69 0.67 0.66 0.66
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ANNEX 6. DIFFERENCES IN DAILY OF FOOD
GROUPS, ENERGY AND NUTRIENTS INTAKE
BETWEEN PILOT SFFQ2 AND MEAN 3-24HRS
BASED ON BLAND & ALTMAN PLOTS
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Annex 6, figure 1: Bland & Altman plots show the relationship between the difference in daily intake and the mean daily
intake estimated by both methods. Plain lines represent the mean difference, and the dashed line represents lower and
upper 95% limits of agreement
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Annex 7, figure 2: Bland & Altman plots show the relations between the difference
in daily intake of biscuits, breakfast cereals and cereals bars, chocolates and derivatives,
pastries and sweet bread, potatoes and other tuber, sauces and condiments, sausages and
other meat products, sugar and other sweets, vegetables and vegetable products, white
bread and wholegrain bread estimated by FFQ2 and mean 3-24HR, and the corresponding
mean daily intake calculated by the two methods. Plain lines represent the mean difference,
and the dashed line represents lower and upper 95% limits of agreement




DOCTORAL THESIS « FRANCISCA YANEZ ARAYA

ANNEX 8. TABLE OF REPRODUCIBILITY OF FINAL
sFFQ. CORRELATION BETWEEN FOOD GROUPS,
ENERGY AND NUTRIENTS INTAKE BETWEEN sFFQ1
AND sFFQ2

Wilcoxon signed-rank test

Food group (g/d)
p value

Alcoholic beverage 0.18
Appetizers 0.18
Biscuits breakfast cereals and cereals bars 0.60
Chocolates and derivatives 0.35
Fats and oils 0.97
Fish and shellfish 0.39
Fruit and fruit products 0.35
Legumes 0.15
Meats and eggs 0.81
Milk and dairy products except fermented milk 0.98
Non Alcoholic beverage 0.71
Nuts and seeds 0.97
Pastries and sweets breads 0.91
Potatoes and other tubers 0.28
Ready to eat meals 0.70
Sauces and condiments 0.05
Sausages and other meat products 0.38
Sugar and other sweets 0.57
Vegetables and vegetable products 0.31
White bread 0.56
White grains and white pastas 0.19
Wholegrain or wholemeal bread 0.65
Wholemeal grains and wholemeal pastas 0.39
Yogurt and fermented milk 0.66
Energy and nutrients

Energy (kcal/d) 0.48

Total fat (g/d) 0.74
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Spearman’s rank coefficient Intraclass Correlation Coeficient (ICC)
Un-adjusted Energy-adjusted Un-adjusted Energy-adjusted
0.79 B 0.83 B
0.33 - 0.37 -
0.69 B 0.62 B
0.61 B 0.45 B
0.71 B 0.65 B
0.73 B 0.45 B
0.62 - 0.26 -
0.58 B 0.57 B
0.82 B 0.68 B
0.85 - 0.72 -
0.89 B 0.88 B
0.72 B 0.68 B
0.61 - 0.64 -
0.46 B 0.21 B
0.78 - 0.71 -
0.71 B 0.56 B
0.45 B 0.45 B
0.76 B 0.90 B
0.85 B 0.85 B
0.84 B 0.55 B
0.66 B 0.67 B
0.64 B 0.56 B
0.90 B 0.39 B
0.89 B 0.89 B
0.78 NA 0.64 NA

0.80 0.74 0.78 0.78
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Wilcoxon signed-rank test

Food group (g/d)
p value

Energy and nutrients

Total protein (g/d) 0.45
Total water (g/d) 0.81
Total fiber (g/d) 0.08
Total carbohydrates (g/d) 0.38
Alcohol (g/d) 0.50
MUFA (g/d) 0.57
PUFA (g/d) 0.34
SFA (g/d) 0.54
Cholesterol (mg/d) 0.40
Vitamin A pg retinol (eq/d) 0.27
Vitamin D (ug/d) 0.52
Vitamin E (mg o tocoferol/d) 0.05
Folate total (ug/d) 0.08
Total niacin equivalent (mg/d) 0.84
Riboflavin (mg/d) 0.59
Tiamin (mg/d) 0.17
Vitamin B12 (ug/d) 0.66
Vitamin B6 (mg/d) 0.42
Vitamin C ascorbic acid (mg/d) 0.54
Calcium (mg/d) 0.52
Iron (mg/d) 0.12
Potassium (mg/d) 0.15
Magnesium (mg/d) 0.13
Sodium (mg/d) 0.65
Phosphorus (mg/d) 0.39
lodine (pg/d) 0.23
Selenium (ug/d) 0.70
Zinc (mg/d) 0.26

p<0.05 between FFQ2 and mean 24HR using paired t-test and Wilcoxon test.
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Spearman’s rank coefficient Intraclass Correlation Coeficient (ICC)

Un-adjusted Energy-adjusted Un-adjusted Energy-adjusted

0.80 0.66 0.77 0.73
0.81 0.83 0.73 0.82
0.70 0.62 0.65 0.65
0.67 0.70 0.56 0.81
0.77 0.83 0.76 0.74
0.76 0.70 0.71 0.67
0.78 0.86 0.68 0.73
0.82 0.68 0.82 0.81
0.85 0.74 0.77 0.77
0.81 0.72 0.80 0.82
0.65 0.57 0.71 0.80
0.79 0.78 0.80 0.90
0.68 0.54 0.72 0.74
0.77 0.81 0.68 0.71
0.86 0.79 0.81 0.79
0.74 0.55 0.68 0.69
0.83 0.64 1.00 0.96
0.78 0.70 0.59 0.73
0.69 0.72 0.55 0.67
0.78 0.69 0.76 0.75
0.77 0.59 0.74 0.72
0.70 0.67 0.57 0.73
0.87 0.80 0.83 0.86
0.77 0.63 0.78 0.67
0.78 0.63 0.77 0.72
0.79 0.75 0.62 0.73
0.81 0.68 0.47 0.61

0.78 0.66 0.72 0.58
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Abstract: Diet is recognised as the main driver of changes in gut microbiota. However, linking
habitual dietary intake to microbiome composition and activity remains a challenge, leaving most
microbiome studies with little or no dietary information. To fill this knowledge gap, we conducted
two consecutive studies (1 = 84: a first pilot study (1 = 40) to build a web-based, semi-quantitative
simplified FFQ (sFFQ) based on three 24-h dietary recalls (24HRs); a second study (1 = 44) served to
validate the newly developed sFFQ using three 24HRs as reference method and to relate gut micro-
biome profiling (16S rRNA gene) with the extracted dietary and lifestyle data. Relative validation
analysis provided acceptable classification and agreement for 13 out of 24 (54%) food groups and
20 out of 29 nutrients (69%) based on intraclass correlation coefficient, cross-classification, Spearman’s
correlation, Wilcoxon test, and Bland—Altman. Microbiome analysis showed that higher diversity
was positively associated with age, vaginal birth, and intake of fruit. In contrast, microbial diversity
was negatively associated with BMI, processed meats, ready-to-eat meals, sodium, and saturated fat.
Our analysis also revealed a correlation between food groups or nutrients and microbial composition.
Overall, we provide the first dietary assessment tool to be validated and correlated with microbiome
data for population studies.

Keywords: sFFQ development; relative validation; diet-microbiome relationship

1. Introduction

For about 200,000 years, humans followed a hunter-gatherer lifestyle, using fire
for cooking and eating wild game, fruits, vegetables, and nuts, with lipid, protein, and
carbohydrate content each accounting for 33% of dietary intake [1,2]. Diet is recognized as
the key driver of changes in the adult gut microbiota. Indeed, humans have co-evolved
with their microbiota along with the development of agriculture [3,4]. The dietary profile
of the modern human has changed rapidly over the last 100 years—much faster than
normal evolutionary adaptation—such that it has undoubtedly had an impact on shaping
our gut microbiota and, consequently, our health. Comparison of rural versus urban
populations provides an interesting approach to understand the changes of the microbiome
in the context of modern life. The faecal microbiota of individuals from two very different
geographical locations with contrasting dietary habits, namely inhabitants of rural village
in Burkina Faso and European children (EU), differ significantly with regard to the relative
abundance of bacteria known to be involved in cellulose and xylan hydrolysis [5]. The
urbanization of regions in China followed by geography, dietary habit, and ethnicity

Nutrients 2021, 13, 2978. https:/ /doi.org/10.3390/nu13092978
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was shown to have an impact on the variation of the gut fungal microbiome, increasing
Saccharomyces cerevisiae and depleting Candida dubliniensis [6].

Compelling evidence supports an association between changes in the microbiota
community and human metabolic disorders, including obesity [7] and type 2 diabetes [8].
Moreover, many intervention studies have shown that diet alters gut microbiota. A shift
from plant-based to animal-based diets has been linked to an increase in the abundance of
bile-tolerant microorganisms and a decrease in Firmicutes, which metabolize dietary plant
polysaccharides [9]. A relatively long-term diet intervention (12 months) showed that the
Mediterranean diet improved cognitive function, frailty, and inflammation status in elderly
individuals by modifying gut microbiota [10].

To the best of our knowledge, very few population studies have demonstrated an
association between habitual diet, gut microbiota, and health status. Most studies related
to microbiome profiling in the context of a specific disease or related to dietary intervention
did not collect dietary data, while those assessing diet intake did not perform microbiome
analysis [11,12]. We believe that the scarcity of studies relating diet, microbiome, and
disease is not due to the lack of molecular or bioinformatics tools or even cost but to
the unavailability of an appropriate dietary assessment tool that has been tested against
microbiome data.

Along with 24-h dietary recalls (24HRs) and food records or diaries, food-frequency
questionnaires (FFQ) are one of the most widely used dietary assessment tools. FFQs
are usually designed in function of the purpose of the study and can contain from a
few questions intended to seek the effect of a specific food or group of food [13,14] to a
comprehensive list of between 5 and 350 items to capture habitual diet [15]. FFQs are
considered one of the most suitable instruments for epidemiological studies compared
to 24HRs or food records, as they are self-administered and therefore do not require the
presence of a trained interviewer or considerable time dedication on the part of respondents.
Moreover, they are cost-effective. However, FFQs, being usually very long, may lead to
the misreporting of habitual dietary intake, and they have sometimes been reported to be
unreliable. Additionally, current FFQs have been under-evaluated against microbiome data
in epidemiological studies, as most microbiome studies contain few or no dietary data.

Here, we sought to (1) design a new semi-quantitative and simplified FFQ (sFFQ);
(2) undertake a relative validation analysis; (3) perform a reproducibility analysis; and
(4) correlate dietary intake with microbiome data.

2. Materials and Methods
2.1. Study Population

A total of 84 healthy volunteers (40 participants in the pilot study and 44 in the
validation study) were recruited between May 2017 and August 2020 by disseminating an
announcement. The study was conducted in accordance with Declaration of Helsinki, and
the protocol was approved by the local Ethics Committee of the Vall d'Hebron University
Hospital, Barcelona (Project identification code: PR(AG)156/2017). All participants signed
a consent form.

Power calculation showed that a minimum of 40 subjects would be needed to give 85%
power to detect correlation between sFFQ and mean three 24HRs of 0.45 as significant at
the 5% level in order to take into account the small sample size. Exclusion criteria included
age under 18 and over 65 years, antibiotic use during the three months prior to entering the
study, use of proton pump inhibitor medication, and any disorders that may be associated
with altered gut microbiota, such as diabetes, chronic digestive pathology, inflammatory
bowel disease, and autoimmune disease.

2.2. 24-h Dietary Recall: The Pilot Study

We conducted a pilot study using three 24HRs on 40 healthy subjects to evaluate their
dietary habits and select the food items to be added to new sFFQ. A dietitian and trained
staff performed the three interviews, two of them during weekdays and one during the
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weekend. These interviews were used to collect data on food consumption on the previous
day, from the first intake in the morning to the last meal and beverage consumed during the
night. To avoid biases in the 24HR response, we conducted the interviews randomly in time,
taking into account the participants’ availability. We assigned an alphanumeric code to
each participant to maintain anonymity and registered the food in a 24HR collection form.

To objectively evaluate the serving size of each food and beverage, we used photo-
graphic albums: “Guide for dietary studies” from the Granada University [16] and the
SU.VLMAX. Portions Alimentaires [17].

To estimate the serving weight provided by the participant, we created a “Standard-
ized household measures table” based on the “Food composition table” published by
Moreiras et al. from the Complutense University of Madrid [18] and based on homemade
food used for measuring purposes. For the latter, lab staff weighed their food, for which no
information from any existing table or from the food industry was available, to recover an
average weight for each one. To reduce possible bias introduced by the interviewers, we
applied a standard operating procedure for data collection based on the five-step interview
proposed by the USDA [19]. The mixed dishes were broken down into simple ingredi-
ents; for this, the participants were asked to describe the recipes and cooking procedures
in detail.

To facilitate the search and reduce the encoding error for energy and nutrient quantifi-
cation of food extracted from the 24HR, we created an inhouse food-composition database.
For this purpose, we combined several food-composition databases, including the Spanish
database (AESAN/BEDCA v 1.0, 2010), which includes a list of 950 foods and 31 nutrients
(http:/ /www.bedca.net; accessed on 10 March 2021); Moreiras’s table, which includes a list
of 900 food items and nutrients [18]; and the USDA National Nutrient Database for Stan-
dard Reference [20], which has a list of 8618 foods and 150 nutrients. Our food-composition
database currently contains 1104 foods and preparations grouped into 13 food categories
and information for 29 nutrients plus energy per 100 g of food.

2.3. Design and Development of the sSFFQ

To develop the sFFQ, we first applied a general concept following the recommenda-
tions from previous studies [15,21-24]. To select the food items to be included in the sFFQ,
we then combined and cross-checked the data collected from the three 24HRs of our pilot
study with the food-consumption data reported in the “National Food Survey on adults,
the elderly, and pregnant women (ENALIA2)” [25] related to the foods most consumed
by the Spanish population. In total, 310 foods were selected on the basis of their higher
intake within the population and higher intra- and inter-individual variability of consump-
tion. We added questions that could pinpoint relevant factors with a potential effect on
microbiome composition changes, such as blood type [26], mode of delivery at birth [27],
consumption of ready-to-eat meal [28], and whether or not the participant was following
a specific diet [29] or was excluding a specific food or type of food. We also included
other factors potentially associated with changes in the gut microbiota, such as age, BMI,
smoking, use of sweeteners, and number of fruits and vegetables consumed [5,9,30-37].

Our resulting sFFQ contained 58 food items (Supplementary Table S1: List of 58 food
items as specified in the sFFQ) in which the consumption frequency of the previous month
was categorized into six possible responses for each item: “Never”, “1 or 3 times per
month”, “1 or 2 times per week”, “3 or more times per week”, “once per day”, and “2 or
more times per day”. We estimated the food serving size of each item of the sFFQ based
on the results of various surveys and guidelines, including the ENALIA2 Survey [25], the
guidelines of the Spanish Society of Community Nutrition [38], and the guidelines of the
scientific committee “5 a day” [39]. We also used the serving size assigned by the food
industry and the serving obtained from our own pilot study. To further improve estimation
of the amounts of food consumed in the sFFQ, we created a support document based
on food photographs and added three consumption alternatives for the standard serving

i

size: “1/2 of the standard portion size”, “standard portion size” and “double the standard
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portion size” [40-42]. To estimate the energy and nutrient intake from the sFFQ, we used
our food-composition database.

To recover the nutritional composition of the food items included in the sFFQ, we
calculated the weighted mean of nutrients and energy based on the data obtained from the
24HR pilot study. First, the foods collected from this study were classified into 58 items, as
presented in the sFFQ. We then recovered the proportions contributed by each food to each
of the 58 items from the 24HR pilot study and used them as weighted factors to calculate
the energy and nutrient intake for each item in the sFFQ.

2.4. sFFQ Administration

The sFFQ was used as a web-based survey using the SurveyMonkey Inc. (San Mateo,
CA, USA) platform two times one month apart (sFFQ1 and sFFQ2). On the day of the
first 24HR interview, we provided the participants with the web link or QR code to
complete the SFFQ. Once we had obtained the responses, we verified the missing data. We
contacted participants if there was a lack of response to any of the items in the sFFQ. A new
version of the sFFQ using an independent online survey from our own server is currently
being prepared.

2.5. Analysis of the sSFFQ Responses

To compare the results of the sFFQ with the reference 24HR method, we transformed
the monthly and weekly consumption data into daily consumption frequencies. To this
end, we calculated the g/day as follows: a consumption response of 1 to 2 times per week
was understood as an average consumption of 1.5 times per week, which, divided by the
seven days of the week, gives an average daily consumption of 0.21. This consumption
was then multiplied by the weight associated with the selected serving size (for example,
for the legumes item with a serving size of 150 g and consumption frequency mentioned
above, the final value of grams per day would be 0.21 x 150 g = 31.5 g/d). Using this
g/day information, we then calculated the energy and nutritional value of each item in
the sFFQ. Foods and beverages from the sFFQs and the 24HRs were then classified into
24 food groups, total energy, and 29 nutrients (Supplementary Table S2: Classification into
food groups, energy and nutrients of the sFFQs and the mean 3-24HRs).

2.6. Identification of Unreliable sSFFQs and 24HRs

We verified each value obtained from the quantification of the sFFQs and the 24HRs.
When a possible outlier was detected, we examined each data entry involved in reaching
this value. For instance, we excluded participants with calorie intake values in the sFFQ
and means of 24HRs lower than 800 kcal/day or higher than 4200 kcal/day for men and
less than 600 kcal/day or more than 3500 kcal/day for women [43,44].

2.7. Statistical Analysis to Evaluate the Validity and Reproducibility of the sSFFQ

The median and 25-75 percentile of food, energy, and nutrient consumption were
calculated from the mean of the three 24HRs and both sFFQs. Nutrients were adjusted by
energy using the density method [45] to control the confounding effect of calories. The
validity (sFFQ2 versus mean of the three 24HRs) and reproducibility (sFFQ1 versus sFFQ2)
of the newly developed sFFQ were evaluated using a series of statistical tests.

To control for inter-and intra-individual variation, we calculated the intraclass correla-
tion coefficient (ICC) [46,47]. We used cross-classification (CC) to categorize individuals
into equal third or opposite third for food group and energy-adjusted nutrient intake
extracted from both methods [48]. We used Spearman’s correlation coefficient to estimate
the strength and direction of the association [22].

We applied the Wilcoxon signed-rank test to assess the differences in food, energy, and
nutrient consumption and used the Bland—Altman analysis to check the degree of agree-
ment between the two sFFQs and the three 24HRs. The differences between the two meth-
ods (FFQ2-24HR) were plotted against the mean intake of the measures ((FFQ2 + 24HR)/2)
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and the limits of the agreement, defined as the mean =+ 1.96 SD of the mean between the
two methods, were evaluated [49]. In addition, to illustrate the magnitude of the possible
systematic difference, we calculated the 95% CI of the mean differences. To reflect the
presence of proportional bias, Spearman’s correlation was calculated between the mean
and the mean difference of the two methods [50]. Statistical analyses were performed in
GraphPad Prism (v8) and the RStudio (Version 1.4.1106) package.

2.8. Microbiome and Statistical Analyses

Each of the 84 participants provided a faecal sample at baseline (M0), i.e., 24 to 48 h
after the first 24HR, and one month after (M1), i.e., first stool after the third 24HR. Genomic
DNA was extracted from 166 samples (two subjects did not provide a second sample), as
previously described [51] and following the recommendations of the International Hu-
man Microbiome Standards (IHMS, http:/ /www.human-microbiome.org/; accessed on
23 April 2021). The V4 hypervariable region of the 165 rRNA gene was PCR-amplified
and sequenced using the MiSeq Illumina platform [52]. Sequence data were analysed
using the QIIME 2™ which is a bioinformatics platform that stands for Quantitative
Insights into Microbial Ecology. The sequences were demultiplexed to attribute sequence
reads to the appropriate samples and were then denoised and dereplicated into ampli-
con sequence variants (ASVs) using the dada2 tool, which also filtered out chimeras.
Each sequence read was trimmed to a length of 298 bp. A total of 3.1 million sequences
of the 16S rRNA gene were generated from the 166 samples, with a mean of 19,000 se-
quences per sample. A feature table was generated for all samples with a minimum of
9159 sequences per sample. One sample with a very low number of reads was removed
for further analysis. The feature table of the 165 remaining samples was then used to
perform taxonomic classification, alpha- and beta-diversity analyses, and differential abun-
dance measurements in different experimental groups. Taxonomy was assigned to each
ASV using a database that combined the Greengenes (version 13.8) and PATRIC (ver-
sion 2016) databases. To study the association between the microbiome data and clinical
or dietary variables, we then used linear mixed models as implemented in the Micro-
biome Multivariable Association with Linear Models (MaAsLin2) package [53]. MaAsLin2
was set up with the following parameters: normalization = “TMM”, transform = “LOG”,
correction = “BH”, analysis_method = “LM”, max_significance = 0.25 (default significance
threshold), min_abundance = 0.0001, min_prevalence = 0.1. Age, gender, and other char-
acteristics of the participants as well as dietary data were added as fixed effects. All
models were adjusted for gender, and as participant samples from two timepoints were
included, the participant identification number was added as a random effect. Results with
a false-discovery rate (FDR) lower than 0.25 were considered significant.

2.9. Deposition of Sequences Data

Sequence data have been deposited in the NCBI database with the following access
number: PRJNA745527.

3. Results
3.1. Study Design

We built a new semi-quantitative and simplified food-frequency questionnaire (sFFQ)
to assess usual dietary intake. This sFFQ would be useful for epidemiological studies
seeking to correlate dietary information with microbiome data. To address this knowledge
gap, we designed a pilot study (1 = 40) to build a sFFQ based on the dietary habits of our
population extracted from three 24HRs administered over a period of one month. From
this pilot study, we generated a sFFQ, which included several lifestyle-related questions
and 58 food items. The food items were classified into 24 food groups and 29 nutrients
(Supplementary Table S2: Classification into food groups, energy and nutrients of the
sFFQs and the mean 3-24HRs). Participants completed the sFFQ online.
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To collect information on dietary intake, participants were interviewed three times by
a trained technical staff over a period of one month in a form of three dietary recalls (24HRs)
(baseline, day 15, day 30) and were asked to complete the online sFFQ at baseline (sFFQ1)
and on day 30 (sFFQ2), as described in Figure 1 and in the method section. Participants
collected stool samples at baseline and one month after (first stool after completing each
sFFQ) and kept them in their home freezer until they could bring them to the lab, where
they were kept at —80 °C.

Figure 1. Study design. We first designed a pilot study to extract and quantify the dietary habits
of our population. These data were then used to build a simplified food-frequency questionnaire
(sFFQ). In the pilot study, participants were interviewed three times by trained staff members over a
one-month period in a form of three dietary recalls (three 24HRs) (baseline, day 15, day 30), and in the
validation study, they also underwent three 24HRs and were asked to complete two web-based sFFQs,
one at baseline and the other a month later (first stool after completing each sFFQ). Participants
provided a frozen stool sample on day 3 and day 32 for microbiome analysis.

3.2. Participants’ Characteristics

The participants (1 = 84) in this study reside mainly in Spain, and 81% hold Spanish
nationality. The cohort was recruited among staff from the Vall d'Hebron hospital, as well
as their relatives and close friends, via flyers and word of mouth. Females accounted for
55.9% of the participants. The average age was 34.2 years old (from 20 to 64 years old),
with 52.4% in the range of 18-29 years old. Among other relevant characteristics, 80% of
the cohort presented a normal BMI (18.5-24.9 kg/ m?), 85.7% were born vaginally, and
72.6% were non-smokers. Among the different types of diet, about 80% of the participants
followed a conventional diet, but 60% reported the consumption of ready-to-eat meals and
25% the use of artificial sweeteners. Comparison analysis of several parameters, such as
age, gender, BMI, nationality, type of birth, and dietary habits, between the pilot and the
validation study did not reveal significant differences. More detailed information on the
characteristics of the cohort is provided in Table 1.

3.3. Validation of the sSFFQ

Dietary data extracted from the 24HRs were converted into 58 food items (Supplemen-
tary Table S1: List of 58 food items as specified in the sFFQ) as they were listed in the sFFQ,
and all data were also converted into a list of 24 food groups, total energy, and 29 nutrients
(Supplementary Table S2: Classification into food groups, energy and nutrients of the
sFFQs and the mean 3-24HRs, Figure 2). The participants spent an average of 22 min
answering questions on the 58 items (SD = 16.2 min, max = 86 min, min = 4 min).
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Table 1. Participants’ characteristics.

Total Pilot Study Validation Study
n 84 40 44
Age (years) 342+ 127 32.6 +11.1 35.7 +14.0
18-29 years, 1 (%) 44 (52.4) 21 (52.5) 23 (52.3)
30-39 years, n (%) 19 (22.6) 13 (32.5) 6 (13.6)
40-49 years, n (%) 7 (8.3) 2 (5.0) 5(11.4)
50-59 years, n (%) 9(10.7) 3(7.5) 6(13.6)
>60 years, 1 (%) 5(4.2) 1(2.5) 4(9.1)
Female gender, n (%) 47 (55.9) 26 (65.0) 21 (47.7)
BMI (kg/m?) 225430 220426 231+33
Weight status, 11 (%)
Underweight (<18.5 kg/m?) 5(4.2) 3(7.5) 2 (4.5)
Normal (18.5-24.9 kg/m?) 67 (79.8) 35 (87.5) 32 (72.2)
Overweight (25-29.9 kg/mz) 10 (11.9) 2 (5.0) 8 (18.1)
Obese (>30 kg/m?) 2(2.4) 0 2 (4.5)
Nationality, 1 (%)
Spain 68 (81.0) 29 (72.5) 39 (88.6)
European—non-Spanish 8(9.5) 6 (15) 2 (4.5)
Others 8(9.5) 5(12.5) 3(6.8)
Birth type, 1 (%)
Vaginal birth 72 (85.7) 35(87.5) 37 (84.1)
C-section 12 (14.3) 5 (12.5) 7 (16.0)
Blood type, 11 (%)
A 26 (30.9) 14 (16.7) 12 (14.3)
B 4(4.7) 2(2.4) 2(2.4)
AB 1(1.2) 0 1(1.2)
(@] 33(39.3) 15 (17.9) 18 (21.4)
Unknown 20 (23.8) 9(10.7) 11 (13.1)
Smoking status, 1 (%)
Non-smoker 61 (72.6) 32 (80) 29 (65.9)
Smoker 9 (10.7) 2 (5) 7 (15.9)
Former smoker 8 (9.5 0 8(18.2)
Unknown 6(7.1) 6 (15) 0
Diet type, 1 (%)
Conventional 67 (79.8) 31(77.5) 37 (84.1)
Vegetarian diet 6(7.1) 4 (10.0) 2(4.5)
Vegan diet 2(2.4) 1(2.5) 1(2.3)
Organic diet 2(2.4) 2 (5.0) 0
Others diet 7 (8.3) 2 (5.0) 4(9.1)
Intake of ready-to-eat meals, n
(%)
Yes 51 (60.7) 23 (57.5) 28 (63.6)
No 33 (39.3) 17 (42.5) 16 (36.4)
Intake of sweeteners, 1 (%)
Yes - - 11 (25.0)
No - - 33 (75.0)
Intake of supplements or drugs,
1 (%)
Dietary supplements 20 (23.8) 8(20.0) 12 (27.3)
Probiotics 1(1.2) 1(2.5) 0
Oral contraceptive 6(7.1) 4 (10.0) 2 (4.5)
ACE inhibidors 3(3.6) 2 (5.0) 1(2.3)
Fibrate 1(12) 1(2.5) 0
Statin 1(1.2) 1(2.5) 0
Levothyroxine 2(2.4) 1(2.5) 1(2.3)

Other drugs 8(9.5) 4(10.0) 4(9.1)




DOCTORAL THESIS « FRANCISCA YANEZ ARAYA

Nutrients 2021, 13,2978 8of17

Figure 2. Participants’ dietary profile. (A) Food groups, energy, and nutrients extracted from the sFFQs and 24HRs.
(B) Proportions of food groups as extracted from the sFFQ2 (validation study). Food groups with proportions lower than
1% were grouped into “Others”.

To validate the newly developed sFFQ, we conducted a second study (n = 44)—a
validation study—in which we compared the food items, food groups, and nutrients
obtained from the sFFQ with the mean of the three 24HRs. For this comparison, we used
data obtained from sFFQ2, which recalled the dietary intake of the previous month and
therefore may better correspond to the mean of the three 24HRs of the same month.

We applied several statistical tests to measure the strength and direction of the associa-
tion between the two different measurements at individual level (ICC, CC, and Spearman’s
rank correlation tests) and to quantify agreement between the two measures at group level
(Wilcoxon test and Bland—Altman plots), as recommended by Lombard et al. [22].

The median ICC coefficient of food groups between the sFFQ2 and the mean of the
three 24HRs was 0.35 (range: 0.05-0.83), and the median ICC of energy-adjusted nutrients
was 0.55 (range 0.08-0.98) (Supplementary Table S3: Relative validation of the sFFQ (sFFQ2
vs. mean 3-24HRs)). The cross-classification values satisfactorily classified participants on
the basis of their intake based on the two methods since more than 50% of the participants
were classified in the same tertile for 14 food groups and 13 nutrients, while less than 10%
were classified for the opposite tertile in 12 food groups and 15 nutrients. The median
Spearman’s correlation coefficient for food groups between sFFQ2 and mean of three 24HRs
was 0.46 (range 0.18-0.78) and was also 0.46 (range 0.10-0.71) for energy-adjusted nutrients
(Supplementary Table S3: Relative validation of the sFFQ (sFFQ2 vs. mean 3-24HRs)).
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Wilcoxon tests showed that 15 out of 24 (62.5%) food groups and 19 out of 29 nutrients
(63%) were not significantly different between the two diet assessment methods.

Based on Bland-Altman analysis, we observed that the sFFQ2 tended to report a
lower intake of biscuits breakfast cereals, chocolate and derivatives, pastries and sweet
breads, ready-to-eat meals, sauces-condiments, and sausages and a higher consumption
of the food groups of appetizers and vegetables than the 24HR based on the method
used in Giavarina [50] (Supplementary Table S3: Relative validation of the sFFQ (sFFQ2
vs. mean 3-24HRs)). Regarding energy and nutrients, the sFFQ2 underestimated energy
intake, total fat, polyunsaturated fatty acids (PUFA), saturated fatty acids (SFA), cholesterol,
sodium, and selenium and overestimated vitamin D, folate, niacin, and vitamin C compared
to the 24HR. Altogether, we observed that 13 out 24 (54%) food groups and 20 out of
29 nutrients (69%) were classified as good or acceptable according to the criteria reported
in Lombard et al. [22].

3.4. Reproducibility of the sSFFQ

We then evaluated the reproducibility of the sFFQ by comparing the dietary data
extracted from the sFFQs administered on two occasions one month apart in the vali-
dation study. The median ICC coefficient of food groups was 0.63 (range: 0.21-0.90),
and the ICC of energy-adjusted nutrients was 0.73 (range 0.58-0.96) (Supplementary
Table S4: Reproducibility analysis of the sFFQ (sFFQ1 vs. sFFQ2)). The median Spear-
man’s correlation for food groups and energy-adjusted nutrients was 0.72 (range 0.32-0.90)
and 0.70 (range 0.54-0.86) (Supplementary Table S4: Reproducibility analysis of the sFFQ
(sFFQ1 vs. sFFQ2)), respectively. The Wilcoxon test revealed that no food groups or
nutrients were significantly different between the two sFFQs.

3.5. Participants’ Dietary Profile

The food groups, energy, and nutrients extracted from the sFFQs and 24HRs were
quantified (Figure 2 and Supplementary Table S2: Classification into food groups, energy
and nutrients of the sFFQs and the mean 3-24HRs). The most consumed food groups in
our population were vegetables (21%), non-alcoholic beverages (17%), fruits (14%), milk
and dairy products except fermented milk (10%), alcoholic beverages (9%), meat and eggs
(6%), fish and shellfish (4%), yoghurt and fermented milk (3%), and legumes (3%).

3.6. Correlation between Participants” Characteristics and Microbial Diversity and Taxa

We collected two faecal samples from participants in the pilot (1 = 40) and validation
(n = 44) studies at baseline and one month later (first stool after each sFFQ). Microbiome
composition was analysed based on the amplification and sequencing of the V4 region
of 16S rRNA gene. We evaluated the association between microbial alpha-diversity (rich-
ness and evenness) or taxonomic profile (relative abundance of microbial genera) and
several characteristics of the participants, including age, BMI, gender, smoking habit, blood
type, and type of birth. To this end, we used linear mixed models implemented in the
MaAsLin2 tool and took into account the longitudinal setting of the study, as the participant
identification number (Subject ID) was added as a random effect.

Vaginal birth was found to be associated with higher microbial diversity (FDR < 0.02 for
Chaol (richness) and Shannon (evenness) indices) and resulted in enrichment in sev-
eral bacterial genera, including an unclassified genus from the Ruminococcaceae family
(FDR = 6.37 x 1077), from the Clostridiales order (FDR = 5.80 x 10~%) and from RF39
(FDR = 0.0006) as compared with C-section births (Figure 3). Age was found positively
correlated with diversity (FDR = 0.06 for Shannon index) and negatively correlated with
Bilophila (FDR = 0.005). The pre-obese and obese group (BMI above 25) was associated
with a lower microbial diversity (FDR = 0.018 for Chaol and FDR = 0.12 for Shannon)
and depleted in members of the Clostridiales order, such as Facecalibacterium (FDR = 0.10).
BMI was classified following the World Health Organization’s recommendation as fol-
lows: underweight (BMI below 18.5), normal weight (BMI = 18.5-24.9), pre-obesity
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(BMI = 25.0-29.9), and obesity (BMI above 30.0). Smoking habit (smoker, non-smoker, or ex-
smoker) was not associated with diversity or any microbial taxon. Gender was not found
associated with diversity but was associated with a depletion of Bilophila (FDR = 0.04)
in male participants. Use of sweeteners was negatively associated with Desulfovibrio
(FDR = 0.07).

Figure 3. Association between participants’ characteristics and microbial diversity and taxa. Linear mixed models
implemented in MaAsLin2 were used to analyse the microbiome and data on the characteristics of participants in the pilot
and validation studies (1 = 84, 165 faecal samples). BMI, body mass index; WHO, World Health Organization.

3.7. Correlation between Dietary Intake and Microbial Diversity and Taxa

To correlate microbiome data with dietary intake, we first used the 58 food items from
the sFFQs (n = 44, 85 faecal samples; one sample did not provide sufficient high-quality
sequences, and two subjects provided only one sample at baseline). The analysis was
performed using MaAsLin2. The results are shown in Figure 4. Item 14, which consisted of
fresh fruit, was positively associated with richness and evenness (FDR = 0.009 for Chaol
and Shannon) and with the relative abundance of a member of the Ruminococcaceae family
(FDR = 0.1). Item 35, which consists of processed meats, was negatively associated with
richness (Chaol, FDR = 0.034), evenness (Shannon, FDR = 0.03), and an unclassified genus
from the Clostridiales order (FDR = 0.1). Item 58, which comprised process foods, was
negatively associated with richness and evenness (FDR = 0.009 for Chaol and Shannon)
and with an unclassified genus from the Clostridiales order (FDR = 0.19).

We then correlated microbiome data with the 24 food groups extracted from the
sFFQ. Fruits and fruit products, which encompassed food items 14, 15, and 16, were also
found to be positively correlated with microbial diversity (FDR = 0.005 for Chaol and
Shannon indices). “Sausages and other processed meats” and “ready-to-eat meals”, which
corresponded to food items 35 and 58, respectively, were found to be negatively correlated
with microbial diversity and taxa, as mentioned above. No association was observed
between microbiome data and the other items or food groups.
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Figure 4. Correlation between food groups and microbial diversity and taxa. Linear mixed models
implemented in MaAsLin2 were used to analyse the microbiome and dietary data extracted from the
validation study (1 = 44, 85 faecal samples).

Finally, we did not uncover any association between the 29 nutrients and total energy
extracted from the sFFQs and microbial diversity except for sodium (FDR = 0.005) (Figure 5)
and saturated fatty acid (SFA) (FDR = 0.04) (Figure 5), whose levels were negatively corre-
lated with both richness and evenness. Sodium was positively correlated with Holdemania
and negatively correlated with Ruminococcus and Methanobrevicter, a member of the Ru-
minococcaceae family (FDR < 0.05). Other nutrients, such as alcohol, total fat, and total
fibre, were also associated with several microbial genera (Figure 5). Alcohol was positively
correlated with two genera from the Coriobacteriaceae family, one of them being Collinsella
(FDR = 0.0004), and negatively correlated with a member of the Peptostreptococcaceae
family (FDR = 0.03). Total fat and SFA were negatively correlated with Ruminococcus; total
fat was also positively correlated with Clostridium. Monounsaturated fatty acids (MUFA)
were negatively correlated with Methanobrevibacter (FDR = 0.03). Total fibre was positively
correlated with a member of the Clostridiaceae family (FDR = 0.009).
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mg) are displayed in grams.

4. Discussion

This study describes the development and validation of a semi-quantitative and
simplified FFQ and the integration of demographic and dietary data into microbiome
data. The newly developed online sFFQ, which contains 58 food items converted into
24 food groups and 29 nutrients, reports the dietary intake of an adult population in the
last month. The reduced number of items was chosen to lessen the burden on respondents
and to maximize their full attention. The time frame of one month is an attempt to match
usual dietary consumption with changes in the microbiome community [54]. Furthermore,
respondents completed the sFFQ in an average of 22 min, which is much less time than
that needed for the most commonly used FFQs (from 30 to 60 min) [14]. We consider that a
short FFQ will attract more volunteers who will be more willing to repeat the experiment
several times in a year to cover, for instance, every season.

The Bland-Altman analysis reflected good levels of agreement between the sFFQ
and DR, and the graphs showed that most of the data fell within the limits of agreement.
The sFFQ reported 20 out of 29 (69%) nutrients and 13 out of 24 (54%) food groups with
good or acceptable outcome compared to the 24HR reference method, as evaluated by
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at least three distinct statistical methods (Supplementary Table S3: Relative validation
of the sFFQ (sFFQ2 vs. mean 3-24HRs). The sFFQ showed only 24% underestimation
and 11% overestimation of the food, energy, and nutrient group. The results obtained
for several food items (biscuits, breakfast, cereals, chocolate and derivatives, pastries and
sweet breads, ready-to-eat meal, sauces-condiments, and sausages) for energy and for
several nutrients, such as total fat, PUFA, SFA, cholesterol, sodium, and selenium, should
be interpreted with caution since they were underreported, whereas vitamin D, folate,
niacin, and vitamin C were overreported in the sFFQ compared to the three 24HRs. The
under- or over-estimation trends of certain foods or nutrients could be explained by a series
of characteristics of the participants and by social approval of certain foods [55,56]. Indeed,
the consumption of foods considered “beneficial for health”, such as fruits and vegetables,
are usually reported more frequently while that of “bad” foods, such as foods high in fat or
sugar, are usually less frequently reported [57-59]. In addition, since the main objective of
this dietary assessment was not to measure energy intake, the underestimation of energy
should not impact the overall design of our sFFQ. At the group level, the correlation values
for food groups (Spearman = 0.177-0.78 and ICC = 0.049-0.83) were within the ranges
observed in previous validation studies in adults [60,61]. The energy-adjusted correlation
values were similar to those reported in several validation studies [62,63]. The greatest
discrepancies in cross-classification were observed especially for foods eaten sporadically
(fish and shellfish, legumes, pastries, ready-to-eat meals, sausages), possibly due to the low
probability of encountering these foods in the three 24HRs.

The very high correlation of our extracted data, with two published epidemiological
studies (ANIBES and ENIDE) investigating the usual diet of the Spanish population,
suggests that the newly built sFFQ could be applied at the population level (data not
shown). Moreover, the very high repeatability of the questionnaire indicates that only
one sFFQ would be needed to cover food intake over one month. However, to adapt the
questionnaire to another population, validation using a reference such as a 24HR on a
subpopulation would be needed to make additional and necessary changes to the sFFQ.

Our study, using three 24HRs on 84 healthy individuals, captured certain effects of
BMI as well as lifestyle on the diversity and composition of the gut microbial community.
The association between microbiome and demographic data was achieved with participants
from both the pilot and validation study (n = 84, 165 faecal samples). The impact of type
of birth on the gut microbial ecosystem has been widely studied during early life [64,65].
A persistent effect of mode of delivery on the microbiome composition, the host immune
system [66], and the biosynthesis of natural antibiotics [67] has been reported during the
first years of life. However, to the best of our knowledge, no relevant study has reported
this effect in adult subjects. Our findings regarding relationship between age and diversity,
depletion of Clostridiales, and overweight-obesity corroborate previous findings [68,69].

Contradictory findings have been published about the effect of sweeteners, such as
saccharin, on glucose tolerance and dysbiosis in healthy individuals [70,71]. We observed
that sweeteners, which consisted mainly of aspartame and saccharin in our study, decreased
Desulfovibrio, which is a sulphate-reducing bacterium.

On the one hand, through the sFFQ, we were able to associate high microbial diversity,
which is considered a health-promoting factor [72], with the intake of fruits and low
diversity with processed meat, ready-to-eat meals, total fat, saturated fatty acids, and
sodium intake. On the other hand, the sFFQ allowed us to correlate food items or nutrients
with specific groups of microorganisms. Some members of the Clostridiales order were
positively associated with fruits and total fibre, whereas others, including Ruminococcus,
were negatively associated with total fat, saturated fatty acids, and sodium intake. The
association with the latter should be interpreted with caution given that the comparison
between sFFQ2 and the mean of the three 24HRs based on Bland-Altman showed that
sodium was underreported by participants.

A low intake of dietary fibre has been related to loss of diversity and loss, in particular
of members of Clostridiales [73] and the class Clostridia [74]. The non-association observed
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between vegetables and microbial diversity could be explained by the cooking method
used. Indeed, fruits and vegetables may contain similar nutrients that could be lost during
cooking procedures involving boiling, steaming, or stir-frying, methods commonly use to
prepare vegetables. Cooking, which transforms fibre and starch, increasing their absorption
in the small intestine and thus reducing their fraction in the colon, has been shown to
reshape the structure and function of gut microbiota [75].

Our study showed that the newly developed sFFQ has the potential to capture the
usual diet of adult healthy individuals as reflected by its validation with a reference method
and a comparison with other epidemiological studies. Nevertheless, we need to stress
several limitations. First, this study, which was observational in nature, requires, for
instance, human interventional studies to further validate the associations found between
diet and the microbial community. This study relies only on 16S rRNA analysis, which
reveals only microbiome composition, and it could be complemented by functional analysis
through DNA and RNA shotgun sequencing or metabolomics analysis. Moreover, the
results obtained on several food items, energy, and several nutrients should be interpreted
with caution since they have been shown to be misreported in the sFFQ compared to the
three 24HRs. However, the 24-HR used here as a reference method, is not the gold standard.
This reporting method also relies on memory and may be biased due to underestimation
or overestimation. This limitation could be addressed by using metabolomic biomarkers,
although only a few comprehensively validated biomarkers of food intake are available.

5. Conclusions

To the best of our knowledge, this newly developed sFFQ is the first to be validated
and tested against microbiome data. This new sFFQ could be adapted and used in future
population studies to assess diet in a population from another region of the world and/or
to study the effect of diet and metabolic disorders. We expect this new tool to open up new
avenues in both nutritional and microbiome fields leading to nutri-metaomics.
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